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The paper deals with the properties of copper-based composites. Copper is contributing to the field of automobiles and aerospace
industries. The tribological properties of copper are not found to be satisfactory, which may be attributed to the support of producing
copper matrix composites with extensive investigations into their properties. Coper-based hybrid composites were fabricated by reinforcing
titanium dioxide (TiO,) and molybdenum disulphide (MoS,) to enhance the wear and mechanical properties of copper composites. Three
specimens were prepared by powder metallurgy process with the designations of Cu + 5wt.%TiO,, Cu + 5wt.%TiO, + 2wt.% MoS,, and
Cu+5wt.% TiO, +4wt.% MoS,. The metallurgical analysis was done on the specimens using X-ray diffraction (XRD) analysis which
confirms the presence and distribution of Cu, TiO,, and MoS, particles in the specimens. The wear rate was studied on the specimens
concerning the sliding velocity, load, and MoS, content. The statistical analysis and Taguchi analysis highlight the influencing parameters
on the wear rate of the material. Linear regression equations were developed to predict the wear rate using DoE. Through this analysis, the
sliding velocity of 3 m/s, aload of 30N, and a 4% addition of MoS, were identified as the optimum parameters for the minimal wear rate.
The wear mechanism was analyzed using scanning electron microscopy techniques to reveal the adhesion, delamination, and oxidation.

1. Introduction

Composites based on the metal matrix were produced in
the 1970s with fibre reinforcements [1]. In metals, copper
has individuality when compared to others, owing to
properties such as higher ductility and higher electrical
and thermal conductivities [2]. Because of its outstanding
properties, it is widely used in electrical equipment
subjected to sliding contact [3], with wear resistance being
the most important property required for those appli-
cations [4]. To improve the properties of pure copper,

reinforcements were added to that and copper-based
composites were manufactured [5]. Powder metallurgy
is the most promising technique to synthesize the com-
posite economically [5]. Though plenty of reinforcements
were available, titanium dioxide is the one that can resist
wear and corrosion [6] and molybdenum disulphide is the
lubricant that helps to reduce the frictional effects [7].
Studies on the TiO, and graphite-reinforced copper
composites were done and found that the addition of
reinforcement improved the workability behavior and the
strength coeflicient [2, 8]. Investigations into the electrical
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and mechanical properties of copper composites with
nanotitanium dioxide were done, and the outcome of the
addition of 1.72 volume percentage showed higher yield
strength with electrical conductivity [9]. Pavendhan et al.
[10] fabricated the Al 7075 and hybrid aluminium metal
matrix composite reinforced with the hard ceramic (10wt
% SiC) and soft solid lubricant (3wt% of MoS,) by the stir-
casting method and investigated the friction and wear
characteristics. Similarly, investigations into the copper
composite with titanium dioxide and polyacrylate re-
inforcement found improved electrical conductivities
[11]. Investigations into the electrical and mechanical
properties of copper composites with graphene were
done, and the outcome showed that the addition of
graphene improved the electrical conductivities and
strength in tension and compression [12]. Investigations
into the tribology of copper composites with molybdenum
disulphide have been conducted, and the outcome shows
that the addition of molybdenum disulphide improves
wear resistance [13]. Investigations into the tribology of
copper composites with carbon nanotubes have been
conducted, and the outcome shows that the addition of
carbon nanotubes enhanced the wear resistance [14].
Investigations into the tribology of copper composites
with graphene have been conducted, and the outcome
shows that the addition of graphene enhanced the wear
resistance [15]. The addition of silicon carbide (SiC)
particles in the copper composites reduces the wear rate of
the material concerning sliding velocity and load [16]. 4%
addition of fly ash along with SiC increases the hardness,
tensile strength, and wear resistance of the copper-based
material [17]. Kumar et al. [18, 19] reviewed on the
mechanical and thermal properties of for structural ap-
plications of graphene hybrid polymer nanocomposites
and extended it for effects of various functional groups.
Yadav et al. [20] studied on dry sliding wear character-
istics of natural fibre-reinforced polylactic acid compos-
ites for engineering applications. The applications of
copper composites and their investigations into tri-
bological performance are perceived based on the
literature.

Copper has exceptional properties of high ductility and
thermal conductivity, and its applications involve sliding
contact such as electrical equipment and components.
Therefore, it is motivated to develop copper-based com-
posites with higher wear resistance to extend the life span
and reliability. Through literature review, it is identified
that many copper-based composites were developed using
various reinforcements to increase the wear resistance, but
there remains a gap in studying the combined effects of
TiO, and MoS,. To cover the gap, an attempt has been made
to achieve the primary objective of developing copper-
based materials with high wear resistance and mechani-
cal properties using the reinforcements of TiO, and MoS,.
The systematic approach of the addition of TiO, and MoS,
has been followed for the fabrication and characterization.
The addition of both reinforcements in the copper matrix is
the uniqueness of this study. The systematic approach of
analysis such as statistical analysis, Taguchi analysis, and
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microscopic analysis for various proportions of the re-
inforcements enhances the accuracy of achieving the
objective.

2. Experimentation

Hybrid composites were synthesized with the matrix copper
and hardener reinforcement titanium dioxide and softener
reinforcement molybdenum disulphide (MoS;). Both
powders of matrix material and reinforcement material were
weighed and blended in the essential quantities to accom-
plish the composites of proportions of Cu with 5wt.%TiOy;
Cu with 5wt.%TiO, and 2wt.%MoS,; and Cu with 5wt.%
TiO, and 4wt.% MoS; based on literature [2]. Blending was
performed at a ball-to-powder ratio of 10: 1 using steel balls
in a ball mill for a period of 15 hours at a speed of 300 rpm
[2]. Green compacts were compacted in a universal tensile
testing machine before being sintered in an electric furnace
at 950°C for 2 hours in an argon atmosphere. It is sectioned,
mounted, ground, and polished as per the standards for
metallographic analysis such as X-ray diffraction analysis
and scanning electron microscope along with energy dis-
persive spectroscopy. The pins, with dimensions of
6 x 6 mm, were machined from sintered composites using
electric discharge machining, and the ends were polished.
The wear test is done as per the ASTM standard (ASTM
G99) on the dry sliding wear-testing machine.

Based on the literature, parameters were identified and
the experimental design was designed with Taguchi’s ap-
proach as shown in Table 1. With the 0.0001g accuracy
weighing balance, the mass of the samples was measured and
logged before and after each run. With the measurements,
mass loss was found and the wear rate (K) was calculated
based on the standard equation (1) and is listed in Table 1.

v
K=-, 1
7 (1)
where V is the volume (mm?>) of material removed and d is
total sliding distance (m).

3. Results and Discussion

3.1. Metallurgical Analysis. With the X-ray diffraction
analysis results as shown in Figure 1, the peaks corre-
sponding to copper, titanium dioxide, and molybdenum
disulphide were identified, which also confirms that there
was no identification of other relevant peaks.

The microscopic image of copper composites is shown in
Figure 2(a), and the elemental mapping of the corresponding
image is shown in Figures 2(b)-2(d). The presence of copper
and its distribution in the composite is shown in Figure 2(b).
The elemental maps of titanium (points in green color) and
oxygen (points in red color), which were embedded to-
gether, are shown in Figure 2(c) for better understanding.
Similarly, the elemental mapping of molybdenum (points in
green color) and sulphur (points in red color) is shown in
Figure 2(d). Thus, the elemental mapping discloses the
presence of each element and also shows the reinforcement’s
distribution in the copper.
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TaBLE 1: Experimental design with the wear rate.

Sliding Wear rate
Molybdenum percentage Load (N) velocity (m/s) (mm*/m)
0 10 1 0.003703
0 20 2 0.002545
0 30 3 0.001555
2 10 2 0.002678
2 20 3 0.001373
2 30 1 0.002707
4 10 3 0.000922
4 20 1 0.002918
4 30 2 0.001973
o
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FIGURE 1: X-ray diffraction analysis of the copper composite.

3.2. Effect of Sliding Velocity on the Wear Rate. The Taguchi
method divides all problems into two categories as STATIC
or DYNAMIC. While the dynamic problems have a signal
factor, the static problems do not have any signal factor. In
static problems, the optimization is achieved by using 3
signal-to-noise ratios, i.e., smaller-the-better, larger-the-
better, and nominal-the-best. The sliding velocity was
considered as the determining factor in the wear rate
through the response table and analysis of variance.

Higher delta values of 7.81 were possessed by the sliding
velocity in Table 2, and a higher contribution factor of 26.44
was possessed by the sliding velocity in Table 3. The sliding
velocity influences the wear rate of materials. The higher
sliding velocity leads to increasing the contact forces and
temperatures between the contact surfaces which lead to
increase in the wear rate. So, the optimum sliding velocity
may be taken as 30 m/s as per the investigation.

3.3. The Effect of Load on Wear Rate. Generally, the wear rate
increases with respect to the amount of load because the load
has an impact on the wear rate of any material. From the
analysis, it was observed that the load has the least signif-
icance on the wear rate when compared with the other
parameters, sliding velocity, and molybdenum disulphide
addition. The reason for this is that though the load has

a considerable effect on the wear rate, the addition of
molybdenum disulphide and the increase in the sliding effect
have a larger effect on the wear rate by means of acting as
a lubricant and with the protection by oxide layers,
respectively.

3.4. Effect of Molybdenum Disulphide Addition on the Wear
Rate. The addition of molybdenum disulphide has an im-
pact on the wear rate next to the sliding velocity. The delta
value and the contribution factor were found to be 2.94 and
3.44, respectively, from the analysis of variance and response
table. With the addition of molybdenum disulphide, the
wear rate has been reduced as observed from the contour
plots, and this is due to the property of self-lubricant
possessed by the molybdenum disulphide. MoS, has the
inherent lubricating properties. The reinforcement of MoS,
creates the solid lubricant layer over the sliding interface
also, which restricts the metal to metal contact and pre-
venting loss of material due to adhesion and abrasion.

3.5. Effect of Parameter Interaction. The interaction plot
(Figure 3) shows the combined effect of parameters on the
rate of wear. The addition of molybdenum disulphide was
found to be significant at higher levels of the load and similar
at lower levels of sliding velocity. Interactions between the
sliding velocity and the load show their significance at higher
sliding velocity.

3.6. The Best Parameter. The best parameters to achieve the
minimum wear rate were observed to be 4% of molyb-
denum disulphide, 3 m/s of sliding velocity, and 30 N of the
load as shown in Figure 4. Furthermore, it was observed
that the sliding velocity was found to be the most influ-
encing factor from the main effect plot with the highest
value of mean.

3.7. Prediction of the Wear Rate. The contour plot predicts
the dependency among the variables and predictors in the
graphical form and also helps to visualize the value of re-
sponses with the change in the variables. Figures 5(a)-5(c)
shows the contour plot for the rate of wear with respect to
the load and sliding velocity, molybdenum disulphide
percentage and sliding velocity, and molybdenum disul-
phide percentage and load. When higher sliding velocity was
combined with lower loads, the rate of wear was lower,
whereas when lower sliding velocity was combined with
lower loads, the rate of wear was higher (see Figure 5(a)). The
lower rate of wear was observed when the higher sliding
velocity was combined with a higher molybdenum disul-
phide percentage, whereas a higher rate of wear was ob-
served when the lower sliding velocity was combined with
a lower molybdenum disulphide percentage. A lower wear
rate was obtained when lower loads were combined with
a higher molybdenum disulphide percentage, whereas
a higher wear rate was obtained when lower loads were
combined with a lower molybdenum disulphide percentage.
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FIGURE 2: SEM image of the copper composite with elemental mapping. (a) Cu-5 wt.% TiO,-4 wt.% MoS,. (b) Cu. (c) TiO,. (d) MoS,.

TaBLE 2: Response table for signal-to-noise ratios (smaller is better).

Levels Molybdenum percentage Load Sliding velocity
1 52.23 53.59 50.23
2 53.35 53.28 52.48
3 55.17 53.87 58.04
Delta 2.94 0.59 7.81
Rank 2 3 1

TABLE 3: Analysis of variance for the wear rate.
Parameters DF Seq SS Adj SS Adj MS F P P%
Molybdenum percentage 2 0.0000007 0.0000007 0.0000003 3.44 0.225 11.48
Load (N) 2 0.0000002 0.0000002 0.0000001 0.99 0.501 3.28
Sliding velocity (m/s) 2 0.0000051 0.0000051 0.0000025 26.44 0.036 83.61
Total 8 0.0000061

$=0.000310028, R-Sq = 96.86%, R-Sq (adj) = 87.45%.

Mathematical correlation amidst the variables and the
response wear rate was envisioned with the help of general
linear regression. The following equation shows the math-
ematical correlation for the wear rate response.

Wear rate = 0.00477707 — 0.000165835 x molybdenum disulphide percentage — 1.7801e™** x load — 0.0009129 x sliding velocity.

(2
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FIGURE 3: Interaction plot for the wear rate.
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FIGURE 4: The effect of the wear rate on parameters.

3.8. Validation of the Experiments. The experimentation on
the analysis of the wear rate was validated with the confirmation
test and the normal probability plot. From the best parameter
combination, the predicted value of the wear rate was found to
be 0.0007718 and from the confirmation test, the value of the
wear rate was found to be 0.000804. The percentage of error was
found to be 4.17, which appears to be very low. Along with this,
the normal probability plot (Figure 6) also shows that the ex-
perimental data lie within the limits and follow the straight line.

3.9. Wear Mechanism. After the wear test, the worn pin
surface, which results in the best and worst condition,
has been sectioned and investigated through the

scanning electron microscope to study the wear mech-
anism. The worn surface for the worst conditions of wear
rate, i.e., the lower load, lower sliding velocity, and no
molybdenum disulphide addition, is shown in Figure 7
with the incidence of furrows formed in a row which
fallouts the adhesion mechanism [21]. The reason is that
at lower sliding velocities, the time taken to complete the
required sliding distance is higher when compared with
the others and also, the force acting on the pin leads to
the generation of heat, which results in the deformation
of materials on the pin surface. The worn surface for the
best conditions of wear rate, i.e., the higher load, higher
velocity, and higher molybdenum disulphide addition, is
shown in Figure 8 with the incidence of shallow craters
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and the fine powders of debris which falls out from the
delamination and oxidation mechanism as observed

elsewhere [22, 23].

wear rate (mm3/m)

FIGURE 6: Normal probability plo

t.

Though the input parameter combinations are higher,
the wear rate is found to be lower. One is due to the higher

content of molybdenum disulphide, which has a lubricating
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FIGURE 7: SEM image of the worn surface: adhesion mechanism.

FiGure 8: SEM image of the worn surface: delamination and
oxidation.

property, and the other is due to the formation of oxides at
higher velocities. The increase in the oxygen content is also
confirmed in the energy dispersion analysis.

4. Conclusion

Cu-5 weight percent TiO,, Cu-5 weight percent TiO,-2
weight percent MoS,, and Cu-5 weight percent TiO,-4
weight percent MoS, hybrid composites were successfully
formulated. Metallographic analysis by X-ray diffraction and
elemental mapping endorses the existence of the re-
inforcement and its dissemination. With Taguchi’s design of
experiments, the wear tests were conducted and analyzed
statistically. The effect of the input factors on the response
wear rate was investigated, and it was discovered that the
sliding velocity is the most convincing factor on the wear
rate. The best parameters for achieving the lowest wear rate
were 4 percent molybdenum disulfide, 30N of the load, and
3 m/s of sliding velocity. Linear regression was developed to
envision the wear rate.
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The data used to support the findings of this study are in-
cluded within the article.
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Fused deposition models (FDMs) are the latest trends for constructing complicated and instinctive 3D printing. Polylactic acid
(PLA) is the most widely used raw material in extrusion-based three-dimensional (3D) printing in many areas since it is
biodegradable and environmentally friendly; however, its utilization is limited due to some of its disadvantages such as mechanical
weakness and water solubility rate. To increase the mechanical properties of the FDM, nano bronze particles have been added as
advanced research. Printing the hole less than a millimetre is complicated, and there is a limited report available in FDM. In this
paper, polylactic acid (PLA) with a 14% bronze composite filament is made by hot extruding under the desired FDM conditions.
The samples are built with 100% infilled density with 45° orientation to a sample size of 50 x 50 X 10 mm. To examine the printing
state and the effect of microdrilling on the printed specimen, two different specimens are printed with and without holes. An
industrial drill with specified feed, speed, and cutting width is used to perform the test. The size of the drilled hole is checked by
scanning electron microscopy. The quality of the drilled hole and the wear of the tool is investigated and reported. According to
the observation, it is noted that the secondary machining operation becomes unavoidable to have a hole of less than a millimetre.

Machining, cutting speed, and feed speed influence the delamination zone and the circumference of the hole.

1. Introduction

For any component, the drilling operation is essential for
connecting two components. In general, the measurement of
machining is based on the conditions and characteristics of the
sample. The delamination size and surface roughness of the
sample are checked by analysing the different tool wear ob-
served under drilling conditions. Defects which occur during
the drilling operation on polymer matrix materials depend on
the machining conditions due to the condition of the test
specimen [1]. Now, one-day drilling operations are performed
on polymer materials such as carbon fibre-reinforced matrix,
glass fibre-reinforced matrix, and ceramic nanoparticle-
reinforced matrix. Printing holes smaller than 1 mm in di-
ameter is the most challenging task in the FDM [2].

The study explains that the characteristics of polymer
matrix composites in the drilling process depend largely on
the machining parameters and the tool used [3]. To improve
the delamination effect, the spindle speed shows the sig-
nificant effect on (polymer matrix composite) PMC-
strengthened carbon nanotubes [4]. However, a greater
effect is observed with the chopped fibre and the PMC
nanoreinforced material. The circumference of the hole with
surface defects is recorded during microdrilling [5]. Sudden
tool breakage and excess tool wear are observed on
nanoparticle-reinforced PMC; owing to the presence of hard
elements, the tool witnesses the sudden work load that
drastically determines the tool life [6].

The geometry of the cutting tool and the pushing force
has a significant effect on the delamination of fibre glass-
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reinforced composite (GFRC) [7]. The analysis of the
damage sustained during the drilling of biocomposite with
various machining parameters leads to better fraying and
better interface cohesion [8]. The study on microdrilling of
oil hardening and nonshrinking (OHN) steel using an HSS
drill shows that the reduction of errors during drilling can
provide better performance [9]. The input and output
pressure of the drill bit will have an effect on the circularity of
carbon fibre-reinforced PMCs in drilling operations [10].

The state of processing of composites is determined by
chip formation and drill cutting parameters for thermo-
plastics and thermosets [11]. The delamination effect and
surface roughness depend on the formation of the microchip
and its form [12]. PMC faces the kerf angle by increasing the
thickness of the specimens. The formation of burrs in the
surface of the composite material will significantly reduce
the output performance of the machining condition and is
characterized and reported [13]. Due to the low thermal
conductivity, PMC faces a hole shrinkage during the ma-
chining operation that greatly determines the quality of drill
holes [14]. To enhance drilling operation on carbon fibre-
reinforced PMCs, thrust force can be considerably reduced
with varied machining angles, thereby reducing the effect of
the tool wear [15].

Additive manufacturing has enormous advantages
which contribute significantly to the thickness performance
of the inner layer as part of the FDM process which shows
the performance of 3D printed samples [16]. Clustering of
the reinforcement of the matrix provides additional work
load to the tool and causes excessive wear that determines
the surface irregularity of the sample [17]. For example,
when carbon nanotube-PLA composite samples undergo
microdrilling, the tool faces excessive wear and even breaks
owing to the application of the load [18]. The effect of the
drilling machining parameters in epoxy composite materials
deals with the behaviour of the delamination, surface
roughness of the matrix at extreme speed, and feed con-
ditions [19]. The microlevel holes are essential for several
engineering applications but the hole built at microlevel
using 3D fused filament fabrication (FFF) process is
a challenging task [20]. The machining characteristics of the
reinforced jute fibre PMC show that the drilling force and
the pushing force on the delaminating area are examined by
SEM. The analysis confirms that the bonding between the
reinforcement and the matrix significantly affects the ma-
chining conditions [21].

The inherent characteristics of fiberglass-reinforced
plastic composites perform the drilling operation in ac-
cordance with various parameters. The effects of drilled
geometry and driving forces are studied [22]. Using un-
conventional methods in tool design, the behaviour of fibre-
reinforced plastics is used in enormous applications. By
comparing numerical values, the geometry of the drill ex-
plains that the characteristics of a fibre-reinforced polymer
(FRP) laminate play an important role in the results of
a qualitative method [23]. The study of carbon fibre-
reinforced composite (CFRP) material on thermal behav-
iour and the mechanism of fatigue by optical morphology
leads to fatigue performance determining the properties of
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materials [24]. It investigates the wear mechanism of the
tungsten carbide drill and evaluates the speeds; the behav-
iour of the mechanism can be shown by delaminating
a drilled hole. The effects are demonstrated through the
cutting forces [25].

In this work, the PLA-14% of the bronze composite
filament is successfully extruded and used as a printing
filament to identify printing conditions in the FDM at the
standard size. For benchmarking, samples are printed with
or without holes. Standard operating procedure for drilling
the test sample is performed. The importance of the pro-
cessing condition based on the hole’s geometry is studied by
scanning electron microscopy (SEM) and is reported. The
tool wear characterisation study is also completed and
reported.

2. Materials and Methods

2.1. PLA-14% Bz Composite Filament Preparation. The
primary investigation is conducted with varied bronze
particles of size 80 to 90 nm in the PLA matrix. The report
suggests that adding 14% Bz as reinforcement in PLA matrix
will yield a proper dispersion composite filament for the 3D
printed application. Here, the agglomeration is a difficult
task with increased reinforcement [26]. Bz with less than
18% will reduce the mechanical property of the samples, and
it was reported from the earlier study, with the varied weight
percentage of Bz of 6, 10, 14, and 18 [27]. Bronze having
various weight percentages of 0, 6, 10, 14, and 18 is added to
the matrix as shown in Figure 1. PLA billets are powdered by
means of commercially available ball milling process.
Coimbatore Metal Market in Coimbatore, India, has sup-
plied bronze with a particle diameter of 80-90 nm. The
combination is softened by an increase in temperature to
about 190°C while maintaining a constant thread velocity of
300 RPM. The solution is transferred into a hopper and
extruded to create a 1.25 mm diameter 3D filament mix. To
ensure a steady flow of PLA material with bronze particles,
the extruder is kept at a temperature of 60°C.

To confirm filament use, it must be manufactured using
the same FDM-machined settings as shown in Table 1. To
determine the appropriate bronze weight% in the matrix
material, densities, modulus of rupture, strength properties,
tensile strength, and flexural modulus are determined.
Figure 2 depicts a typical optical image of a cross-section of
3D composite filaments that were measured at 50x. As the
fraction of metallic particles in the contents increases, the
particles become more agglomerating and clustered.
Obtaining a continuous 3D composite filament when more
than 20% reinforcements are added becomes a difficult task.
As a result, the greatest amount of reinforcements in the
matrix material is set at 18%.

Tensile and flexural strength decreased along with the
reduction of elongation because of the addition of bronze
reinforcement. However, the hard Bz elements withstand
extra load bearing capacity in compression test, and it can be
verified from Table 1. The printed samples are subjected to
basic mechanical tests such as deformation, compression,
and flexural tests. Increased reinforcement leads to metal
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0% 6% 10% 14% 18%

FIGURE 1: Bronze filament with varied composition in the PLA matrix.

TaBLE 1: Properties of PLA/x% of Bz.

Percentage of bronze
Measurement components

0 6 10 14 18
Softening temperature T, (°C) 160 160 160 160 160
Bed temperature ("C) 40 40 40 40 40
Filling velocity (mm/min) 20 20 20 20 20
Airgap (mm) 0 0 0 0 0
Infill (%) 100 100 100 100 100
Raster angle (deg) 45 45 45 45 45
Density p (g/cm®) 1.25 1.65 1.84 211 2.64
Elongation at break (%) 6 54+1.6 51+1.6 43+1.2 39+1.8
Compressive strength (peak) (MPa) 17.9 18.9 19.4 20.6 21.4
Tensile strength (peak) (MPa) 46.8 41.8+2.5 394+1.5 349+2 31.4+2
Flexural strength (peak) (MPa) 61.8 60.4+2 58+1 56+2 53+2

FIGURE 2: 3D composite filament and optical images of composite filament with varying % of Bz: (a) 6%; (b) 10%; (c) 14%; (d) 18%.



particles that may be more slippery and have lower
ductility, reducing the tensile and bending strength of the
test pieces. This activity directly affects the elongation
properties of the combined sample. With the increase of
Bz Wt% from 6% to 18%, nearly 300% filament property
change is noted, demonstrating the influence of re-
inforcement in the matrix. Excessive surfaces of bronze
particles resist the load before deformation, which in-
creases the compressive strength of the specimen as re-
inforcement increases. From the analysis in Table 1, it may
be concluded that bronze reinforcement with 14% would
be an appropriate component of the matrix material. The
influence of bronze change on composite filaments causes
many printing problems.

3. Experimental Setup

The CNC LMW-JV55 vertical microcasting model is used
for this study and is shown in Figure 3(a). Based on the
previous study on PMC drilling, the independent parame-
ters for the drilling machine are defined and shown in
Table 2. In the present study, the experimental condition of
the orthogonal matrix of Orthogonal Array of L27 Taguchi is
calculated and performed.

The commercially available tungsten carbide drill bit of
diameter 0.5, 0.7, and 0.9 mm, with the angle of the 45° flute
is used in the present study. Among the considered blades
(45°, 0°, and helical type), 45" blades exhibited the best
drilling performance [28]. The dimensions of the printed
sample are convenient to adapt to the working table of the
CNC machine. An experiment is carried out to measure
vibration during the machining process using acoustic
sensors. The observations are dependent upon the rotation
speed (200-2000 rev/min) vs. the feed (0.1 to 0.3 mm/min),
which is recorded, which will not make a significant change
to the machined samples. Samples are printed with and
without holes; twisted bits are shown in Figure 3(b) with
experimental configuration.

3.1. Delamination Percentage. Delamination is used to
evaluate test samples under different machining conditions.
The importance of delamination factors is measured using
an optical test. Processing parameters are important for the
surface quality of the drilled hole in terms of material re-
moval rate (MRR) and time [29]. The delamination factor is
the ratio between the maximum hole’s diameter (D,,,,) and
the nominal diameter (D,op,), as shown below

D
Delamination factor (Fp) = ===, (1)
Dmin
Vi mm’
material removal rate (MRR) = — % D” x f*N ——7],
4 min

(2)

where D = diameter of the drill bit (mm); F=feed (mm/min);
and N = spindle speed (rev/min).
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4. Results and Discussion

4.1. Optical Microscopy Examination. To investigate the
importance of the printed hole and the drilled hole on FDM
quality measurement, the machined samples are subjected to
an optical image. The image of the different drills is given in
Table 3.

Optical microscopy examination is one of the simplest
techniques to examine the machining effect on the test
sample [30]. As the FDM parameters are dependent on the
filament material, the decrease in the hole’s geometry can
cause severe damage to this surface due to layer build-up. As
increasing the thickness of the layer can significantly reduce
the flow of matter, defects cannot be neglected. Being the
composite filament, as during the layer build-up, the density
of Bz causes the change in layer thickness and provides
a bulge shape projection over the inner surface of the printed
whole. Achieving a right hole’s thickness is almost impos-
sible in FDM. Hence, a secondary processing operation such
as microdrilling becomes necessary.

The decrease of the hole’s diameter causes serious defects
in the thickness of the hole’s geometry, and it can be verified
from Figure 3. While in microdrilling, surface defects such as
burr formation, kerf tapper, and shrinkage are noted. From
the overall observation, it is very clear that an additional
concentration should be made if the hole’s dimension is less
than 0.5 mm. To find out more about the drilled surface L27,
Table 4 presents in different machining conditions, both at
the point of entry and at the point of exit of the drilled hole.
All the images are taken with 50x magnification. The re-
moval rate and percentage of delamination are also con-
sidered in this study.

The overall observation in Table 5 can be summarised in
the following way:

(1) Observing the cut parameters indicates that the feed
rate is critical to the PLA sample-14% Bz.

(2) The delamination effect on the test sample layer by
layer results in direct damage to the inner surface of
the layer. This happens due to the working pressure
existed by the tool bit on various layers printed on
the FDM sample.

(3) The force and mechanism cause the delamination
area and provide the peel-off effect, which dis-
criminates the entry portion of the drilled hole and
affects the circumferences in the delamination zone
as tools slide towards the exit portion.

The rotational speed, depth of cut, and cutting force may
cause vibration during microdrilling. Besides, large thrust
force given during the drilling operation at minimum
spindle speed causes delamination. As the sample is built
layer by layer, it has serious issue related to delamination.
Also, the uneven material deposition and irregular particle
dispersion during building the sample will increase the
severity rate. Higher spindle speed with low feed rate will
reduce the delamination failure for 3D printed samples.
Based on the previous report, it could be established that the
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FIGURE 3: (a) Microdrilling set-up. (b) Drilling specimen.

TaBLE 2: Experimental conditions.

Levels
Parameters
Level 1 Level 2 Level 3
Width of cut (mm) 0.5 0.7 0.9
Spindle speed (rpm) 2000 2500 3000
Feed (mm/min) 0.1 0.2 0.3

feed rate provides excessive faults relative to the

spindle speed.

4.2. Surface Analysis. The surface topography of the samples
constructed using drilled hole is analyzed by SEM. Figure 4
shows the SEM analysis of drilled and printed hole. The
increase in cross-section is observed in the printing hole;
however, the circularity is preserved for the drilled hole.
Figures 4(a) and 4(b), taken from the upper and lower
surface of the 0.9 mm drilled holes, confirm the circular
nature of the holes. Through observation, it is clear that
printing holes of more than 1 mm is recommended in 3D
printing. A secondary machining operation is required to
have a microcut hole. To know more about the cutting
region, the drilled part was cut through the electric cutter,
and the picture is shown in Figure 4(c). The inner surface of
the machined sample at 0.7 mm and 0.5mm is shown in
Figures 4(d) and 4(e), respectively. Increasing the diameter
of the tool increases the kerf angle along the inner side of the
cutting zone. However, the chip that flows over the outer
surface of the machine sample has enough force to remove
the burrs that occur during the machining and makes
a smooth machined surface, and it can be verified from
Figure 4(d).

The presence of burrs and surface defects is clearly
visible on the 0.5 mm hole cross-sectional surface. As the
progression of the drill bit is small, there is a less chip
withdrawal rate. Whatever the machining conditions, the
reinforcements run off the surface of the materials and
cause wear along the inner surface of the printed hole. To
reduce the defects in drilling multiple pass with low

quantity lubrication is recommended [31]. The least
generation of machining temperature can also lead to this
fault for samples of drilled holes of 0.5 mm. The driving
force and vibration occur during machining, which sig-
nificantly affects the binding force between each layer and
can be checked by Figure 4(f). Through visual inspection
and based on the circularity obtained from Table 5 images,
it can be stated that E27 machining condition will provide
the defect-free component that is machined at the con-
dition of drill diameter of 0.9 mm, speed of 3000 rpm, and
feed rate of 0.1 mm, and it can be verified through
Figure 4(g).

The bulk removal of PLA material is seen around the
drilled holes, and at the same time, the reinforcement Bz
particle has been pushed in the inner surface of the test
sample. In addition, the height of the layer and the adequate
dispersion of the Bz particles in the matrix are clearly
recorded through Figure 4(h). Furthermore, the irregular
state of machining can lead to holes of poor circularity and
cause effects at the exit point of the nozzle. However,
micromilling is essential even after performing drilling to
improve the accuracy level. [32]. Furthermore, it causes mass
removal of the material at the end of the cut. This can be seen
from Figures 4(i) and 4(j).

4.3. Tool Wear Study. The effect of delamination is that it
avoids the external force while drilling that exhibits the
behaviour of the test sample and depends on the thickness of
the sample and the size of the drill bit. The drill survey will
provide the effect of the processing state, where the SEM
images of the tools show the faults. Figure 5 shows the
different magnification image of the 0.9 mm bit machined at
3000 rpm with a feed rate of 0.1 mm/min. Figure 5(a) shows
the low magnification tool image where the PLA weld is on
the surface of the tool. No severe defects are observed at the
cutting edge of the tool. This is because of the smooth
property of PLA matrix. However, the matrix property may
increase the working temperature and cause severe distor-
tion [33]. When the tool slides on the test sample, it increases
the machining temperature which gradually reduces the
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TaBLE 4: The images of microholes printed and machined with three drill bits: (a) 0.5mm; (b) 0.7 mm; (c) 0.9 mm.

Drill diameter (mm)

0.5

0.7

0.9

FDM printed samples

Drilled samples

stiffness of the test material. This action causes the free
movement of chips on the external surface of the tool. The
reinforced Bz element that sticks to the PLA matrix glides
smoothly on the tool without causing rupture or wear on the
cutting surface on the tool side.

The nose of the tool has suffered serious damage mainly
due to the reinforcing material. When in contact with hard
frames, the high strength steel (HSS) tool is subjected to
a heavy workload to remove the material. This may result in
a tear on the nose area of the tool. The working effect on the
geometry of the tool can be viewed through Figures 5(b) and
5(c). Under high working conditions, sudden wear and tear
of the tool and loss of material around the nose are observed,
and this is due to the clustered Bz particle. The wear zone of
the tool and the reinforcing weld in the tool tip are illustrated
in Figure 5(d).

The quality of the drill bit significantly affects the ma-
chining performance due to excessive force applied. The
delamination effect of 0.5 mm is maximum at E8 condition
at a material removal rate of 0.2757 mm’/m at a spindle
speed of 3000 rpm and a feed rate of 0.2 mm/min. A 23% of

delamination factor are considered with maximum output;
then, there is a chance of increasing the surface of the drilled
hole. The vibration that occurs during the previous condi-
tion may cause a challenging affect to the researcher. The
delamination effect of 0.7 mm drill bit was found to have
maximum MRR of 0.5479 mm>/min at E12 conditions with
a delamination effect of 12%. Here, the feed rate and the
speed are 0.3 mm/min and 2000 rpm, respectively. At E27,
the machining effect has shown the MRR of 1.1842 mm?*/min
with a 32% delamination factor. Here, the spindle speed and
feed rate are recorded to be 3000 rpm and 0.3 mm/min,
respectively, at E27 condition.

The study on the delamination effect during a micro-
drilling operation on printed FDM samples concludes that
the feed speed has a significant delamination effect, irre-
spective of drill diameter and spindle speed. Large diameter
of the drill with a low spindle velocity will have an effect on
the built layer. The minimum delamination was achieved
when the low feed rate and the quality of the drill hole using
the twist drill bit have been proven to be better than the brad
drill bit [34]; a similar effect was noted in the present study.
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FiGure 4: Continued.
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Length - 736.91 um
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F1GURE 5: Tool condition at different positions in drilling operation.

5. Conclusion

This study explains the microdrilling behaviour of PLA-Bz
composites which specifies the quality of the microholes.
Observations concerning the percentage of delamination
with various drilling parameters and the roundness of the
hole in and out surface are reported. The delaminating
effect is evaluated to characterize the damage in the
microdrilled holes. Based on the results, the delamination
factors are obtained with feed speed and feed rate. The
results are explained with defects which have occurred
due to feed speed and composite width. The structural
zone improves the correct tolerance by means of speed
and feed speed. This reduces the delaminating zone and
improves the improvement of the drilled hole. The
printing conditions of the identified samples are obtained

for the processing of a microdrilling, and the conclusion is
given as follows:

(1) The circularity of the drilled hole is retained at high
speed conditions because increase in working tem-
perature causes free-flow of chips along the tool
surface

(2) Delamination effects are greatly affected by the size
of holes of 0.5, 0.7, and 0.9 mm

(3) The velocity factor is greatly influenced by ma-
chining conditions, with a higher feed rate and
a lower material removal rate

(4) At 0.9 mm diameter, the maximum delamination
effect at condition E27 is achieved by comparing the
different microdrilled diameters



Advances in Materials Science and Engineering

(5) Feed, speed, and cutting width are highly influenced

by MRR with efficient drilled holes.
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This paper focuses on optimizing process parameters such as tool rotating speed, preheat-treated workpiece temperature, traverse
speed, and tool pin profile for dissimilar friction stir welding (FSW) of brass and AA 6063. The hardness of the friction stir-welded
joint created is measured as a response variable. The Taguchi design of experiments approach was utilized to finalize the ex-
perimental strategy, and ANOVA was employed to analyze the data. The best input factors for a better weld and a harder FSW
workpiece were predicted. The experimental results show that the input factors influenced the hardness and defects in the welds in
the following order: tool rotation speed (28.98%), tool pin geometry (22.30%), travel speed (11%), and temperature of the preheat
treated workpiece (10.95%), respectively. Optical microscopy identified three distinct zones: the nugget zone, the thermo-
mechanically affected zone, and the heat-affected zone. The nugget zone had a maximum value of hardness (around a 27%

increase) due to the formation of very fine recrystallized grains.

1. Introduction

Aluminijum alloys (AA) are used in an expanding range of
engineering applications, such as the automotive and
aerospace industries, because of their excellent machin-
ability, high stress-to-weight ratios, and superb corrosion
resistance. However, there are some problems during the
joining of Al alloys using conventional fusion welding
techniques because of high distortion, generation of sec-
ondary brittle phases, residual stresses, and cracking during
solidification [1]. In 1991, Thomas et al. developed the
friction stir welding (FSW) at the Welding Institute, U.K.,
and showed it to be substantially better than classical
welding methods used for joining heterogeneous materials
due to the absence of molten metal, elimination of radiation
effect, and harmful emission of gases [2, 3]. FSW works on

the principle of solid-state effect to plastically deform the
workpiece material. The rubbing action between a non-
consumable stirring tool, consisting of the shoulder and pin,
and Astarita et al. reported that the rotational and traverse
speeds of the tool, the geometry of the tool including its tilt
angle, and the transverse force are the basic input variables of
FSW which affect the properties of friction-welded joints [4].
Reasonable traverse and rotational speeds of the tool con-
tribute to the proper flow of material after the deformation,
around the tool, resulting in the formation of friction-
welded joints.

Colligan et al. [5] applied the FSW technique to Al
products in aerospace and automotive industries to fulfill the
increased demand of light-weight components with concern
for the environment. Kakimoto [6] used the FSW technique
for welding AA2000 and AA7000 grade sheets, finding this
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technique better than the traditional welding method.
Cavaliere et al. [7] studied the microstructural and me-
chanical characteristics of AA 6082 joints made with FSW
and examined the influence of various welding parameters.
It has been reported that when the advancing speed is in-
creased from 40 to 165 mm/min, there is a change in nugget
mean grain size. However, when speed changes from slow
speed to 115 mm/min, there is a significant increase in yield
strength, but with further increase in advancing speed, yield
strength decreases. The influence of tool traverse speed was
studied for observing variation in microstructure and me-
chanical properties by Shen et al. [8] when FSW was done in
the case of copper. It has been observed that with the in-
crease in traverse speed, initially there was an increase in the
grain size of the stirred region, but then it started decreasing.
Furthermore, thermomechanically-affected region shrank
and the boundary between these two regions became ex-
plicit, but there was no change in the heat-affected region.
Ramkumar et al. [9] investigated the changes in the me-
chanical behavior of friction-stir welded AZ31 materials
with respect to tool rotational speed and tool traverse speed
ratio. It is confirmed that with the increase in the ratio,
a slight decrease in ultimate and yield strength of the nugget
region and transitional region was observed. Moreover, the
size of the nugget region and incomplete root penetration
were found to increase and decrease, respectively, when the
rotational/traverse speed ratio was increased. Safi et al. [10]
studied the warm FSW process for the dissimilar systems of
AA7075 to Cu materials. It has been observed that by
preheating the copper base material up to 175°C increases
the mechanical behavior of the friction-welded joint by
100%.

To increase the weld strength in the FSW of the alu-
minium and Mg alloys, the FSW parameters such as tool
rotational temperature, preheat treated workpiece speed,
and traverse speed tool pin profiles were optimized using the
Taguchi method [11]. The parameters were optimized for
improving weld strength and interface [12]. The process
parameters of the FSW process were optimized by Taguchi-
response surface methodology (RSM) shows rapid im-
provement in the weld strength [13]. The Taguchi-based
graph theory and matrix approach were applied to identify
the optimal process parameter in FSW of AISI 304
stainless steel.

There is a lot of study on how Al/Mg alloys in the stir
zone significantly affect the quality and performance of
welding. In a small lap of time after its development,
several research works have been carried out to enhance
the mechanical properties of welding by controlling
several weld parameters. Thus, the present research ar-
ticle’s objective is to understand better how brass and
aluminum alloy 6063 affect the joint’s weld microstruc-
ture and mechanical properties. Finally, several strategies
are highlighted to govern the FSW and the subsequent
improvement of the weld joint properties, even though
there are no study attempts to optimize the response
parameters of friction stir welding of brass and AA6063
using the Taguchi L,, orthogonal array.
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2. Materials and Methods for Experimentation

The objective of the experimental work was to optimize the
FSW parameters for two dissimilar metals to improve the
weld quality and hardness of welded joints.

The materials used in the present work were brass and
commercial AA6063, an Al-Mg-Si-based alloy. AA6063 is
typically produced with very smooth surfaces for anodizing.
Both brass and AA6063 flat plates were cut into
145 x 50 x 6 mm thickness. The cold plates were heated up to
300°C and 400°C for half an hour in the muffle furnace, with
an extra holding time of 15 minutes. Heating times to the
required temperature was varied from 0.5 to 3 hours, which
was dependent on alloy type and load size. The preheated
plates were welded with a number of different weld pa-
rameters. Experiments were conducted on a HURCO VM 10
(CNC universal vertical milling machine) to weld the plates
with the Taguchi L,; experimental design. The plates were
clamped in the machine firmly by placing the brass on the
advancing side and AA6063 on the retreating side.

In FSW, the temperature was measured at various
sections of the weld line using an infrared thermometer.
However, direct measurement of temperature in the nugget
zone is a cumbersome task, as combined rotation and
translation of the tool cause intense plastic deformation in
this zone [14, 15]. The temperature was recorded in full weld
cycle for each sample 25 mm away, pointing at the rotating
tool with an infrared thermometer. After heat treatment, the
digital hardness test was performed with a full load set of
150 kgt and a dwell time equal to 10-15s (make: HM-210
type A). The microscopic analysis was performed on dif-
ferent welded samples for studying the influence of various
welding parameters on three zones, namely, nugget zone
(NZ), heat-affected zone (HAZ), the thermomechanically-
affected zone (TMAZ), and also on the base metal (BM).
Table 1 presents the FSW process variables and their values
at different levels and Figure 1(a) shows the FSW
process image.

Three tool configurations, namely, square, triangular,
and hexagonal, were used for fabricating the joints with
a shoulder diameter of 16 mm and by considering the
shoulder with and without concavity. The different process
variables were tool traverse speed, rotational tool speed, pin
profile of the tool, the temperature of the preheated
workpiece, and the response variable of the friction-stir
welded joint so produced, which is measured in terms of
hardness and weld quality. Here, the microhardness value
was measured perpendicular to the FSW joint at three lo-
cations along the nugget. At ambient temperature, the
hardness values of AA6063 and brass were 70.2 and 76.7
HRB, respectively, whereas at 300°C, the hardness values
were observed to be 73.7 and 80.8, respectively; however, at
400°C, the hardness values were found to be 75.6 and 84
HRB. Figure 1(a) shows the FSW and optical micrographs of
polished AA6063 (Figure 1(b)) and brass (Figure 1(c))
obtained at 500x magnifications, and it can be noted that
there is a change in microstructure with the increase in the
temperature during heat treatment.
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TaBLE 1: FSW process variables and their values at various levels.
. . Levels
S. Nos Parameters Notations Units
Low Medium High
1 Tool rotational speed Niool rpm 1200 1400 1600
2 Temperature of preheat treated workpiece Tpreheat °C 36 300 400
3 Traverse speed Straverse mm/min 16 24 32
4 Tool pin profile P — Hexagonal Square Triangular
‘ -
= LS
[y e
|
1 .
™ . A
L J M .
4 - :m;'r
(0
FiGURE 1: FSW image and microstructure of AA6063 and brass. (a) FSW image. (b) AA6063. (c) Brass.
3. Design of Experiments temperature of preheating treated workpiece (Tpreheat)s

The analysis of the obtained hardness data was performed to
determine the influence of various process parameters. A
“higher-the-better” performance criterion was considered to
calculate the SNR of hardness with the following formula
[16]:

181
SNR = -10log EZW , ()

i=1

where x;,1=1,2,3,...... k are the response values under
the trial conditions repeated 'k times.

In this case, the optimized result required is the higher
hardness. Therefore, this criterion is chosen for finding the
optimum process parameters. At each combination of the
measured values, the experimental outcomes of the hardness
were transformed into SNR. The use of SNR is recom-
mended by Taguchi for measuring quality characteristics
that deviate from desired values. The higher value of SNR
implies better welding performance characteristics. Hence,
the optimum level of input variables was taken as the level
with a higher SNR. The most statistically relevant input
variables were identified using analysis of variance
(ANOVA). An optimized combination of these variables
was predicted by considering both the ANOVA and SNR.
The hardness results obtained at different combinations of
process variables are presented in Table 2. A similar analysis
for different processes has been carried out by various re-
searchers [17-19].

4. Results and Discussion

The mean values obtained from the response variable,
hardness, and the SNR for each variable at three levels were
computed and shown in Tables 3 and 4, respectively. The
influence of each factor viz. tool rotational speed (N1,

traverse speed (Siraverse)> and tool pin profile (Pp;,) on the
hardness of friction stir welded joint is depicted in Figure 2.
The heat produced by frictional forces and material stirring
will majorly affect hardness. The analysis of experimental
data shows that grain refinement in the welded zone leads to
higher hardness when compared to the base metal.

Figure 2(a) shows the variation in hardness with
a change in tool rotational speed, which depicts the decrease
in hardness when speed is increased. When tool rotational
speed is low, less heat is generated, which results in lower
recrystallization rates and ultimately a harder weld is
achieved [17]. In addition to this, at low speeds, with less
heat generation because of frictional forces and material
stirring, small grain sizes lead to higher hardness [17]. It can
be seen in Figure 2(b) that the preheating effect increases the
hardness value upto 300°C and then decreases it. Such
a phenomenon may be due to grain coarsening and work
hardening due to the thermomechanical effect, re-
crystallization, and dynamic recovery [18]. Such a hardness
trend is observed because of work hardening in the weld
zone and not because of grain size [19].

Figure 2(c) exhibits a decrease in hardness value when
the traverse speed is increased initially up to 24 m/min, then
it starts rising. This may be attributed to the change in
quantum and temperature of friction on the workpiece
surface per unit of time with variation in traverse speed. The
traverse speed of the tool determines the stirring of the
rotating tool per mm of FSP , which affects the movement of
material to the retreading side from the advancing side [20].
The hall-Petch relationship clearly states that the hardness
has a reverse relevancy with grain size, which implies that if
any parameter causes an effect on grain size, then hardness is
bound to be affected [21]. Figure 2(d) clearly shows the effect
of tool pin geometry on hardness values. The maximum
hardness was observed with a hexagonal tool profile and the
minimum with a triangular profile tool pin. In the hexagonal
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TaBLE 2: Taguchi L,; OA with measured hardness values and SNR.
Runs Niool (rpm) Toreheat ('C) Straverse (MmM/min) Poin Hardness (HRB) SNR
1 1200 36 16 Hexagonal 721 37.16
2 1200 36 16 Hexagonal 73.3 37.30
3 1200 36 16 Hexagonal 72.3 37.18
4 1200 300 24 Square 71.7 37.11
5 1200 300 24 Square 72.0 3715
6 1200 300 24 Square 72.3 37.18
7 1200 400 32 Triangular 71.0 37.03
8 1200 400 32 Triangular 70.9 37.01
9 1200 400 32 Triangular 71.9 37.13
10 1400 36 24 Triangular 70.5 36.96
11 1400 36 24 Triangular 70.3 36.94
12 1400 36 24 Triangular 71.1 37.04
13 1400 300 32 Hexagonal 73.2 37.29
14 1400 300 32 Hexagonal 72.8 37.24
15 1400 300 32 Hexagonal 72.2 37.17
16 1400 400 16 Square 71.7 37.11
17 1400 400 16 Square 72.3 37.18
18 1400 400 16 Square 72.0 37.15
19 1600 36 32 Square 71.1 37.04
20 1600 36 32 Square 70.7 36.99
21 1600 36 32 Square 70.0 36.90
22 1600 300 16 Triangular 70.8 37.00
23 1600 300 16 Triangular 70.6 36.98
24 1600 300 16 Triangular 71.9 37.13
25 1600 400 24 Hexagonal 70.7 36.99
26 1600 400 24 Hexagonal 70.0 36.90
27 1600 400 24 Hexagonal 71.8 37.12

TABLE 3: Mean values and main effects of hardness (raw data).

Levels Ntool (er) Tpreheat (OC) Straverse (mm/mln) Ppin
1 71.94 71.27 71.89 72.04
2 71.79 71.94 71.16 71.53
3 70.84 71.37 71.53 71.00
Delta 1.10 0.68 0.73 1.04
Rank 1 4 3 2

The bold values show the highest values.

TABLE 4: Mean values and main effects of hardness (SNR).

Levels Ntool (rpm) Tpreheat (GC) Straverse (mm/mln) Ppin
1 37.14 37.06 37.13 37.15
2 3712 37.14 37.04 37.09
3 37.01 37.07 37.09 37.02
Delta 0.13 0.08 0.09 0.13
Rank 1 4 3 2

The bold values shows the highest values.

tool profile, more redistribution of the second phase par-
ticles takes place in the matrix which causes a reduction in
grain size and more magnesium silicide (Mg,Si) particles
distributed in the aluminum alloy [22]. A tool with a square
pin profile has an intermediate hardness value as it expe-
riences higher welding forces, which are the result of the
eccentricity of the square pin profile and its pulsation effect.
This increases tool wear, which asks for frequent re-
placement of tools and hence higher processing costs [23].

The S/N ratio values for the different input parameters
have been depicted in Figure 3. A similar behavior of all the

process parameters on hardness was observed. The hardness
was found to be maximum at 1200 rpm tool rotational speed,
300°C temperature of preheat-treated workpiece, 16 mm/
min traverse speed, and hexagonal tool pin profile.

An ANOVA was carried out to examine the signifi-
cance of the input variables towards the hardness, and the
residual data collected is depicted in Table 5. The model
shows a reasonable value of F-probability, which rec-
ommends that all models are significant. It can be inferred
that all input variables have significantly influenced
hardness values. It has been noticed that rotational tool
speed has the maximum effect on weldment quality with
a 28.98% contribution, followed by the tool pin profile
with a 22.30% contribution, and finally, travel speed and
preheating effect with 11% and 10.95% contributions,
respectively. The tool rotational speed parameter’s con-
tribution was also found to be most influential for the weld
joint’s performance [24]. The travel speed and preheating
effect were found to have the least effect on the weld joint’s
performance.

4.1. Confirmation Experiments. The obtained optimal pro-
cess variables were validated by conducting three confir-
mation experiments. The friction stir welding arrangement
was set at (Ntool)l’ (Tpreheat)Z’ (Straverse)l’ and (Ppin)l’ and the
mean hardness value was measured as 73.80 HRB, which was
within the confidence interval of the predicted optimal
hardness for friction welded joints. Optimal values of re-
sponse characteristics (predicted means).
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FIGURE 2: Variation of hardness with process parameters (raw data).
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FIGURE 3: Variation of hardness with process parameters (SNR).
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TABLE 5: Model significance of hardness using ANOVA.
Sources DF Seq SS Adj SS Adj MS F P Percentage contribution
Nioo (rpm) 2 6.3785 6.3785 3.1893 9.74 0.001 28.98
Toreneat (°C) 2 2.4096 2.4096 1.2048 3.68 0.046 10.95
Siraverse (Mm/min) 2 2.4207 2.4207 1.2104 3.70 0.045 11.0
Ppin 2 4.9096 4.9096 2.4548 7.50 0.004 22.30
Error 18 5.8933 5.8933 0.3274 26.77
Total 26 22.0119 100

Note. DF, degrees of freedom; Seq SS, sequential sums of squares; Adj SS, adjusted sum of squares; Adj MS, adjusted mean square; F test of hypothesis, value of

hypothesis (significant at 95% confidence level).

The optimal values of the predicted mean of the response
parameter, i.e., hardness, can be obtained using the fol-
lowing equation and taking the data given in Table 4 into
consideration:

predicted mean hardness = (N,0); +(Tpreheat) 5+ (Straverse )1 +(Ppin) —3xY

=73.22,

percentage variation = +

4.2. Weld Morphology and Microstructure Analysis. The
variation in temperature of the weld at various sections
during welding was measured with the help of an infrared
thermometer. The temperature was recorded in full weld
cycle for each sample from a distance of 25 mm, pointing at
the rotating tool. In every 25 mm, one reading of temper-
ature was recorded. Figure 4(a) depicts the variation in
temperature at various sections of the weld line. It can be
observed that the temperature varies linearly with distance.
The temperature in the multiple sections depends primarily
on the coefficient of friction; a higher coefficient of friction
leads to a higher temperature for a constant weld speed
because the frictional force is also presumed to be pro-
portional to the coefficient of friction [18, 25]. When the
welding process is initiated, there is contact between the
weld tool metal and weldpiece metal, which results in
a regular and known value of the friction coefficient. When
the welding process is further continued, softening of the
weld piece surface is caused by the welding tool, which
changes the value of the friction coefficient. The highest
temperature attained among all the welded plates was 318°C
when the rotational tool speed was 1600 rpm, the temper-
ature value was 300°C, and the traverse speed of 16 mm/min
with a triangular tool pin profile.

Figure 4(b) shows the variation of surface hardness at the
weld line and various distances at various welding zones i.e.,
NZ, TMA), HAZ, and BM for all welded samples. The
hardness is nearly constant in NZ, extending to 5 mm from
each side of the weld joint. In TMAZ, which extends from
5mm to 6 mm from the NZ, the hardness was observed to
decrease, and the hardness achieved a minimum value in
HAZ that extends from 15mm to 20 mm from the TMAZ

{(73.80 - 73.22)}
73.80 * 100

(2)

=0.79 %.

and then starts increasing. It has also been observed that the
hardness of base metal was unaffected by FSW. Figures 5(a)-
5(f) depict the optical micrographs and EDS-layered image
of polished NZ of brass and AA6063.

Figure 5 shows the optimal microscope microstructure
representation with different pin profiles and their effect on
grain size at various values of tool rotational and travel
speeds. While welding brass and AA6063, it is observed that
the distribution between the brass and AA6063 shows the
presence of boundary phenomena and a plastic combination
of both metals in the stir zone [16]. Additionally, indicating
that in this weld nugget zone of brass and AA6063, a lamellar
alternating structure characteristic is observed towards the
brass side [26]. However, in this weld nugget region, there is
the presence of mixed structure characteristics of brass and
AA6063 towards the aluminum side. The stirring action of
the tool, generation of frictional heat, and heat conductivity
characteristics of brass and AA6063 were responsible for the
different structures of both sides of the weld nugget region.
The centre of the nugget region had maximum hardness,
because there was a formation of very fine recrystallized
grains in this area. Three tool pin geometries, namely,
hexagonal, square, and triangular, generated the pulsating
stirring action, which led to a reduction in grain size and
subsequently, homogenous redistribution of second phase
particles in the entire matrix of the weld nugget region [27].
Continuous dynamic recrystallization had an overall impact
on the hardness value in TMAZ and the nugget zone of AS. It
is related to the fact that the change in strain rate due to the
high-temperature deformation of pure aluminium depends
on the combined effect of stress and temperature [28, 29].
This demonstrates that preheating leads to steady-state
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deformation, which inculcates finer structure

throughout the welded joint.

grain

5. Conclusions

Friction stir-welded joints of brass and AA6063 have been
prepared using the Taguchi L,; orthogonal array by varying
different process parameters. Major conclusions of the
current work have been listed below:

(1) The optimum levels of the rotational speed, traverse
speed of the tool, preheated temperature, and tool
pin profile were 1200 rpm, 16 mm/min, 300°C, and
hexagonal, respectively.

(2) Tool rotation speed had a pronounced effect on
microstructure, hardness, and the formation of de-
fects in the welds, while traverse speed had com-
paratively less influence.

(3) Tool rotational speed was found to play a prominent
role in increasing it and contributed 28.98% to the
overall contribution.

(4) Optical microscopy identified three distinct zones,
namely, the nugget zone (NZ), the thermo-
mechanically affected zone (TMAZ), and the heat-
affected zone (HAZ).

(5) The nugget zone had a maximum value of hardness
(around 27% increase) due to the formation of very
fine recrystallized grains.

(6) The maximum hardness was found with a hexagonal
tool profile which was instrumental in providing fine
grain structure and a higher distribution of Mg,Si
particles in aluminum alloy.
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Aluminjum metal matrix composites are utilised extensively in a variety of engineering applications, including those involving
automobiles, aerospace, and other fields of engineering because of its superior tribological properties. In the present research
work, an effort was made to investigate the wear behaviour of an aluminium alloy called Al6061 that was manufactured by
a process called two-step stir casting. The alloy was strengthened with zircon particles. The zircon particles were varied in three
different percentages: six percent, nine percent, and twelve percent. A pin-on-disc wear testing machine was used to investigate the
wear behaviour of Al6061-Zircon composites at elevated temperature 100°C. Experiments were performed as per the design of the
experiments that had been generated using Taguchi’s method. In order to do the analysis on the data, L27 Orthogonal array was
chosen. During the wear process, an investigation was conducted to determine the impact of applied load, speed, percentage of
reinforcement, and sliding distance on the wear response parameter. An analysis of variance (ANOVA) table and a regression
equation were established to facilitate this study. In order to conduct the study of the dry sliding wear resistance, the aim of this
equation was to select the smallest possible features. The scanning electron micrographs of Al6061-Zircon composites show the
presence of zircon particles. It also shows that the particles are distributed uniformly in the Al6061 matrix. The scanning
micrographs of worn out surfaces of Al6061-Zircon composites show the presence of grooves on the wear surface moving parallel
to the sliding direction. According to the outcomes, the factor with the major impact is the load, followed by speed, sliding
distance, and the percentage of reinforcement. In conclusion, confirmation tests were conducted in order to validate the ex-
perimental results.

1. Introduction

Due to the obvious growing need for lightweight and high-
performing materials in recent years, the focus of research
has turned away from monolithic materials and toward
composite material systems. Due to the superior mechanical
and tribological characteristics that aluminium and alu-
minium alloys possess in comparison to base alloys, they
have become increasingly popular in recent years as a result

of their application in a variety of industries. Due of its light
weight, high specific strength, excellent stiffness, and su-
perior wear resistance, in particular aluminium-based par-
ticle reinforced multimaterial composites (MMCs) are
gaining widespread acceptance. As a result, it finds the
applications as of all-purpose production industries infavour
of aerospace applications. For the optimum combination of
favourable mechanical qualities, good formability, and
strength, the aluminium alloy 6061 is the best choice among
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the many other series of aluminium alloys that are currently
available. When compared to alternative processing tech-
niques, the stir casting technique is discovered to be both
simpler and more cost-effective as a manufacturing method.
This is especially true when discontinuous reinforcements
are utilised in the process. It is possible to achieve homo-
geneous dispersion by first preheating the reinforcement in
a graphite crucible while ensuring that the environment is
inert and using a two-step stirring operation. After con-
ducting research into the impact of the size of particle and
weight percentage on the wear properties of aluminium
MMCs, the researchers arrived at the conclusion that sliding
distance and load were the two criteria that were the most
crucial to consider. The use of ultrasonic vibration on the
composites during melting resulted in a more refined grain
microstructure of the produced composite, as well as en-
hanced mechanical and tribological characteristics of the
fabricated composite. The processes used in the production
of MMC play a significant part in the enhancement of the
material’s mechanical and tribological characteristics.
Powder metallurgy, friction stir processing, stir casting, and
squeeze casting are only some of the techniques that have
been developed for the synthesis of the particle reinforced
aluminium matrix composites (Al MMCs). The stir casting
method was considered to be the easiest and most cost-
effective approach for the development of composites,
according to both the professional opinion and the literary
portrayal of the abovementioned processes and procedures.
The actual process of stir casting begins with the melting of
the base metal in a furnace of some kind, and then the use of
a mechanical stirrer to continuously combine the solid
particles with the liquid metal that has been melted. The
stirrer is responsible for ensuring that the molten metal
contains an even distribution of the particles. In stir casting
procedures, the amount of time spent stirring is another
factor that determines the quality of the final result. When
dealing with reactions that are influenced by multiple var-
iables, the Taguchi strategy is the superior technique to use.
For the purpose of developing Al MMCs with improved
mechanical characteristics and superior resistance to wear,
researchers focus on both the experimental and analytical
aspects of these materials. The frictional force was taken
from DUCOM in order to determine the coefficient of
friction, and the impacts of characteristics such as applied
load and sliding distance were explored in order to de-
termine how those parameters affected the response.

The Taguchi method is a noteworthy method for the
development of high-quality systems that depend on an
orthogonal array, which is a trustworthy and methodical
strategy for optimising designs in terms of performance,
quality, and cost. In this case, the necessary number of
experiments is represented as an orthogonal array. In the
Taguchi experimental design method, there are five fun-
damental phases that are applied. Phase 1 is the planning of
the experiment, Phase 2 is the design of the experiment,
Phase 3 is the actual experiment, Phase 4 is the analysis of the
results, and Phase 5 is the confirmation of the prediction. A
best collection of well-balanced (minimum) experiments can
be obtained by the use of orthogonal arrays. An appropriate
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orthogonal array (OA) is selected for the process, taking into
account the process parameters and the levels at which they
are specified and the tests are conducted in accordance with
the OA’s specifications. Different orthogonal arrays exist.
“The signal to noise (S/N) ratios, which are divided into
three different categories of quality attributes, like lower is
better (LB), higher is better (HB), and nominal is the best,
are used to evaluate the experiment’s outcomes.” The NB
value is considered to be the best and this will be determined
by how the process reacts; in this case, the reaction is wear,
and since we want to minimise the response’s value as much
as possible, this will be the determining factor. LB charac-
teristics will need to be used in this situation. The mathe-
matical equation that represents the smaller the S/N ratio,
the better it is represented by the number 1. In addition, an
analysis of variance, also known as an ANOVA, was per-
formed in order to calculate which of the two parameters was
more influential than the other and how much of an impact
each variable had on the total amount of wear. Both the S/N
ratio and the ANOVA were utilised in order to locate the
optimal parameter settings for the process. Following this,
a confirmation test was carried out in order to establish
beyond a reasonable doubt that these optimal combinations
are, in fact, the most effective ones.

Following is a discussion of the literature review that has
been performed out over the course of the past few years on
the Taguchi method for optimising the wear process pa-
rameters of aluminium alloy-based composites. Mallik and
Mallik [1] fabricated aluminium-based MMCs and opti-
mised the wear parameters using the Taguchi technique.
They found that “the applied load (59.04%), preceded by
sliding distance (20.85%), and % of reinforcement had the
biggest impact on the wear rate of hybrid MMCs (16.85%).”
Bhaskar and Sharief [2] studied the wear characteristics of
aluminium MMCs by utilising the Taguchi method. They
came to the conclusion that with the deployment of DOE
approach, sliding distance contributed 48.63 percent to the
wear of composites, while load contributed 25.74 percent.

Sahin [3] studied on the production and wear charac-
terisation of MMCs. They discovered that the size of the
reinforcement was the most influential parameter on the
wear, preceded by the % of reinforcement. When comparing
the projected wear resistance to the actual wear resistance,
there was found to be an excellent agreement at the level of
confidence of 95%. Prakash et al. [4] carried out the Taguchi
implementation in order to optimise the adhesive wear
properties of aluminium MMCs. Their findings showed
a reduction in the wear rate of MMCs brought about by the
addition of reinforcement in comparison to matrix alloy.
The rate of wear is shown to reduce with increasing sliding
distance because of the smoothing out of asperities and the
surface hardening that occurs at the surface. Sundaresan
et al. [5] carried out the process optimization of aluminium-
based composites, and from the wear study, it was found that
by implementing the analysis of variance, the reinforcement
percentage and the sliding velocity have more contribution
for the wear behaviour. This was discovered through the
work that they did on the process optimization of
aluminium-based composites. Sutradhar and Sahoo [6]
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studied the wear characteristics of aluminium-based MMCs
and carried out the optimization by using the Taguchi
method. They came to the conclusion that the applied load
(L) is found to impact the wear the most considerably, while
speed (S) and time (T) have got some major influence as
well. Ranaa et al. [7] examined the process parameters
impact on the wear rate of aluminium-based MMCs. They
came to the conclusion that for the composites produced at
temperature ranges of 700°C to 750°C, this was found to be
the optimal condition. Researchers discovered that a lower
stirring speed of 50rpm led to an increase in wear rates.
Sahoo and Sutradhar [8] conducted research on the pro-
duction and wear studies of aluminium MMCs using an
optimization technique. They discovered that the composite
exhibited reduced wear when the reinforcing weight per-
centage was increased. When the load was raised, the rate of
wear on the composites also increased. Mohana sundararaju
et al. [9] conducted research on the optimization of wear
characteristics of aluminium-based MMCs using the
Taguchi technique. Their findings showed that the in-
tegration of reinforcing particles into the produced com-
posites gave the material a stronger resistance to wear.
According to the findings, the load on wear rate and COF
were the most important parameters to consider. Rana et al.
[10] conducted research on the Taguchi implementation for
aluminium-based composites. They observed that the load,
followed by the sliding speed and the sliding distance, at-
tributed most to the wear rate. The error connected with the
study is 3.9 percent, and the error related with the confir-
matory test is 5.8 percent accordingly. Chandramohan and
Davim [11] carried out the Taguchi implementation to study
wear characteristics of MMCs, and they came to the con-
clusion that the wear resistance of the material increases
when reinforcement particles are incorporated into the al-
uminium matrix. When it came to the wear of composites,
the sliding distance was the wear parameter that had the
most significant impact on the wear.

The main objective of the current research is to produce
Al6061-Zircon particulate composites by using a two-step
stir casting process and to carry out a pin-on-disc wear test at
elevated temperature 100°C. The Taguchi orthogonal design
is utilised to determine the wear using design factors such as
Zircon’s weight percentage (expressed as a wt. percent), load,
sliding distance, and speed. For the purpose of determining
the wear, a multitribo tester is utilised. The Taguchi method
is utilised so that the optimal combination of parameters
may be determined, which in turn produces the optimal (or
least) wear. The purpose of conducting an analysis of var-
iance is to determine the degree to which individual factors
and the interactions between them are significant.

2. Materials and Experimental Details

2.1. Materials. In this study, the base metal was an alu-
minium alloy called Al6061 and zircon was employed as the
reinforcing material. Aluminium alloy with a precipitation-
hardening number 6061, often known as Al6061, contains
magnesium and silicon as its primary alloying components.
It is very widely extruded and possesses excellent mechanical

qualities. It also demonstrates excellent weldability. It is the
most commonly used aluminium alloy, and its applications
are extremely diverse due to its extensive use. Table 1
presents the fundamental elements that make up the Al6061
aluminium alloy.

Numerous rare earth elements, titanium minerals,
monazite, and other minerals make up the majority of
zirconium silicate (ZrSiO,), along with a minor quantity of
hafnium. Zircon was discovered to be an excellent potential
option for use as a reinforcing material in composites based
on aluminium, zinc, and lead. Table 2 shows the chemical
composition of Zircon.

Table 3 shows the chemical composition of Zircon
physical and mechanical characteristics of Al6061 and
Zircon.

2.2. Fabrication of Al6061-Zircon Particulate Composites.
The quantity of zircon particles was increased from 6 to 12
weight percent, with each increase being a step of 3 weight
percent. In order to produce the Al6061-ZrSiO,4 composites,
the stir casting method was utilised. A first measured
amount of aluminium Al6061 was kept in a crucible com-
posed of silicon carbide, which was then put in a furnace
(electrical resistance) operating at a temperature of around
750 degrees Celsius. After properly degassing the melt with
solid hexachloroethane, zircon particles with a particle size
of sixty microns were weighed and added to the vortex of the
melting process at a temperature of seven thousand five
hundred degrees (C2Cl6). Reinforcing particles were pre-
heated to a temperature of 2000 degrees Celsius before being
added to the melt using a two-stage reinforcement mixing
procedure. This was conducted before the particles were put
to the melt. This technique of incorporating reinforcement
into an Al6061 alloy matrix in two stages will result in an
enhancement in both the wettability of the matrix and the
hardness of the reinforcement. In addition to this, it assists
in the even distribution of the particles. Continuous stirring
took place before, during, and after the addition of zircon
particles to the liquid. The stirring speed was normally kept
at 200 rpm during the whole composite production process.
After five minutes of stirring, molten metal containing
particles was poured into a cast iron die measuring 150 mm
in length and 20 mm in diameter. The length of the die was
measured in millimetres. It had been five minutes since the
stirring had begun. Then, machining was carried out for the
developed castings. The developed composites were sub-
jected to a wear test utilising a pin-on-disc machine.

2.3. Wear Testing Experimental Details. Figure 1 shows the
Ducom Pin-on-disc tribometer was utilised in the wear tests
that were carried out. The samples, which have dimensions
of 8 millimetres in diameter and 30 millimetres in height, are
forced up against a rotating steel roller. The equipment is set
up in such a manner that the revolving roller will take on the
role of the counter face material, while the stationary plate
will take on the role of the test sample. At one end of the
loading lever is a counter weight, and at the other end of the
lever is a loading pan that is hanged for the purpose of
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TaBLE 1: Al6061 alloy chemical composition.

Elements Al Mg Si Fe Cu Zn Ti Mn Cr
Percentage Balance 0.9 0.50 0.50 0.30 0.20 0.10 0.10 0.25
TABLE 2: Zircon chemical composition.

Composition 7rO, SiO, HfO, Al,O; Fe, O3 MgO
Content (weight %) 67.22 30.85 1.39 0.11 0.029 0.014

TaBLE 3: Physical and mechanical characteristics of Al6061 and zircon.

Material/Properties Density (g/cm3) Melting point (°C) UTS (MPa) Elastic modulus (GPa)
Al 6061 2.7 650 290 70
Zircon 4.56 2550 330 95

placing the dead weight. The load sensor is located quite near
to where the loading lever is pivoting. It is a multipurpose
piece of equipment that was created to investigate wear
under sliding conditions. The majority of the time sliding
takes place between a pin that is immovable and a disc that is
turning. Even after the contact surface of the arm has worn
away due to wear and tear, the arm will continue to remain
in touch with the disc because of the load. This will continue
to be the case even after the arm has been subjected to wear
and tear. This arm movement generates a signal that is
utilised in the process of determining the maximum wear,
while the friction coefficient is constantly measured as wear
increases. This allows the maximum wear to be determined.
During this process, the predicted level of wear is de-
termined. Electronic single-pan scale with a resolution of
0.0001 g is used to determine the weight of each sample both
before and after the experiment. This was conducted after
giving each specimen a thorough washing with acetone
solution. Because of this, it is to calculate the amount of
weight loss that had been sustained by each specimen.

Table 4 shows the levels and process parameters.

A sliding wear test was carried out with a variety of
parameters, including the applied weight, speed, sliding
distance, and % of reinforcement, and these factors were
varied across three distinct levels. On the basis of the run
order that was determined using the Taguchi model, a total
of 27 separate tests were carried out. Wear is the response
that the model provides. In an OA, the first, second, third,
and fourth column are designated for applied load, speed,
sliding distance, and % of reinforcement. The final column is
designated for the wear response. The reduction of wear is
the primary focus of this model. A tabulation of the re-
sponses was performed, and an analysis of variance was
performed on the findings (ANOVA). Table 5 shows the L 27
Orthogonal array with wear.

3. Results and Discussion

3.1. Microstructural Characterization of Al6061-Zircon
Composites. Figures 2(a)-2(e) show the SEM micro-
graphs of Al6061 Matrix, Al6061-3% Zircon, Al6061-6%

FIGURE 1: Pin-on-disc experimental setup.

Zircon, Al6061-9% Zircon, and Al6061-12% Zircon at
500x magnification. The distribution of the particles,
secondary phases of Al 6061 alloy are visible in the SEM.
Figures 2(b)-2(e) show the presence of Zircon re-
inforcement particles. Figures 2(b)-2(e) show the ir-
regular shaped white needle like structures, which are
formed during precipitation of Mg,Si during solidifi-
cation of the MMC. These secondary phases increase the
strength of the composite due to strong adherence at the
grain boundary.

The black regions with tetragonal shape indicate the
Zircon reinforcement particulates. The distribution of
these zircon particulates is uniform in the matrix.
Figures 2(d) and 2(e) indicate the SEM images for 9% and
12% weight fraction of zircon particles reinforced Al6061/
Zircon composite with large Zircon portions. The pre-
cipitate Magnesium Silicate is formed due to the reaction
between Si and Magnesium. The secondary phase alu-
minium silicate is formed due to the reaction between
aluminium and silicon.
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TaBLE 4: Levels and process parameters.

Percentage of reinforcement

Sliding distance (m) weight (%)

500 6
1000 9
1500 12

Level Load (N) Speed (rpm)
1 10 200

20 400
3 30 600

TaBLE 5: L 27 orthogonal array with wear.
SL No. Load Speed Sliding Pe.:rcentage of Wear i
reinforcement  microns

1 10 200 500 6 85
2 10 200 1000 9 79
3 10 200 1500 12 72
4 10 400 500 9 94
5 10 400 1000 12 88
6 10 400 1500 6 82
7 10 600 500 12 105
8 10 600 1000 6 108
9 10 600 1500 9 112
10 20 200 500 6 67
11 20 200 1000 9 64
12 20 200 1500 12 56
13 20 400 500 9 80
14 20 400 1000 12 74
15 20 400 1500 6 67
16 20 600 500 12 86
17 20 600 1000 6 89
18 20 600 1500 9 92
19 30 200 500 6 55
20 30 200 1000 9 51
21 30 200 1500 12 49
22 30 400 500 9 67
23 30 400 1000 12 61
24 30 400 1500 6 56
25 30 600 500 12 77
26 30 600 1000 6 73
27 30 600 1500 9 70

3.2. Microstructural Studies of Worn Out Surfaces of Al6061-
Zircon Composites. Figures 3(a)-3(c) represent the worn out
surfaces of the developed Al6061-Zircon composites. It also
shows the SEM micrographs of wear tracks of the matrix and
composite. This represents the cavities and large grooved
regions on the wear surfaces and particles have been pulled
out due to the change from a mild to severe wear resulted by
an increase in the sliding distance due to a greater plastic
flow on the pin surface of the specimen. The particle pull-out
was due to the poor particle/matrix bonding. The presence of
groove on the wear surface was observed moving parallel to
the sliding direction. Figures 3(b) and 3(c) show the deeper
grooves with the larger delaminated area on the worn
surface. It is seen clearly from the figure the presence of
adhesive wear during the sliding.

3.3. Response Table for Wear. The impact of each control
component on wear was calculated with an S/N response
table utilising MINITAB 16.1 Software. These control pa-
rameters included load, speed, distance, and weight

percentage. The control factor with the most significant
impact is identified by calculating the delta value and is
defined as the disparity between the control factor’s mini-
mum and maximum S/N ratios.

The response of the S/N ratio for wear is provided in
Table 6, which demonstrates that, out of all the parameters,
Load has the most significant impact, preceded by speed,
sliding distance, and Wt. % for the composites that have
been manufactured. Table 6 also reveals that weight per-
centage has the least significant impact.

Figure 4 demonstrates that the optimal conditions for
wear are Al 6061 with 9 percent Zircon. As a result, the
optimal setting of control factors for a composite with
improved wear resistance has been determined.

Figure 5 depicts the impact of control factors inter-
acting with one another. It is common knowledge that
interactions do not take place when the interaction plots
lines are parallel to one another, whereas significant in-
teractions between parameters take place when the lines
cross one another.

3.4. Analysis of Variance. The analysis of the impact on wear
caused by characteristics viz load, speed, sliding distance,
and % of reinforcement was performed with an ANOVA.
Throughout the entirety of the process, the investigation was
carried out at a level of significance of 0.05 or lower at
all times.

The findings of the ANOVA for wear as a reaction to the
factors are presented in abovementioned Table 7. The var-
iable with the most importance was load, which contributed
52.22 percent of the total, followed by speed, sliding distance,
and wt. %. As a result, this aspect demonstrates the sig-
nificant development in the results.

3.5. Regression Analysis. In order to calculate the data in
accordance with the characteristics of the produced
composites, regression analysis is utilised. The regression
equation is utilised in order to make projections regarding
the wear taking into account the various elements.
Through the use of the multiple linear regression
approached, it was possible to determine the correlation
that exists between the control factors and the wear. These
control elements include load, speed, sliding distance, and
wt. % of reinforcement. The wear is calculated using the
following regression equation:

WEAR = 87.3519 - 1.01667 LOAD + 0.0222222 SPEED
+0.000777778 SLI DISTANCE + 0.537037 PERCENT.
(1)
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FiGure 2: SEM images of Al6061 alloy and Al6061-Zircon composite specimens at 500x magnifications for different wt. % of Zircon,
(a) Al6061 at 500x (b) Al6061 + 3% Zircon at 500%, (¢) Al6061 + 6% Zircon at 500x (d) Al6061 + 9% Zircon at 500x, and (e) Al6061 + 12%
Zircon at 500x.

The normal probability graph for wear in microns is  3.6. Confirmation of Experiment. The goal of this last step in
indicated in Figure 6. This graph indicates that the errors  the DOE process is to validate the optimal amounts of the
associated with the experiments are negligible as the points ~ parameters that were selected earlier in the process. Ex-
are nearer to the line. periments to confirm the findings were carried out using the
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FIGURE 3: SEM micrographs of worn out surfaces Al6061-Zircon composites with different %, (a) 6% of Zircon, (b) 9% of Zircon, and

(c) 12% of Zircon.

TABLE 6: Response table for wear.

Level Load Speed Sliding distance Wt. %
1 -39.15 -36.01 —-37.87 —-37.40
2 -37.39 -37.30 -37.46 -37.72
3 -35.36 -38.99 -36.98 -37.19
Delta 3.39 2.99 0.89 0.52
Rank

1 2 3 4
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FIGURE 5: Interaction plots for COF.

TaBLE 7: Results of ANOVA for COF.

Source DF Seq. SS Adj. S8 Adj. MS F P Cé‘o’/?)t Remarks
Load 2 3952.30 3952.30 1976.15 110.24 <0.001 52.22 Significant
Speed 2 3092.07 3092.07 1546.04 86.25 <0.001 40.86 Significant
Sliding distance 2 200.07 200.07 100.04 5.58 0.043 2.64 Significant
Percentage 2 96.52 96.52 48.26 2.69 0.146 1.27 Insignificant
Load * Speed 4 70.15 70.15 17.54 0.98 0.484 0.92 Insignificant
Load « Sliding 4 6.81 6.81 1.70 0.10 0.980 0.08 Insignificant
distance

Load * Percentage 4 41.70 41.70 10.43 0.58 0.688 0.55 Insignificant
Error 6 107.56 107.56 17.93 1.42

Total 26 7567.19 100

(Note: “F = fisher values, DF = degrees of freedom; Adj MS = adjusted mean squares; Seq SS = sequential sum of squares; Adj SS = adjusted sum of squares.”)
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FIGURE 6: Normal probability plots for COF.

TABLE 8: Results of experiment.

Exp no. Load (N) Speed (rpm)

Percentage of reinforcement

Distance (m) (%)

1 15 250
25 500
3 35 750

600 6
1200 9
1800 12

TaBLE 9: Results of confirmation test.

Exp no. Expe;rlmgntal Regressmr.l model Error (%)
wear in microns equation
1 86 83.02 3.58
82 79.49 315
3 77 75.45 2.05

chosen mix of factors and level settings. The outcomes of the
experiments that were carried out are summarised in Table 8,
which may be found as follows:

The outcome of the confirmatory test is tabulated in
Table 9.

The results of confirmatory test indicate that the errors
associated with the experimental wear in microns and re-
gression model Equation wear are negligible.

4. Conclusions

The following conclusions are drawn from this study’s
findings:

(1) A successful adaptation of stir casting was made to
fabricate Al6061-6 percent Zircon, Al6061-9 percent,
and Al6061-12 percent composites.

(2) Zircon particles can be included into the Al6061
matrix to produce the composite material with an
even higher resistance to wear than it already pos-
sesses. This is one of the contributing components

that help make the composite more resistant to wear
over time.

(3) The scanning micrographs of Al6061-Zircon com-
posites show the presence of zircon particles. It also
shows that the particles are distributed uniformly in
the Al6061 matrix.

(4) The scanning micrographs of worn out surfaces of
Al6061-Zircon composites show the presence of
grooves on the wear surface moving parallel to the
sliding direction. It also shows the deeper grooves
with the larger delaminated area on the worn surface.
It is seen clearly from the figure the presence of
adhesive wear during the sliding.

(5) Based on the response table, it is seen that load has
the most significant impact, preceded by speed,
sliding distance, and wt. % for the composites that
have been manufactured. The load has the greatest
impact on the wear (52.22 percent), preceded by
the sliding distance (40.86 percent), speed (2.64
percent), and weight % (weight percent) (1.27
percent).

(6) The regression equation was established for this
investigation, and it was used to the problem of
predicting the coeflicient of friction developed in
composites under intermediate conditions with
a level of accuracy that was considered
acceptable.
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Portland Pozzolana Cement (PPC) mortars are predominantly employed in plastering works to achieve better workability, superior
surface finish, and higher fineness to offer better cohesion with fine aggregates than the ordinary Portland cement (OPC) mortars. To
achieve high performance in the cement mortar similar to cement concrete, the addition of a superplasticizer is recommended. The
present study investigates the impact of addition of sulphonated naphthalene formaldehyde- (SNF)-based (0.5%, 0.6%, 0.7%, and 0.8%)
and lignosulphate- (LS)-based (0.2%, 0.3%, 0.4%, and 0.5%) superplasticizers on the workability and compressive strength characteristics
of PPC mortars. Plastering mortars of ratio 1 : 4 were prepared with natural sand and manufacturing sand (M sand) as fine aggregates. A
flow table test was conducted on all the mortar mix proportions, and the effects of the inclusion of superplasticizers on flow properties
were recorded at different time intervals (0, 30, 60, 90, and 120 minutes). PPC mortar cubes were prepared, cured, and examined to assess
the inclusion of chemical admixtures on compressive strength at different ages (1, 3, 7, 14, and 28 days). The experimental findings from
the workability and compressive strength of PPC mortars were analyzed, and the corresponding results were predicted using artificial
intelligence. Experimental investigations demonstrated that the desired flow characteristics and higher compressive strength results were
achieved from a 0.7% dosage of ligno-based superplasticizer. The predicted workability and compressive strength results at various ages
acquired by implementing an Artificial Neural Network (ANN) were found to be in close agreement with the experimental results.

1. Introduction

Cement mortar is considered to be one of the typical and
cheaper building materials employed in the field of con-
struction technology. When cement material is utilized for
producing mortar for plastering work, it is termed as cement
plaster. Cement plaster is essential in bonding internal and
external coats between the concrete surface and painting.
Cement plaster is the blend of ordinary Portland cement/
Portland Pozzolana cement/Portland slag cement, fine

aggregates, and water in adequate proportions that are usually
applied to masonry, exteriors, and interiors to obtain a smooth
surface finish [1]. Cement mortar finds an extensive application
in plastering work, building masonry units, damaged concrete
repairing, leveling the floor, patching work, filler materials in
ferrocement, and developing precast materials and damp
proofing materials [2].

Both OPC and PPC-based mortar mixes are widely
employed in construction practices because of their ad-
vantages and disadvantages. These days, PPC-based mortar
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mixes are commonly employed as a replacement for OPC
mortars, particularly in plastering works, due to their wide
variety of applications like better workability, high fineness,
low heat of hydration, and comparatively lower W/C ratio
provided for further enhancement in the compressive
strength of concrete and better surface finish [3].

Naturally available river sand corresponds to Zones 3
and 4 was generally employed in preparing cement plaster
works due to its less water absorption capacity, thereby
increasing the plasticity effect [4]. The physical character-
istics of river sand, such as particle size distribution, shape,
and surface texture, significantly influence the flow and
workability properties of mortar mix in the fresh state [5].
Factors such as mineralogical composition, modulus of
elasticity, degree of alteration of fine aggregates, and
toughness tend to significantly impact the properties of
mortar mixes in their hardened state [6, 7].

Overexploitation of the river sand led to the prohibition
of sand extraction by the authorities due to the adverse
consequences and biological imbalance caused by sand
depletion in river beds [8]. Because of the rapidly developing
construction industry, the demand for sand has skyrocketed,
resulting in a scarcity of sufficient river sand in most parts of
the globe [9]. In these conditions, the requirement for
a suitable replacement for natural river sand that does not
compromise the strength and durability of mortar becomes
critical to sustaining infrastructure development and pro-
tecting the ecosystem. M sand is the most common alter-
native material utilized in construction activities for river
sand. It is produced by crushing large pieces of granite stone
into the sand size aggregates [10].

Compared to river sand, the cost of M sand is 40-45%
lesser, and it does not contain the impurities like clay, dust,
and silt coatings. Another reason for utilizing M sand is its
easy accessibility and lower transportation costs. It is safe to
use M sand to alternate river sand in construction practices
[11]. When M sand is used in the PPC-based mortar mixes,
high water content is required to improve the flow behavior
since its particle size is angular and produces high fineness
and porosity [12, 13]. Compressive strength issues will occur
when the W/C ratio proportion is increased on the utili-
zation of M sand; to overcome this challenge, different types
of superplasticizers could be used to reduce the water
content [14, 15].

An Artificial Neural Network (ANN) is a quantitative
and statistical framework replicating a network of neurons
in the human brain. It has the potential to be extensively
used in engineering technologies to address highly com-
plicated problems. According to recent studies, the neural
network can also estimate the strength properties of building
materials accurately. Many critical parameters, such as de-
sign mix [16], cement quantity [17], substitution amount of
recycled coarse aggregates [18], drying shrinkage of concrete
[19], strength characteristics of geopolymer composites
containing various source materials [20], and slump values
[21, 22], can be predicted using neural network models along
with the experimental outcomes in addition to compressive
strength [23]. Recent studies have proved that by employing
the ANN framework, the compressive strength and flow
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characteristics of PPC-based cement mortars can be pre-
dicted accurately.

From the past literature studies, it was observed that very
few literary works had been reported on the investigations
on the incorporation of various chemical admixtures on the
plasticity effect of PPC-based mortar mixes. Hence, an at-
tempt was made to correlate the impact of the inclusion of
varjous proportions of SNF and LS-based superplasticizers
on the workability (flow property) and strength (com-
pressive property) of PPC mortar mixes prepared using M
sand against the OPC-based mortar mixes. Furthermore, the
ANN model was programmed in MATLAB R2018a with the
implementation of the Levenberg Marquardt (LM) algo-
rithm to predict the workability and compressive strength
characteristics of PPC mortar mixes in comparison with the
experimental results.

2. Materials and Methods

2.1. Materials. A substantial number of cement mortar cube
specimens were prepared with varying proportions of W/C
ratios, water content, and chemical admixtures proportions to
study their impacts on the plasticity (flow characteristics) and
strength (compressive) of the mortars. Commercially available
Portland Pozzolana cement (PPC) is used as the binding ma-
terial in the study. Tables 1 and 2 represent the physical and
chemical characteristics of the binding material used in this
study, respectively. Fine aggregates (river sand and M sand)
passing through a 4.75 mm sieve size have been employed in the
study, and their physical characteristics are listed in Table 3.

The chemical admixtures used in this study were LS-
based and SNF-based, sourced from Fosroc Chemicals India
Private Limited, Chennai. In general, ligno-based admixture
consists of a small amount of air entrainment agent that
makes a smooth finish and creates a capillary portion when
added to the mortar/concrete mix. This admixture has 5 to
10% of water reduction capacity as per manufactured
recommend value.

SNE-based admixtures are reported to have an effective
dispersing impact on concrete and are designed to minimize
concrete’s water requirement by up to 30% while retaining
flow behavior. NSF-based superplasticizers generally contain
linear polymers that prefer to adsorb on cement particles,
dissipating both cement particles and boosting flowability
[24, 25]. According to the literature, the NSF disperses
cement particles and decreases attractive interparticle forces
(van der Waals forces) through electrostatic repulsion. For
NSE, the contribution of electrostatic repulsive force to total
repulsive force is very high, resulting in an effective dis-
persing effect on flow behavior [26, 27]. Water reduction
percentage might be changed based on the available solid
content in the product. Table 4 illustrates the material
characteristics of LS and SNF-based superplasticizers
employed in the study provided by the manufacturers.

2.2. Experimental Program. The experimental work was
performed in the Regional Concrete Laboratory of the
Fosroc Chemicals India Private Limited, Chennai. In this
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TaBLE 1: Physical characteristics of binding materials.

Physical characteristics PPC
Fineness (mz/kg) 382
Standard consistency (%) 335
Initial setting time (min) 190
Final setting time (min) 290
Fly ash addition (%) 31

Specific gravity 2.9
Soundness (mm) 0.50

TaBLE 2: Chemical characteristics of binders used in the study.

Chemical characteristics PPC (Oxides percentage

by mass)

CaO 43.51
ALO, 10.06
Si0, 30.62
MnO —

Fe,0, 434
MgO 1.03
Na,O 0.54
K0 —

Loss of ignition (LOI) 2.80

study, 15 mixes proportions of constant cement: fine ag-
gregate proportion (1:4) was prepared in four phases with
different W/C ratios (ranging between 0.6 and 0.75), water
content, and admixtures (SNF, LS) dosages to determine the
plasticity and compressive strength characteristics of PPC
mortars. Figure 1 displays the cubic samples prepared for the
various PPC mortar mix proportions considered in
the study.

In the first phase, PPC was blended with river sand in the
ratio of (1:4) with different W/C ratios (0.6, 0.65, and 0.70)
in three mixes (M1, M2, and M3) without adding chemical
admixtures to determine the optimum W/C ratio, which
meets the flow characteristics. Phase two involves the
preparation of four PPC mortar mixes (M4, M5, M6, and
M7) with M sand in the ratio of 1:4 by varying the W/C
ratios (from 0.65 to 0.75) with a gradual increase in water
content from 2.5% to 10% to achieve the plasticity effect in
mortar samples as the utilization of M sand creates higher
water demand.

In phase three, four PPC mortars (M8, M9, M10, and
M11) were prepared by varying the dosages of LS-based
superplasticizers (0.5%, 0.6%, 0.7%, and 0.8%) using M sand
in the same ratio of 1: 4 with a constant W/C ratio of 0.65 to
obtain cohesive and workable mortar mix with good re-
tention period. In phase four, PPC mortars were prepared
using M sand with different SNF-based admixtures (0.2%,
0.3, 0.4%, and 0.5%) in four mixes (M12, M13, M14, and
M15) with a constant W/C ratio of 0.65 to achieve the
workable mix. In this context, SNF admixture was in-
troduced in the above four mixes to reduce the water ca-
pacity as M sand requires huge water content to achieve
plastering effect in mortar mixes. Table 5 depicts the details
of the 15 mortar mixes adopted in the study.

2.3. Test Methods. The workability characteristics of the
mortar mixes can be evaluated by conducting a flow table
test. The flow table test in cement mortar is considered an
essential parameter in determining the quality of the mortar
mix in terms of cohesiveness, consistency, and proneness to
segregation. In this study, 15 PPC cement mortar mixes were
prepared to determine their workability characteristics in the
fresh state using standard flow table apparatus according to
IS 5512 provisions [28]. Three mortar cubic samples of
dimension 70.6mm x70.6mm x70.6mm in every mix
proportion were evaluated under compression load at the
end of 28days for compressive strength as per IS 516:2008
provisions [29]. The compressive strength was acquired by
evaluating the mortar samples in the universal testing
machine (UTM) according to IS 2250:1981 standards, and
the load was deployed at the frequency of 2.2 N/mm? per
minute before the failure emerged [30].

3. Results and Discussion

3.1. Flow Characteristics. Table 6 explains the plasticity ef-
fects of the fifteen mortar mix proportions adopted in the
study. From phase one, it was observed that the M2 mortar
mix blended with river sand with a 0.65 W/C ratio yielded
a workable mix and was found to be suitable for plastering
works compared to the other mixes (M1 and M3). The
behavior of flow properties of the three PPC mortar mixes
prepared using river sand under the influence of various
W/C ratios is shown in Figure 2.

In phase two, four PPC mortar mixes (M4, M5, M6, and
M?7) were prepared using M-Sand with varying proportions
of W/C ratios ranging 0.65 to 0.75 to evaluate its plasticity
effect. It is observed that the mortar mix M6 containing
a 0.725 (W/C) ratio was workable and suitable for plastering
works by meeting the required plasticity effect. Figure 3
depicts the flow properties of the four PPC mortar mixes
containing M sand under the influence of various W/C ratios
without adding chemical admixtures.

Four PPC mortars (M8, M9, M10, and M11) containing
different percentages of LS-based chemical admixtures (0.5%
to 0.8%) were prepared using M sand with a constant W/C
proportion of 0.65 tested to evaluate the workability char-
acteristics. The slump flow experiment recorded that the mix
number M10 yielded a cohesive and workable mortar mix
with a good retention period compared to the other three
mixes. The flow behavior of four PPC mortar mixes prepared
using M sand with various LS-based admixtures is shown in
Figure 4.

Phase four experimental trials deal with the effect of
adding a variable proportion of SNF-based superplasticizers
(0.5% to 0.8%) on the flow properties of four PPC-based
mortar mixes (M12, M13, M14, and M15) prepared using M
sand with 0.65W/C ratio. From the flow table results, it was
observed that all four mortar mixes failed to achieve the
normal plasticity effect due to the formation of harsh and
segregated mixes [2]. Figure 5 shows the flow properties of
PPC-based mortars prepared using M sand with the varying
proportions of SNF-based superplasticizers.
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TaBLE 3: Physical properties of fine aggregates.

Physical properties

River sand (RS)

Manufacturing sand (MS)

Specific gravity

Percentage of water absorption
Fineness modulus

75 microns passing limits (%)

3.07 3.22
2.38 3.41
241 2.05

7.4 10.6

TABLE 4: Properties of superplasticizers.

Properties LS—l?ased SNF-based admixture
admixture

Specific gravity 1.16 1.2

Dry material content

(%) 34 41

Chloride content 0.003 0.005

From the above flow behavior of 15 mortar mixes, it can
be inferred that the PPC mortar mix M10 prepared using M
sand achieves better flow characteristics on the in-
corporation of 0.7% of LS-based superplasticizer by pro-
ducing a cohesive, workable mortar mix with sufficient
retention period, which was found to be best suitable for
plastering works [10].

3.2. Analysis of Compressive Strength Characteristics. The
compressive strength of PPC mortars is one of the essential
features of masonry formations. Figure 6 depicts the com-
pressive strength outcomes at the end of 1, 3, 7, 14, and
28days for the three PPC-based mortar mixes (M1, M2, and
M3) prepared using river sand with different W/C ratios
(0.60, 0.65, and 0.70). From Figure 6, it can be inferred that
the achieves the maximum compressive strength value of
20.5MPa at the end of 28days due to the low W/C ratio
(0.60) but failed to meet the plasticity requirements as the
result of poor workability characteristic [31]. On the other
hand, M2 produces a workable mortar mix without
bleeding/segregation and records the second-highest com-
pressive strength of 18.6 MPa. The M2 mix proportion
having a 0.65W/C ratio is found to produce standard
plasticity criteria for the plastering works from the above
statement.

The compressive strength analysis at 1, 3, 7, 14, and
28days for the phase two experimental works consisting 4
PPC mortars (M4, M5, M6, and M7) produced using M sand
with various percentages of W/C ratios (0.65, 0.7, 0.725, and
0.75) and water contents (2.5%, 5%, 7.5%, and 10%) is shown
in Figure 7. According to Figure 7, it can be observed that the
M4 reported the highest compressive strength of 18.4 MPa,
and the least compressive value of 16.7 MPa corresponds to
the M7 mortar mix at the end of 28 days. The gradual in-
crease in the water content from 2.5% to 10% in PPC mixes
with M sand had an adverse effect on the compressive
strength properties.

The impact of the incorporation of varying percentages
of LS-based superplasticizers (to control the water demand
due to the usage of M sand) on the compressive strength
performance of PPC-based cement mortars at 1, 3, 7, 14, and

F1Gure 1: Casting of 70.6 mm X 70.6 mm x 70.6 mm cubic samples.

28 days produced with M sand at 0.65 W/C ratio is illustrated
in Figure 8. The figure shows that the compressive strength
of PPC mortars (M8, M9, and M10) increases monotonically
with the increase in LS-based superplasticizers to 0.7%.
Further increase in the admixture dosage (0.8%) resulted in
a slight declination in compressive strength due to increased
workability values [32]. The maximum compressive strength
of PPC mortar in phase three trial was 22.4 MPa at the end of
28days for M10.

The effect of addition of different percentages of SNF-
based admixtures (0.2%, 0.3%, 0.4%, and 0.5%) on the
compressive strength development of PPC cement mortars
mixes (M12, M13, M14, and M15) with constant W/C ratio
0f 0.65 at the different curing periods (1, 3, 7, 14, and 28 days)
is demonstrated in Figure 9. From Figure 9, it can be
concluded that the M13 mix records the maximum com-
pressive values for 1, 3, 7, 14, and 28days upon the 0.3%
addition of SNF-based admixture.

3.3. Prediction of Strength and Flow Properties of Mortars
Using Neural Networks. ANN is an extensively parallelly
distributed information activity framework that func-
tions like a group of neurons located in the human brain.
It has the capability to understand and generalize from
the available data and intends to deliver relevant answers
even when the set of input parameters contains an error
or incomplete [33, 34]. In general, neural networks were
employed to resolve and differentiate the experimental
results procured from other methods [35]. It contains
numerous interconnected artificial neuron-like networks
in which every single neuron produces a single output
(Y) from all the inputs (X;) through the given equation
(1). Term (f) present in equation (1) denotes the acti-
vation function, which deals with the sum of input
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TaBLE 5: Details of the 15 mix proportions used in the study.

Water

Mix id Phase Cement: FA Binder FA W/C SP SP (%) content
(%)
M1 0.60 X X X
M2 Phase I 1:4 PPC RS 0.65 X X X
M3 0.70 X X X
M4 0.65 X X 2.5
M5 0.70 X X 5.0
M6 Phase II 1:4 PPC MS 0.725 < < 75
M7 0.75 X X 10.0
M8 0.65 LS 0.50 X
M9 0.65 LS 0.60 X
M10 Phase III 1:4 PPC MS 0.65 LS 0.70 9
Mi11 0.65 LS 0.80 X
M12 0.65 SNF 0.20 X
M13 0.65 SNF 0.30 X
M14 Phase IV 1:4 PPC MS 0.65 SNF 0.40 y
M15 0.65 SNF 0.50 X
TaBLE 6: Plasticity characteristics of 15 mortar mixes considered in the study.
Mix id W/C ratio Admixture Flow
table test remarks

M1 0.60 X The mix was not workable and unsuitable for plastering
M2 0.65 X Workable mix observed and suitable for plastering
M3 0.70 X Workable with surface bleed and not suitable for plastering
M4 0.65 X Mix was not workable and unsuitable for plastering works
M5 0.70 X Mix was not workable and unsuitable for plastering works
M6 0.725 X Workable mix observed and suitable for plastering
M7 0.75 X Highly workable with surface bleed unsuitable for plastering
M8 0.50 0.5% LS The mix was cohesive but not workable
M9 0.60 0.6% LS The mix was cohesive but not workable
M10 0.70 0.7% LS Cohesive and workable mix with a reasonable retention period
Mll1 0.80 0.8% LS Initially, the surface bleed was observed and setting delayed
MI12 0.65 0.2% SNF A very harsh mix observed
Mi13 0.65 0.3% SNF A harsh mix observed and unsuitable for plastering
M14 0.65 0.4% SNF Segregation was observed and not suitable for plastering
MI15 0.65 0.5% SNF A rough mix was observed with bleeding and segregation

parameters acquired from the sum function and in-
fluences the output of the neuron. The term (H) repre-
sents the weighted sum of the input parameters, which
can be derived from equation (2) and (b) is the bias
coefficient to influence the function [36, 37].

1
—p (1)
l1+e H

Y =f(H)=

H= Z X,W, +b. (2)

i=1

The ANN framework consists of three distinct layers; hence,
it is referred to as multilayer perception (MLP) framework [38].
The first layer is the input layer usually employed for feeding the
network with data from outside. The second layer is either
a hidden layer or computational layer that connects the input
layer with the output layer and processes the data furnished

through the input layer. The third component is the output layer,
which is responsible for communicating the neural network’s
predictions in the form of output [39].

The slump flow and compressive strength characteristics of
PPC mortars were significantly influenced by two critical factors,
such as the W/C ratio and the percentage of chemical admix-
tures added ( Ligno-based and SNF-based superplasticizers). The
input layer contains two independent variables (different W/C
ratios and various percentages of LS and SNF type chemical
admixtures), and the output layer comprises two dependent
variables, where ANN predicts the slump flow and compressive
strength values. Figure 10 explains the pictorial representation of
the process involved in the context of the flow chart explaining
the step-by-step process involved in the neural network
predictions.

In the present ANN framework, the input and output data
sets were categorized into three groups: learning (60%), testing
(20%), and validation (20%). Among the 15 experimental trial
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FiGure 3: Flow characteristics of PPC mortars with different W/C
ratios.

results, 9 data sets were considered for the learning phase, 3 data
sets for the testing phase, and 3 data sets for the validation phase.
The maximum number of hidden layers and the amount of
neurons embedded at every hidden layer of the neural network
could be determined by performing a certain number of iter-
ations during training, testing, and validation process until the
expected results are achieved with limited error values. For the
present work, the ANN framework (2-4-4-2) comprising two
hidden layers with four neurons in each layer was developed in
MATLAB R2018a to predict the slump flow at various periods
between 0 minutes and 120 minutes and compressive strength
development at the end of 1, 3, 7, 14, and 28days of PPC mortars
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using feed-forward backpropagation Levenberg-Marquardt al-
gorithm as shown in Figure 11.

Table 7 provides information on the ranges of input and
output parameters selected in the ANN database. Following
the identification of the framework, the 2-4-4-2 ANN
structure was used to implement newly generated learning
data for both input and output data. The accuracy of the data
obtained from the established neural network can be
assessed using the following (3) for error prediction per-
centage [22].
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varying W/C ratios.

o Experimental results — ANN results
Error Prediction (%) =

: x 100. (3)
experimental results

The percentage error values of PPC-based mortars for illustrated in Table 8. From Table 8, it can be inferred that the
the assumed mix proportions under the performance of  percentage of error values acquired from the ANN frame-
slump flow (0, 30, 60, 90, and 120 mins) and compressive =~ work is marginal as it lies within 10%. The maximum
strength (1, 3, 7, 14, and 28 days) tests with varying pro-  percentage error values for the compressive strength at the
portions of W/C ratios and chemical admixtures are  endofl, 3,7, 14, and 28 days were obtained as 6.76%, 7.46%,
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(MSE, Epochs, Regression plots)

End

FIGURE 10: Steps involved in the neural network prediction system.
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FIGURE 11: ANN framework (4-4-4-2) adopted for the present study.

TaBLE 7: Input and target variables accessed in the ANN prediction system.

Variables

Range Remarks

W/C ratio

Ligno- and SNF-based admixtures (%)
Slump flow (mm)

Compressive strength (MPa)

0.6-0.75
0.2-0.8
90-220
2.1-22.4

Input variables

Target variables

6.02%, 8.25%, and 5.39%, respectively. Similarly, the opti-
mum error percentage results for the workability values
during 0, 30, 60, 90, and 120 minutes were measured as
2.40%, 3.11%, 3.37%, 4.70%, and 6.23%, respectively.
Figure 12 compares the experimental and predicted
compressive strength results of 15 mortar mixes at the end of
1, 3, 7, 14, and 28 days. Similarly, Figure 13 illustrates the
comparison between experimental and predicted outcomes
of slump flow characteristics for the considered mortar
mixes at the end of different time intervals (0, 30, 60, 90, and
120 minutes). From Figures 12 and 13, it can be observed
that the compressive strength and slump flow values of the

fifteen PPC mortar mixes obtained from the ANN frame-
work and experimental results are nearly equivalent.

For instance, the predictive performance of the compressive
strength at the end of 28days obtained from the ANN
framework is shown in Figure 14. The overall coefficient of
correlation (R) for the 28 day compressive strength outcomes
during training, validation, testing, and combination of three
phases were recorded as 0.90014, 0.98814, 0.97206, and 0.91566,
respectively, is depicted in Figure 14. Furthermore, Table 9
represents the R values for the target variables (compressive
strength and workability values) incorporated in the ANN
framework at the time of training, validation, testing, and the
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FIGURE 14: Prediction performance of the output variable (28th day compressive strength).
TaBLE 9: Coeflicient of correlation values of target variables.
Target variables Training Validation Testing Combination
Compressive strength at 1st day 0.98647 0.98514 0.93245 0.95632
Compressive strength at 3rd day 0.99235 0.98745 0.96210 0.97230
Compressive strength at 7th day 0.99412 0.98213 0.95021 0.95542
Compressive strength at 14th day 0.96520 0.96541 0.97854 0.94021
Compressive strength at 28th day 0.90014 0.98814 0.98206 0.91566
Slump flow at 0 min 0.91254 0.97654 0.96542 0.93654
Slump flow at 30 min 0.92541 0.96521 0.97541 0.96541
Slump flow at 60 min 0.93650 0.99754 0.96742 0.98785
Slump flow at 90 min 0.99851 0.98631 0.98745 0.99856

Slump flow at 120 min 0.94632 0.99883 0.98322 0.95120
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association of the three levels. Table 9 shows that the R values
greater than 0.9 for all the target values emphatically exhibit
a significant association between recorded and prediction
findings throughout all occurrences [22, 39]; the constructed
ANN architecture, which has been implemented employing
recorded values, predicted the expected outcomes effectively.
This reflects the exceptional association among the actual results
and ANN outcomes with less error values displayed in Fig-
ures 12 and 13.

According to the preceding statement, the ANN structure
may be used to forecast the workability and compressive
strength parameters of various mortar mixes produced PPC type
mortars. Furthermore, the workability and compressive strength
values calculated from experimental and predictive studies were
constrained by different W/C ratios and the Percentage of
chemical admixtures (LS and SNF-based) used in this study.

4. Conclusion

This work used different proportions of LS and SNF-based
superplasticizers as water-reducing agents in PPC-based
mortar mixes. The following conclusions are drawn based
on the flow and compressive strength characteristics of PPC
mortars.

(i) The optimum W/C ratio required to achieve the
plasticity effect in PPC mortar using river sand
without the inclusion of chemical admixtures was
recorded as 0.65 for the M2 mix. Moreover, the
maximum compressive strength was observed for
M1 for all ages containing a 0.6 W/C ratio.

(ii) The plasticity effect on the PPC mortars containing
M sand was achieved at a 0.725 W/C ratio with 7.5%
extra water without any addition of super-
plasticizers compared to PPC-based mortars pro-
duced with river sand.

(iii) The PPC mortar mix M10 with a 0.65 W/C ratio and
0.7% of LS-based superplasticizer achieved work-
able plastering with a good retention period and
demonstrated the highest compressive value of
22.4MPa after 28days. M10 develops the highest
compressive strength among all the mixture pro-
portions at 28th day with satisfactory workability
characteristics.

(iv) The addition of SNF-based chemical admixtures in
PPC mortar mixes (M12 to M15) prepared using M
sand had a negative effect on the flow characteris-
tics. However, the maximum compressive strength
results were observed for M13 at all ages.

(v) The ANN model constructed in this investigation
was observed to be acceptable, estimating the
workability and compressive strength characteris-
tics of PPC mortar mixes.

Data Availability

The datasets analyzed during the current study are available
from the corresponding author on reasonable request.
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In the present article, cashew nut biocarbon (CTB), an agricultural waste, is used as reinforcement in Al6061 by the heating
process. The primary XRD study on CTB confirms the presence of SiO,, Al,O;, iron-rich ferro-axinite, MgO, and Mn, which
improve the material’s properties when used as reinforcement. SiO, levels increase with annealing time. The extracted CTB is
crushed into a ball mill for 24 hours, and the particle size is measured by SEM as 70-90 nm. An experimental study was performed
with a variable percent weight of CTB with an increase of 5%-20% for structural stability applications. X-ray analysis tests the
composite’s elemental composition and intermetallic elements. It confirms that no such evidence exists. CTB’s density, tensile,
flexural, and impact tests measure CTB’s impact. CTB has the lowest density variation and increases tensile and flexion bearing
capacity by 30% and 47%, respectively. The lightweight brittle increment is impact-resistant. SEM fracture analysis shows

transgranular and intergranular fractures with dimples, large craters, and peak areas.

1. Introduction

The fabrication of novel materials in the form of the addition
of some foreign elements as reinforcement in the base matrix
is of great interest among researchers. The disposal of agro-
waste and allied products is always a challenging task for the
nation [1]. To overcome these issues, several new technol-
ogies and pragmatism have been adopted. Several research
activities utilized agricultural waste material as re-
inforcement in the base matrix, such as aluminum and
magnesium [2, 3]. The systematic process of conversion of
agro-waste material may result in the form of ceramic-rich
elements in biochar [4]. Irrespective of its advantages,
several foreign elements present in the ash may degrade the
material properties [5]. Before the selection of any other
agro-waste material as reinforcement in the metal matrix
composites, proper investigation is required of the elemental

composition [6]. The researchers had a unique way of
converting the available elements into useful elements with
varied heat and thermal processes. With the increase in the
annealing temperature and the working condition, the el-
ements present in the ash can be considerably converted,
which could improve the material characterization rather
than degrade its properties [7]. Studies have been conducted
on agro-based byproducts such as rice husk ash, coconut
shell ash, and coir ash and have concluded that the elements
present in the ash may improve the mechanical properties
and enhance the material used for various engineering
applications [8, 9]. The presence of ceramic elements in
biochar may improve the corrosion, wear, thermal, and
hardness of the material. The adverse effects, such as low
electrical conductivity and thermal insulation, become un-
avoidable [10]. As the shape of the biochar elements
extracted from the agro-waste is irregular in shape and size,
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it progressively helps in the bonding phenomenon inside the
matrix [11]. The particle shape may be modified to have
effective stiffness and interfacial bonding within the matrix
elements.

When burnt in proper condition, cashew nutshells will
provide biochar with the major components of silicon di-
oxide and lime oxide [12]. Heating the biochar to some
elevated temperature or increasing the annealing tempera-
ture/duration may result in the reduction of lime oxide
content and progress to having an excess amount of silicon
dioxide [13]. India is one of the major cashew nut cultivators
in the world with an annual turnover of 810 million US
dollars. Among them, Tamil Nadu alone contributes
710kg/ha of cashew nut cultivation [14]. From these data,
the disposal of the cashew nutshell is going to be a chal-
lenging task for the Tamil Nadu government and the Indian
government as well. Generally, around 75% of the total
cashew nutshell was sent to extract oil, and some portion was
sent to extract gum for carbon composite substances [15].
However, the residues after the oil extraction are compressed
to get cashew nutshell cake, which may contain a small
quantity of oil. Usually, it is burned or put through the
muffle furnace to become biochar and finally disposed of in
the ground, which may cause severe environmental pollu-
tion, affecting soil fertility. On investigation of the ash, the
presence of some elements is believed to improve the me-
chanical characterization and the material properties to
a greater extent when it is used as reinforcement material.
Aluminum is one of the base matrices, which suit the
preparation of metal matrix composites [16]. Several metals,
ceramics, and ash, such as rice husk ash and coconut shell
ash, were utilized as reinforcement in the aluminum matrix
with different weight percentages [17]. After proper in-
vestigation of fabricated composite, suitable weight per-
centages are being proposed and implemented for various
engineering applications. The addition of 25% SiC in the
aluminum matrix increased the strength of the composite by
100% [18]. The improvement in the density, strength, and
hardness of the composite is recorded with the addition of
this agro-waste reinforcement in the Al matrix [19]. The
addition of aluminum oxide in the aluminum matrix shows
no change in density, but strength has been considerably
improved when compared to silicon carbide [20].

Agricultural waste is a very cheap form of reinforcement
material that could be able to achieve similar strength and
properties as the reinforcement of available ceramic re-
inforcements such as silicon oxide, silicon nitride, and
aluminum oxide. The tensile strength and the harness were
increased by up to 8% with the addition of agro-waste as
filler elements in the Al matrix [21]. The addition of rice husk
in the aluminum matrix can improve the stiffness property.
However, the agglomeration with the increase in the filler
percentage cannot be avoided irrespective of the advanced
manufacturing process [22]. Comparative approaches with
several agro-based filler elements were reported. Among
them, rice husk ash has been given considerable attention in
the research because of the presence of an actual amount of
silicon oxide [23]. Proper sintering processes may be con-
siderably involved in the change of elements that are
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available in the ash [24]. Among various manufacturing
processes, the stir casting process has proven to be the
simplest and easiest method of fabricating the composite.
Recently, the ultrasonication casting process is preferred
when adding nanoreinforcements [25]. The presence of
ultrasonic vibration may enhance the particle distribution
inside the matrix in a uniform manner. The selection of the
proper ultrasonication frequency is another major task for
the researcher [26]. Excess vibration causes the high-density
sample to settle at the bottom of the molten mixture, which
results in improper distribution of the particles inside the
matrix [27]. In contrast to previous research, the current
study employs agricultural waste of cashew nutshells, which
has a higher SiO, content. It was collected in the Tamil Nadu
region, and a systematic process was adopted to convert it
into ash. The ball milling technique was used to convert the
biochar into 80-90 nanosized particles. Adjusting the filler’s
weight percentage in aluminum matrix composites leads to
a new material with improved properties. The composites
have been subjected to some basic mechanical testing and
characterization. This research helps pinpoint the optimal
CTB concentration to use. A microcharacterization study
conducted on the surface of the crack showed what hap-
pened when the matrix was strengthened from the inside.

2. Materials and Method

2.1. Cashew Nut Biochar Preparation. Cashew nutshell waste
is akind of agricultural waste that can be turned into biochar
using a slow pyrolysis process. The cashew nutshell waste
collected from Madurai, Tamil Nadu, was taken as raw
material. The cashew nutshell waste is manually removed
from the raw materials. After the cashew nuts are removed,
the shell residue is collected and dried in direct sunlight to
remove moisture. The collected garbage was then tightly
packed into a tiny container that was completely sealed to
prevent air from entering the container. The containers are
then carefully placed inside the furnace, for 1hour and
heated constantly to become ash. The collection of cashew
nutshell debris in these investigations is tested to temper-
atures of 400°, 500°, and 600°C. The container is then gently
removed from the furnace after the completion of the py-
rolysis process, and the prepared charcoal material is col-
lected and ball-milled. The ball-to-mix weight ratio of 1:10
is achieved with consistent machining for 24 hours to get the
nanosize particle. The biochar is collected and ready for
reinforcement. The process involved in the preparation of
the biochar is shown in Figure 1. The ball mill biochar
particle size was measured through SEM analysis. From the
report, it can be confirmed that the average particle size after
the ball milling process is in the range of 70-90 nm, and it
can be verified through Figures 1(a)-1(c).

The biochar is heated for 4 hours at 400°C, 500°C, and
600°C, respectively. The XRD analysis confirms the shift in
the elemental composition. Table 1 displays the most
common elements found in ash following heating. The four
most abundant elements in this sample are arcanite, calcium
carbonate, silicon dioxide, and carbon. Arcanite and gypsum
levels have been falling while silicon dioxide and carbon have
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(@)
FIGURE 1: Process of conversion of ash to CTB. (a) Furnace. (b) Ball milling machine. (¢) SEM image for the CTB.
TaBLE 1: Elemental composition of the CTB with change in annealing time.
% of main key elements in CTB

Element name , . .

400°C 500°C 600°C
K,SO, 22-24 12-13 06-07
CaCoO, 21-22 13-14 04-09
SiO, 41-46 67-62 74-76
C 06-10 12-14 21-24

been rising. Similar observations are noted by Suresh Kumar
et al. [28]. Some of the content’s calcium and potassium
atoms have been transformed into carbon and silicon atoms.
When used as a reinforcing particle in metal matrix com-
posites, this transformation of the elements produces im-
pressive results. Silicon dioxide was found to have an average
percentage of 75% among the available elements at tem-
peratures around 600°C. As shown in Figure 2, the XRD plot
shifts as a function of annealing temperature. The advantages
of silicon dioxide led the authors of this study to use pre-
heated samples at 600°C as reinforcement in the aluminum
metal matrix composite for the cases under consideration.

3. Stir Casting Process

CTB is successfully incorporated into the aluminum matrix
at varying weight percentages of 5%, 10%, 15%, and 20%
(specified as ALCTB-1, ALCTB-2, ALCTB-3, and ALCTB-4,
respectively). We procured a rod of 99.9% pure aluminum
from the Coimbatore Metal Mart in Coimbatore, India.
After chopping them into small pieces, they are fed into the
chamber of the ultrasonic stir casting apparatus shown in
Figure 3. To incorporate the CTB as reinforcement into the
molten metal, the ultrasonic stir casting machine spins at
a steady 200 rpm while keeping the temperature at 780°C.
Ultrasonication at a frequency of 2kHz was used to in-
troduce vibration into the mixture, which helped to improve
the uniform dispersion of the reinforced particles. The
OHNS cylindrical die with a 120 mm diameter is preheated
to 200°C. After allowing the melt mixture to enter the
preheated die, the die is compressed under a load of 80 kg/
mm for one minute. This is done so that the material’s
microstructure and grain boundary are both uniform.

Finally, the sample is ejected from the die and allowed to
cool at room temperature. Furthermore, the fabricated
samples were annealed at 200°C for 4 hours. The sample is
then ground to a fine surface finish through an end milling
process. Sufficient care has been taken to avoid the thermal
effect during the polishing of the test sample. The fabricated
samples are cut to the standard dimensions for the tensile
(ASTM E08-8), flexural (ASTM A: 370), and impact (ASTM
E23) tests to be contacted, as shown in Figure 4.

A Microtek-made densitometer instrument is used to
measure the density of the fabricated composite using the
traditional Archimedes principle. The dimension of the
sample used for the test is 10 x 10 x 10 mm”’. Mitatyo makes
a micro-Vickers hardness tester used to examine the
hardness of the fabricated composite, and the data are
recorded in terms of VHN. A deadweight of 500 grams is
applied for 10 seconds. The experiment is conducted at an
ambient temperature of 28°C. Five indentation observa-
tions are conducted, and the average is calculated and
reported. The tensile test is conducted using the equipment
model INSTRON UTM-DIRC/ME-01, which has a head
velocity of 0.5 mm/min. The elongation percentage for the
applied load condition is recorded for four experimental
runs, and the average is recorded. The flexural test is
conducted using a three-point bending tester model
INSTRON UTM-DIRC/ME-01 that has a traverse head
speed of 0.5mm/min. Four experimental runs were con-
ducted, and the average was recorded. The computer-
integrated Charpy impact tester is used to conduct an
impact test on the V-notch test samples. The root radius of
the V notch is 0.25mm to a depth of 2mm and an in-
clination angle of 45°. Four experimental trial runs were
conducted, and the average value is reported.
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FiGure 2: XRD of CTB.

4. Results and Discussions

4.1. Density and Microstructural Analysis. The density of
a sample is drastically affected by the incorporation of
a reinforcement matrix [29]. ALCTB samples that have
just been made are tested for a secure density. Density is
determined by modifying the classic Archimedes prin-
ciple [30]. Researchers find that the reinforced CTB has
a density very close to that of pure aluminum. In-
corporating this nanoreinforcement resulted in a negli-
gible change in density [31]. However, the porosity
significantly affects the quality of the end material. The
external load applied at the time of fabrication of this
composite material influences the microstructure of
properties of the material to a greater extent. Proper
sintering condition with ultrasonication has resulted in
the even distribution of reinforcement in the matrix. The
applied load tends to squeeze the grain particles and
further the annealing process helps relieve internal stress
that is introduced inside the grain particle during the
fabrication of ALCTB. This action almost always provides
better results in getting void-free test samples. To examine
the significance of CTB in the matrix, microstructural
examinations (Mag: 50x) were carried out for all four
combinations. The microstructure available for the vari-
ous weight percentages of CTB reinforced metal matrix
composite is shown in Figure 5. With the increase in the
reinforcement in the base, the matrix improves the

formation of the grain boundary. The even distribution of
the reinforcement is confirmed. It is believed that CTB has
occupied the grain boundaries of the aluminum elements
in the matrix, and small particle distribution along the
grain as well is visible in the microstructure image. The
ultrasonication casting process exhibits the uniform
distribution of the particles. However, with the increase in
reinforcement, the agglomeration of the CTB particles
along the grain boundary is noted and can be verified in
Figure 5(d).

To measure elemental distribution in the matrix,
ALCTB-4 (20% weight ratio sample) underwent EDAX. The
distribution of the elemental peak is shown in Figure 6. The
elemental composition of aluminum is witnessed in the
image along with foreign elements like Fe, Ca, SiO,, and
oxygen.

With the increase of reinforcement in the base alumi-
num matrix, a slight improvement in the density of the
composite is noted. As the density of CTB is slightly greater
than the base metric element, as a result, a gradual im-
provement in the density of the composite sample is
recorded with the increase in the weight ratio of the re-
inforcement. The rate of change of density concerning the
nascent sample is considered negligible, and hence the
significance of the addition of reinforcement is of the least
importance in the density studies. The variation of the
density with an increase in the weight percentage of re-
inforcement is shown in Figure 7.
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F1GURE 5: Microstructure of (a) ALCTB-1; (b) ALCTB-2; (c) ALCTB-3; (d) ALCTB-4.
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FIGURE 6: EDs spectra of the fabricated composite.

4.2. Hardness. The presence of silicon dioxide in the CTB
significantly improves composite hardness. The resulting
15% weight ratio provides a significant improvement of 11%
compared to the nascent sample. On closer examination of
the microstructure of 15wt% composites, it clearly shows
a uniform grain boundary, and the even distribution of CTB
particles along the grain has significantly improved the
hardness of the material to a greater extent. The increase of
more than 15wt% results in the excess accumulation of
reinforcement along the grain boundary (confirmed through
microstructural study). It is believed that the interaction
effect among the CTB particles is significantly less when

compared to metal ash interaction. The adhesive bond effect
is significantly higher when compared to the cohesive bond.
The effect of the improvement in the harness can be further
revealed in the mechanical test section. The variation in the
harness with the change in CTB is shown in Figure 8.

4.3. Tensile Test. To examine the tensile behavior of the
composite material, fabricated specimens were subjected to
a tensile test in the UTM machine as per the ASTM standard.
The addition of reinforcement shows its influence on tensile
behavior. With the addition of reinforcement, an increment
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FiGURE 8: Vickers hardness for the fabricated samples.

in the load withstanding capacity has been observed. Among
the considered composition, ALCTB (15% of CTB) provides
significant improvement in tensile behavior. The load-
bearing capacity increased to 30% with a decrement of
20% displacement. Additions of reinforcement in the Al
matrix consistently improve the load standing capacity.
Hard silicon oxide elements in the CTB signify its impor-
tance. Increase in the density and the hardness of the sample
import a slight increase in brittle nature. Figure 9 shows the
load-displacement curves of the fabricated composite as well
as the nascent sample.

To explore more, the fracture mechanics behind the
addition of this reinforcement is examined on the
ALCTB-3 fracture surface. The top end under the bottom
end of the fractured sample has undergone an SEM image,
and it is shown in Figures 10(a) and 10(b). Figure 10(a) is
taken on the top portion of the fracture surface. Squeezed
and crushed grains are seen all over the images with both
transgranular and intergranular fractures. Dimple regions
also noted indicating the deformation of reinforcement
from the surface. A smooth cleavage surface confirms the
slippery nature of the reinforcement. Unlike other ce-
ramic materials, which are being used as reinforcement in
the metal matrix composites, the proposed CTB allows the
slippery of particles and it behaves as a smooth and soft

LOAD (KN)
'S

2 4 6 8
-2 4 Displacement (mm)

—— ALCTB-1
—— ALCTB-2
ALCTB-3

—— ALCTB-4
—— ALCTB-0

FIGURE 9: Tensile test for a different sample of reinforcement.

reinforcement. Figure 10(b) captures the bottom portion
of the test sample. The presence of the excess amount of
peak regions and small burrs-like arrangement is due to
the effect of the pulling force. Specifically, a shallow hole
structure seen on the factor surface may be due to the bulk
of the formation of CTB particles. In this region, CTB
agglomeration may happen and may cause the removal of
the excess material.

4.4. Flexural Test. The 3-point bending test load-
displacement curve is shown in Figure 11. A similar trend
like the tensile test is observed for all the test conditions.
Most likely ALCTB-3, i.e., aluminum with 15 percent of CTB
provides an acceptable range of observation over the given
test condition. In comparison with the nascent sample, al-
most the load withstanding capacity is increased, and typ-
ically for ALCTB-3, it is doubled with the addition of this
reinforcement by 47%. A slight increase in the brittleness
reduces the displacement value by 14%.

In the study on the fracture mechanism behind the
failure of the ALCTB-3 sample, the same process followed
for the tensile test is also adopted for the flexural test.
Figures 12(a) and 12(b) are taken from the top end of the
fractured surface as well as the bottom end. The red circle
clearly shows the compressive nature of the elements, which
creates a big crater-like structure on the fractures of the
surface. The slippery nature of the particle is observed and
noted in Figure 12(a). The presence of excess cracks and their
propagation along the grain boundary is visible in
Figure 12(b) which implies the effect of the pulling force
exerted by the sample during the test condition. Small
dimples with the peak and valley regions are noted on the
fractured surface. The addition of this reinforcement has
nowhere affected the material properties as all the fracture
surfaces are in plastic deformation in nature.

4.5. Impact Test. The sudden load withstanding capacity of
the fabricated composite is measured through the impact
test and the observations, as shown in Figure 13. The hard
reinforcement particles significantly improve the density of
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FIGURE 14: Fractured surface of impact test samples.

the material as well as the hardness. The hardest material can
hold sudden loads to a greater extent. The AICTB-4 (20% of
CTB) composition shows the highest observations with an
increment of 43%.

To understand the mechanism behind the sudden impact
load, the same study procedure applied for the tensile and
flexural test is conducted for the impact test. Figures 14(a)
and 14(b) are taken from the sample AICTB-4 near and
another end of the notch area. The surface nearer to the
notch area suffers severe deformation, and it can be con-
firmed through the presence of macrocracks and the dis-
location of the particles. Besides the presence of dendritic
structure, the effect of the sudden load has caused serious
damage to the test sample. On the other end, the removal of
CTB from the matrix is visible and it is shown as dendritic
pattern in Figure 14(b).

5. Conclusions

The cashew nutshell is processed methodically so that its
silicon dioxide-rich elements can be extracted and used to
make CTB. The ultrasonication-aided casting process was
used to incorporate the different CTB weight percentages
into the aluminum Matrix composite. The XRD peak verifies
that the biochar contains an excessive amount of silicon
dioxide. There was no discernible change in sample density
after the reinforcement was added. Microstructural char-
acterization verifies the accumulation of nano CTB particles
along the grain boundary of an aluminum element with
uniform dispersion. An excessive amount of CTB in the
matrix will lead to particle agglomeration and clustering
regardless of the manufacturing process, which will have far-
reaching consequences for the material’s properties. With an
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increase in CTB at the fracture surface, a deformation in the
grain boundaries was observed. When reinforcement was
added to ALCTB-3, the load increased by 30% while the
displacement decreased by 20%. The same thing happens
when the load or displacement is increased by 47 and 14
percent, respectively, in the flexural test, which is used in the
ALCTB-3. Both tensile and flexural tests have revealed
a minor decrease in the material’s ductile behavior. The
impact test showed that the specimen had a remarkable
ability to withstand a sudden load. Results from the impact
test on ALCTB-4 are up 43 percent. The failure is plastic
deformation in nature, with transgranular and intergranular
failure modes, as shown by microscopic analysis of the
surface of the sample. Dimples, wear marks, and a flat
fracture plane all speak to the reinforcement’s (CTB) be-
havior. According to the results of all mechanical tests and
characterization, ALCTB-3 (15% CTB in the Al matrix) is
the best possible composition.
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In this research, synthesis and assessment of the mechanical and wear possessions of Al7049-nano B,C composites are determined
by experiments. Using the liquid metallurgy route, a stir casting technique was used to create composites with increasing
concentrations of nano B,C from 3 to 9 weight %. Each composite’s reinforcement particles were heated to 400 degrees Celsius
before being added to the molten Al7049 alloy in two separate steps, i.e., two-stage stir casting to optimise wettability and
distribution. Scanning electron microscopy (SEM) was utilised to examine the microstructure, and energy dispersive spectroscopy
(EDS) was utilised to determine the elemental make-up. Mechanical characteristics of composites were determined by subjecting
them to tensile, compression, and hardness tests. Wear tests were conducted as per ASTM G99 standards with varying loads and
speeds. Nanosized B4C particles were found to be dispersed throughout the sample space in a microstructural analysis. Hardness,
ultimate strength, yield strength, and compression strength of A17049 alloy composites were found to increase significantly as the
weight percentage of nano B,C was increased. Additionally, compared to the unreinforced form, the ductility of the A17049 alloy
composites was slightly reduced. SEM micrographs of tensile-fractured specimens were used for research into the field of tensile
fractography. Nano B,C reinforced composites exhibited superior wear resistance as compared to Al7049 alloy. These prepared
composites can be used for wing root fitting of an aircraft.

1. Introduction

The phenomenon of passivation gives aluminium its re-
markable corrosion resistance. Due to its high strength to
weight ratio, ease of machinability & formability, and lower
cost relative to other materials [1, 2], aluminium and its
alloys are indispensable to the automotive and aerospace
industries. There is a lot of work being done to improve the
strength-to-weight ratio of aluminium alloys by combining
very high strength materials as reinforcement. The

mechanical possessions can be modified as desired by adding
reinforcement materials. Metal matrix composites (MMC)
are a relatively new material that emerged as a result of the
fusion of reinforcing materials with base materials such as
aluminium alloy.

Even though the availability of many kinds of rein-
forcing and matrix materials is there, an effort is made to
fabricate the composite material with aluminium alloy as
base material and boron carbide (B,C) as reinforcing
particulate material [3]. The reinforcement B,C


https://orcid.org/0000-0002-7856-8638
mailto:perumalla.janaki@astu.edu.et
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/2386558

particulate material is varied in weight percentages with
respect to the matrix alloy and specimens are produced to
compare for their properties.

More prominent metal matrix composite is alumin-
ium based metal matrix composite (AMMC) that is why
many of researchers trying to invent better and better
aluminium metal matrix composite for their engineering
components [4]. One can come to a understanding about
the aluminium metal matrix composite (AMMC) that
usage and producibility or manufacturability of alumin-
ium alloy metal matrix composite from the recent re-
search papers presented all over the world. While
finalizing this material for research, factors considered are
the type of engineering parts, working environment, way
of fabrication, cost, nature of reinforcing material and its
shape, size, its distribution [5].

Alloys of aluminium generally will have aluminium as
major element and small constituents such as copper, sili-
con, manganese, magnesium, as alloying elements. These
aluminium alloys are classified into many series on the basis
of various combination of above said alloying elements.
These aluminium alloys are having major advantage of
strength to weight ratio in comparison with steel, iron,
copper, and brass, and other properties, such as corrosion,
wear resistance, and ductility, are also made aluminium
alloys more popular particularly when compared with the
steel or iron weight of aluminium is approximately 64% less
by weight.

Besides finalizing the aluminium alloys metal matrix
composite, the type of aluminium alloys material selected is
7XXX aluminium alloy. In 7XXX series alloy, zinc is the
main alloying constituent united with magnesium for
strengthening.

Recent studies have shown that adding ceramic particles
to a material can increase its wear resistance and help im-
prove its mechanical properties, even when exposed to high
temperatures. A matrix’s ability to resist deformation, carry
weight, and lock microcracks along the friction direction is
greatly enhanced by the presence of B,C.

The production methods of Al7049/B,C combinations
can be categorized into three types: solid state method, liquid
state, and semisolid-state method. The solid-state strategy
can be isolated into powder metallurgy, mechanical alloying,
and dispersion holding strategies. Contrasted with different
courses, dissolve mixing procedure has some significant
focal points, e.g., the wide choice of materials, better
framework molecule holding, simpler control of grid
structure, basic and reasonable preparing, and adaptability
to huge amount creation and brilliant profitability for close
net formed parts [6, 7]. Be that as it may, there are a few
issues related with mix giving of metal composites such
a role as poor and heterogeneous appropriation of the
support material. Improvement in wettability to certain
degree can be accomplished by a few techniques such as
expansion of halide salts, mechanical blending, preheating
the support particles to expel the retained gases from the
molecule surface, expansion of alloying components such as
Mg, Zr, and Si3N,, and utilization of surface coatings on
fortification molecule and so forth [8].
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It would be fascinating to learn more about the me-
chanical properties of aluminium alloys that have been
strengthened by nano hard boron carbide. Therefore, the
purpose of the existing investigation is to develop a stir
casting method for the synthesis of A17049-B,C metal matrix
composites utilising nanoparticles. 500 nm B,C particles are
intended for use in this study. Furthermore, mechanical and
wear properties of the prepared composites will be assessed
in accordance with ASTM standards. Based on the literature,
it is difficult to distribute the particles uniformly in the
matrix, hence to enhance the wettability between the A17049
matrix and nano boron carbide particles. A novel two-stage
stir casting method is adopted to prepare the nano-
composites. In this process, entire reinforcement is added to
the melt in two stages instead of adding at one stage which
helps to improve the interfacial bonding.

This study was conducted to analyze the effects of nano
B,4C on the microstructure, mechanical belongings, and wear
resistance of Al7049 alloy. For this reason, AMCs will be
produced using the stir method. Nano B,C’s influence on the
composite’s hardness, tensile, and compression behavior is
studied. Scanning electron microscopy (SEM) is used to
analyze the particle distribution and fractography of the
specimen’s microstructures.

2. Experimental Details

2.1. Materials. The matrix substantial in this investigation is
Al7049, an aluminium-zinc alloy that is widely used in
industries such as aerospace, automobiles, and the oceanic
sector. Zinc content in Al7049 is typically 7.8% (Table 1).
Al7049 has an assumed theoretical density of 2.84 g/cm”’.

Reinforcing materials in this work are nanoscale B,C
particulates; specifically, 500 nm. Boron carbide has a lower
density than the matrix material (2.52 g/cm”). Figure 1 is the
SEM micrograph of 500 nm boron carbide particles.

2.2. Preparation of Nanocomposites. The Al7049-B,C
composites were made using a stir casting technique and
the liquid metallurgy route. A precise number of ingots of
Al7049 alloy are loaded into the melting furnace. Alu-
minium alloy has a melting point of 660 degrees Celsius.
The molten substance reached a superheated temperature
of 750 degrees Celsius. A chromel-alumel thermocouple
was used to take the readings. After that, solid hexa-
chloroethane (C,Clg) [9] is used to degas the molten metal
for three minutes. A zirconium-coated stainless steel
impeller is used to create a vortex in the molten metal by
stirring the material. Impeller immersion depth was 60%
of the melt’s height, and the stirrer would be rotated at
300 rpm. In addition, B,C particles that have been pre-
heated to temperatures of up to 400°C will be injected into
the vortex in two stages to improve the wettability. To
encourage wetting, stirring must be maintained until the
reinforcement particulates interact with the matrix at
their interface. The Al7049-3 wt.% of nano B,C mixture is
then poured into a 120 mm length and 15 mm diameter
permanent cast iron mould. Composites are also made
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FIGURE 1: SEM micrograph of nano B,C particles.

with different percentages of nano B,C particles. Figure 2
is representing Al7049 with B4C nanocomposite after
casting.

2.3. Evaluation of Properties. To obtain the required sample
piece for microstructure study, the castings acquired were
cut to proper size, measuring 15 mm in diameter and 5 mm
in thickness, and then polished to varying degrees. Before
moving on to polishing with Al,O; suspension on a pol-
ishing disc using velvet cloth, the sliced samples were first
polished with emery paper up to 1000 grit size. Finally, a 0.3
micron diamond paste was used to polish the surface. A
scanning electron microscope was used to examine the
microstructure of the samples after their polished surface
had been etched with Keller’s reagent.

The average of three sets of readings taken from various
spots on the specimens’ polished surfaces was used for the
final analysis. Brinell hardness testing machines were used to
measure the specimens’ resistance to indentation by ap-
plying a 250-kilogram load to a 5-millimeter-diameter ball
indenter and letting it sit for 30seconds. At room tem-
perature, using an universal testing machine calibrated to
ASTM E8 and E9 standards [10], the tensile strength, yield
stress, percentage elongation, and compression strength of
the cut specimens were determined. Figure 3(a) is a picture
of the tensile test specimen.

A pin holder secures the specimen against the counter
face of a disc with a 90 mm wear track diameter, which is
then rotated. Wear loss required for loading the pin is
calculated against the disc with 2kg, 3kg, and 4kg of dead
weights. Size of the specimen is depicted in Figure 3(b); it
measures 30 mm in length and 8 mm in diameter as per
ASTM G99 standard [11]. The disc is washed with acetone
before the test, then worn samples are tested, and electronic
sensors are used to record the wear. The rotating disc and its
pin were flattened and cleaned extensively before the test.
The next step is to set the track diameter to 90 mm and clamp
the specimen in the chuck.

FIGURE 2: Al7049 with B,C nanometal composite after casting.

3. Results and Discussion

3.1. Microstructural Study. The distribution of reinforcing
particles within the matrix of the base metal can be de-
termined from microstructural analyses along with the grain
size and shape of the grains present. Both mechanical and
wear properties will be significantly impacted by this study.
Scanning electron microscope micrographs of B,C particles
with 500 nm reinforcements of varying percentage weights
are described in Figures 4(a)-4(d).

Micrographs taken with a scanning electron microscope
reveal the differences between as cast alloy Al7049 and
composites comprehending 3, 6, and 9 wt.% of nano B,C
reinforced with Al7049 alloy (Figures 4(a)-4(d)). The two
specimens under review here are taken from the cylindrical
samples’ proximal and distal midpoints. As cast, the mi-
crostructure of Al7049 alloy consists of fine grains of Al solid
solution with an adequate dispersion of intermetallic
precipitates.

It also demonstrates the identical standardized circula-
tion of nanosized B,C without agglomeration and bunching
in the composites, demonstrating a strong hold between the
framework and the fortification (Figure 5). This is primarily
attributable to the successful mixing action carried out
throughout the fort’s two-stage expansion. The nano-
particles all over the lattice’s grain boundary prevent the
grains from improving and fight the separation of grains as
they stack [12].

From Figure 5(b), it is identified that nano B,C particles
are found in the Al7049 alloy matrix in the form of B and C
elements along with Al and Zn.

3.2. Hardness. The addition of 3 to 9 wt.% nano B,C to the
Al7049 alloy causes noticeable changes in hardness, as
shown in Figure 6. To measure a material’s resistance to local
plastic deformation, a mechanical parameter known as
“hardness” is used. The addition of 3, 6, and 9 wt.% nano B,C
increases the hardness of Al-B,C composite. Al composites
exhibit this improvement, going from 67.5 BHN to 98.3
BHN. This is due, in large part, to the presence of harder
carbide particles in the lattice, which imposes greater con-
straints on the localised matrix deformation that occurs
during indentation [13, 14]. As with other reinforcements,
B4C helps strengthen the matrix by creating high-density
dislocations as the material cools to room temperature due
to the disparity in thermal expansion coeflicients between
the B,C and the grid Al7049 compound. Increasing the
hardness of composites, mismatch strains between the re-
inforcement and matrix, prevents dislocations from moving

freely.
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FIGURE 4: SEM images of (a) as cast Al7049 alloy, (b) Al7049 with 3% B,C, (c) Al7049 with 6% B,C, and (d) Al7049 with 9% B,C composites.

Basically, strengthening particles are stronger and more
rigid than the Al7049 alloy, and these strengthening particles
always try to avoid the plastic deformation of the matrix
throughout the testing. But avoiding the plastic deformation
of the Al7049 alloy relies on the deformation of the nano-
particles in the matrix.

3.3. Ultimate Tensile Strength and Yield Strength. Figure 7
presents a plot of ultimate tensile strength (UTS) versus the
percentage of nano B,C dispersoid in a metal lattice com-
posite. UTS was plotted as a percentage of the total weight of
nano B4C, based on careful calculations. The value of UTS
has shifted by 25.78% in comparison to the standard Al7049
alloy. True contact among the framework and the auxiliary
materials is credited with the strength increase. Hardness
and quality of composites improve with increasing grain
estimate, which in turn leads to increased wear resistance.
Because of the close proximity of hard nano B,C, the quality

of the framework amalgam is enhanced, leading to increased
rigidity [15, 16]. The difference in coeflicient of growth
between the flexible matrix and the brittle particles suggests
that the growth of these particles may have significantly
increased the lingering compressive anxiety during
cementing. Dense packing of reinforcement and, by ex-
tension, minimal interparticle spacing in the lattice are both
credited with quality improvements.

Figure 8 displays the yield strength (YS) of Al7049 alloy
matrices with 3 to 9 wt.% of nano B,C composites. The
strength of the Al alloy was increased from 177.4 MPa to
195.5 MPa, 205.7 MPa, and 227.1 MPa when 3 to 9 wt.% of
B,C was added. This improvement in yield quality is con-
sistent with findings from various specialists who have
detailed how the quality of molecule-fortified composites is
extremely dependent on the weight % of the fortification.
When hard B,C particles are close by, they impart quality to
the soft aluminium network, increasing the composite’s
resistance to the applied ductile load [17, 18]. This causes the
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composite’s Young’s modulus to grow. Molecule-enhanced
composites benefit from increased quality due to the con-
straint of the plastic stream imposed by the dispersed hard
particles in the grid.

According to Figures 7 and 8, the Al7049 matrix contains
nanosized particles, which contribute significantly to the
material’s increased tensile strength. The addition of more
boron carbide particles to the base is what causes this im-
provement to be seen. Due to the incorporation of rein-
forcing particles, the tensile strength of the Al7049 alloy is
improved, as is its resistance to tensile stress. The boron
carbide particles also start out with a lot of stress because the
carbide particles are stiffer than the Al matrix [3, 19]. The
addition of B,C particles to the Al7049 alloy also helps to
increase the work hardening of the composites due to the
geometric constraints imposed by the presence of
reinforcement.

3.4. Percentage Elongation. Figure 9 shows how the nano
B,C percentage affects the composites’ ability to stretch
(their ductility). From the graph, we can deduce that the
composites fortified with 3, 6, and 9 wt.% B,C lose a lot of
their pliability. Detriment in the form of a slower rate ex-
tension relative to the base amalgam is a common occur-
rence in particulate-fortified metal lattice composites [20].
The presence of B,C particulates, which can break and have
sharp corners, contributes to the reduced pliability in
composites and makes them more prone to limited split start
and proliferation.

3.5. Compression Strength. Compression strength of
Al7049 alloy matrix reinforced with 3 to 9 wt.% of nano
B,C particulate is shown in Figure 10. Compression
strength of the Al alloy was found to increase from
589.6 MPa to 620.1 MPa, 670.4 MPa, and 738.5 MPa after
adding 3 to 9 wt.% of B,C particles. The addition of tough
ceramic particles to the Al7049 alloy matrix is largely
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FIGURE 10: Variation in compression strength of Al17049 with nano
B,C composites.

responsible for the resulting boost in compression
strength. Always particles strength is expressed in terms of
compressive strength. Especially, boron carbide particles
are very strong in compression strength; inclusion of these
hard particles avoids the plastic deformation of Al7049
alloy matrix [21].

3.6. Fracture Studies. SEM images of fracture surfaces were
used to investigate the mechanisms of fracture for both as
cast alloy and composites subjected to tensile testing
(Figures 11(a)-11(d). Figure 11(a) displays the ductile
fracture mode of the as cast Al7049 alloy, which consists of
an enormous number of dimple-shaped structures but
no crack.

A less ductile failure is observed in the fracture structures
of 3, 6, and 9 wt.% B,C reinforced MMCs (Figures 11(b)-
11(d)). Particle cracking, matrix material fracture, and
debonding at the alumina particle-Al matrix alloy interface
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FiGure 11: Tensile fractured SEM images of (a) Al7049 alloy, (b) Al7049-3 wt.% B,C, (c) Al7049-6 wt.% B,C, and (d) Al7049-9 wt.% B,C

composites.

are all generally accepted as contributing factors in MMC
failure during tensile testing. Fracture surfaces of 9 wt.% of
B,C composites showed local stresses at the interfaces are
greater, leading to a crack at the reinforcement particles.

3.7. Wear Studies. The Al7049 alloy and its nanosize B,C
reinforced composites are put through wear tests with loads
ranging from 2 to 4kg (in 1kg increments) slid along
a smooth surface at a constant speed of 400 rpm for a total of
3000 m. Experiments were also run with a constant load of
4 kg and a distance of 3000 m but with sliding speeds ranging
from 200 rpm to 400 rpm in 100 rpm increments. The results
of all the tests are recorded in terms of the height loss in
micrometres (ym).

3.7.1. Effect of Load on Wear Loss. The load is a major factor
in the rate of wear and tear. The impact of load in wear tests
has been studied extensively in order to characterize the
wear rate of aluminium alloys. In addition, graphs for wear
loss against load of 2kg, 3 kg, and 4 kg have been plotted at
a constant distance of 3000 meters and speed of 400 rpm to
analyze the impact of load on wear. As can be seen in
Figure 12, the wear behavior of Al7049 alloy and B,C
composites is affected by load.

Wear increases for all composites and the base Al7049 as the
load is increased from 2kg to 4kg, as seen in graph 12. The
sliding surface and pin reach temperatures above the critical
value at a maximum load of 4kg. Consequently, wear of the
matrix Al7049 alloy and Al7049 alloy-3, 6, and 9 wt.% B,C
composites increases with increasing load on the pin. As cast
Al7049 alloy has the highest wear loss under all loading con-
ditions, as shown in Figure 12, wear loss of composites is seen to
decrease as reinforcements in Al7049 alloy are increased in
weight percent. As the weight percentage of B,C reinforcements
in Al7049 alloy composites increases from 3 to 9, the com-
posites” resistance to wear increases. This may be because the
high hardness of B,C acts as a barrier for the wear loss [22, 23].

3.7.2. Effect of Sliding Speed on Wear Loss. Several test
samples of different compositions show wear loss as
a function of speed variation in Figure 13. Experiments are
run with a constant load of 4 kg and disc speeds of 200 rpm,
300 rpm, and 400 rpm. According to the data presented in
the following graph, the amount of material lost due to wear
and tear grows in proportion to the square of the sliding
velocity. Sliding velocity has a greater impact on Al7049 alloy
at its base than it does on B,C-based composite.

Despite this, the wear of the composites is much lower
compared to the A17049 matrix alloy at all sliding speeds,
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especially in the case of Al7049 with 3 to 9 wt.% of nano
B,C composites. Wear loss of the composite material is
reduced generally speaking as the amount of B,C particles
present increases. Another reason wear increases with
sliding speed is that rubbing action warms the composite
and causes it to soften, leading to more loss of material
[24, 25]. Due to the increase in temperature, plastic
deformation of the test piece occurs at higher sliding
speeds. As a result, there is more delamination, which
contributes to more wear and tear. The present work’s
findings are consistent with and similar to those of other
researchers’.

3.7.3. Wear Worn Surface Analysis. Figure 14(a) depicts the
worn surface of Al7049, which exhibits the incidence of
grooves, micropits, and a fractured oxide layer, all of which
are likely the result of increased wear loss. Figures 14(b)-
14(d) display how the presence of B,C particles in Al7049
with 3 to 9 wt.% nano B,C composites limits the viscous flow
of the matrix, leading to a decrease in grooves or erosion
and, consequently, an increase in wear resistance [26, 27].
Worn areas reveal fewer and fewer cracks and grooves as the
number of B,C particles increases, suggesting that stress is
transferred to and concentrated on these particles.
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9 wt.% B,C composites at 4kg load and 400 rpm speed.

4. Conclusions

(i) The stir casting has been used successfully to create
composites of Al7049 alloy with 3 to 9 wt.% of
nanosized B,C particulates for reinforcement.

(ii) Nanosized B4C particles were seen to be dispersed
throughout the Al7049 alloy matrix in scanning
electron micrographs. Nanoparticles of B,C, com-
posed of the elements B and C, were found in
Al7049-B,C composites, according to energy dis-
persive spectroscopy analysis.

(iii) Nanoscale B,C particles increased the hardness of
Al7049 alloy composites by 3, 6, and 9 weight
percent. As cast, Al7049 alloy has a hardness of 67.5
BHN; however, when strengthened with 9 wt.% B,C
composites, its hardness increases to 98.3 BHN.

(iv) The addition of the B,C particles to the Al7049
matrix increases the material’s ultimate and yield
strength. By adding 9 wt.% nanosized B4C partic-
ulates to Al7049, the ultimate strength of the
composite improved from 222 MPa to 279.3 MPa.
When compared to the yield strength of Al7049
alloy (177.4 MPa), the values for composites con-
taining 3, 6, and 9 wt.% of B,C are 197.5 MPa,
205.7 MPa, and 227.1 MPa, respectively. The elon-
gation of Al7049 alloy is reduced when nanosized
B,C particles are added to the mix. The addition of 3
to 9 wt.% nano B,C particulates improved the
compression strength of Al7049 alloy.

(v) The wear behavior of A17049 and its composites was
found to be sensitive to both the applied load and
the sliding speed. A higher load and faster speed
both lead to a greater wear loss. However, nano B,C
composites with 3, 6, and 9 wt.% showed remark-
able improvement in wear resistance. Micrographs
of worn surfaces taken with a scanning electron
microscope (SEM) revealed the varying wear
mechanisms.

(vi) All the properties have been improved due to the
two-stage reinforcement addition method adopted
to fabricate the composites.
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Corrosion in steel leads to the deterioration of reinforced concrete structures due to chemical reactions between steel and its
surrounding atmosphere. In this paper, a novel anticorrosive powder was derived from the waste Printed Circuit Board (PCB) and
manually coated on the steel rebar of the reinforced concrete specimen. The corrosion-resistant efficiency of the developed nano
PCB-coating on the steel bars was studied by polarization, electrochemical impedance spectroscopy, and accelerated corrosion
technique. Also, the applicability of the nano PCB-coated rebar as reinforcement in the concrete environment was investigated.
From the results, it was observed that the nano PCB-coated specimens exhibited 3.5 times reduced rate of corrosion and lost only
46.15% strength and 52.5% diameter under the accelerated rate of 6 V after 48 hours. The presence of nano PCB powder improved
the corrosion-resistant behaviour of the steel rebar by 1.65 times of the noncoated specimen. Also, the nano PCB-coating reduced
the loss in residual yield strength of the corroded steel rebar by 32% lesser than the noncoated specimens and exhibited similar
corrosion-resistant properties as that of the existing zinc coating. In addition to the corrosion resistance, the nano PCB-coated
steel rebar exhibited almost similar adhesion with concrete as that of the commercial zinc coating which is 7% lower than uncoated
steel rebars. It was inferred from this research work that the proposed anticorrosive coating prepared from the waste nano PCB
powder showed better corrosion-resistant behaviour and reduced the overall cost of coating by 42%, which ensures economy and

serviceability.

1. Introduction

Corrosion is the most challenging phenomenon faced by the
construction industry, which necessitates the maintenance
cost of 2.5-5% of gross domestic product cost expensed by
each country per annum. In this series, next to Arabian
countries, India and China individually spend 4.2 billion
US$ annually, which is the second largest expenditure to
control corrosion [1]. Due to the continuous permeation of
external ions through the voids of the concrete, corrosion in
steel cannot be eliminated, but the corrosive mechanism can
be controlled and retarded by using galvanizing and anti-
corrosive coatings [2]. Al-Negheimish et al. [3], alloyed zinc
with aluminium in order to improve the corrosion resistance
of hot dip galvanized coated bars in contact with chloride-
contaminated concrete. It was found that 10% aluminium

and 90% zinc showed higher corrosion resistance perfor-
mance than 100% Zinc-coated rebar.

Similarly, Sharma et al. [4], carried out research work to
reduce the effects of corrosion by adding nano-clay and tung
oil microcapsules. The nano-clay-modified epoxy coatings
showed a significant delay in the breakdown of the passive
layer on the rebar. On the other side, tung oil microcapsule
in urea formaldehyde shells were prepared by in-situ po-
lymerization to improve the self-healing ability and adhesion
strength of capsule-embedded coatings and act as self-
healing agents. Overall, corrosion drops by the addition
of nano-clay are at least by a factor of 3 and due to tung oil
microcapsule is at least by an order of magnitude. Shaikh
and Sheetalsahare [5] carried out the research work on the
impressed current technique to accelerate the rate of cor-
rosion of steel reinforcing bars in concrete for three different
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voltages. They observed that the level of voltage had no effect
on the final crack pattern. The concrete crack pattern and the
mass loss due to accelerated corrosion up to the develop-
ment of the first visible crack on the concrete specimen were
evaluated. Feng and Cheng [6], carried out the research work
to find out corrosion resistance in magnesium alloys in-
vestigated by the EIS technique in ceria-based coatings and
pigments. It was concluded that the bare specimen had lower
impedance than the coated specimen. They also indicated
that the proper acid treatment on the surface resulted in
better corrosion resistance.

Dixit and Gupta [7], studied the corrosion assessment in
rebars by impressed current technique. While observing the
time required for the initiation of the first noticeable cracks,
it was observed that the variation of the degree of corrosion
is proportional to the applied current. Jagtap et al. [8],
studied the effect of zinc oxide in combating corrosion in
zinc-rich primer and suggested that the combined use of zinc
and zinc oxide resulted in better corrosion-resistant char-
acteristics than the individual. Afshar et al. [9], carried out
the research work on the corrosion resistance evaluation of
various primers and coatings. While comparing the
corrosion-resistant behaviour of different coatings, it was
observed that the zinc-rich epoxy primer coating exhibited
superior performance over the other types. Indirakumar and
Manjunath [10], developed an anticorrosive coating using
waste batteries. With the help of the intermediate layer of the
battery containing manganese dioxide, the coating was
prepared and applied over the rebar. While placing the
coated rebar in the salt container for 30 days, it was observed
that the coating attributed to lesser weight loss than the
uncoated rebar. Similarly, Rajendran [11] conducted an
experimental investigation to protect the meshing re-
inforcement of ferrocement panels from corrosion by in-
corporating nano-modified fly ash-based geopolymer
mortar. The use of nano-geopolymer mortar on the fer-
rocement meshes offers 3 times improved corrosion re-
sistant behaviour and it was suggested mainly for marine
applications. Rooby et al. [12], studied the performance of
a new nano-phase modified fly ash-based cement polymer
covering on steel reinforcements in a corrosive environ-
ment. Five different types of coating were prepared and from
the electrochemical studies and the impressed voltage test, it
was concluded that the corrosion rate of nano-modified
coated rebars was 76-89% lower than uncoated rebars.

From the previous research works, it was inferred that
the anticorrosive coating developed so far, fails to satisfy the
economic considerations. Also, the most commonly used
zinc coatings are prone to the hydration process and lead to
the cracking effect. Hence, a cost-effective anticorrosive
coating is required to be developed. In the previous research
work carried out by Rajendran and Giftlin [13], the epoxy
content in the printed circuit boards was used for the
synthesis of anticorrosive coatings. Based on the results, it
was reported that the proportional variation of the PCB
powder and the paint has different effects and the optimum
1:3 ratio was adopted by trial and error method. Also, while
considering the research work done by Wan et al. [14], it was
clear that the printed circuit board exhibited excellent
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corrosion resistant characteristics in aqueous sodium
chloride solution with 99.6% inhibition efficiency.

Based on these conclusions, in this work, the waste-
printed circuit boards were used to produce an anticorrosive
coating. The nontarget materials in PCB were removed by
certain pretreatments and the size of the particles was much
reduced by grinding and ball milling. These nano PCB
powders are mixed with the toluene by electromagnetic
stirrer and they were added to paints as additives in the ratio
of 1:3. The corrosion-resistant behaviour of the nano PCB-
coated rebars were assessed by means of polarization
technique, electrochemical impedance spectroscopic (EIS)
technique and the results were compared with the uncoated
and zinc coated specimens. To extend the applicability of the
developed nano PCB-coating in the reinforced concrete
construction, the nano PCB-coated rebars were embedded
in the concrete cylinder as reinforcement and the corrosion-
resistant behaviour of the specimen was also studied. The
impressed current technique is used to accelerate the cor-
rosion process and the amount of corrosion that took place
was calculated by means of weight loss and change in di-
ameter. To fasten up the corrosion process and to study the
effect of varying the electrolyte concentration, a corrosive
medium was changed by 3.5% and 10% sodium chloride
solution. Also, the rate of corrosion that occurred, the de-
terioration time and the total cost were estimated and
compared with the noncoated and zinc-coated rebars em-
bedded in cylindrical concrete specimens. The effect of
corrosion and the coating on the mechanical strength of the
rebar specimen was studied by assessing the stress-strain
behaviour and modulus of elasticity. In addition to this, the
pull-out test was carried out to check the bond strength
between the concrete and the coated rebar from which
a novel, efficient, cost-effective, and sustainable anticorrosive
coating was developed for both steel and concrete structures.

2. Materials and Methods

2.1. Materials and Pretreatment Method. For developing
a cost-effective anticorrosive coating, initially, the waste PCB
was collected, and pretreatment processes such as des-
oldering and immersion in hydrochloric acid were carried
out to separate the target and nontarget materials. To form
an anticorrosive nano PCB solution, toluene was procured
from Alpha Scientific Company; Madurai was used as
a dispersion agent. To assess the efficiency against corrosion,
steel rebar was coated with the developed nano PCB-coating.
For this purpose, steel rebars of 8 mm diameter were cut to
the size of 15cm.

2.1.1. Desoldering. On the collected waste PCB, target and
nontarget materials were presented. The target material
contains resistors, transistors, and the insulating layer. The
plain PCB was classified as nontarget materials. In order to
remove the target materials present over the PCB, the sol-
dering technique was used, as shown in Figure 1(a). In the
soldering technique, the PCB was subjected to a thermal
application under the temperature of 200°C.
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FIGURE 1: Pre-treatment of PCB board and production of nano PCB particles: (a) desoldering, (b) planetary monomill, and (c) FESEM

image of the produced nano PCB.

2.1.2. Immersion in Hydrochloric Acid. After the completion
of the soldering process, the PCB was immersed in 1M
dilute hydrochloric acid [15] for about two days for the
complete removal of the insulating layer present in the waste
PCB. The board was placed in an oven at a temperature of
100°C, to remove the moisture content. The chemical
transition temperature of PCB starts from 130°C [16]. Due to
this effect, the heating of PCB at 100°C will only involve in
the removal of moisture content without significant change
in the mineral phases. The immersion in hydrochloric acid
only removed the insulating layer, not involved in any other
chemical reaction to form new elements [17], as confirmed
by the EDAX results. Also, the results of Table 1 indicates
that there is no sign of existence of the target materials in the
pretreated PCB powder and confirmed the complete re-
moval of target materials from the PCB.

2.1.3. Pulverization. The treated PCB boards were broken
into smaller pieces, and then they were subjected to a pul-
verization process. Broken pieces of the PCB were crushed
manually with the help of a tamping rod for about 3 hours.
After the manual crushing, the crushed particles were
ground in the mixer. The size of the particle obtained from
the mixer was 4.36 mm. The weight of the powder obtained
by crushing 10 PCB boards was 200 g.

2.1.4. Synthesization of Nano PCB Powder. In order to attain
a desirable particle size for the preparation of coating, the
obtained PCB powder was grinded with the help of a Pul-
verisette 7, Fritsch planetary mono mill, as shown in
Figure 1(b). Initially, 20 g of PCB powder sample was taken
and 50 numbers of tungsten carbide balls were used for each
trial. The ball to powder ratio was maintained to 1:17.5.
Toluene was used as a coolant for the milling process. For
each trial, the milling was done for 2 hours at 300 rpm. The
grinding process was continuous with 7 minutes interval at
every 15minutes of milling process. After 2hours of
grinding, the PCB powder-toluene mixture was taken out
from the ball mill and allowed to spread over the metal tray.
The evaporation of toluene was taken place in the atmo-
sphere temperature and the grounded nano PCB powder
was separately collected by using steel spatula.

After the completion of 7 successful trials, 120 g of fine
PCB powder was obtained. The size of the obtained nano
PCB powder varied from 37.16 to 76.20 nm, as shown in
Figure 1(c). Also, the chemical composition of the obtained
nano PCB powder was studied by using EDAX analysis and
the results are shown in Table 1.

2.2. Specimen Preparation

2.2.1. Coating of Rebar. The obtained nano PCB powder was
mixed with toluene which acted as solvent. For this purpose,
30 g of nano PCB powder was added to the 10 ml of toluene
in a conical flask. The solution was sonicated for 15 minutes
to ensure thorough mixing. Based on the conclusions drawn
from previous research work [13], the prepared nano PCB
powder solution was mixed with paint in a ratio of 1:3 by
volume. As the nano PCB was presonicated in liquid solvent,
the dispersion of solution in the paint is easier as confirmed
by Ribeiro et al. [18]. The developed nano PCB-based an-
ticorrosive coating was applied manually over the steel rebar
of 8 mm diameter, as shown in Figure 2. The coated rebar
was allowed to dry for 24 hours in the free atmosphere. To
compare the behaviour of the nano PCB coating, the rebars
were coated with the commercially available zinc coating by
using the same method.

2.2.2. Extensive Application in the Reinforced Concrete
Environment. In addition to the corrosion-resistant be-
haviour, the efficiency of the nano PCB powder coating was
assessed in the reinforced concrete applications. For this
purpose, the coated rebars were embedded in the concrete
cylinder to assess the corrosion resistance and bonding
nature. The cylindrical concrete specimen of diameter 15 cm
and height of 30 cm was cast in the grade of M30 by con-
firming the standards of IS 10262, as shown in Table 2.
Ordinary Portland cement of grade 53 was used as a binder,
manufactured sand confirming to zone II was employed as
fine aggregate, and angular stones were used as coarse ag-
gregate. The water-cement ratio was maintained at 0.45.
While casting the specimen, the rebar was kept at the
centre of the specimen. After casting, the specimen was
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TaBLE 1: Chemical composition of nano PCB.
. Element composition (weight %)
Specimen . . . ..
Copper Chromium Vanadium Cobalt Nickel Aluminium
Nano PCB powder 34.94 28.79 14.28 18.88 8.29 0.04

(a)

(b)

F1GURE 2: Coating of rebars with nano PCB particles: (a) nano PCB, (b) mixing of nano PCB with toluene, and (c) coating on the steel rebar.

TABLE 2: Mix composition.

Fine aggregate Coarse aggregate

S.no Description Cement (k Water
P (k) (kg) (kg)

1 Ratio 1 1.66 2.63 0.45

Per m® 385 639.1 1012.55 173.25

subjected to water curing for 28 days. The specimen was
taken out from the curing tank and allowed to dry for
24 hours before testing.

2.3. Testing

2.3.1. Electrochemical Analysis. To assess the corrosion re-
sistance potential of the uncoated, zinc-coated, and nano
PCB-coated steel rebar, electrochemical impedance spec-
troscopy (EIS) and polarization techniques were employed.
The uncoated and coated rebar electrodes were placed in
a 3.5% sodium chloride solution. In addition to this, steel
rebar coated with commercially available anticorrosive paint
was also taken for EIS analysis in order to compare the
corrosion-resistant behaviour of the developed nano PCB
coating with the existing practice. Small sinusoidal ampli-
tude and the voltage of 5-50mV were applied to the
specimen over the frequency range of 0.001 to 10° Hz. The
specimen was immersed in the sodium chloride electrolyte
solution, as shown in Figure 3. While applying the current
on the specimen, an electromotive force is induced on the
specimen and produced a corrosive environment. From the
results, the phase angle difference between the input voltage
and the output current was noted and plotted using the
TAPEL graph.

2.3.2. Impressed Current Technique. Generally, corrosion is
a long process and it takes more time. In order to increase
the rate of corrosion, the impressed current technique was
used. Here the corrosion was induced by applying an
electrochemical potential between the reinforced bar

(anode) and stainless steel plate (cathode), and 3.5% and
10% sodium chloride solutions were used as electrolytes in
order to study the variation based on the speed of the
corrosion process, as shown in Figure 4. This technique
was used to increase the rate of corrosion for both coated
and uncoated rebar. Also, the same procedure was used to
assess the corrosion-resistant behaviour of the nano PCB-
coated rebar surrounded by the concrete medium. The test
was carried out for three different voltages of 2V, 4V, and
6 V. The amount of corrosion that takes place was mea-
sured by weight loss and change in diameter by visual
observations.

2.3.3. Tension Test. The mechanical strength of the steel
rebar in the cylindrical concrete specimens before and after
different levels of corrosion was studied by conducting
a tension test by confirming the standards of ASTMAG615.
The noncoated, zinc, and nano PCB-coated steel rebars
subjected to accelerated corrosion under 2V, 4V, and 6 V
electrode potential for 48 hours were placed in the Universal
Testing Machine (UTM). A uniaxial tension was applied
constantly in the steel rebars until the specimen broke. The
corresponding stress corresponding to different strain levels
was directly read by the data analogue system connected
with the specimen. The point at which a sudden drop occurs
at the stress-strain plot (i.e.) the change in elasticity is known
as yield stress, and the point at which the specimen un-
dergoes maximum stress is known as ultimate stress. By
comparing the results, the change in the tensile strength of
the specimen before and after corrosion was studied for
noncoated, zinc-coated, and nano PCB-coated rebars.
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FIGURE 3: Electrochemical impedance spectroscopy.
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FIGURE 4: Accelerated corrosion test. (a) Schematic representation of electrical layout and (b) test arrangements.
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FIGURE 5: Testing of specimens: (a) tensile strength test of rebar, (b) specimen preparation for pull-out strength test, and (c) pull-out

strength test.

2.3.4. Pull-Out Test. To ensure the bond behaviour between
concrete and nano PCB-coated rebar, the pull-out test was
carried out by confirming the standards of IS 2770-Part 1
(2017). The cylindrical specimen of height 300 mm and
a diameter of 150 mm were cast. After 28 days of water
curing, the cylindrical concrete specimen with uncoated,
zinc-coated, and nano PCB-coated steel rebars was taken out
and allowed to dry for 24 hours at room temperature. Then
the specimen was prepared for the pull-out test in such a way
that the steel bar was projected on both sides of the cylinder
at equal lengths of 100 mm each, as indicated in Figure 5.
From the test, the load at which the steel bar was delami-
nated from the concrete specimen was noted as a bonding
failure load.

2.3.5. Adhesion Test. The adhesion of the nano PCB-coating
on the steel rebar was assessed by conducting adhesion test
commonly known as a pull-off test as per the standards of
ASTM D 4541. The steel probe was bonded to the surface by
laser glue. After 24 hours, the probe is attached to the device
and the force required to remove the probe is taken as
adhesive force.

3. Results and Discussion
3.1. Electrochemical Test Results

3.1.1. Electrochemical Impedance Spectroscopy (EIS). To
analyze the electrode charge transfer resistance of the coated
and uncoated rebars, EIS was employed. Due to the process
of induced corrosion on the rebar, the out-of-phase of the
output current was noticed from the input voltage [13],
which is known as impedance. The phase angle graph plotted
between the input voltage and the output current is known
as the Tafel plot, as shown in Figure 6. The dip in the
electromotive force of the Tafel plot indicated the action of
the corrosion process. In the case of uncoated rebars, the dip
of the plot is observed at the input voltage of —3.75V and

yielded the output current of —0.65log (I/A). Whereas, in the
case of zinc-coated and nano PCB-coated rebars, the oc-
currence of a Tafel plot dip was shifted to the input voltage of
—4.5V and -6V, respectively. This implicated that the
protective character of the passive film offered by the zinc
and nano PCB-coating induced the drastic shift in the
corrosion dip. Also, the increase in the phase angle of the
nano PCB-coated rebars indicated the improvement in the
corrosion resistance. The shift in the occurrence of the
corrosion dip in the Tafel plot indicates the delay in the
corrosion process of the zinc-coated and nano PCB-coated
rebars.

3.1.2. Potentiodynamic Polarization. The results of the dy-
namic polarization technique are shown in Table 3. It was
observed that the corrosion coefficient CORR I (A) and rate
of corrosion (g/h) were extremely high in the case of the
rebar without coating. It represented that the surface of the
rebar is highly susceptible to deterioration by corrosive
fluids. This could be well explained from the variation of
corrosion current density results. The corrosion current
density initially fluctuated and increased rapidly at the be-
ginning of the polarization test. This is due to the fact that the
absences of passive film around the uncoated rebar [19]. The
ionic dissolution process from the rebar on the brine so-
lution got saturated and resulted in the stabilization of
corrosion current density.

These corrosive fluids are involved in the conversion
process of the ferrous compound into ferric oxides com-
monly known as rust during the time at which the steel rebar
is in contact with brine solution. The pre-existing surface
hole available for the electrolyte percolation attributed to the
permeation of these corrosive fluids and fastened up the
oxidation process. In the case of rebar coated with zinc and
nano PCB powder, these corrosive pores were filled and the
rebar surface was fully covered with heterogeneous zinc and
copper atoms present in the nano PCB. This acted as
a protective medium to resist the percolation of sodium
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FiGure 6: TAFEL plot of the specimens (bare — uncoated specimen; sample 5 — with commercial anticorrosive paint; sample 6 — zinc

coated specimen; sample 7 — nano PCB-coated specimens).

TaBLE 3: Comparison of potentiodynamic polarization test.

S.no Description Uncoated rebar Zinc coated Nano PCB coated
1 CAT slope (I/V) 3.600 5.676 5.927

2 ANO slope (I/V) 9.315 4.656 4,565

3 CAT int (logi) -3.325 -3.671 -3.693

4 ANO int (logi) -2.870 —3.545 -3.613

5 Lin Pol R (ohm) 37 159 153

6 CORR1 (A) 9.136e — 0.004 2.398¢ —0.002 2.586e —0.002

7 Rate (mm/year) 4.169¢ + 0.002 1.342¢ + 0.002 1.319¢ + 0.002

8 Rate (Angs/min) 2.014¢ + 0.002 5.780e + 0.01 5.931e+0.01

9 Rate (gram/h) 9.518¢ —0.004 3.012e - 0.002 2.96e —0.002

chloride corrosive fluid and the oxidation of the rebar
surface. Also, the finer nanograins and smoother surface of
the nano PCB powder exhibited lowest corrosion density.
Due to this effect, the rebar coated with zinc and nano PCB
powder resulted in a 3 and 3.5 times reduced rate of cor-
rosion when compared to the uncoated rebars. Also, it is
inferred that the derived nano PCB coating exhibited an
almost similar protective corrosion resistant mechanism as
that of the existing zinc coating and confirms the application
of a protective anticorrosive coating.

3.2. Physiochemical Results

3.21. Degree of Corrosion. From the results of the
accelerated corrosion test, it was observed that the degree of
corrosion increased with the increase in immersion time and
the maintained potential difference. This indicates the

deterioration rate of the specimen in terms of weight and is
calculated by using the following equation:

(Wo - W1)

A 1
Wo % 100 M

Degree of corrosion =

Wo is the initial weight of the specimen before cor-
rosion. W1 is the deteriorated weight of the specimen
after corrosion. The increase in the degree of corrosion
for the noncoated, zinc coated, and nano PCB-coated
specimens were compared with respect to time, as shown
in Figure 7.

The maximum degree of corrosion observed in the
noncoated steel rebars was 20%, 55%, and 82% at the end of
48 hours while inducing the potential difference of 2V, 4V,
and 6 V, respectively, when the concentration of electrolyte
solution is 10% of sodium chloride solution. When the
uncoated specimen was immersed in a 3.5% sodium chloride
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FiGgure 7: Comparison of degree of corrosion. (a) 2V (3.5% NaCl), (b) 4V (3.5% NaCl), (c) 6 V (3.5% NaCl), (d) 2V (10% NaCl), (e) 4V (10%

NaCl), and (f) 6 V (10% NaCl).

solution, the degree of corrosion got varied by 7%, 20%, and
27%, respectively, under 2V, 4V, and 6 V potential differ-
ences. The rate of corrosion varied significantly with respect
to the concentration of electrolyte solution. The increase in
the degree of corrosion resulted in the extension of the depth
and number of corrosion pits on the steel surface. The
extended pits joined each other and occurred as general
corrosion. When compared to the coated specimens, the
noncoated steel specimens exhibit a rapid increase in the
degree of corrosion. When the steel surface was in contact
with sodium chloride, the oxidation reaction was taken place

and the electrons were generated. To maintain the equi-
librium, the electrons were consumed by the cathode unit of
metal sheets which formed the hydrogen molecules [20, 21].
These hydrogen molecules are surrounded near the surface
of the steel bars and hold back the generation of electrons
from the anode unit in which the state of the cathode is
known as the polarized state. The presence of oxygen
consumed the free electrons and broke the hydrogen layer
through which the depolarization reaction was taken place.
This led to the induction principal corrosion reaction, as
shown in the following equation
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Fe + H,0 + 0.50, — Fe(OH),. (2)

The resultant product ferrous hydroxide formed as
whitish deposits around the specimen. The continuous
oxidation of ferrous hydroxide formed the final product
ferric hydroxide commonly known as reddish brown rust.
The deposition of these rust layers indicates the rate of
corrosion. As the oxidation process increased with respect to
time, the corresponding formation of rust also increased
further. This resulted in a more rate of deterioration in the
weight of the steel bars which induced the degree of cor-
rosion. Similarly, the higher the electric potential difference
maintained between the electrodes, the greater the oxidation
reaction which resulted in the rapid increment in the degree
of corrosion as indicated in Figure 8. This resulted in the
rapid increment in the degree of corrosion in the4 Vand 6 V

conditions by 1.75-2.75 times and 3.08-4.83 times higher
than the 2V conditioned accelerated corrosion.

While coating the steel rebars using zinc powder, the
maximum degree of corrosion under 10% sodium chloride
conditions, at the end of 48 hours was observed to be 9%,
30%, and 47%, respectively, while inducing2V,4V,and 6 V
electrode potential difference. The application of zinc
coating on the steel rebars, significantly reduced the degree
of corrosion by 45-52% in the noncoated specimens. This is
due to the inherent ability of zinc to form corrosion by-
products. When a zinc coating is presented on the outside of
the steel rebar, the reactive zinc produced the zinc patina
corrosive by-products [22]. This served as an efficient barrier
that kept the moisture content away from the steel rebar.
Also, the sacrificial anodic characteristics of the zinc coating
improved the electrical contact with the steel rebar substrate
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F1GURE 9: Corroded rebars after 6 V accelerated current. (a) Uncoated rebar (7.06 cm), (b) zinc-coated rebar (9.5 cm), (¢) nano PCB-coated
rebar (9.56 cm), (d) uncoated rebar (1.6 cm), (e) zinc-coated rebar (8.64 cm), and (f) nano PCB-coated rebar (8.75 cm).

and enhanced the protection against corrosion. When
comparing the degree of corrosion of all the specimens, it
was observed that the nano PCB-coated specimen exhibits
almost similar results to Zinc-coated specimens. Due to the
increase in the electrode potential from 2 to 6 V for 48 hours,
the degree of corrosion in the nano PCB-coated specimens
varied from 2 to 15% and 8 to 47% accordingly for 3.5% and
10% sodium chloride exposure. The degree of corrosion of
the nano PCB-coated specimens was 60-45% lower than the
results of noncoated specimens. The presence of chromium,
vanadium, and copper ions in the nano PCB powder offered
stronger covalent bonds capable enough to reduce the ox-
idation reaction [23]. The growth of passive resistant film
around the zinc coated and nano PCB-coated rebars blocked
the migration of electrolyte solution. Also, the composition
of copper and chromium tends to form a self-healing oxide
layer around the substrate which is attributed to the excellent
resistance against the degree of corrosion.

3.2.2. Dimensional Change. The effect of corrosion induced
the geometric irregularity in the section and resulted in the
variation in the ribbed shape of the steel rebars. Due to the
corrosion penetration, the depth of pitting varied around its
circumference along the entire length of immersion. Also,
the shape of the cross-section varied irregularly and resulted
in a reduction in diameter, as shown in Figures 8 and 9. It
was observed that the noncoated specimen experienced the
highest reduction in the diameter in all the levels of
accelerated corrosion. While applying the 2V, 4V, and 6 V
electrode potential for 48 hours, the noncoated rebar of
10 cm initial diameter was reduced to 9.16 cm, 8.39 cm, and
7.06 cm under 3.5% sodium chloride and 7.6, 5.4, and 1.6 cm,
respectively, at 10% sodium chloride conditions.

In the noncoated specimens, the intrusion of chloride
ions exhibited superior reactivity to the hydroxide anions

and reacted with the ferrous cations. The Fe®" cations
consumed the lone pair of electrons present in the CI™ anions
and resulted in the ferrous dissolution process [24]. The
soluble ferrous chloride complexes diffused away from the
substrate and the chloride ions migrate again in the steel
rebar which induced the expansive corrosion mechanism. In
each stage of corrosion, the hydroxyl ions were continuously
consumed due to which the alkalinity of the specimens was
largely reduced. The residual chloride ions continued to
undergo a reaction with ferrous cations and the process
becomes an autocatalytic mechanism [25, 26]. To com-
promise this auto-catalytic phenomenon of chloride-ferrous
complexes, the dissolution of substrates was taken place and
resulted in the corresponding rate of dimensional change in
terms of diameter. This led to the highest rate of reduction in
the diameter of the steel rebar. At the end of 48 hours, under
6V potential and 10% sodium chloride conditions, the di-
ameter of the steel rebar got highly deteriorated and only
16% of the initial diameter was present in the noncoated steel
bar. The coated specimens exhibited the very little amount of
geometric deterioration in all the accelerated states of
corrosion. The zinc and nano PCB coating prevent oxidation
by creating an electropositive protective layer [27] around
the steel rebar and significantly inhibited the rate of cor-
rosion and the corresponding reduction in the rebar di-
ameter as compared in Figures 9 and 10. Due to this effect,
the steel rebar of 10 cm initial diameter with zinc and nano
PCB-coating was reduced to 9.75cm and 9.8cm at 2V,
9.4cm and 9.56cm at 4V, and 8.64cm and 8.75cm at 6V,
respectively as given in Figure 8. The reduction in the di-
ameter due to the geometric irregularity and deterioration of
various potential differences of accelerated corrosion was
observed to be in the ranges of 24-84%, 2.5-13.6%, and
2-12.5%, respectively, for the noncoated, zinc-coated, and
nano PCB-coated specimens. It was inferred that the effi-
cient sealing of coating was attributed to the excellent
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FiGgure 10: Comparison of stress-strain behaviour for (a, d) noncoated; (b, e) zinc coated; (c, f) nano PCB-coated rebars (“c” indicates
the change in the ultimate strength). (a) Uncoated rebar (3.5% NaCl), (b) zinc coating (3.5% NaCl), (c) nano PCB-coating (3.5% NaCl),
(d) uncoated rebar (10% NaCl), (e) zinc coating (10% NaCl), and (f) nano PCB (10% NaCl).

protection against corrosion and the corresponding re-  commercially used zinc coating and making the possibility
duction in the diameter. Also, it was observed that the nano  of using the nano PCB-coating an efficient and cost-effective
PCB-coating exhibited similar results as that of the  alternative to the zinc coating.
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3.3. Mechanical Strength. From the results of the tension
test, the stress-strain behaviour of the specimens before and
after corrosion was compared as given in Figure 10. It was
observed that the yield stress reduced significantly with the
increase in the electrode potential and the increase in the
sodium chloride concentration for all the specimens. From
Table 4, it was observed that there were no significant
changes in the values of modulus of elasticity and strain
values for the specimens under various levels of corrosion.

It was observed that the length of the yield plateau was
considerably reduced with the increase in the electrode
potential irrespective of the method of coating as indicated
in Figure 3. The increase in the degree of corrosion attributes
to the considerable reduction in the margin of elasticity and
the corresponding decrease in the length of yield plateau
[22]. The increase in the degree of corrosion attributes to the
increment in the intensity of yield stress.

While varying the induced corrosion level from 2 to 6 V, it
was observed that the noncoated specimens exhibited an
extreme reduction in the yield stress by 13-61% to the
noncorroded steel rebars. The rapid deformation in the
resisting cross-section of the steel rebar due to corrosion
attributes to the highest rate of loss in the nominal tensile
strength [23]. Also, the corrosion changed the microstructure
of the steel surface and its lattice atom arrangement which
makes the surface brittle and flaky. As a result, the noncoated
rebar gradually loses its yield strength and elasticity, as shown
in Figure 9(a). In the zinc coated and nano PCB-coated
specimens, the reduction in the yield stress was observed
to be 6-27% and 3-26%, respectively. The zinc coating offered
a sacrificial anodic effect to the steel rebar substrate to prevent
the oxidation process and the corresponding reduction in the
cross-section. Also, the compositions of protective metals
copper, vanadium, and chromium in the nano PCB powder
exhibited higher electrochemical potential than the steel
substrate to resist corrosion. These attributes to the least
changes in the yield strength of steel rebar at every level of
corrosion. The change in the ultimate strength of the corroded
steel with uncoated, zinc coated, nano PCB-coated conditions
immersed in 3.5% and 10% sodium chloride solution was
indicated by the letter “c”, as shown in Figure 9 and the length
of parenthesis represented the shift of ultimate tensile strength
from the virgin state to the most corroded state. It was
inferred that the shift of the ultimate tensile strength point of
the uncoated specimen under various electrode potentials was
too large due to the higher amount of deterioration. This will
lead to failure in the load-transferring mechanism and pre-
mature failure of the steel rebar subjected to the corrosive
environment. But the shift in the ultimate point of the zinc
and nano PCB-coated rebars was comparatively lower than
the uncoated specimen due to the sacrificial protective coating
against the induced oxidation process. This led to a significant
reduction in the deterioration rate and 74% improved ulti-
mate tensile strength of the nano PCB-coated steel rebars.

3.4. Pull-Out Strength and Adhesive Strength. From the pull-
out test results, it was noticed that the specimen with
noncoated rebars showed the bond strength of 7.42-7.47 N/
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mm?, while the zinc and nano PCB-coated steel bars were
pulled out from the concrete specimen with the bond
strength value of 6.57-6.68 N/mm?®. It was inferred that the
noncoated steel bars exhibited higher resistance to external
pull than the coated rebars due to the strong interfacial
bond. Also, from the adhesion test results it was observed
that the force required to remove the uncoated, zinc coated
and nano PCB-coated rebar from the concrete cylinder
were 4, 3.8, and 3.7 MPa, respectively. The nano PCB-
coated steel rebar exhibited similar adhesive force as that
of the zinc-coated rebar which is 7% lesser than the ad-
hesive strength of the uncoated rebar. This confirmed the
results of bond strength of each rebar with the adjacent
concrete specimen. The reason behind this phenomenon
involved the change in the hydrophilic properties of the
coated rebars. From the pilot-scale study [13], it was
confirmed that the noncoated steel surface showed a water
contact angle of 74° which indicates the hydrophilic nature.
Whereas the nano PCB and zinc-coated specimen exhibited
a contact angle of 92° and it possesses hydrophobic
properties which attribute to the reduction in the bond
strength (Figure 11) than the specimen with uncoated
rebars [24]. But the reduction in the bond strength of nano
PCB-coated specimen was only 12% of the bare specimen.
Hence, the nano PCB-coated bars can be employed as
corrosion-resistant steel rebars in the application of
structural concrete. Also, the cost of preparation of anti-
corrosive coating from nano PCB powder is comparatively
lesser than the actual cost of anticorrosive paint, as shown
in Table 5.

From comparing the results of existing anticorrosive
paint and the zinc powder coating, the synthesized nano
PCB-coating exhibited 42% and 46% lesser cost and pro-
vides a possibility of reusing the waste PCB powder
economically.

3.5. Toxicity of PCB. Generally, the PCB components are the
core elements of electronic wastes in which highly toxic and
indisputable metals such as copper, zinc, aluminium, lead,
nickel, cadmium, selenium, arsenic, barium, chromium, and
mercury are presented. The PCB materials with hazardous
elements are usually disposed as landfills which polluted the
soil and water systems and also affect the human health and
environment in various aspects. The metals of copper, zinc,
and aluminium and their leaching effect resulted in the
gastrointestinal distress, anaemia, digestive disturbances,
and kidney dysfunction. The lead metal is the most common
toxic constituent of PCBs which are present as lead to tin
solders are found to leach at higher concentrations in
landfills and acted as contaminants of the environment
causing severe effects to the biota such as renal toxicity,
hepatotoxicity, carcinogenicity, kidney dysfunction, re-
spiratory disorders, skin allergy, selenosis, and chronic
pulmonary toxicity [28]. Recycling and reusing of this toxic
PCB involved on the several environmental challenges to
which the developed method of nano PCB-coating will
through a new light in both sustainable and economical
aspects.
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TaBLE 5: Cost analysis for normal anticorrosive paint with prepared zinc and nano PCB-coating.
L. . . . . Total cost
SI. no Description Ingredients Quantity (lit/ton) Cost/lit Rs (Rs)
1 Anticorrosive paint (commercially available in 9.76 350 3416
market)
Ordinary paint 7.32 250 1830
) Zine coatin Toluene 2.44 55 134
& Zinc powder 4.88kg 350/kg 1708
Total 3672
Ordinary paint 7.32 250 1830
. Toluene 2.44 55 134
3 Nano PCB-coating Nano PCB powder 4.88kg — —
Total 1964

4. Conclusion

In this paper, a novel cost-effective anticorrosive coating was
derived with the help of waste nano PCB powder and the
corrosion-resistant behaviour of the coating was studied
with the help of impressed current techniques. The me-
chanical strength of the corroded rebars in the concrete
specimens at various levels of electrode potential difference
was studied by comparing the yield and ultimate tensile
strength. The results of the nano PCB-coated steel bars were
studied in both rebar and reinforced concrete applications.
The bonding efficiency and adhesive strength of the nano
PCB-coated steel rebars were studied by conducting a pull-
out test. From the results, the following conclusions are
drawn in the following:

(i) From the EIS results, it was inferred that the use of
nano PCB coating exhibited a 3.5 times reduction
in the rate of corrosion of steel rebars and confirms
the similar resistive characteristics of existing
costlier zinc coating.

(ii) The accelerated corrosion of 2-6 V under 3.5% and
10% sodium chloride conditions, induced 20-82%
and 7-27% degrees of corrosion in the uncoated
rebar. But, the protective nano PCB-coating pro-
vided on the steel rebar experienced only 2-15%
and 8-47% degrees of corrosion while immersing
in 3.5% and 10% sodium chloride exposure. The
cathodic protection offered by the copper and
vanadium ions in the nano PCB powder-coating
induced 42.64% improved rate of resistance against
accelerated corrosion.

(iii) Similarly, the deterioration caused by the corrosion
effect induced 87% reduced diameter in the un-
coated steel bars whereas, the nano PCB-coated steel
bars exhibited only 52.5% change in dimension after
applying 6 V impressed current for 48 hours.

(iv) It was observed from the EDAX results that the
presence of copper, chromium, and vanadium in
the nano PCB powder offered anodic protection on
the embedded steel surface and showed 1.65 times
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improved resistance against corrosion than the
uncoated specimen.

(v) From the tension test, it was inferred that due to the
creation of an electropositive layer by the nano PCB
powder, the reduction in the length of yield plateau
was 32% lesser than the non-coated specimens and
exhibited similar performances of zinc coating.

(vi) From the pull-out test results, it was noticed that
the force required to attain bonding failure be-
tween the steel and concrete was 37.71kN and
33.18 kN, respectively, for the uncoated and nano
PCB-coated specimen. Due to the hydrophobic
nature of the nano PCB powder, the bonding
strength was reduced slightly by 12% lower than
the bare steel specimen. Further investigation on
the treatment of nano PCB-coated steel bars im-
proved the bonding efficiency.

(vii) Also, the adhesive strength of the noncoated, zinc
coated and nano PCB-coated rebars varied by
4 MPa, 3.8 MPa, and 3.7 MPa, respectively. This
represented that the nano PCB-coated rebars
exhibited similar adhesive strength properties with
7% variation when compared to non coated rebars.

(viii) Based on the market price of the commercial
anticorrosive paint it is estimated that Rs.3416 is
required to provide an anticorrosive coating for
a tonne of steel. By using the developed nano PCB
powder as an anticorrosive coating for 1 tonne of
steel, the total cost of the coating was reduced to
Rs. 1964 which is 42% lesser than the commercial
corrosion-resistant paint.

From the results of this work, it is concluded that the
developed nano PCB-coating offered 1.65 times improved
corrosion resistance to the steel reinforcement and reduced
the coating cost by 42% than the commercial anticorrosive
paints, and will lead to the development of structures by
ensuring safety, serviceability, economy, and sustainability.
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The current work investigates the erosion-corrosion behaviour of thermally sprayed tungsten carbide-10% nickel (WC-10% Ni)
coatings placed on the AA6061 aluminum alloy. The AA6061 aluminum alloy was coated with tungsten carbide —10% nickel
coatings utilising a high-velocityoxy-fuel (HVOF) spray method. The microstructure and hardness of thermally sprayed coatings
were examined using a scanning electron microscope (SEM) and a Vickers hardness tester. The slurry erosion-corrosion wear tests
were carried out by varying the parameters of the slurry erosion process, such as testing time, slurry content, slurry speed, and
impinging particle size, on the erosion testing equipment. The data demonstrated that when slurry concentration, slurry speed,
and impinging particle size increased, so did the slurry erosion-corrosion wear loss. The wear processes of uncoated and thermally

sprayed tungsten carbide —-10% nickel have been examined using SEM and a 3-D confocal microscope.

1. Introduction

Longer service life, particularly in harsh environments, and
lower density design considerations are critical factors in
today’s engineering industry. Many advanced high-
performance machines are subjected to increasingly hos-
tile conditions such as high temperatures and severe cor-
rosive, frictional, tribological, and erosive attacks during
normal operation. As a consequence of this, essential
components are unable to survive the rigours of tough
working circumstances, which in turn causes the economy of
the industry to suffer. As a consequence of this, complex
engineering components call for materials with a specific

mix of qualities that regular metals, alloys, polymers, and
ceramics are unable to deliver for themselves. Materials that
are used in the automotive, aerospace, marine, energy, and
chemical industries, among others, ought to be able to satisfy
such prerequisites. The fundamental objective is to improve
the surface-related properties of matter so that high-quality
components may be produced that account for all surface
phenomena while maintaining a competitive position in the
market. Commercial surface coating processes include
electrodeposition, weld-overlay, cladding, chemical vapour
depositions, physical vapour depositions, thermal spray
coating, and electroplating. Surface modification techniques
include flame beam hardening (FBM), induction beam
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hardening (IBM), laser beam hardening (LBM), electron
beam hardening (EBM), highly energetic, and diffusion
treatments. Combining surface coating treatments and
surface modification techniques can improve surface qual-
ities, resulting in unique needs and functionality. Between
these, the thermal spray approach appears to be a prominent,
effective, and cost-effective surface modification technology.
It performs admirably in terms of antioxidation/corrosion,
antithermal degradation, and antiwear properties [1-6].

The technology of thermal spraying enables a variety of
coating processes. This procedure involves pushing soft
particles or partial and fine molten towards the surface of the
component. Once there, they are exposed to a rapid influ-
ence that causes them to flatten and solidify. The high-
velocityoxy-fuel (HVOF) technique is recommended as one
of the best thermal spraying techniques for coatings de-
position due to its unique characteristics, such as low
temperature and high-velocity particle deposition. In ad-
dition, the high-velocityoxy-fuel (HVOF) technique is one of
the most recently developed thermal spraying methods.
During the spraying process, this technology degrades the
feedstock less than other spray coating processes. This
particular deposition technique can produce coatings of
superior quality due to the aforementioned positive char-
acteristics, such as oxide concentration, densities, less po-
rosity, wear resistance, and higher hardness. The choice of
coating materials or feedstocks for high-velocityoxy-fuel
spray coatings is crucial and requires extensive evaluation
of the substrate and applications. High-velocity oxy fuel-
sprayed materials such as chromium, silicon carbide, carbon
monoxide, titanium dioxide, tungsten carbide, and alumi-
num oxide are used to improve wear and corrosion be-
haviour in industries such as printing and mining
machinery, aircraft, automobile, shipping, and textiles. In
contrast, wrought iron carbide is widely acknowledged as
a hard ceramic material with superior mechanical, physical,
and chemical properties that outperform all other ceramic
materials [7-11].

Because of their higher melting temperatures, hardness,
and chemical resistance, tungsten-based compounds have
been found to be more significant in applications such as
wear-resistant and corrosion-resistant [12-14]. Hermanek
[15] used a high-velocityoxy-fuel spray method to coat
turbine steels with chromium oxide coatings, and their
performance was evaluated in slurry erosive environments.
The effects of three factors on these materials’ slurry erosion
were investigated: slurry content, average particle di-
mension, and speed. When compared to uncoated steels,
chromium oxide coating components sprayed with high-
velocityoxy-fuel resulted in improved erosion-corrosion
resistance. According to the author, high-velocityoxy-fuel
spray chromium oxide coatings improve slurry erosion-
corrosion resistance because they increase hardness.

Vuoristo [16] compared six thermal spray coatings to
untreated martensite corrosion-resistant steel in terms of
cavitation and slurry erosion-corrosion behaviour. The oxy-
fuel technique was used to coat the Ni, W, and Cr, and the
high-velocityoxy-fuel technology was used to create the WC
surface coatings. The coatings’ cavitation erosion-corrosion
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behaviour resistance was evaluated using vibratory in-
strumentation, and slurry corrosion studies were carried out
in a modified centrifugal pump in accordance with ASTM
G32 standards. Talib et al. [17] compared martensite
corrosion-resistant under unprotected conditions to 70%Ni-
30%Cr coatings deposited by the high-velocityoxy-fuel spray
process in terms of cavitation erosion-corrosion and slurry
erosion behaviour to 70%Ni-30%Cr coatings deposited by
the high-velocityoxy-fuel spray process. The resistance of
thermal sprayed surfaces to the synergistic influence of
slurry and cavitation erosion-corrosion was investigated
using a slurry pot tester with prismatic bluff bodies as
cavitation inducers.

A high-velocityoxy-fuel spray coating has improved the
erosion-corrosion resistance of S410 slurry. When un-
protected samples are compared to high-velocityoxy-
fuelspray-coated samples, it is discovered that the un-
protected samples have weak erosion-corrosion resistance,
implying that when placed through the erosion tester under
the same test conditions, the high-velocityoxy-fuelspray-
coated samples have greater erosion-corrosion resistance.

Aluminum alloys are among the most important, effi-
cient, and well-known industrial materials. This alloy in
particular has excellent electrical and thermal conductivity,
a higher specific strength, is less expensive than many other
alloys, and is relatively easy to shape. Aluminum alloys of the
6xxx series, alloyed with Si and Mg, are now much more
desirable in technical applications such as naval fields, au-
tomotive, and aerospace applications due to their improved
fatigue life, improved manufacturability, and higher strength
to weight ratio. However, when compared to other structural
parts, 6xxx series aluminum has poor surface properties,
such as lower wear resistance and hardness [18, 19]. As
a result of the importance of surface properties, many
technical applications are limited. Keshavamurthy et al. [20]
investigated the wear properties of CrO2-TiO2 composite
coatings produced on AA6061 using the high-velocityoxy-
fuel process. Tribological, microstructural, and hardness
tests were all performed on the synthetic coatings. They
discovered that when compared to AA6061, the composite
coatings have a hardness that is more than 50%. When
compared to unprotected aluminum alloy, coated aluminum
alloy has a wear rate that is 50%lower and a coefficient of
friction that is 13% lower than the unprotected aluminum
alloy. Both the substrate and the coatings will experience an
increase in their rate of wear and their coefficient of friction
in proportion to the load and sliding velocity. There are very
few investigations on high-velocityoxy-fuel sprayed
tungsten-based coatings with 10% nickel applied to AA6061
alloys, as indicated by the research that was evaluated in the
relevant literature. In addition, there are no data available on
the slurry erosion-corrosion behaviour of high-velocityoxy-
fuel sprayed tungsten-based coatings with 10% nickel ap-
plied to AA6061 alloy under a variety of slurry test condi-
tions. There are a number of elements that should be taken
into consideration, including the particle impeding size,
rotational speed, sand content, and test durations. As
a consequence of this, the purpose of this research is
to investigate the slurry erosion-corrosion behaviour of



Advances in Materials Science and Engineering

high-velocity oxy-fuel-sprayed chromium oxide coatings on
aluminum 6061 alloy substrates by utilising a slurry erosion-
corrosion test setup and to investigate the erosive wear
mechanisms that are involved by utilising a scanning
electron microscope and a confocal microscope.

2. Materials and Methods

AA6061 aluminum alloy was preferred as a substrate
component because these are widely employed in auto-
mobiles, aircraft, and shipbuilding industries. AA061 alu-
minum alloy show high strength to weight ratio and high
corrosion and wear rate. Table 1 shows the elemental
composition of AA6061 aluminum alloy. Commercially
used coating powder of tungsten carbide with 10% nickel
(WC-10% Ni) was used as a feedstock agent. The mor-
phology of WC-10% Ni feedstock powder was captured by
the scanning electron microscope as shown in Figure 1 along
with EDS maps. The powdered tungsten carbide with 10%
nickel was identified to show a round and elliptical shape.

By utilising a sophisticated high-velocityoxy-flame
thermally coated setup, coating studies were carried out
at M/s Spraymet Technology Pvt. Ltd., Bangalore, Karna-
taka, India. 25 ym of Ni-Mo-Cr adhesion coating was placed
prior to WC-10% Ni deposition, and two kinds of samples
with 100 m and 200 m coating thickness were generated on
the AA6060 aluminum substrate. Prior to the cleaning and
surface creation, the adhesion coating was applied to the
AA6061 aluminum substrate. Using a single-torchhigh-
velocityoxy-flame gun and typical deposition circum-
stances, a Ni-Mo-Cr adhesion coating of 25um with
nominal particle size distribution was high-velocity oxy-
flame-deposited on the substrate. Table 2 shows the high-
velocityoxy-flame processing conditions that were used to
deposit the topcoat. Prior to high-velocityoxy-flame coat-
ings, the AA6061 aluminum substrate was sandblasted with
alumina (Al,O3) to increase the surface roughness and clean
the surface to ensure good adherence to WC-10% Ni
coating.

The microstructural investigations, hardness analysis,
and slurry erosion-corrosion studies have all been per-
formed on the WC-10% Ni coating that has been produced.
Optical microscope (OM) and scanning electron microscope
were employed to capture the cross sections and upper
surface of the coatings.

Before capturing under a microscope, the coated samples
were sliced with a wire-cut electrical discharge machine to
the required dimensions, polished well with various grits of
emery papers followed by disc polishing using velvet cloth,
and the samples were then etched in the suitable etchant for
sufficient time to reveal the microstructural features. The
Vickers hardness test was performed according to ASTM
E-92 criteria. Hardness was measured on a cross section with
a load of 0.1kg and a dwell time of 15seconds. Hardness
values were collected on each sample, and the average value
of all six indentations was taken into account. The erosion-
corrosion behaviour of the high-velocity oxy-flame-sprayed
WC-10% Ni coatings was assessed using a pot-kind slurry
erosion tribometer. Prior to the slurry erosion-corrosion

investigations, samples were measured with a 0.01 mg ac-
curacy electronic balance, specimens were washed in an
ultrasonic bath with acetone as ultrasonic media and dried
with warm removing the moisture content, and a similar
procedure was followed well after the erosion-corrosion
investigation to eliminate unnecessary debris on the sam-
ple surface. Figure 2 shows the dimensions of the slurry
erosion test specimen. Silica sand has been used as an
erodent in all experiments. The slurry mixture was made
with a certain proportion of silica sand and water. Erosion-
corrosion tests were carried out on both uncoated and WC-
10% Ni-coated AA6061 alloys under varied test circum-
stances [11-13]. During the erosion-corrosion examination,
the slurry content varied from 50g/1-200g/l, the testing
duration was adjusted from 5hours-20 hours, and erodent
particle sizes of 210 m, 312 m, 400 m, and 625 m were utilised.
At 500 rpm increments, a peak slurry speed of 1500 rpm was
used. After the slurry erosion-corrosion examination, samples
were analyzed under SEM and a confocal microscope to
determine possible material removal mechanisms and the
level of destruction in both uncoating and coating specimens.
Figure 3 shows the slurry erosion wear tester.

3. Results and Discussion

3.1. Microstructure. The optical microstructures of high-
velocity oxy-fuel-sprayed WC-10% Ni coatings deposited
on an AA6061 aluminum substrate are depicted in
Figures 4(a) and 4(b). The microstructures reveal that the
coatings are composed of a relatively homogeneous, lamellar
deposit. In the presence of WC-Ni bind coating, coatings
exhibit seamless binding with the AA6061 alloy substrate, as
evidenced by SEM of cross sections. In addition, two top and
cross-sectional images reveal a thick coating deposition with
few flaws. It is also evident that the lamella-like structure
contains minimal discontinuities, such as small pores.
Figures 4(c) and 4(d) depict the SEM microstructures of
cross-sectional and surface-developed coatings. SEM mi-
crostructures at high resolution reveal the existence of
lamella-like structures throughout the thickness. In certain
areas, micro holes were discovered both within and between
the splats. The impact of completely or partially molten WC-
10% Ni particles in applied coatings can cause small pores
and fractures; WC-10% can undergo severe deformation. Ni
particles causes splat fracturing. The entrapment of non-
melted particles is most likely caused by rapid solidification.
The porosity concentration of manufactured coatings is
heavily influenced by tungsten carbide-10% nickel powder.

The porous dispersion is influenced by the shape, di-
mension, dispersion, and thermal properties of WC 10% Ni.
Furthermore, spray factors such as particle speed, spray
angle or spray distance, temperatures, and holding time play
an important effect in porous morphology and volumes.
Scanning electron microscope analysis of cross-sectional
areas of formed coatings reveals the most frequent mor-
phological characteristics of high-velocityoxy-fuel coatings.
Rarely observable microscopic pores were scattered all
through morphology based on meticulous examinations of
cross-sectional pictures demonstrating the existence of both
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TaBLE 1: Composition of aluminum alloy.
Composition (wt. %)
Element . )
Mg Si Fe Cu Mn Pb Zn Ti Others Al
AA6061 alloy 0.75 0.9 0.8 0.38 0.29 0.03 0.009 0.02 — Balance
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FIGURE 1: SEM and EDS of WC+10% Ni feed stock powder.

TaBLE 2: HVOF process conditions.

SINO Parameter Value

1 Liquid petroleum gas 2x107°m’/s
2 Oxygen flow rate 45x107°m%/s
3 Air flow 5x10° m’/s
4 Nitrogen carrier gas 2.8x107°m>/s
5 Feed stock rate 0.6 x 10> kg/s
6 Standoff distance 1.8 metres

7 Feed stock size 30-45 microns

nonmelted and semimelted WC-10% Ni powdered parti-
cles and lamella kind of structures. As demonstrated in the
preceding section, they can be found at the intersection of
lamella splats inside the coating matrix, as well as in some
nonmelted or semimelted WC-10% Ni particles.

Altogether, the developed coatings stuck well under op-
timal conditions, with thick and uniform deposition in
both cases [20, 21].

3.2. Hardness. At an indent load of 0.1 kg and a dwelling
time of 15seconds, the hardness changes in AA6061 sub-
strate and WC-10% Ni coatings are illustrated in Figure 5.
When compared to an untreated AA6061 substrate, WC-
10% Ni coatings showed a 10-fold increase in microhard-
ness. Unprotected AA6061 substrate had a mean micro-
hardness of 75 VHN, whereas 100um WC-10% Ni coatings
had a mean microhardness of 610 VHN, this simply proves
that the microhardness of coatings rises as the thickness of
the coating increases. As tungsten carbide is a harder ce-
ramic, it generally requires a high microhardness value. This
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FIGURE 2: Dimensions of slurry erosion test specimens.

large increase in microhardness can be attributed to the fact
that tungsten carbide is a harder ceramic with excellent
microhardness even at higher temperatures, making it ideal
for wear-resistant purposes. The inclusion of stable-tungsten
carbide with a structure is known to increase the coatings’
microhardness and ductility. Less permeability, thick de-
positing, and a homogeneous morphology all contribute to
WC-10% Ni coatings’ greater microhardness. The crystalline
phase of oxide phases can be used to predict the properties of
WC 10% Ni coatings. A very well oxide phase should have
improved mechanical characteristics. The reality that the
particulates plunge deeply into the substrate surface during
the early coating attempts of deposits with a 100um
thickness may account for the increased microhardness with
an increment in coating thickness. The substrate can form
better adhesions, but they will not stretch far enough to keep
tiny pores and imperfections hidden. The very first layers of
WC-10% Ni sprayed on AA6061 alloy substrates are likely to
develop small pores and fracture.

As the coating thickness increases, the permeability
begins to diminish. This could be because when multiple
layers are formed on the same substrates, the fresh WC-10%
has a higher velocity impact. In future trials, Ni powdered
particles peen the previously deposited layers, resulting in
effective densification. Kumar et al. [22] found that as
coating thickness increases, the developed layers become
thicker and less susceptible to peening, and that thicker
coatings always have lower porosity and microhardness than
thinner coatings.

3.3. Erosion-Corrosion Properties

3.3.1. Effects of Coating. Figure 6 shows the pictorial de-
piction of impact of high-velocity oxy-fuel-sprayed WC-10%
Ni coatings on the erosion-corrosion performance of
AAG6061 alloy substrate. Figure 6 depicts that the coatings
offer excellent wear resistance by demonstrating the lower
weight loss under identical test conditions. Superior surface
hardness, corrosion resistance, and good adhesion between
substrate and coatings are the primary reasons for enhanced
erosion-corrosion performance of the coatings compared to
uncoated alloy. Tungsten carbide (WC) and nickel influence
the hardness and erosion-corrosion behaviour of coated
AA6061 aluminum alloy. It is well known that the WC is
a harder ceramic material. During the hardness test, the WC

coating applied on the AA6061 has the ability to withstand
the indent load and resulted in small size indentation on the
sample surface. Further, during the slurry erosion test, the
WC coating does not allow the abrasive particles to penetrate
into the AA6061 alloy substrate. It was also identified from
the results that the erosion-corrosion resistance of the
AA6061 aluminum alloy intensified after coating with
tungsten carbide. Moreover, the enhancement in hardness
due to tungsten carbide coating is a strong motive for high
wear resistance. This phenomenon is achieved due to the
protection of an alloy substrate with tungsten carbide
coating, which contributed to the AA6061 alloy matrix
strengthening by solid solution. Generally, tungsten carbide
ceramics are because of the presence of covalent bond and
ionic bond together and a greater amount of energy is re-
quired to fracture them as a consequence of the existence of
the ionic bond. High hardness can be attained for the
AAG6061 alloy after coating with sufficient quantity of ce-
ramic particles, which resulted in enhanced erosion-
corrosion wear resistance. Because of the abovementioned
reasons, the hardness and erosion-corrosion resistance of
AA6061 alloy is greatly enhanced after coating. In addition
to the WC, the 10% Ni coating also plays a crucial role in
deciding the hardness and erosion-corrosion behaviour of
coated AA6061 alloy. Generally, the coating of Ni on the
AAG6061 alloy provides a solid solution strengthening and
leading to enhanced hardness as compared to the coated
alloy. It also controls the possibility of galvanic coupling
between the aluminum matrix and other constituents and
retards electrochemical activity in the coated alloy and re-
sults in a less corrosion rate than the uncoated AA6061 alloy
[23-25]. Finally, the protective coating consists of tungsten
carbide with the optimized content (i.e. 10%) of nickel ac-
quired combined properties of both elements such as solid
solution strengthening, high hardness and wear resistance,
and retardation of electrochemical activity, resulting in better
properties of coated AA6061 alloy than the uncoated one.

3.3.2. Influence of Slurry Concentration. Figure 7 is
a graphical representation of the effect of slurry content on
the erosion-corrosion performance of an AA6061 alloy
substrate and high-velocity oxy-fuel-sprayed WC-10% Ni
coatings. Weight loss increases approximately linearly with
increasing slurry concentration, as shown in Figure 7. For all
studied concentrations, untreated AA6061 alloy and WC-
10% Ni coatings exhibited an ascending trend. In addition,
when compared to unprotected AA6061 alloy, WC-10% Ni
coatings have a significantly reduced weight loss across all
examined slurry content values. According to Kumar et al.
[22], coatings lose 2 to 3 times less weight than uncoated
AA6061 aluminum alloy for all slurry contents. Since weight
loss increases gradually, there is a marginal decrease at
extremely high slurry concentrations. The marginal decrease
in weight loss with increasing slurry concentrations is most
likely due to the shielding effect of ricocheted particles. After
impacting the targeted surface, the ricocheted particles will
interact with incoming new particulates, limiting the effect
on the targeted surface or decreasing particle velocity.
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FIGURE 3: Slurry erosion wear test: (a) slurry erosion wear tester, (b) slurry solution, and (c) mounted test specimen.
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FIGURE 4: Optical and SEM images of WC-10% Ni coatings.
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However, the ricocheted particles will collide with newly
arriving particles, altering their paths and causing them to
strike the target at angles other than those initially specified.
In addition, different impingements are possible based on
the velocity and angle of collision of the impacting particles.
Consequently, the reflected particles must collide once more
[26]. The graph illustrates that the losing weight curve re-
mains stable after 150 g/l and that the losing weight values
for uncoated AA6061 and WC-10% Ni coatings are greater
at high slurry concentrations than at low slurry concen-
trations. This could be explained by the fact that a greater
number of particles would be available to strike the target
surface at higher slurry concentrations than at lower con-
centrations, resulting in greater material loss.
Furthermore, because of the fluid’s high viscosity,
slurry particulates are pushed to follow the streamline and

change position close to the aimed surface, preventing the
creation of a protective barrier. During the erosion-
corrosion examination, slurry particles first begin to im-
pact the surface, then shift directions closer to the aim and
further away [27, 28]. WC-10% Ni coatings had shown
significant weight reduction in comparison to unprotected
AA6061 substrate at all slurry contents investigated. Fur-
thermore, when the coating thickness grows, the weight
loss rises.

3.3.3. Influence of Slurry Speed. Figure 8 shows the weight
reduction variation of uncoated AA6061 alloy and high-
velocity oxy-fuel-coated WC-10% Ni samples with varying
slurry rotational speeds of 500 rpm, 1000 rpm, and 1500 rpm
with constant exposure period, sand content, and particle
size. In the context of unprotected AA6061 aluminum
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substrate and WC-10% Ni-coated samples, higher weight
reduction had increased continually when the slurry rota-
tional speed increased. The testing duration, infringing
particle size, and sand content were all kept constant at
5hours, 210 metres, and 50 grammes, respectively, while the

slurry rotating speed was adjusted in increments of 500 rpm.
It was discovered that when the slurry rotational speeds
increased, the weight reduction of all specimens increased
for both circumstances. Under slurry rotational speeds of
500 rpm, 1000 rpm, and 1500 rpm, unprotected AA6061
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aluminum alloy lost a mean of 0.14g, 0.16g, and 0.18g,
respectively. High-velocityoxy-fuel coatings have been
demonstrated to be more erosion-corrosion resistant than
unprotected AA6061 aluminum alloy.

These findings suggest that the deposit of a WC-10% Ni
coating improves the AA6061 alloy’s erosion-corrosion
resistance. The weight reduction for both unprotected
AAG6061 alloy and WC-10% Ni-coated samples continues to
rise as the slurry rotational speed increases. The frequency of
slurry concentration on the surface rises as the slurry ro-
tational speed increases for a fixed content of slurry,
resulting in greater weight reduction. The high slurry ro-
tational speed enhances the kinetic energy and mass transfer
of the particulates in the slurry, resulting in faster metal
removal and more frequent particle impinge.

3.3.4. Influence of Impinging Particles’ Size. The variation in
the weight reduction of unprotected AA6061 alloy and WC-
10% Ni aluminum coatings with varying infringing particle
sizes is depicted graphically in Figure 9. In unprotected
AA6061 alloy and WC-10% Ni coatings, the figure depicts
a rise in infringing particle size, which has resulted in in-
creased material removal. The coated AA6061 alloys, on the
other hand, have been shown to lose significantly less weight
than unprotected AA6061 alloys throughout all particle
sizes. Furthermore, as the coating thickness increases, weight
reduction reduces. The number of particles obtainable with
tiny particles is more than the number of particles accessible
with bigger particles at a particular slurry content.

Smaller sand particles contained less mass and impact
energy, and they frequently deviated from the targeted
surface immediately prior to the contact. Another two ex-
planations for reduced weight reduction with tiny particles
are intercolliding amongst the slurry particulates and de-
celeration after the strike; due to decreased kinetic energy,
tiny slurry particulates do not show sufficient load to
commence material erosion on the test sample surface.
Considerable sand particles, on the other hand, have a higher
impact strength and are capable of hitting the sample surface
and removing metal off the targeted surface. Furthermore,
due to its high mass and bigger contact region, big sand
particles immediately become abrasive on the sample sur-
face. When tiny particles impact the sample surface, a larger
number of particles are present, yet when bigger particles for
the same quantity impact the sample surface, every particle
has high kinetic energy and destroys a greater area. Tiny
particles have less inertia, resulting in less weight reduction.
Tiny sand particles quickly become stuck in fluid streamline,
resulting in randomized collisions with other particles and
cylindrical walls; tiny particles contact the targets at a much
slower speed than larger particles. The previous study by
Lynn et al. [29] proved that as particle size drops, the col-
liding effectiveness of the sand grains reduces as well. Due to
their greater inertia and colliding effectiveness, larger par-
ticles endure modest retardation before impacting on the
targeted surface. Through all infringing particle sizes in-
vestigated, the weight reduction of coated AA6061 alloy with
WC-10% Ni was much less than that of the unprotected
AAG6061 alloy in the current study. When the particle size is
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FIGURe 9: Influence of particle size on slurry erosive wear.

raised from 210 m to 625 m in an unprotected AA6061 alloy,
the weight reduction increases by 62%.

3.3.5. Influence of Test Duration. Figure 10 depicts the re-
sults of an investigation into the weight reduction measured
erosion-corrosion of high-velocity oxy-fuel-sprayed WC-
10% Ni coatings and unprotected AA6061 aluminum alloy
over various time periods. As the test length increases, the
weight reduction of all specimens increases. In addition, it
was noticed that as the test period is extended to fifteen
hours, the weight loss of both uncoated and coated alloys
increases; the weight loss appears to be steady. This may be
due to the assurance that the desired surface will harden as
a result of slurry particles’ constant impending action. In
addition, as the suspended slurry interacts with the particles,
their crispness and hardness deteriorate over time. The
duration of the test varied from 5 to 20 hours in 5-hour
increments, while the slurry concentration, infringing par-
ticle size, and slurry rotational speed remained constant at
50 g/1, 210 m, and 500 rpm, respectively. It was found that as
the duration of the experiment increased, weight loss in-
creased in every specimen. It has also been realised that the
WC-10% Ni coating on the AA6061 alloy reduces weight
loss. The maximum weight loss for AA6061 alloy was 0.14 g
after 5hours, 0.20 g after 10 hours, 0.28 g after 15 hours, and
0.29 g after 20 hours of testing, respectively.

The WC-10% Ni-coated AA6061 aluminum alloy with
100 ym lost 0.05g,0.09 g, 0.115 g, and 0.126 g throughout the
course of 5 hours, 10 hours, 15 hours, and 20 hours of testing,
respectively. The present findings clearly show that the
deposit of WC-10% Ni coatings improves the hardness of
AAG6061, hence increasing its erosion-corrosion resistance.
Furthermore, if the test length is prolonged from 5 hours to
15 hours, weight reduction for coated and uncoated alloys
starts to rise. It has been discovered that increasing the time
length leads to better mass loss for up to 15hours, after
which it becomes nearly steady. The constant behaviour after
fifteen hours could be due to a variety of factors; for example,
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in the case of aluminum alloys, an oxidation reaction forms
an oxide film layer on the surface of the metal, which acts as
a protective coat by limiting weight loss over time [30, 31].
Furthermore, as the testing time increases, a continual effect
of abrasives will be felt on the targeted surfaces. Due to the
obvious continual impact, both uncoated AA6061 alloy and
WC-10% Ni coating suffered from work hardening. The metal
removal from the surface will be reduced as a result of this
process [31]. When it comes to alloys, however, the work
hardening effect is much stronger than when it comes to
coatings.

3.4. SEM Investigation of Slurry Eroded Surfaces.
Figure 11 shows slurry degraded surfaces of untreated and
WC-10% Ni AA6061 alloy microstructures. When com-
paring untreated AA6061 alloy to WC-10% Ni specimens, it
was discovered that the extent of the destruction is fairly
severe. The coating thickness has minimized the damage to
the surface, as seen in all microstructures. In general, metal
removal in the course of a slurry erosion-corrosion exper-
iment is connected with both erosion and corrosion
mechanisms. Corrosion and erosion are the principal
mechanisms of material loss in unprotected samples, as seen
in SEM images by careful examination, which could be
attributed to the aluminum alloy’s weak corrosion and
erosion wear resistance. When exposed to a slurry test, the
corrosive medium has the ability to respond with the
submerged surfaces of AA6061 alloy, forming a reactive
interlayer. The continual mechanical action of slurry par-
ticles increases material removal in the slurry by removing
the reactive layer, resulting in the exposure of fresh surface
region as the corroded area, which offers inadequate pro-
tection to mechanical wear. The metal loss in the corroded
zone is mostly due to its susceptible resilience to mechanical
wear, as seen by the presence of corrosion pits in the
micrographs [32].

In the subject of coatings, the experiment at a slurry
content revealed that the degraded surface was encompassed
by tiny cracks and raveling in multiple locations, as seen in
Figure 11. Nonetheless, the level of spalling was low in the
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context of WC-10% Ni coating, compared to that of un-
coated AA6061 alloy. Despite the fact that the surfaces tested
at greater slurry contents were contrasted, both surfaces
showed significant spalling. In a recent situation, the degree
of spalling is comparatively a lot less due to the rebounding
of infringing particles and reciprocal collision, which re-
duces the efficacy to achieve the target. As the slurry content
rises, so does the number of impinging particulates per unit
volume. Because of mutual colliding and the bouncing effect,
the velocity of impinging particulates decreases. Due to this,
the targeted areas lose their route during the strike. As an
outcome, the amount of particles attempting to reach the
targeted area is modest when compared to those at a lower
slurry content. This indicates why the weight reduction of
the coating is significantly greater at greater slurry contents
and significantly reduced at reduced slurry contents [33].

The eroded areas of unprotected AA6061 alloy and WC-
10% Ni-coated AA6061 alloy are illustrated in Figures12(a)-
12(d) for slurry rotating speeds of 1500 rpm and 500 rpm.
The eroded features of both the sample surfaces were created
for the slurry rotating speed of 500 rpm using spallation,
plastic deformations, and microcracks. The formation of
spallation and microcracks is indicated by eroded micro-
graphs as a key erosion mechanism.

The microcracks arise in coated samples as a result of
continual abrasive particle impingement, and these micro-
cracks begin to propagate in the directions of vulnerable areas,
such as the interfaces or porosity between totally melted
powdered particles and unmelted powdered particles.
Whenever these microcracks cross, splats are removed at both
the surface and subsurface levels. WC-10% Ni coatings have
functionalities that relate to plastic deformations and a lot of
microcracks. Due to the presence of WC-10% Ni, the surface
experiences massive plastic deformation as a result of re-
petitive impacting of abrasives, resulting in a minimal weight
reduction. In comparison to an unprotected AA6061 alloy,
this is the fundamental reason why coating spalling is fairly
low in the case of coatings due to abrasive’s impact.

Nonetheless, with the increase of rotational speed to
1500 rpm, the degree of microcracks development and
spalling increases significantly, especially for aluminum
alloy. Because as the size and length of microcracks lengthen,
spalling of large splats occurs [26, 33-35] and increasing
rotating speed is expected to increase the erosion rate. The
local stress rises of the susceptible interface between the
completely molten and slightly melted splats and the in-
creased rotational speeds, leading to microcracks in the WC-
10% Ni protective covering. Figures 13(a)-13(d) shows the
degraded surface of an alloy at 210 um particle size. The
microcracks and shards of partially melted particles are
visible in the WC-10% Ni coatings.

There were few craters of significant depth, indicating
that coatings provide resilience. The presence of microcracks
shows that the coatings have experienced substantial plastic
straining as a result of the intersection between completely
melted and unmelted particles, which has resulted in the
production of microcracks. The susceptible intersection
plays a crucial part as a maximum stress point because the
strains tend to expand there, leading to the formation of
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FiGure 11: SEM of slurry eroded surfaces under different slurry concentrations: (a) Al6061 alloy (50 g/litre), (b) coatings (50 g/litre),
(c) Al6061 alloy (200 gr/litre), and (d) coatings (200 gr/litre).
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FiGgure 12: Continued.
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FIGURE 12: SEM of slurry eroded surfaces under different slurry speed: (a) Al6061 alloy (500 rpm), (b) coatings (500 rpm), (c) Al6061 alloy
(1500 rpm), and (d) coatings (1500 rpm).
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FIGURE 13: SEM of slurry eroded surfaces at different particle size: (a) Al6061 alloy (210 microns), (b) coatings (210 microns), (c) Al6061
alloy (625 microns), and (d) coatings (625 microns).



Advances in Materials Science and Engineering

13

(®)

(d)

FiGure 14: Confocal microstructures of slurry eroded surfaces at different slurry concentrations: (a) Al6061 alloy (50 g/litre), (b) Al6061-
WC +Ni coating (50 g/litre), (c) Al6061 alloy (200 g/litre), and (d) Al6061-WC + Ni coating (200 g/litre).

microcracks. As demonstrated in the picture, the degraded
surface regions of coated sample regions appear to be much
softer at 625um particle size inspection compared to all
those assessed at 210 ym particle size. The specimens are first
subjected to erosion, however, as the particle increases, the
lumps on the coated areas are removed. The knocking of
protuberances occurs due to the repeated impact of abra-
sives, and the resulting stimulates the surface, which is softer
at 625 ym particle size.

3.5. Confocal Microscopy of Eroded Surfaces. Figure 14 dis-
plays 3-D confocal microstructures of the slurry eroded
areas of an unprotected AA6061 alloy and WC-10% Ni
coatings tested at 120 N load. The highest width and height
of the channels and holes are seen in unprotected AA6061
alloy, suggesting weak erosive resistance. On the other
hand, high-velocity oxy-fuel-sprayed WC-10% Ni coat-
ings have grooves and holes that are substantially smaller
in width and height than the unprotected alloy. The
surface area of aluminum alloys is much rougher and

sharper than those of WC-10% Ni coatings. These results
corroborate the test results, indicating that WC-10% Ni
coatings have a greater erosive resistance. Figures 14(a)-
14(d) illustrates that the surface degradation of WC-10%
Ni coatings is less than that of uncoated AA6061 alloy.
These findings support the results of the slurry erosion
examination, indicating that advanced WC-10% Ni
coatings have enhanced resistance to slurry erosion. In
case of unprotected AA6061 alloys, quite shallow contour
patterns are observed; however, extensive surface grooves
have been observed due to the particle effect. It is much
more prevalent in unprotected eroded areas than in high-
velocityoxy-fuel coatings, and this is supported by both
experimentation and scanning electron microscope data.
The residual depths of all high-velocityoxy-fuel coatings
were observed to be much lesser than that of the un-
protected AA6061 alloy (Figures 15(a)-15(d)) when tested
at a slurry rotation of 500 rpm, 100 g/l slurry content, and
625m impinging particle size for a testing period of
five hours.
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FiGure 15: Confocal microstructures of slurry eroded surfaces at different particle sizes: (a) Al6061 alloy (210 microns), (b) Al6061-WC + Ni
coating (210 microns), (c) Al6061 alloy (625 microns) and (d) Al6061-WC + Ni coating (625 microns).

The optimal range of erosion degradation for high-
velocityoxy-fuel coatings was determined to be lesser than
that for unprotected AA6061 aluminum alloy. In compar-
ison to unprotected AA6061 alloy, high-velocity oxy-fuel-
coated specimens with destroyed surface counts were found
to be practically flat and it witnesses the homogeneous
surface texture, as displayed in Figure 14. The degraded area
contours of the unprotected AA6061 alloy specimens
showed an inhomogeneous surface texture with uneven
peaks in all of the conditions studied.

4. Conclusions

High-velocity oxy-fuel-sprayed tungsten carbide with 10%
nickel (WC-10% Ni) coatings of 100 m and 200 m thickness
were successfully applied to an AA6061 aluminum alloy.

High-velocity oxy-fuel-sprayed WC-10% Ni coatings out-
perform AA6061 alloy in terms of slurry erosive resistance
at all slurry speeds, particle sizes, and testing durations.
The dense and homogeneous deposition of high-velocity
oxy-fuel-sprayed WC-10% Ni coatings with increased
hardness has improved slurry erosion-corrosion resistance.
In terms of slurry wear resistance, high-velocityoxy-fuel
sprayed WC-10% Ni coatings outperform untreated
Al6061. Excessive weight losses in AA6061 alloy and WC-
10% Ni coatings have been attributed to large particle sizes,
faster slurry speeds, and high concentration. When it comes
to particle size, the material removal rate begins to increase
until the particle size approaches 400 m, at which point there
is only a minor increase in weight loss. In all scenarios,
coatings outperform the substrate. The experiment period
was increased from 5 to 15hours, resulting in greater
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material removal on both the AA6061 substrate and the WC-
10% Ni coatings. Following that, the weight loss appears to
be very consistent. The results of this experiment revealed
that WC-10% Ni coatings lasted longer under harsh con-
ditions than in alloys. According to scanning electron mi-
croscope and confocal microscope examinations of worn-
out surfaces, the wear was primarily caused by erosion,
abrasion, corrosion, and collective and individual wear
mechanisms.
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The current study examines the effect of titanium carbide reinforcement (TiC) on the tribological behavior of copper metal matrix
composites. The stir-casting process followed by hot rolling was employed to fabricate the composite parts. Hot rolling was
performed at 510°C temperature with a 90% reduction ratio. An optical microscope, scanning electron microscope with energy
dispersion spectroscopy, and Brinell hardness tester were used to investigate the microstructure, reinforcement particle dis-
tribution, and hardness. The microstructural investigations witness the uniform distribution of titanium carbide reinforcing
agents along with the excellent binding with the copper matrix. The hardness was improved with the addition of titanium carbide
content in both casting and rolling specimens. Dry sliding friction and wear tests were employed on a pin-on-disk setup with load
values ranging from 30 to 120 N and sliding velocity values ranging from 0.628-2.512 m/s. In both casting and rolling conditions,
the composites have a less coefficient of friction and wear rate than the matrix element. Wear rates of the unreinforced and
reinforced cast and hot rolled alloys were enhanced as load and sliding velocity was raised. The incorporation of titanium carbide
lowered the coefficient of friction and wear rate. In comparison to the unreinforced cast and rolled alloys, the coefficient of friction
and wear of cast and rolled copper metal matrix composites was significantly reduced. Scanning electron microscopy was

employed to investigate the worn surfaces and wear debris to confirm the possible wear mechanisms.

1. Introduction

Copper metal matrix composites (CMMCs) are widely
utilized in automobile sectors, aerospace applications,
construction, and electronic industries. Copper metal matrix
composites are essential due to properties such as reduced
density, enhanced fatigue strength, higher hardness, and
high strength-to-weight ratio. For the industrial usage of
copper metal matrix composites, the development of these
parameters is critical. Copper metal matrix composites are
widely used due to their superior mechanical and physical
properties. They were considered the most needed com-
posites in many industrial sectors because of their lower
density, increased hardness and strength, and enhanced
wear properties. Due to growing demands, components used

in advanced machines should have higher mechanical
qualities. The reality that a manufactured product seems to
be more resistive to the impact of different elements such as
corrosion and wear has attracted the curiosity of a number of
academicians and researchers. Copper’s elastic modulus is
lower, and its tensile characteristics are poor. The powder
reinforcing agents have been added to improve the me-
chanical properties of pure copper. As per a few studies,
introducing reinforcing agents as a hardening tool increased
the mechanical properties of copper [1-5]. Copper metal
matrix composites reinforced with powder reinforcing
agents are well known for their remarkable tribological
characteristics. Composites reinforcing with various in-
fluential ceramic powder particles, such as aluminum oxides
(Al,03), silicon carbides (SiC), silicon nitrides (SizNy),
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boron carbides (B4C), titanium diborides (TiB,), carbon
nanotubes (CNTs), molybdenum sulfides (MoS,), and ti-
tanium carbides (TiC), have excellent wear characteristics,
according to the majority of literature [6-12].

Mo and SiC were used as reinforcing agents to make
copped metal matrix composites, and they found that in-
creased weight percentage of reinforcements enhanced the
mechanical and tribological performance of the composite
structures produced [13]. Unique composite structures were
developed by adding varied volume percentages of SiC re-
inforcement particles into an Al matrix which was rein-
forced with copper. They discovered that increasing
reinforcement additions boosted the composite materials’
properties [14]. As a result of the wear test carried out on the
created composites, copper metal matrix composites rein-
forcing with varied quantities of molybdenum sulfides were
developed, and they reported that, as the normal load is
increased, the coefficient of friction declined and the wear
resistance decreased. Several investigators are curious about
this aspect, and they have claimed that it considerably en-
hances microstructural and wear properties [15]. Copper
metal matrix composites reinforced with Be-Cr-C powdered
reinforcement particles were developed and found that
varying the reinforcement contents improved the micro-
structure, homogeneous dispersion, and tribological char-
acteristics of the composite structures [16]. Copper-based
composites with varying amounts of Gr and SiC were
synthesized and discovered that increasing the re-
inforcement weight percentage improved the microstruc-
tural and wear performance [17]. SiC reinforcing agents into
the copper-iron metal matrix in their research were in-
corporated, and it was discovered that the composite ma-
terials increased wear and corrosion resistance as an
outcome [18]. Because of the dislocation strengthening,
aluminium oxide powder reinforcing agents were in-
troduced into the copper to increase mechanical charac-
teristics. As a result, the hardness and strength of the copper
metal matrix composite structures were found to be higher
than that of pure copper [19]. The wear behavior of copper
metal matrix composites reinforcing with three distinct
reinforcing particles, such as aluminum oxide, boron car-
bide, and a combination of aluminum oxide and boron
carbide, using friction stir processing, an intense plastic
straining technique, was studied. They claimed that all the
composite structures had better wear behavior than un-
reinforced composites and that the mixed composite
structure had the best overall wear behavior [20]. Graphene
reinforcing agents were added to the copper matrix in order
to use it in electrical parts. They found that including gra-
phene reinforcing agents increased the composites’ me-
chanical and wear behavior at the same time [21]. The
mechanical characteristics of Al matrix reinforcing with
different weight percentages (3 percent, 6 percent, and 9
percent) of powdered reinforcements were studied [22]. The
inclusion of 3 percent and 6 percent reinforcing agents
increases the matrix’s tensile strength, according to the
researchers. However, after adding 9 percent reinforcing
agents to the primary matrix, the tensile strength was re-
duced. The hardness of the composite structure, on the other
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side, was raised up to a 6 percent incorporation of rein-
forcing agents and then dropped as the reinforcement was
added further (i.e., 9 percent). They eventually came to the
conclusion that the optimal reinforcement content works as
a strong force, pinning reinforcements to grain boundaries
and opposing wear load during the wear test.

Besides, titanium carbide possesses exceptional micro-
structural and wear qualities. TiC offers a lot of potential as
a wear-resistant replacement for ceramic components.
Improper matrix and reinforcement mixing, ceramic dis-
persion, and interconnections between the two have all been
reported in the traditional method of manufacturing metal
matrix composites (MMCs), which is known as the stir
casting technique [13]. Raising the volume percentages of Ti
reinforcing agents in the base matrix improved the material’s
tribological and wear properties, as per the investigation of
[23]. Furthermore, the element carbon has a lower density
and so increases the local strength of the components in
which they have been found. In research, composites with
a Cu-carbide matrix were developed, and it was revealed that
increasing the quantity of carbon reinforcement enhanced
the composites’ interfacial adhesion and boosted thermal
conductivity. The friction stir processing method to produce
the layer composites by drilling holes in the AA7XXX plates
was used. As a result, the holes were supplied with Gr and
TiC powder reinforcing agents, and the AA7XXX-based
TiC-Gr composite structures were agitated and exposed to
high levels of plastic strains by the nonconsumable revolving
tool. The matrix element, which worked as a foundation for
the interfacial adhesion of Gr-TiC reinforcing agents, is the
most significant factor to consider when evaluating the wear
performance of the composite [24].

The forming processes such as the blacksmithy and hot
working techniques (rolling and extrusion) are the primarily
used secondary operations for the preparation of metal
matrix composites (MMC) due to their ability to prepare
a variety of parts by various casting techniques. The forming
methods enhance the mechanical strength and wear re-
sistance of the composite parts by experiencing higher levels
of plastic strains. Gr reinforcing composite structures were
created by hot extruding method and the microstructural
and physical characteristics were investigated. They con-
cluded that the extruding leads to significant grain refining
and uniform dispersion of reinforcing agents in the matrix
element. They also stated that the high content of graphite
reinforcements resulted in the enhancement of tensile
properties [25]. The hot rolling secondary technique fol-
lowed by stir casting was used to enhance the microstructure
and mechanical behavior of the composites, and they re-
ported that hardness was greatly enhanced as compared to
cast composites [26]. Studies on copper metal matrix
composites reinforced with TiC are rare in the literature
studies, according to a review of the various literature
sources. Hot rolling, on the contrary, is widely known for
improving tribological performance. No research on the
effects of hot rolling on titanium carbide reinforced copper
composites has been found to the author’s knowledge. As
a result, the goal of this research is to make hybrid com-
posites using powdered titanium carbide reinforcing agents
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in pure copper to improve wear performance. Titanium
carbide was supplied to a pure copper substrate in various
weight quantities (2.5-10% with a step of 2.5% to prepare
four different composites for comparison purposes). This
was accomplished by investigating the microstructure of
copper metal matrix composite. The hardness and wear
properties (wear rate and coefficient of friction) of the
copper metal matrix composites were also investigated.

2. Experimental Procedure

2.1. Matrix and Reinforcements. In the current study, the
composite structures were created with the stir-casting
route. The copper in a sphere shape was chosen as the
main matrix and was taken in commercial form with a purity
0f 99.5 percent. TiC was preferred to obtain good tribological
properties such as less coefficient of friction and wear rate
and strong interfacial adhesion between reinforcing agents
and matrix elements. The reinforcement i.e., TiC, is hard and
less dense than the copper matrix. Due to this superior
characteristic of reinforcing agents, less dense copper metal
matrix composites can be manufactured, and their wear
properties can be improved. In the current study, powdered
TiC reinforcing agents were chosen with a purity of 99
percent. Figure 1 presents the SEM and EDAX of TiC
powder used in this investigation.

2.2. Preparation of Composites. The titanium carbide powder
reinforcing agents were placed in a furnace at 110°C for
a sufficient duration to eliminate the moisture content
present in it. Later, the moisture-free powder reinforcing
agents were placed on a weighing balance to measure the
exact weight with a precision of 0.00001 g. The pure copper
was heated to get the molten copper in a graphite crucible
utilizing an electrical resistance furnace. Titanium carbide
powdered reinforcements of size 26 ym to 65 ym was added
to the molten copper matrix, and this molten metal was
stirred with a TiO,-coated stainless steel stirrer revolving at
a speed of 100rpm. A total of 4 different types of copper
metal matrix composites were made with different weight
percentages of TiC (2.5-10% with a step of 2.5% to prepare
four different composites for comparison purposes) in-
cluding pure copper and the sample’s indexing, and different
TiC weight percentages of the copper metal matrix com-
posites are listed in Table 1. The copper-based composites
with different weight percentages of TiC were continuously
stirred for 3 minutes with an interval of 7 minutes. The
composite mixtures were then kept at 1110°C and were
injected into the preheated metal mold. The cast composite
specimens were then sliced into the required sizes to un-
dergoing them to the hot rolling process.

Prior to the hot rolling process, the cast composite parts
and base metal were sectioned into specimens with di-
mensions of 50 mm x 50 mm x 10 mm and heated at 510°C
for 1.5 hours in an electric furnace. Later, the hot rolling was
carried out for cast copper-titanium carbide composite
specimens with a two-high roller set up according to the
predefined processing conditions to obtain better wear

resistance. Figure 2 shows the photograph of the hot rolling
facility used in this investigation. The processing conditions
for the rolling process such as the temperature and duration
of heat treatment between the two successive intermediate
passes are 510°C and 60min. To extract a hot rolling
specimen with a 90% reduction, the heated specimens were
subjected to rolling in a temperature-controlled chamber
continuously with a 10% reduction on each and every pass
till a sufficient thickness specimen was obtained. The hot
rolling was performed with a constant strain rate of 7 x 10°/s.

After two types of testing, specimens were made; one was
from the stir casting technique, and another was from the
hot rolling technique. Both cast and rolled copper metal
matrix composites were investigated for microstructural
analysis with an optical microscope and scanning electron
microscope (SEM) with energy dispersion spectroscopy,
hardness study with Brinell hardness test setup, wear be-
havior pin-on-disc machine, and fracture morphology
using SEM.

2.3. Microstructural Studies. Prior to the fabrication of
copper-based composites, the specimens of required di-
mensions were sectioned from the cast and rolled com-
posites for the microstructural investigations with a wire-cut
electric discharge machine (WC-EDM). The sliced specimen
was then cold-mounted with cold setting die with cold
setting resin mounting agents for enhanced gripping pur-
poses during sample grinding. The mounted specimens were
then well-ground with various grades of emery papers from
80 to 2000 grit sizes. After, the ground specimens were
polished on a velvet cloth on a disc polishing setup with the
alumina powder suspension to get a mirror finish. The
specimen’s polished surface was then kept under the force of
a water stream to clean and wash out the foreign elements.
The specimens were then dipped in Keller’s reagent for
a sufficient duration to reveal the different microstructural
features. An optical microscope was chosen to study the
etched specimens for microstructural features and particle
distribution.

2.4. Hardness Analysis. The hardness was measured using
the Brinell hardness test setup with a ball indentor of
1.25mm radius. To obtain precise hardness values, the
Brinell hardness test setup was used. The primary reason for
performing the microhardness investigation is to obtain
better hardness results by making good contact with both the
copper matrix and TiC powder reinforcing agents. During
hardness investigation, the specimens experienced an indent
force of 100 kg for 15 sec. To minimize the errors in hardness
values, for each specimen, six indents were given in different
places on the specimen’s area, and finally, the mean of five
readings was taken.

2.5. Tribological Studies. The tribological properties (i.e.,
coefficient of friction (COF) and wear rate) were studied as
per the ASTM-G99 standards using the pin-on-disc wear
test setup, and the pictorial illustration of the wear test setup



L

4 . pe
SEM HV: 25.0 kV WD: 15.06 mm

SEM MAG: 1.50 kx Det: SE 20 pm
View field: 138 ym | Date(m/dly): 05/25/22

.
VEGA3 TESCAN|

CoE-BMS College of Engineering

()

369
328
287
246
205
164
123

82

41

Advances in Materials Science and Engineering

. Lu..h..._n..“ \

0.0

T

1.7 34 51 68 85 102 119 13.6 153

Lsec:17.5 10 Cnts 1.590 keV Det: Octane Pro Det

(b)

FIGure 1: (a) SEM image and (b) EDS pattern of titanium carbide particles used in this investigation.

TaBLE 1: Sample designation for alloy and composites.

Sample code

Weight percentage of
reinforcements

Sample A
Sample B
Sample C
Sample D
Sample E

Cu 95500 alloy
Cu 95500 +2.5% TiC
Cu 95500 + 5% TiC
Cu 95500 +7.5% TiC
Cu 95500 + 10% TiC

FIGURE 2: Photograph of hot rolling machine.

is shown in Figure 3. The wear load and sliding velocities for
the wear test ranged from 30N to 120N and 0.628 m/s to
2.512m/s. The photograph of the tribological test sample is
displayed in Figure 4. The counterdisc was fabricated with
EN-24 steel metal with a hardness value of 60 HRC, which
was chosen as the counterplate. The specimens for the tri-
bological characterizations were sliced to a length of 2.5 cm
and a radius of 4mm using a WC-EDM. The tribology
investigation was carried out under ambient conditions for
0.5hours. Prior to testing, all tribological samples were
polished to a 1 ym finish and washed immediately to remove
any foreign particles present on the specimen’s surface. After
the investigation, the test specimens were investigated under
scanning electron microscope (SEM) for worn surface and
wear debris morphologies.

3. Results and Discussion

3.1. Microstructure. The SEM images of the stir casting and
rolling copper metal matrix composites reinforced with
varying weight percentages (2.5, 5, 7.5 percent, and 10
percent) of titanium carbide powder particles are repre-
sented in Figure 5. From Figure 5, it was identified that the
dispersion of titanium carbide reinforcing agents was uni-
form throughout the copper matrix prior to the hot rolling
method. The reinforcement dispersion in the copper matrix
is one of the most important aspects of improving the
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F1GURE 3: Photograph of pin-on-disc machine used for friction and
wear test.

FIGURE 4: Photograph of friction and wear test specimen.

hardness and wear characteristics. The dispersion was clearly
uniform, and the interface adhesion between the titanium
carbide reinforcing agents and the copper matrix was robust.
There is a formation of the dense structure prior rolling
method and a final reduction in thickness, which is very
much useful for improving the hardness and wear behavior.
The size of the titanium carbide particles was reduced after
the incorporation of further reinforcing agents (i.e., 10
percent), as shown in Figures 5(a) and 5(b). Generally, the
stirrer serves as an object for reinforcement size reduction
while stir casting. Because of the high volume percentages of
reinforcing agents in 10% TiC reinforced copper composites,
more numbers of reinforcements came in contact with the
stirrer, and reinforcements collided with each other during
stir casting resulting in the formation of fine TiC re-
inforcements, as shown in Figure 5(b). After hot rolling, the
titanium carbide particles were further fragmented and
resulted in the development of a very small size TiC particle,
as shown in Figures 5(c) and 5(d). As the heavy rolling forces
in every pass, the primary titanium carbide reinforcement
phase was broken until the desired size of reinforcements
was achieved, and these broken reinforcing agents of the
primary phase elongated and oriented in the rolling di-
rection. In comparison with five weight percent TiC copper-
based composites (i.e., Sample 3), the size of the ten weight
percent TiC copper-based composite (i.e., Sample g) was
noticed to be very small because of the concentration of
heavy rolling forces over the high weight percent of rein-
forcing agents, as shown in Figures 5(c) and 5(d).

3.2. Hardness. Figure 6 shows the mean hardness readings
of copper-based composites reinforcing with various
weight quantities (0, 2.5, 5, 7.5, and 10 wt.%) of titanium
carbide. It was identified that hardness was drastically
increased after reinforcing with titanium carbide powder
particles. In both casting and rolling circumstances, the
reinforcing agents scattered in the copper matrix can
withstand indenter load and have a higher hardness than
unreinforced copper (i.e., Sample A). The hardness finding
also confirmed that, as the reinforcement weight per-
centage increased, the hardness increased as well. The
hardness of composites is affected by the high cohesiveness
between the copper matrix and the titanium reinforcing
agents. The studies on the wear behavior found that, as the
weight percentage of reinforcing particles rises, the hard-
ness value increases. However, we found that the hardness
values of composite structures rise up to the specific
content of reinforcing agents and then fall when more
reinforcing agents are incorporated [13]. They also dis-
covered that, after a specific weight content was reached,
test samples enhanced with powder reinforcements had
a negative impact on mechanical performance. Finally, they
concluded that using powder reinforcing particles as
a strengthening agent lowered the composite’s plastic
deformation resistance once the appropriate weight con-
tent was obtained.
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FIGURE 5: SEM of the cast and hot rolled copper-TiC composite showing the presence of TiC particles. (a) SEM images of cast copper MMC
with 5% TiC reinforcement. (b) SEM images of cast copper MMC with 10% TiC reinforcement. (c) SEM images of rolled copper MMC with
5% TiC reinforcement. (d) SEM images of rolled copper MMC with 10% TiC reinforcement.

Hot rolling composites, on the other side, have signif-
icantly higher hardness than casting composites. As pre-
viously stated in microstructural investigations, the work
hardening consequences caused during the rolling process
result in the creation of dislocations, which serve as an
obstacle to indent penetration, increasing the hardness of
hot rolling specimens. Finally, in both casting and rolling
conditions, Sample E (i.e., Cu with 10wt.% TiC) has the
higher hardness and Sample A (unreinforced pure copper)
has the lower hardness. The Brinell hardness test results
closely match the microstructural results.

3.3. Coefficient of Friction (COF). Figure 7 shows the COF
comparison of casting and rolling samples prior to the wear
testing for different titanium carbide weight percents (0%,
2.5%, 5%, 7.5%, and 10%) reinforced in the copper matrix
constant processing conditions that were given in the ex-
perimental section. In the experimental description, when it
comes to reinforced composites, a higher titanium carbide
content results in a reduced coeflicient of friction of samples.
The composites containing 2.5, 5, and 7.5%, 10% titanium
carbide reinforcements have less coefficient of friction in
comparison with the specimen containing 2.5% titanium



Advances in Materials Science and Engineering

65
60
55 4
50

45 4

Hardness (BHN)

40 S

35

30

Sample A Sample B

Sample C

Sample D Sample E

% of Reinforcement

W Cast
[ Rolled

FIGURE 6: Comparison of BHN between as-cast and rolled specimens.

0.9 -

0.8 -

Co efficient of Friction (u)

0.7
0.6 1
0.5
0.4 -
0.3 1
0.2
0.1 1

0 4

Sample A Sample B

B As Cast
B Hot Rolled

Sample C

Sample D Sample E
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carbide, regardless of processing parameters. By increasing
the addition of titanium carbide particles to the copper
matrix, the direct contact between the matrix and re-
inforcement particles will be reduced. The coeflicient of
friction of the specimens starts to decrease because of the less
contacting region, and the specimen having 10% titanium
carbide has a low coefficient of friction than other specimens
because of the high concentration of titanium carbide
particles. Because of the higher weight percentage of the
titanium carbides, the specimen having 10wt.% re-
inforcements showed less coeflicient of friction for both as-
cast and hot rolled samples, eliminating the direct contact
with the harsh particles of the counter surface. Within the
cast and rolled composites with varied reinforcing contents,
the coeflicient of friction of hot-rolled samples was less than
stir-casting composites. This is because of enhanced tita-
nium carbide particle dispersion. As mentioned in various
studies, the homogeneous distribution of reinforcements

increases the antifrictional qualities of composite parts. The
low coefficient of friction in rolling samples is because of
improved interface binding and increased reinforcement
distribution. We reported that the extrusion process de-
creases the sample’s wear and protects the teat area from
damages in composites reinforced with silicon carbide
particles [27-29].

Figure 8 depicts the frictional properties of cast and
rolled Cu-based composites reinforced with different weight
quantities of titanium carbides for varying wear loads of
30N to 120N achieved after the wear testing conducted at
a fixed sliding velocity of 0.628 m/s. The coeflicient of all
specimens in stir casting and hot rolling rose constantly,
while the wear load was increased from 30N to 120N, as
displayed in Figure 8. Within the composite specimens, the
specimens reinforced with high weight percentages of ti-
tanium carbides have a less coefficient of friction than
samples reinforced with less weight percentages of titanium
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carbides. The direct contact between harsh particles of the
counterplate and big reinforcements with less TiC content
composites resulted in an increase in the coefficient of
friction and the COF increase in all other samples. The harsh
particles of the counterplate plunge deeper into the surface
of the samples as the wear load is raised, leading to a high
coefficient of friction. In addition, the mechanical-mixed
layer has a susceptibility to crack and shear at higher wear
loads. It was also noticed from findings that, in comparison
with rolling specimens, the coefficient of friction is high in
casting specimens because of the high hardness and uniform
dispersion of titanium carbide reinforcements in hot-rolling
specimens.

The coefficient friction value of casting and rolling
composites with a sliding velocity of 0.328 m/s to 2.5181 m/s
after wear testing is performed at 20 N wear load is displayed
in Figure 9. From Figure 9, it was identified that the co-
efficient of friction of all composites rises continuously as the
sliding velocity was increased from 0.328 m/s to 2.5181 m/s.
The coefficient of friction of casting composites having 2.5%
TiC content is the highest; on the contrary, the coefficient of
friction of casting composites having 10% TiC content is the
lowest due to the incorporation of TiC particles, which
improves the hardness. Moreover, adding titanium carbide
particles reduces the contacting area between the sample and
counterplate significantly. The coefficient of friction findings
is affected by a reduced contacting area between the spec-
imen and counterplate. The contacting area between the two
contacting surfaces reduces as the titanium carbide particle
weight percentage rose from 2.5 to 10%. Due to this, the
composite having 10% TiC content has less coefficient of
friction in both as-cast and hot rolled composites than
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composites having 2.5 to 7.5% TiC content. The frictional
heat developed between the test sample and counterplate is
greatly affected by the sliding velocity. The frictional heat
developed at the counterplate softens the surface of the test
specimen (i.e., pin), and the degree of softening of the
sample’s surface of the pin is influenced by the quantity of
heat that is created by frictional force. The increase in the
degree of softening is due to the increase in the depth of
plunging off the harsh counter plate particles into the pin’s
surface. At a lower sliding velocity of 0.328 m/s, the pin’s
surface offered lesser friction heat, leading to less coeflicient
of friction. Increasing the sliding velocity results in a high
amount of friction heat being developed on the pin’s surface,
leading to a high coefficient of friction and wear rate on the
countersurface. It was also noticed in Figure 9 that, in
comparison to casting samples, the coefficient of friction is
less for hot-rolling composites because of higher hardness.

3.4. Wear Rate. Figure 10 shows the wear rate of the as-cast
and hot-rolled composites tested at a constant wear load of
30N load and sliding velocity of 0.328 m/s. The addition of
TiC particles resulted in a lesser wear rate of the samples. The
maximum wearing was observed for pure copper in both
cast and hot-rolled conditions, while the addition of rein-
forcing agents drastically lowered the wear rate. In both
composites, the composite having 2.5% TiC has a higher
wear rate, while composites having 10% TiC has very less
wear rates. Moreover, as TiC content rises, the wear rate
lowers significantly and results in the composite having 10%
TiC having the lesser wear rate. As mentioned in the pre-
vious analysis, decreased wear rate is linked to two factors:
enhanced hardness and a reduced contacting area between
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the test sample and counterplate. As an outcome, these harsh
particles take on the major load, lowering the wear rate in the
composites having 10% TiC. The severely strong TiC re-
inforcements chose to transfer their properties to the soft
and ductile copper matrix which resulted in an increase in
the hardness of the composites. The hardness is increased
greatly in hot-rolled specimens as the enhanced binding and
dislocation glide/climb prevention by the TiC reinforcing
agents. Moreover, the reinforcing agents in the copper
matrix function as barriers to dislocation movement and
increase the stresses needed for dislocations glide/climb. The
inclusion of reinforcing agents improved the mechanical
performance of composite structures prior to hot rolling and
led to improved wear performance. Within the composites,
rolling composites have a significantly lesser coeflicient of
friction at different loads and sliding velocities, resulting in
a lesser wear rate than cast composites.

Figure 11 depicts the wear properties of the as-cast and
hot-rolled composites tested at different loading conditions
(30N to 120 N) and at a constant sliding velocity of 0.328 m/s.
When it comes to both cast and rolled composites, composites
containing 2.5% titanium carbide powder reinforcement have
the maximum wear rates; on the contrary, composites having
10% titanium carbide powder reinforcements have the lesser
wear rates. As the wear load rises up to 120N, the wearing of
both as-cast and hot-rolling composites is noticed to be
dropped drastically. The titanium reinforcing agents are
uniformly dispersed with enhanced interphase adhesion in
composite specimens having 10% titanium carbide, resulting
in greater hardness. The wear rate of the as-cast and hot-rolled
composites is greatly affected by the increased hardness. The
Archard formula, which measures that a material’s hardness is
inversely proportional to wear, will be utilized to obtain it. It
was also identified from the results that, in comparison to
rolling composites, the wear rate is greater in casting
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FiGure 11: Effect of load on wear rate.

composites because of improved hardness and homogeneous
dispersion of reinforcing agents in hot-rolling composites.
Figure 12 displays the wear properties of the as-cast and
hot-rolled composites obtained prior to the wear testing
conducted at a fixed wear load of 30 N and varying sliding
velocities from 0.328 m/s-2.518 m/s. In both as-cast and hot-
rolling composites, the composites with 2.5% titanium
carbide powder particles have a greater wear rate than all
other composites; on the contrary, the composites with 10%
titanium powder reinforcing particles have a lesser wear rate
than other composites. The increase of heat generation at
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contacting areas is responsible for the rise in wear rate as
sliding velocity rises. The increase in heat generation in
contacting area is the main reason for the rise in temper-
ature. As an outcome, the pin’s surface softens, increasing
the wear resistance of casting and hot-rolling composites,
irrespective of the processing route. Moreover, in the
composite of 10% titanium powder reinforcements, the
uniform dispersion of reinforcing agents with strong in-
terface binding resulted in improved hardness. It is well
known that the hardness of the materials is proportional to
wear resistance, improving the hardness of casting com-
posites and resulting in greater wear resistance. It was also
noticed from the findings that, in comparison to casting
composites, the wear resistance is higher in hot-rolling
composites because of their greater hardness and uniform
dispersion of reinforcing agents in hot-rolling composites.
Finally, the results of the wear rate match with the results of
the coefficient of friction as well as the microstructural and
hardness results.

3.5. Worn-Out Surface Analysis. The SEM micrographs
displayed in Figure 13 are of worn surface microstructures of
casting composites having no reinforcing agents
(Figures 13(a) and 13(c)) and 10% TiC reinforcements
(Figures 13(b) and 13(d)), respectively, tested at two dif-
ferent wear loads (30N and 120N) and a constant sliding
velocity of 0.328 m/s. Figures 13(a) and 13(c) shows that, at
less wear load (30N), the casting composites without
reinforcing agents and with reinforcing agents display al-
most worn-out morphologies. In comparison with pure
casting composites, the composites having reinforcing
agents display slightly enhanced wear resistance due to the
presence of reinforcing agents which can withstand the

action of the counterplate over the composite’s surface. The
worn morphology of both samples includes abrasion and
adhesion wear marks on the surface. As displayed in
Figures 13(b) and 13(d), both casting composites fractured
when the wear load was increased to 120N, and the mi-
crostructure clearly witnessed higher worn out of com-
posites in terms of the high density of abrasions and
adhesions impressions because of the increase of heat
generation between sample’s surface and counterplate as an
effect of high wear load. The SEM images displayed in
Figures 13(e)-13(h) are of worn surface microstructures of
the hot-rolling alloy having no reinforcing agents
(Figures 13(e) and 13(g)) and 10% TiC reinforcements
(Figures 13(f) and 13(h)), respectively, tested at two different
wear loads (30N and 120 N) and a constant sliding velocity
of 0.628m/s. The worn-out features of both pure and
reinforcing composites show almost similar worn-out fea-
tures at both wear loads. In comparison with the worn-out
features composites tested at less load conditions (30 N), the
wear resistance was slightly decreased for the composites
tested at high load conditions (120N). As a whole, the
delamination wear was identified as the main wear mech-
anism in rolling samples.

The SEM images displayed in Figure 14 are of worn
surface microstructures of casting composites having no
reinforcing agents (Figures 14(a) and 14(c)) and 10% TiC
reinforcements (Figures 14(b) and 14(d)), respectively,
tested at two different sliding velocities (0.628 m/s and
2.518m/s) and fixed wear load of 30N. At lower sliding
velocity (0.628 m/s), the alloy display (Figure 14(a)) more
adhesion impressions and delaminations; on the contrary,
the reinforcing composites (Figure 14(b)) display less ad-
hesion impression and delaminations.
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(e) 30N, (f) 30N, (g) 120N, and (h) 120N.

At a higher sliding velocity (2.518 m/s), the fracturing
tendency was improved and led to a slighter rise of adhesions
and delaminations in the pure copper alloy (Figure 14(c))
and reinforcing copper composites (Figure 14(d)). The SEM
images displayed in Figure 14 are of worn surface micro-
structures of hot-rolling composites having no reinforcing

agents (Figure 14(e)) and 10% TiC reinforcements
(Figure 14(f)), respectively, tested at two different sliding
velocities (0.328 m/s and 2.518 m/s) and fixed wear load of
30N. At lower sliding velocity (0.628m/s), both pure
(Figure 14(g)) and reinforcing composites (Figure 14(h))
display almost the same wear fracture features having
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delamination marks and adhesion impressions. At higher
sliding velocity (2.518 m/s), both composite worn-out fea-
tures include oxide particles, and other wear characteristics
such as adhesions and delamination marks are identified to
be the same as specimens examined at lower sliding velocity.

3.6. Worn Debris Analysis. The SEM micrographs displayed
in Figure 15 are of worn debris microstructures of casting
composites having no reinforcing agents (Figures 15(a) and
15(b)) and 10% TiC reinforcements (Figures 15(c) and
15(d)), respectively, tested at two different wear loads (30N
and 120N) and a constant sliding velocity of 0.628 m/s.
Figures 15(a) and 15(c) show the wear features of both alloy
(Figure 15(a)) and reinforcing (Figure 15(c)) composite
investigated at a lesser load (30N), and the wear debris size
of the two specimens were observed to be the same. In
comparison with the lesser load circumstances, the size of
the debris was grown for the specimens examined at a high
wear load (120N), as displayed in Figures 15(b) and 15(d).
The increase in the wear load results in the growth of wear
debris. Most of the debris formed was due to the de-
lamination mechanism, so the material extracted was in the
form of metallic layers. The preponderance of the delami-
nated debris’s surface was covered in abrasion marks and
microcracks. The wear debris features of all specimen debris

were observed to be nearly identical regardless of the applied
load, indicating that increasing the wear load had little effect
on the size of the debris. Small fragmented oxide particles
were seen on the surface of the wear debris, indicating an
oxide wear mechanism. In both as-cast and hot-rolled
composites, delamination plays a critical function in the
metal removal of wear debris. Wear testing causes plastic
deformation of both the counterplate and pin surfaces, as is
well known. As the testing length and stress increase, fine
microcracks emerge and grow in a sliding direction. These
fractures expand and combine in the subsurface, leading to
delaminations in the form of metallic layers in this specific
area. The length of time it takes for the fracture to propagate
determines the extent of the delaminated area.

4. Conclusions

In the current investigation, the copper-based metal matrix
composites reinforced with the titanium carbide powder
reinforcement particle were successfully fabricated, and we
studied the microstructure, hardness, and tribological be-
havior with advanced characterization techniques, and the
following conclusions were drawn.

(1) The microstructural findings revealed the homoge-
neous distribution of titanium carbide powder



14

reinforcements. Also, strong bonding was achieved
between the copper matrix and reinforcements.

(2) The hardness was drastically increased in both
casting and rolling samples due to the addition of
titanium carbide reinforcing particles.

(3) In both casting and rolling composites, the co-
efficient of friction was measured to be less than
unreinforced pure copper. The COF was increased
with the rise in wear load and the sliding velocity in
both conditions. In comparison to casting speci-
mens, the COF was decreased for hot-rolling
specimens.

(4) The wear rate was known to be raised with rising in
wear load and sliding distance. On the other side, the
casting specimens were found to have a higher wear
rate than the hot-rolling specimens.

(5) The presence of homogeneously dispersed titanium
carbide reinforcing agents with enhanced interphase
adhesion is the primary reason for the lower wear
rate in the reinforced copper composites than the
pure copper.

(6) At lower wear loads and sliding velocities, the wear
mechanism shows adhesion wear and abrasion wear,
but at low wear loads and sliding velocities, de-
lamination wear and oxidation wear are dominant.

(7) The growth of debris size reveals that higher shear
strain that concentrates on the specimen’s surface
initiates and propagates the cracks into the sub-
surfaces, resulting in the removal of material in the
form of metal sheets.
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Research and developments on preparing electrode material for lithium-ion batteries are burgeoning nowadays widely. In this
study, we used the high energy ball-milling method to prepare pure and samarium-doped lithium manganese oxide (LisMnsO;,)
and investigated its structural, morphological, and electrical properties. The XRD spectrum for the produced materials confirmed
the phase purity and crystallinity of the material. The fourier transform infrared spectrum was used to determine the different sorts
of vibrations between molecules. The particle size with the presence of polyhedral-shaped morphology was certified by using SEM
and TEM analysis. EDS mapping was used to assess the elemental composition and purity of the samples. Complex impedance
spectroscopy analysis was used to investigate the temperature dependency of the materials’ electrical properties, and high
conductivity (1.15x 107 S cm™") was reported for samarium-doped lithium manganese oxide at 100°C, and its dielectric relaxation

behavior was examined.

1. Introduction

It is proven that lithium-ion batteries (LIBs) are the most
important candidates in electrochemical energy storage
systems. In the past decade, rechargeable Li-ion batteries
were widely used in portable electronics and in electric
vehicles (EVs) due to their high energy density [1, 2].
However, the lack of specific capacity and power density is
a major difficulty in meeting the current energy re-
quirements. Some of the materials such as LiCoO, [3, 4],
LiFePO, [5, 6], LiMn,0, [7-9], and LiMn,Ni,Co,0, [10-13]
are investigated widely as cathode materials. Among them,
LiyMnsO,, is a promising cathode material yet to be
commercialized for novel cathode material with high energy

density, low cost, and better safety. Thus, it is very important
to explore its physicochemical properties through structural,
morphological, and electrical properties.

Lithium manganese oxide spinels (LMO) are techno-
logically important cathode materials with Mn in the +3 or
+4 oxidation state. It also exhibits good electrical conduc-
tivity (107°S cm™"), good rate capacity, high electrode po-
tential, low cost, and is easily available and safer. However,
this material encounters severe capacity fading upon cycling.
This is because it crystallizes as spinels, the rock salt structure
Li,MnO;, or as orthorhombic LiMnO, with a corrugated
structure (0-LiMnQO,). In the spinel phase, the Mn**/Mn**
reaction leads to severe Mn dissolution and Jahn Teller
distortion, and the average valence of Mn falls below +3.5.
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As aresult, the structural integrity of the unit cell is collapsed
during repeated charging/discharging and it thus losses its
cycling performance.

However, the oxidation state of +4 in the Li;MnsO,,
makes it an impressive cathode material with its theoretical
capacity of 163 mAhg ™' for researchers. The recent works
with the improved electrochemical performance of lithium
excess layered cathode (LLC) Li;Mn5s0O,, with spinel/layered
heterostructure have been reported [14, 15]. Also, the
Liz;MnsO;; spinel phase has less lattice mismatch with the
host layered structure and is favorable for the Li+ion dif-
fusion. Also, the higher oxidation of Mn+4 suppresses
Jahn-Teller distortion and this results in a better cycling
performance than LiMn,0,.

Furthermore, synthesizing pure Li;MnsO;, is a chal-
lenging task since at 400°C or above, the tetra valence
manganese ions reduce to trivalent manganese ions and
form LiMn,0, and Li,MnOj. Hence, it requires multistep
methods to produce LisMnsO;,. In common, the solid-
state method is employed to prepare these materials.
However, the solid-state method does not produce any
specified morphology and also exhibits a larger particle size.
It is well known that the aforementioned parameter has
a significant effect on the electrical and electrochemical
performance. Hence, for the present work, a high-
energyball-milling method is employed to synthesize the
LiyMn;s0,, particles.

In this line, to increase the electrochemical perfor-
mance of LiyMnsO,,, one of the important strategies is
the doping of rare earth elements. Ram Pura et al. have
doped the various rare earth elements such as neo-
dymium (Nd) and gadolinium (Gd) into the LiMn,0O, to
increase the electrochemical performance [16]. Similarly,
heavy rare earth (Er, Sc, Y, etc.)-doped LiMn,O, has been
reported in the literature [17]. Despite of its expensive-
ness, rare earth material has drawn more attention re-
cently. Furthermore, the reported works of
LiMn,_,RE, O, (RE =La, Ce, Nd, and Sm; 0 <x <0.1) have
provided information regarding the influence of doping
light rare earth elements on the LiMn,0O, and its elec-
trochemical performance [18].

Many research studies reported the electrochemical
performance of the Li;MnsO,, since it is a material used for
the cathode in the Li-ion battery. Scarcely, reports had re-
ported the electrical performance of these LMO materials.
Sharmila et al. [19-23] have reported the conductivity of
optimized Co-doped LizMn,5C0y50;, (3.1x107°S cm™)
and Ni-doped Li;Mn, oNig;01, (7.01 x 107> S.cm ") at 433 K
and 393K, respectively. Similarly, for Mo-doped
(LizMn3 75M0g2509) and Ti-doped LisMn,,Tig;0,,, the
maximum conductivity is reported as 7.44 x 10 °S cm™" and
1x10 S cm™ at 413 and 393K, respectively. The effect of
Zr doping on the conductivity was reported for the molten
synthesized LisMn,¢Zro;0;, at 160°C as 1.4x107>S cm ™.
However, the effect of Sm doping on the LiyMnsO;, is
scarcely reported. In this line, the present work attempts to
study the influence of samarium on the structural, mor-
phological, and electrical performance of the prepared
LiyMnsO,, particle.
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2. Experimental Methods

A combination of the solid-state method and ball-milling
method has been employed to prepare pure and
samarium-doped lithium manganese oxide (LiyMnsOj,).
Lithium hydroxide monohydrate (LiOH.H,0), manga-
nese dioxide (MnQO,), and ethanol purchased from SRL,
Mumbeai, India, are used as a raw materials without any
further modifications; samarium (III) oxide (Sm,0O3) is
used as a raw material for metal dopant. A stoichiometric
amount of LiOH.H,0 and MnO, was ground individually
in a mortar and pestle for 30 minutes and then mixed
together. The mixer was then transferred to a Fritsch
Pulversiette 7 Planetary Ball Mill consisting of zirconia
balls. Ethanol is used as a solvent to reduce friction and
heat generated during milling which may also help avoid
damage occuring on the surface of the balls. The mixer is
milled for a period of 8 h with 10 minutes rest for each and
30 minutes grinding. The sample-to-ball mass ratio is
fixed as 1:3 with a rotation speed of 300 rpm, and after
complete grinding, the sample is calcined at 800°C for
10 h. The obtained powder is ground and utilized further
for characterization. Samarium-doped lithium manganese
oxide-LiyMn, 755my ,501,was prepared uisng the afore-
mentioned procedure and conditions. The final com-
pounds are named as LM (pure) and LS (samarium dope)
for further discussion.

2.1. Material Characterization. The XRD spectrum is
recorded for the prepared samples to identify the structure
and phase purity by using (BRUKER) Cu-Ka radiations with
20 1in the range of 10° to 80° with a scan speed of 10°/min. The
presence of functional groups is analyzed by using the
fourier transform infrared spectrophotometer. The mor-
phology, shape, and size of the prepared cathode materials
are investigated by the scanning electron microscope
(TESCAN, VEGA3 SBH) and transmission electron mi-
croscope (Tecnai G2 20 S-TWIN) along with elemental
analysis by EDX spectrum and mapping. The lattice fringes
and planes are studied with the help of the SAED pattern. A
computer-controlled HIOKI 3532 LCR HI-TESTER was
used to measure the impedance and conductivity of both the
samples throughout a range of temperatures, from 40 to
100°C and 100KHz to 5 MHz.

3. Results and Discussion

Figure 1 represents the XRD analysis of the pristine
(LiyMns0;,-LM) and samarium-doped lithium manganese
oxide (LisMny;5Smg,501,-LS). The spectrum indicates the
formation of highly crystalline, sharp, and well-defined
peaks matched with earlier reports and JCPDS card No.
46-0810 [19-21]. The diffraction peaks of LM attribute to
(111), (311), (400), (331), (511), (440), and (531) planes and
correspond to d-spacing: 4.732, 2.467, 2.045, 1.861, 1.575,
1.556, and 1.385 A, respectively. All the characteristic peaks
attribute to a cubic spinel structure with the fd3m space
group. No changes have been observed in its structure by
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Ficure 1: XRD pattern of (a) LiyMnsO;, and (b)

LigMny 758mg 25015.

doping manganese with samarium. In addition, when no
other peaks have been notified as impurities, the dopant
enters into the lattice structure perfectly. On the other hand,
the intensity of the peak decreases with doping. Using the
Scherrer formula, the lattice constant and grain size of the
prepared materials are calculated and presented in Table 1. It
is also noticed that the crystallite size decreases with doping
indicating that rare earth elements hinder the growth of
pristine materials. Lattice density is calculated using the
formula p = 8M/Na?®, where M, N, and a takes its usual
meaning. Figures 2(a) and 2(b) represent the Williamson
Hall plot of LM and LS. The broadening in the peak will
cause defects in the crystal which also induces strain. The
microstrain and crystallite size can also be calculated using
the W H plot by considering 4 sin 6 along the x-axis and f3
cos 0 along the y-axis as shown in Table 1. Using the linear
fitting method, the slope and intercept are calculated for
both the samples and the obtained crystallite size, which are
closer to the values obtained from the Scherrer formula [24].
The formation of a positive slope indicates the presence of
tensile strain in the compound [25, 26].

The nature of the chemical bond present in the com-
pound can be studied with the help of FTIR. The fingerprint
region (500-1500 cm™?) exhibits the details about the type of
metal-oxygen bond. The sharp peak observed from 555 to
640 cm ™" attributes to the symmetric stretching vibrations of
the MOg octahedral group [20]. The characteristic peak
around 1000cm ™" corresponds to stretching vibrations of
metal = oxygen bond for both the materials. A trace of C-O
vibrational mode is noticed near at 1520 cm™" which may be
due to the carbon content present in the atmosphere or may
be due to calcinations of the material in the muffle furnace
[20]. Due to the adsorption of water molecules, a peak is
noticed near 1640cm™'. A weak peak is observed at
2975 cm™" which may be due to COO™ present on the surface
of the material (Figure 3).

SEM and TEM analysis are powerful tools to study about
the morphological features such as the shape and size of the
prepared samples. Figure 4 explicits the SEM images of pure
and Sm-doped Li;MnsO;,. Both samples show the forma-
tion of polyhedral-shaped particles with slight agglomera-
tion [27, 28]. The size of the particle is reduced when doped
with samarium which may be due to the dopant inhibitng
the growth of the particles which is an important factor to
obtain a better electrical performance from the material [29].
Compared to pure LiyMnsO;,, samarium-doped LiyMnsO;,
exhibits more agglomeration. Since the boundaries are not
clear, it is not possible to measure the length of the particles.
The elemental analysis of the prepared materials is studied
from the perspective of energy dispersive spectrum. Figures
4(e) and 4(f) show the EDX spectrum of both the samples,
which also has clearly proven the presence of Mn, O, and Sm
in appropriate concentrations in the spinel material. In
addition, EDS mapping is recorded for both the compounds
and it shows the homogenous distribution/presence of Mn
and O in LM; Mn, O, and Sm in LS explains clearly the
presence of dopant in the prepared material (Figure 5).

To reveal the morphology of the particles in more detail,
TEM and HRTEM analysis are carried out for pure and
samarium-doped lithium manganese oxide and its selected
area diffraction pattern (SAED) is shown in Figure 6. The
formation of polyhedral-shaped particles is more clearly
confirmed from the TEM analysis and is also shown in
Figures 6(a) and 6(d). The interplanar distances are calcu-
lated as 0.48nm for both pure and Sm-doped material
obtained from the lattice fringes which correspond to the
high intensity (111) plane, respectively. From the SAED
pattern (Figures 6(c) and 6(e)), the formation of bright spots
with ring-like structures authenticates the polycrystalline
nature of the prepared material [30]. For LM, the bright spot
corresponds to the (111), (311), (400), (331), (511), and (440)
planes; whereas for LS, it corresponds to (111), (311), (400),
(331), and (511) planes which are in good agreement with the
XRD data. The standard d-spacing values, obtained results,
and calculated values from the SAED pattern are given in
Table 2.

The complex impedance spectroscopy will give clear
information about the electrical behavior of the material
over a wide frequency. For the prepared Li;Mns;O;, and
LiyMng oSmg;O1,, the Nyquist plots are shown in Figures
7(a) and 7(b). Both the samples exhibit the formation of
a single semicircle at a high-frequency region and the spike
corresponds to the low-frequency region. By increasing the
temperature, the diameter of the circle reduces. Normally,
R, -charge-transfer resistance is obtained from the diameter
of the semicircle due to the electrode-electrolyte interface,
whereas the solid-state diffusion process exists from the
appearance of a straight line at the low-frequency region
implicit the Warburg diffusion [28, 31]. The calculated R, is
tabulated and given in Table 3 for both the samples. On
comparing both the samples, LS exhibited the lowest R.; at
all temperatures and the lowest value is obtained at 100°C,
indicating that the sample may exhibit fast Li insertion/
deinsertion process than LM and may also account for the
good cycling stability. Since LS exhibits lower charge-
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TaBLE 1: XRD parameters of LM and LS.

Crystallite size(nm) Latti
attice

. Lattice parameter 4 . .
Material o . Slope (x10 Microstrain
(A) Scherrer formula W H density x 10° pe ( )
plot
LM 8.176 16.03 16.25 12.01 4.55 0.00853
LS 8.174 12.62 13.39 12.60 4.31 0.01035
LS
0.016 - LM . =
. 0.0120 4
| |
0.0114 4
< 0.012 - - .
g g
@ . < 0.0108 A
.,/I’”/‘_/T—
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Ficure 2: W-H plot of (a) Li;MnsO,, and (b) LiyMn, 75Smg 2501,.
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FIGURE 3: FT-IR spectrum of (a) LiyMnsO;, and (b) LiyMn, 755mg 2501,.

transfer resistance, it may extend good electrical conduc-
tivity. It is also associated with the particle size that facilitates
Li* transfer [32].

The frequency vs conductivity spectra are given in
Figures 7(c) and 7(d) at different temperatures. Both the
spectra exhibit a plateau at low frequency and dispersion at
high frequency irrespective of temperatures. Due to the
random mobility of ions, the dispersion can be observed at
high-frequency regions. By extrapolating the plateau at the

y-axis, the dc conductivity of the samples can be determined,
and the material was found to obey universal Jonscher’s
power law [20]. The conductivity obtained from the graph is
given in Table 3, and the values are found to increase with the
increase in temperature, which elucidates the thermally
activated process [23]. Compared to pure LM, Sm-doped
material (LS) exhibits very good electrical property in-
dicating that optimum doping can influence the electrical
behavior of the material.
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FIGURE 6: TEM and HRTEM images of (a, b) LiyMnsO;, and (d, e) LiyMn,75Smg 50, and its corresponding SAED pattern (c, f).

TaBLE 2: Comparison of d-spacing from the XRD and SAED pattern.

From XRD data SAED pattern

hkl plane PowderX software

LM LS LM LS
111) 471 4.73 4.72 4.70 4.75
(311) 2.46 2.46 2.46 2.41 2.50
(400) 2.04 2.04 2.04 2.12 2.06
(331) 1.87 1.86 — 1.69 1.64
(511) 1.57 1.57 1.57 1.41 1.47
(440) 1.44 1.44 1.44 1.27 —
(531) 1.37 1.38 1.38 — —

The dielectric constant (¢/) and tangent loss of the  the ¢ decreases which leads to a high dielectric constant
materials are examined at different temperatures and [32]. The inset Figures of 8(a) and 8(b) indicate the tangent
shown in Figures 8(a) and 8(b). From the figure, it is loss vs frequency curve with respect to temperature. By
observed that, with the increase in frequency, the dielectric ~ increasing the temperature, the tangent loss (§) decreases
constant decreases and it increases with temperature and it ~ which indicates the dielectric relaxation of both the
becomes significant at low frequency. Due to space charges, = materials.
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TaBLE 3: Electrical parameters of LM and LS.
o LiyMn;0, LiyMny 9Smg,012
Temperature ("C) 6 . _ = o o - =
R, (x10°Q) Conductivity (x10™"S.cm™) R, (x10°Q) Conductivity (X107 S.cm™)
Room temperature 2.42 0.515 1.52 0.584
60 2.34 0.581 1.43 0.884
80 2.24 0.643 1.35 1.05

100 217 0.683 1.29 1.15




Advances in Materials Science and Engineering

i 2.5
*
1200 2.0 1
© 1.5 4
] 8 g
1.0 |
800 —| 0.5 4
. 0.0 +——————————
. s 5 & & 3 3%
o " 2 2 >< ><
s 8 & & &
o <t o o0 —
400 \ Frequency (Hz)
B
) —o— RT —#— 80°C
] B —— 60°C —o— 100°C
X
0 Ditome o oo b oot
T T T T T
102 10° 10* 10° 10°
Frequency (Hz)
-+ RT - 80°C
-O- 60°C e 100°C
(a)
*
1600 — i
2
o
_ g
1200
§\9_¢-_
T~ e
_ 0 \*“*‘*-gf—%S;
w
800 \P 0l : : :
a
Yo 0.0 3.0x10° 6.0x10° 9.0x10°
\O \ Frequency (Hz)
a o]
400 - \'\ K —o— RT —— 80°C
oo
AT —o— 60°C —%— 100°C
§\§:
0 - DA ARE Rk £54 Sk S A Ak
T T T T T
102 10° 10* 10° 10°
Frequency (Hz)
O+ RT - 80°C
-O- 60°C e 100°C

FIGURE 8: Dielectric constant as a function of frequency at different temperatures for LM (a) and LS (b) inset shows corresponding

tangent loss.

(b)




Advances in Materials Science and Engineering

4. Conclusion

Ball-milling assisted solid-state approach is used successfully
to produce pure and doped lithium manganese oxides. The
XRD pattern reveals a good crystalline nature and high
material purity with a cubic spinel structure. Three crystallite
sizes of the materials are calculated by the Scherrer formula
and W H plot and it is found that compared to pure, Sm-
doping exhibits smaller particle size. The stretching and
vibration modes are notified from the prepared samples. The
particles exhibit polyhedral morphology with slight ag-
glomeration. The interplanar distance is calculated from the
SAED pattern and matches with the XRD results. The
substitution of Sm as a dopant at Mn sites has enhanced the
conductivity of LiyMnsO;,. The dopant can demonstrate
good conducting qualities at 100°C (1.15x1077 Scm™"),
indicating that the dopant can enhance the electrical
property and the material can operate as a good electrode for
batteries, according to complex impedance spectroscopy.
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In the present work, the preparation of AA-6082/ZrSiO,/TiC hybrid composite is studied along with an analysis of the effects of
electrochemical machining parameters such as feed rate of electrode (FE), voltage (VO), electrolyte concentration (EL), and
electrolyte discharge (ED) rate on the output responses of the material removal rate (MRR) and surface roughness (SR) for Al
hybrid composites. The experiments are carried out based on the Taguchi L16 orthogonal array and the important process
parameters are found for MRR and SR. Each parameter contains four different levels that are FE (0.10, 0.15, 0.20, and 0.25 mm/
min), VO (10, 15, 20, and 25 V), EL (15, 20, 25, and 30 g/lit), and ED (1.5, 2, 2.5, and 3 lit/min).The optimization software, namely,
Minitab-17 version helps to find the contribution of each parameter on MRR and SR. The ANOV A result reveals that the feed rate
of electrode is the highest contributing parameter, trailed by the electrolyte discharge rate and other process parameters for MRR
and SR. A linear model of regression and interaction plots is also included to show the relationship between the parameters. From
the observational results, the highest MRR (0.00953 mg/min) is attained by the parameter combination level of the feed rate of
electrode of 0.20 mm/min, voltage of 25V, electrolyte concentration of 20 g/lit, and electrolyte discharge rate of 1.5 g/, whereas the
lowest MRR is found at FE of 0.10 mm/min, VO of 10 V EL-15 g/lit and ED of 2.5 g/litre. For SR, the maximum and minimum are
recognized at FE2-VO4-EL3-ED2 (0.15 mm/min, 25V, 25 g/lit, and 2 lit/min) and FE1-VO1-EL1-ED1 (0.10 mm/min, 10V, 15 g/
lit, and 1.5lit/min), respectively. Finally, the increment of MRR and SR values is mostly dependent on the feed rate of the
electrode.

1. Introduction

When constructing any components in the manufacturing
and industrial engineering fields, Al is a chemical element
that does not have sufficient strength on its own. So, to
increase the materials’ strength and characteristics, re-
inforcements such as B,C, TiB,, TiC, and SiC were used.
The advantages of AMCs are superior in a variety of

industries and sectors [1] because it possesses high specific
strength, stiffness, and wear resistance [2]. In the 6,000
series of alloys, Al 6082 is a moderately strong alloy with
outstanding corrosion resistance. Al 6082 is the alloy that is
most frequently machined when it is in plate form. The high
strength alloy is created by control of grain structure and
also adding a lot of Mn elements [3]. At a high temperature
of about 1500°C, titanium dioxide and carbon undergo
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a chemical reaction to produce titanium carbide, a powder
with a dark black appearance. When combined with Al
alloy, TiC has been shown to acquire elastic and abrasion
properties [4, 5]. For applications requiring resistance to
corrosion by alkali materials, zirconium silicate is used as
a refractory material. Electrochemical machining (ECM) is
one of the modern machining techniques that removes
material by dissolving atoms from the work piece’s mo-
lecular structure as a result of electrochemical action. This
technique is based on Faraday’s principles [6]. Hard ma-
terials are machined using an electrochemical technique.
Materials that are challenging to machine using conven-
tional methods can be easily machined using the ECM with
minimal heat production due to the lack of friction, no
stresses produced because no contact is made between the
tool and the work piece, and excellent surface finishes due
to the removal of material at the atomic level. De Silva et al.
[7], investigated the ECM approach using various elec-
trolyte concentrations and concluded that lower quantities
yielded greater accuracy. Burger et al. [8] investigated the
ECM method for nickel-based materials which indicated
that using the same electrochemical action for dissolving
can produce high-quality products. Neto et al. [9] used
several electrolytes to explain the primary variables in the
ECM of SAEXEV-FValve-Steels and came to the conclu-
sion that the electrode feed rate was the major factor de-
termining the material removal rate (MRR). In order to find
the ideal process parameter of the MRR, dimensional ac-
curacy, and cost of machining, Rao et al. [10] evaluated the
important ECM process characteristics of the electrode feed
rate, voltage applied, and electrolyte discharge rate. The
best option for processing variables is still difficult to
choose in order to guarantee the greatest machining per-
formance. To improve the processing performance, various
researchers have conducted a number of investigations. Stir
casing was used to create the 5,059 Al alloy reinforced with
SiC particles with a size range of 10- 40 Im and a set
molybdenum disulphide content of 2%. MRR and SR have
been examined by altering the machining parameters on
the L-27 OA experiments [11]. However, the optimization
process used the following four parameters for the ECM:
current, pulse-on time, pulse-off time, and voltage. The
results of the ANOV A show that peak current and pulse-off
time are the most important variables for MRR [12]. The
impact of factors on the electrochemical machining
properties of LM6 Al/B4C composites is studied. Twenty
test cases are used to test the produced nonlinear regression
models, which were developed after experiments were done
using the central composite design of experiments. Based
on RSM, the responses of MRR, SR, and ROC are each
independently and simultaneously maximized. The non-
linear model’s average absolute percentage of error in
predicting all replies is determined to be 9.657 [13]. The
extremely narrow electrode space between the cathode and
anode is where the DC voltage is applied. The anode serves
as the work piece and the cathode as the tool. To complete
the flow of current, transport the heat, and dissolve the
metal, an electrolyte of free-toxic and dangerous wastage is
delivered and filled in the IEG [14]. The Taguchi L9 design
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utilized by Jeykrishnan et al. [15] evaluated the impact of
processed variables on the machined surface quality. The
SR of D3 die steel was reduced as the electrolyte concen-
tration dropped. For Al/B4C composites, Taguchi L-27 is
also utilized to optimize the parameters. They claimed that
one of the most important factors is tool feed rate. With
0.2mm molybdenum wire and Taguchi’s pedagogy in
consideration, Mohamed and Lenin [16] examined the
WEDM characteristics of AA6082-T6. Investigations into
the optimization of the parameters for electrochemical
machining (ECM) require focus and address the technol-
ogy gap for the upcoming ECM/nontraditional machining
researchers. Many researchers selected mostly three factors
in ECM process, and the improvement of MRR and SR is
based on the concentration of electrolyte. Generally, the
electrolyte performed the three important functions in the
ECM process. It passes the current among the tool and
work piece, removes a product of the response from the
cutting region, and also removes the heat produced by the
current flow in the operation. The novelty of this work is to
implement four factors including electrolyte concentration
and MRR and SR for Al 6082/ZrSiO,/TiC composites
which are measured with variations of four levels of NaCl
electrolyte concentration, and also design of experiments is
conducted according to Taguchi (L16) design to find out
the optimal factor of electrolyte concentration, voltage,
electrolyte discharge rate, and feed rate of the electrode on
their responses of MRR and SR. This Al 6082 composite is
practically used in bridges, cranes, transport applications,
ore skips, beer drums, and milk blends.

2. Material Selection and Methodology

Al 6082 is chosen as the primary material in this research
process. Al alloy is combined with two reinforcements at
a weight of 5%. Al 6082/ZrSiO4/TiC is produced using the
stir casting technique (SCT). The existing chemical elements
and mechanical properties of Al 6082 are described in Ta-
bles 1 and 2, respectively. SCT is widely acknowledged as one
of the several manufacturing methods available for dis-
continuous metal matrix composites[17, 18]. It is more
beneficial in terms of cost-effectiveness, simplicity, and
adaptability to large-scale production. ZrSiO,/TiC acted as
strengthen particles in the casting to produce Al 6082 hybrid
composite. In the SCT process, A motor is driven by rotating
the stirrer at varied speeds. A lift mechanism was employed
to get the stirrer into contact with Al 6082 and particles of
reinforcement. Al 6082 is first put in a furnace and heated to
about 750-800°C in an electric furnace [19]. Zirconium
silicate/titanium carbide (5wt%) particles are heated at
400°C simultaneously in a second furnace. Then, melted
6,082 alloy and preheated reinforcements are mixed and
heated to a temperature of 800°C. After being stirred con-
tinuously for 7 minutes by a stirrer, the prepared melted
liquid is transferred into the die to produce Al 6082/ZrSiO,/
TiC-based composites. Unnecessary portions from the
generated samples are removed using a grinding machine
[20]. The complete setup of the stir casting process is dis-
played in Figure 1.
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TaBLE 1: Compositions of Al 6082.

Elements Cu Mn Mg Zn Ti Fe Al

% 0.20-0.25 0.30-0.35 2.4-2.6 0.40-0.50 6.0-6.3 0.20-0.30 0.50-0.55 Balance

TaBLE 2: Properties of Al 6082.

TS (MPa) YS (MPa) Elongation (%) Hardness
275 238 10 P
~~ Motor
/
~ Stirrer
e / Crucible

o~
T Melt (AT 6082)

T Reinforcement

F1GUre 1: Stir casting setup.

Stirrer Blade

3. ECM Process and Design of Experiments

After samples are prepared, the electrochemical machining
(ECM) process is used to remove metal from the work
surface in accordance with our requirements and depends
on a reverse electroplating mechanism. During the process,
particles moved from the work specimen as an anode to the
target machine tool as a cathode. The cavity is formed on the
material as a result of current or voltage travelling through
the setup observed in Figure 2. We use a weighing device to
measure the sample weight before and after the ECM ex-
periment, and the composites” densities are computed using
the following formulas:

pAI6082
Zrsiod/TiC PV ateos2 + PV zrsionsrics (D)

where p is the density of 6,082 Al and V4 s, is the volume
of alloy and reinforcements.

The densities of ZrSiO, and TiC are 4.56 g/cm’® and
4.93 g/cm®. These two density values are more and almost
very close to each other. The sample weight is increased due
to the increase in reinforcement’s wt%. Two reinforcements
(ZrSiO, and TiC) are taken equally and mixed with Al 6082
at 5wt% to maintain a lower weight.

DOE and the use of numerical tools are the most ef-
fective methods for analysing the effects of frequent factors.
This method’s purpose is to reduce the number of tests
where DOE is left unchanged. The Taguchi methodology is
a technique for determining the ideal process variables and
parameters for a particular process response (output). The

technique aims to deliver high-quality goods at a lower price,
and it is also possible to determine the interaction between
the variables and the result, which is very accurate when
compared to other techniques. Four parameters with 4 levels
are taken for designing the experiments and presented in
Table 3. With the aid of Minitab software, the 16 experi-
mental combinations are made by the interaction of the
parameter levels as per Table 4.

To identify the influencing ECM process factors on the
response, namely, the MRR, feed rate of the tool (FE),
electrolyte concentration (EL), voltage (VO), and electrolyte
discharge rate (ED) were studied. Both the data and the S/N
ratios are used to determine the effects of each process factor
on the machining performance and to identify the important
process parameters. An analysis of variance is used to cal-
culate the contribution percentage of the process parame-
ters. A greater S/N ratio is preferable since it indicates that
there are many settings that may be changed to reduce the
impact of unwanted noise and loss [21].

4. Results and Discussion

4.1. Material Removal Rate. The overall MRR results are
exposed in Figure 3 and Table 5. It was noticed that the
maximum and minimum optimum combination parameters
for material removal rate are acknowledged at FE3-VO4-
EL3-ED1 (0.20 mm/min, 25V, 20 g/lit, and 1.5lit/min) and
FE1-VO3-EL3-ED3 (0.10 mm/min, 20 V, 25 g/lit, and 2.5 lit/
min), respectively. Four significant factors were nominated
as important portions of this present study. Experimental
tests were analysed with the help of ANOVA (95% confi-
dence level), also assessing chosen variables (FE, EL, VO,
and ED). The SN ratio mean plots and table results for MRR
are mentioned in Figure 4 and Table 6. It was detected that
the greatest optimal parameter groupings for MRR are FE3-
VO4-EL4-ED2 (i.e., FE of 0.20 mm/min, VO of 25V, EL of
30 g/lit, and ED of 2 g/litre) and least groupings variable are
FE of 0.10 mm/min, VO of 10V, EL of 15g/lit, and ED of
2.5 g/litre.

Table 6 discloses the SN response of machining factors,
level 3 of FE (—41.35) has a higher significant level of MRR,
followed by level 4 of ED (—43.08), level 4 of EL (—42.69),
and level 2 of VO (-43.06). ANOVA is a technique that
assesses if there are statistical differences between two
parameters, while it also assesses whether there are sta-
tistical differences between three or more parameters. F and
P values acted as controllable and probability of irre-
pressible to accomplish optimum MRR in analysis of
variance. From Table 7, the P value of process parameters
FE (<0.005), ED (0.006), and EL (0.018) has been dis-
covered to be less than 0.05. It is indicating that these
parameters are more important parameters for increased
MRR. The other process parameter, VO, and its combi-
nations, on the other side, are less important process
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FIGURE 2: Electro chemical machining (ECM) arrangement.
TaBLE 3: ECM parameters with levels.
Parameters Unit Level 1 Level 2 Level 3 Level 4
Feed rate of tool (FE) mm/min 0.10 0.15 0.20 0.25
Voltage (VO) A% 10 15 20 25
Electrolyte concentration (EL) g/lit 15 20 25 30
Electrolyte discharge rate (ED) lit/min 1.5 2 2.5 3
TABLE 4: Interaction of parameter levels. 1
0.010 |
Parameter levels 1 u
Experiment no. ] N N
i FE VO EL ED 2 0009 e
1 e
1 1 1 1 1 i 0.008 - -
2 1 2 2 2 = ]
3 1 3 3 3 5 0007 A /
[
4 1 4 4 4 e 1 |
5 2 1 2 3 £ 0.006 - n /
6 2 2 1 4 & 1 ”
7 5 3 4 1 g 0005 A ; /
8 2 4 3 2 g ¥
9 3 1 3 4 0:004 7 < \_
10 3 2 4 3 0,003
11 3 3 1 2
T T T T T T T T T T T T T T T 1
12 3 4 2 1 01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16
13 4 1 4 2 Experiment Numbers
14 4 2 3 1
15 4 3 2 4 - MRR
16 4 4 1 3 FIGURE 3: MRR experimental results.

parameters. The peak contribution of FE (76.9%) is the first
factor to increase MRR, trailed by ED (12.3%), EL (5.7%),
and VO (4.6%). The feed rate of electrode is contributed as
main parameters, and ED support is very less on MRR.
From the observation of Figure 5, MRR is directly pro-
portional to feed rate. This is due to the increase in elec-
trode feed, which makes good contact with composite to
remove material. Whenever parameters of electrolyte
concentration, voltage, and MRR values are increasing, it is
due to extra energy for oxidation that provides more anodic
dissolution, more heat, and a good chemical reaction be-
tween the electrolyte and Al composite [22].

4.2. Surface Roughness. The experimental SR results are
exposed in Figure 6. It was noticed that the maximum and
minimum optimum combination parameters for surface
roughness are recognized as FE2-VO4-EL3-ED2 (0.15 mm/
min, 25V, 25g/lit, and 2lit/min) and FE1-VO1-EL1-ED1
(0.10 mm/min, 10V, 15g/lit, and 1.5lit/min), respectively.
Table 8 and Figure 7 reveal that the SN response of ma-
chining parameters, level 2 of feed rate (5.024), has the
highest influence level on SR, followed by level 4 electrolyte
concentration (4.074), level 2 of voltage (4.338), and level 2
of electrolyte discharge rate (4.284). Based on the delta
results of the SN table, the parameters are categorized from
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TABLE 5: Material removal rate results.

Experiment MRR (mg/ SN ratio SN ratio
no. FE Vo EL ED min) SR (ym) for MRR for SR
1 0.10 10 15 1.5 0.00375 0.85 —48.5194 -1.41162
2 0.10 15 20 2.0 0.00456 1.35 —46.8207 2.60668
3 0.10 20 25 2.5 0.00344 1.19 —-49.2688 1.51094
4 0.10 25 30 3.0 0.00589 1.45 —44.5977 3.22736
5 0.15 10 20 2.5 0.00415 1.89 —47.6390 5.52924
6 0.15 15 15 3.0 0.00562 1.59 —45.0053 4.02794
7 0.15 20 30 1.5 0.00652 1.78 —43.7150 5.00840
8 0.15 25 25 2.0 0.00645 1.89 —43.8088 5.52924
9 0.20 10 25 3.0 0.00789 1.57 —42.0585 3.91799
10 0.20 15 30 2.5 0.00825 1.28 —41.6709 2.14420
11 0.20 20 15 2.0 0.00864 1.54 —41.2697 3.75041
12 0.20 25 20 1.5 0.00953 1.63 —-40.4181 4.24375
13 0.25 10 30 2.0 0.00915 1.83 —-40.7716 5.24902
14 0.25 15 25 1.5 0.00892 1.82 —40.9927 5.20143
15 0.25 20 20 3.0 0.00927 1.57 —40.6584 3.91799
16 0.25 25 15 2.5 0.00674 1.65 —43.4268 4.34968
Main Effects Plot for SN ratios Data Means
FE VO EL ED
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FIGURE 4: SN ratio plot on MRR.
TaBLE 6: SN response for MRR (larger is better).
Level FE VO EL ED
1 ~47.30 —44.75 ~44.56 ~43.41
2 ~45.04 ~43.62 ~43.88 -43.17
3 ~41.35 ~43.73 ~44.03 ~45.50
4 ~41.46 ~43.06 ~42.69 ~43.08
Delta 5.95 1.68 1.87 2.42
Rank 1 4 3 2
TaBLE 7: ANOVA (MRR).

Source Seq-SS Adj-MS F P Contribution (%)
FE 3 100.999 33.6663 265.29 <0.005 76.9
VO 3 5.907 1.9690 15.52 0.025 4.6
EL 3 7.463 2.4877 19.60 0.018 5.7
ED 3 15.855 5.2849 41.64 0.006 12.3
Residual error 3 0.381 0.1269 0.5
Total 15 130.605 100
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FiGure 5: Contribution percentage of each parameter for MRR.

first rank to last rank. FE which is the most important
variable (1* rank) is determined as 3.540 delta followed by
EL of 1.395 delta (2" rank), ED of 1.023 delta (3" rank), and
VO of 1.016 (4™ rank). F and P values acted as controllable
and probability of irrepressible to achieve optimum surface
roughness (SR) in the analysis of variance. From Table 9, the
P value of FE (0.0144) is discovered to be less than 0.05,
indicating that these parameters are more important process
parameters for increasing the SR. The VO, ED, and EL and
their combinations on the other side have less important
process parameters because P value is more than 0.05. The
highest contributions of FE are 62.4%, which is the most
significant factor in increasing SR, followed by EL of 10.8%,
ED of 5.2%, and finally VO of 5.1%. From the observation of
Figure 8, the feed rate of electrode is contributed as the main
parameters, and VO support is very low on the improvement
of SR. SR is directly proportional to electrode feed rate until
it reaches to 0.10-0.15 mm/min. Further increase in FE leads
to decrease in surface roughness. The voltage effect on the
surface roughness is also obtained more when increasing VO
from 10 to 25 V. In case of EL and EL parameters, increasing
the values of 20 g/lit and 2lit/min will lead to decreasing
surface roughness. The difference of SR values depends on
the anodic dissolution and inappropriate blushing at the
electrolyte flow, which cause the availability of chip materials
that give a good or bad surface finish.

N4
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|
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FIGURE 6: SR experimental results.

TaBLE 8: SN ratio response table on Ra.

Level FE VO EL ED
1 1.483 3.321 2.679 3.260
2 5.024 3.495 4.074 4.284
3 3.514 3.547 4,040 3.384
4 4.680 4.338 3.907 3.773
Delta 3.540 1.016 1.395 1.023
Rank 1 4 2 3

4.3. Regression Equation. In order to establish the connec-
tion between the input variables (FE, VO, EL, and ED) and
response variables (MRR and SR), A linear equation was
used to model the experimentally observed data using the
multiple linear regression analysis examination method. A
linear regression model presentation will be produced by the
software Minitab-17 in view of the experimental findings
[23]. For MRR and SR, the regression equations (2) and (3)
were helpful.

Material removal rate = —0.00044 + 0.03045 feed rate of electrode + 0.000058 voltage
+0.000072 electrolyte concentration — 0.000319 electrolyte discharge rate.

(2)

Surface roughness = 0.782 + 2.48 feed rate of electrode + 0.0074 voltage + 0.0108 electrolyte concentration

4.4. Interaction Plots for MRR and SR. Figures 9 and 10 il-
lustrate the effect of various factors on MRR and SR from the
produced composites. Figure 9 shows that when a parameter
is changed, either in terms of its levels or interactions, the
MRR varies. The level of these parameters will rise while the
interaction between FE * ED, FE * EL, and EL % ED varies
with nearly constant values. These interactions increase very
slightly, and it is possible to consider them to be constant

—0.015 electrolyte discharge rate.

deviations.For the case of other parameter interactions such
as FE * VO, VO # EL, and VO # ED, when the value of these
parameters increase MRR ,value decreses. In these combi-
nations, the MRR is mostly signified by the feed rate and
electrolyte concentration. Additionally, only small differ-
ences in the value of each case were observed owing to
a change in parameter levels seen, which is essentially the
same phenomenon as these results. Some data suggest that
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Main Effects Plot for SN ratios Data Means

FE VO

EL ED

Mean of SN ratios
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FIGURE 7: SN ratio plot for SR.
TaBLE 9: ANOVA for SR.
Source DF Seq SS Adj MS F P Contribution (%)
FE 3 30.629 10.2098 30.95 0.0144 62.4
VO 3 2.452 0.8172 4.32 0.0815 5.1
EL 3 5.354 1.7846 6.69 0.0616 10.8
ED 3 2.548 0.8494 3.33 0.0807 52
Residual error 3 7.748 2.5826 16.5
Total 15 48.731 100
5.1% 10.8%
16.5%

B FE [ ED
23 VO [ Error
L

FIGURE 8: Parameters contribution for SR.

some parameter arrangements or interactions have only
a very small impact on the MRR of Al hybrid composites.
From the observation of Figure 9, the SR will change when
a parameter is changed in the collaborations of ED * FE and
FE « EL. However, for the case of parameter interactions of
VO * FE, EL * V, and other combinations, when these pa-
rameter values increase, the SR value decrease. However,
feed rate and electrolyte discharge rate play a prevailing role
in SR.

4.5. Surface Morphology and EDX Analysis. The maximum
MRR and SR were obtained with Experiment No. 12 and 8,
and the SEM image of their machined surface is presented in
Figures 11 and 12. The presence of reinforcement, micro-
craters, and microcracks is investigated in all the surface
regions. It is evident from the presence of more re-
inforcement (ZrSiO, + TiC) noticed in the left end region
while compared to other regions. Additionally, the accu-
mulation of reinforcements in the left region is shown in
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Interaction Plot for MRR Data Means
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FIGURE 10: Interaction plots between parameters on SR.
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FiGure 13: EDX analysis of experiment no. 12 machined surface.

Figure 11, and this is due to the solidification process of
AMCs. The pattern of ridges is formed uniformly due to
energy generation in a particular direction, and also an extra
feed rate by the electrode leads for the creation of micro-
ridges. It is noticed that microvoids and gas or air bubbles
are visible at some regions of the surface due to the addition
of reinforcement particles into melted Al 6082 during the stir
casting process, and air enters the materials along with the
reinforcement; however, gas is released from the material

during machining. The microcraters and gas bubbles are
visible in Figure 12. Many literature studies have stated that
the main reason for microcrack instigation is de-bonding at
the reinforcement matrix boundary. The EDX map with
respect to machine surfaces in Experiment 12 is presented in
Figure 13, which reveals the different chemical composition
of machine surfaces. The composition percentage is changed
due to addition of reinforcements. EDX analysis concerning
the localized distortion portion of the SEM image is



10

identified as the combination of Al, Mg, Zn, Si, and Fe
elements with wt% of 89.66%, 1.53%, 3.48%, 0.22%, and
0.18%, respectively.

5. Conclusion

In this research work, the influence of the electrochemical
machining parameters of the electrode feed (FE) rate, voltage
(VO), electrolyte discharge (ED) rate, and electrolyte con-
centration (EL) on the responses of MRR and SR is ex-
amined by the optimization technique, namely, TaguchiL16
orthogonal array. The following conclusions are discussed:

(i) The maximum material removal rate is attained by
selecting the best combination level that is at FE3-
VO4-EL4-ED2 (i.e.,, feed rate of electrode of
0.20 mm/min, voltage of 25V, electrolyte concen-
tration of 20 g/lit, and electrolyte discharge rate of
1.5 g/litre), and the minimum value is obtained at
FE of 0.10 mm/min, VO of 10V, EL of 15 g/lit, and
ED of 2.5 g/litre.

(ii) From the ANOVA result on material removal rate,
the highest contributions of FE are 76.9% which is
the most significant factor in increasing the MRR,
followed by ED 12.3%, EL 5.7%, and VO 4.6%.

(iii) The maximum and minimum optimum combina-
tion parameters for surface roughness are recog-
nized at FE2-VO4-EL3-ED2 (0.15mm/min, 25V,
25g/lit, and 2lit/min) and FE1-VO1-EL1-ED1
(010 mm/min, 10V, 15g/lit, and 1.5lit/min),
respectively.

(iv) From the ANOVA result on surface roughness, the
highest contributions of FE are 62.4%, which is the
most significant factor in increasing the surface
roughness, trailed by EL of 10.8%, ED of 5.2%, and
finally VO of 5.1%.

(v) The increment of MRR and SR values mainly de-
pends on the increment of feed rate of electrode.
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Solid-state diffusion bonding of AA2219 alloy is carried out under the nonvacuum condition to form AA2219/AA2219 joints. In
the currently adopted method, AA2219 alloys are joined under the bonding temperature of 450-500°C, bonding pressure of
10 MPa, and bonding time of 30 min. Chemical cleaning is adopted to protect the joining surfaces from reoxidation before the
diffusion bonding process. Microstructure evolution at the bonded joints is characterized using optical microscopy, scanning
electron microscopy (SEM), and energy dispersive spectroscopy (EDS). The hardness at the bonded joints increased with the
increase in the bonding temperature. The parent metal structure is achieved at 500°C bonding temperature with an increase in
hardness of 112.14 Hv at the bond interface. There is no evidence of intermetallic found at the interface, as confirmed by X-ray

diffraction (XRD).

1. Introduction

Isogrid structures have gained much attention in the
aerospace industry due to their lightweight properties and
high strength-to-weight ratios, specifically for launching
vehicle structures. AA2219 is one such copper aluminium
alloy that is primarily used for producing the isogrid
structures due to its high weldability, stress corrosion
cracking resistance, and excellent mechanical properties at
cryogenic temperatures [1-3]. AA 2219 has already been
used successfully in several launch vehicle systems, such as
Saturn V and the Apollo Space Shuttle, and it was also
chosen for Ariane V to replace AFNOR 7020 [4]. Joining
similar and dissimilar metal alloys has become increasingly

challenging to combine the various material properties to
achieve lightweight properties and high product perfor-
mance in industries like aerospace and automotive [5, 6].
While joining the different metal alloys, the differences in
physical and thermal properties would become the main
hurdles [7-9]. The major difficulty in joining aluminium and
its alloys by conventional and even advanced welding
techniques is the tenacious oxide film that exists on the
faying surfaces, acting as a strong barrier for atomic in-
terdiffusion [10, 11]. Though the welding properties of the
AA2219 are superior to those of other aluminium alloys, the
welded joints exhibit poor strength even when using ad-
vanced welding techniques such as gas metal arc welding
(GMAW), gas tungsten arc welding (GTAW), and plasma


https://orcid.org/0000-0003-3138-9453
https://orcid.org/0000-0001-6765-4728
https://orcid.org/0000-0002-8248-7603
https://orcid.org/0000-0003-4212-9163
mailto:haiterlenina@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/5176219

arc welding (PAW). The loss in joint strength is mainly due
to the melting and quick solidification of the metal involved
in these welding processes [12]. The welding of components
with complex internal structures is challenging with ad-
vanced solid-state welding methods like friction stir welding
(FSW) [13].

To overcome such difficulties, the diffusion bonding
techniques are used more prominently, as they do not in-
duce macroscopic material deformation, preserving the
parent metal strength and reducing the oxide formation at
the joints. [14-17]. Solid-phase diffusion bonding is highly
preferred for numerous industrial products where the
welding is to be formed without any liquid phases [18, 19].
Diffusion bonding is usually carried out at the temperature
range of 50-80% of the melting temperature of the metal,
and the quality of the bonding joints mainly depends on the
process variables such as temperature, pressure, and time
[20, 21]. However, the adherent and chemically stable oxide
films on the faying surface of the aluminium and its alloys
must be removed before the diffusion bonding process to
curb the formation of metallurgical differences at the bonded
joints [22, 23]. The prior cleaning of the faying surface of
aluminium with alkaline and acidic solutions is one such
technique to minimize the formation of oxides during
diffusion bonding [24-26].

Generally, the diffusion bonding process is carried out in
avacuum [27, 28] or an inert [29, 30] chamber to eliminate the
formation of oxides at the interface. However, Pilling and
Ridley [31] emphasized the vacuum-free solid-state diffusion
bonding of AA7475 conducted in a furnace attached to an
Instron universal testing machine (UTM) by employing
a chemical pickling of the faying surfaces of aluminium alloy
before the diffusion bonding process to inhibit the oxide
formation at the interface. Jia et al. [32] investigated the dif-
fusion bonding of Al 6061 by cladding Zn material, and Liu
et al. [33] employed the electrodeposition of nano-Cu to join
Al-Mg-Li alloys, mainly to inhibit the oxidation at the interface.

This research study focused on conducting a nonvacuum
solid-state diffusion bonding of AA2219. The aluminium
surfaces would oxidise rapidly, and this certainly prevents
the better surface contact required for the perfect diffusion
bonding. Hence, a chemical cleaning of the faying surface is
employed to reduce the effect of oxidation at the interface.
The bonding temperature is chosen in the range of
450-500°C with constant bonding pressure and time. Mi-
crostructural investigations are carried out to evidence the
oxide formation on the bonded and unbonded interfaces.

2. Experimental Procedure

AA2219-T6 plates are sectioned to the dimensions of
50 mm X 40 mm x 8 mm with the help of wire cut electric
discharge machining (EDM). The chemical composition of
AA2219 is represented in Table 1.

The faying surfaces of the base metal plates are initially
prepared on grit SiC papers up to a 1000 grit finish and then
degreased using acetone before the chemical cleaning pro-
cess. The prepared base metals are immersed in a novel
chemical solution containing sodium salts and sodium
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TaBLE 1: Chemical composition of AA2219 (wt. %).

Si Fe Cu Mn Mg Zn T V. Zr Al
020 030 58 020 0.02 010 0.02 0.05 01 Bal

hydroxide at 120°C for 1minute, then immersed in 40%
HNO; for 1 minute, water flushed, cleaned in an acetone
bath, and dried in hot air. Once the chemical cleaning is
finished immediately, the diffusion bonding is carried out by
stacking the AA2219 plates in customized diffusion bonding
equipment. The schematic illustration of the diffusion
bonding setup is shown in Figure 1.

The combinations of temperature, pressure, and time
can be used to get a good metallurgical bond of the various
metals, and these combinations of parameters would be
independent of the structure to be fabricated [34]. The
nonvacuum diffusion bonding is performed at the
bonding temperatures of 450, 475, and 500°C by main-
taining pressure and time constants. The specimens are
soaked to the bonding temperature at a heating rate of
6°C/min. A bonding pressure of 10 MPa is applied for
a holding duration of 30min. Although the diffusion
bonding is tested for 1, 2, 5, and 7 MPa for the mentioned
bonding temperatures, the bonding did not occur mainly
due to the insufficient pressure to catalyze the in-
terdiffusion for the shorter bonding duration of 30 min.
Figure 2 shows the schematic representation of the
bonding parameters.

The bonded specimens are furnace cooled without re-
leasing the pressure to avoid thermal shocks. Figures 3(a)
and 3(b) show a bonded specimen immediately after re-
moving from the furnace and the polished surface of its
bonded section.

The furnace-cooled specimens are sectioned perpen-
dicularly to the bonded line using wire cut EDM. The
resulting surfaces are polished using the diamond suspen-
sion and then etched with the help of Kellers reagent as per E
407-07 (microetching metals and alloys) [35] before the
metallographic analysis. The microstructures of the bonded
joints are examined using an optical microscope and the
scanning electron microscope (SEM), and variations in
composition across the joint sections are examined through
energy dispersive spectroscopy (EDS). The hardness of the
joints, across the section and base metals, is measured as per
ASTM standard E-384 [36] using a Vickers microhardness
tester with an indentation load of 200 gm.

3. Results and Discussion

3.1. Microstructural Evolution. The microstructures of the
bonded specimens are pre-examined carefully at the joints,
interfaces, and base of the metals by using a light optical
microscope. Figures 4(a) and 4(b) show the optical mi-
crographs of bonded specimens produced at 450°C. The
micrograph in Figure 4(b) reveals that the diffusion and
some migrated diffusion lines are visible at the interface of
the bonded metals. Interfacial voids are exhibited along the
diffusion line, which depicts the incomplete bonding at the
interface.
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FIGURE 4: (a) Optical micrographs of the section bonded at 450°C and (b) enlarged view of the rectangular drawn in (a).

100 um
B et

The interfacial grain growth is visible with a very thin
diffusion line on the sections bonded at 475°C which are
shown in Figures 5(a) and 5(b). This certainly indicates that
the interdiffusion is catalyzed by the increase in temperature.
However, the perfectly bonded specimens do not exhibit any
metallurgical evidence of a diffusion line or interface by
forming a monolithic joint [25]. Figure 6 shows the mi-
crographs of such undistinguishable microstructures on the
sections, obtained at the temperature of 500°C. From the
optical micrographs in Figure 6, it is evident that local
expulsion of interfacial boundaries steers the reformation of
grains across the interface then finally forming a homoge-
neous microstructure without showing evidence of any bond
line or interface.

Further analysis is carried out using SEM to analyze the
bonded joints and interfaces more acutely. The voids and the
bonded areas on the interface are mainly investigated to
know the mechanisms of diffusion bonding and oxide be-
haviour with respect to temperature change. The SEM
micrographs of the bonded section at 450°C are shown in
Figures 7(a) and 7(b), which show that microvoids are
exhibited continuously along with the interface of the faying
surfaces. A few bonded areas are visible on the interface
which signifies the lack of a complete bond. When the
bonding temperature further increased to 475°C, the voids
are crushed to form a hardly visible bond line, and the grain
growth occurred across the interface, which is represented in
Figures 8(a) and 8(b). The sections bonded at 475°C also
exhibit minute voids, infrequently at some parts of the in-
terface and thin precipitations persist on the bond line as
shown in the detailed view in Figure 8(b), which are certainly
the main causing factors for the incomplete grain growth
across the interface [37]. At a bonding temperature of 500°C,
however, a complete grain development across the interface
by producing a single homogeneous structure is achieved,
which is shown in Figure 9. There is no evidence of voids,
and precipitates form on the sections bonded at 500°C,
which ensures the formation of triple-point junctions at the
intervals of the grains near the interface [38].

In this study, the complete diffusion bonding process is
carried out in the air, so there is always a risk of oxide
formation on the interfaces. The sections bonded in-
completely by forming voids and cracks on the interfaces,
which undeniably show the oxide formations. In the course
of the diffusion bonding process in air, the faying surfaces
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always reoxidize and prevent complete atomic contacts at
the interface. At higher temperatures, total atomic contact
can be achieved at the interface by fracturing the oxide
layers, and the voids are coalesced by aluminium diffusion,
resulting in a complete bond [31]. This study, without re-
serving emphasized the oxide behaviour across the diffusion
interface and voids. Figures 10(a), 10(b), 11(a), 11(b), 12(a),
and 12(b) show EDS and spectral analysis of bonded sections
obtained at 450°C, 475°C, and 500°C, respectively. From
Figures 10(b) and 11(b), it is evident that bonded areas on
the interfaces obtained at 450 and 475°C indicate a slight
oxide mass in the range of 2-3.7% whereas a similar study
with transient liquid phase (TLP) diffusion bonding using
a nano-Cu interlayer has shown an oxide mass in the 5-8%
range on the interface [33].

Figures 13(a) and 13(b) show the EDS and spectral
analysis of larger voids present on the interface of the
bonded section at 450°C. The larger voids present on the
interface of bonded sections at 450°C exhibit higher oxides as
they are always critically exposed to air. Figure 13(b) reveals
the existence of an excess oxide mass of 14.3%. However, the
presence of higher oxide on the interface would also be due
to the formation of fine particles of aluminium oxide de-
veloped from the shearing of oxide layers [39].

Despite this, the complete bonding obtained at 500°C
exhibits the undistinguishable microstructure, and that does
not much signify the presence of oxides, as the complete
atomic diffusion occurred between the two faying surfaces at
this temperature, which is quantified in Figure 12(b). The
XRD patterns of the specimen bonded at 500°C are mea-
sured, as shown in Figure 14, to further confirm the in-
termetallic phases in the joint area. The diffraction peak
cannot be observed due to the low composition of the second
phase, and all the peaks in the pattern are confirmed to
Aluminium. As a result, there are relatively few second
phases in the joint that cannot be detected by XRD.

3.2. Mechanical Characterization. The hardness behaviour
of the joints obtained at 450°C, 475°C, and 500°C is assessed
by the microhardness test by focusing on the vicinity of the
bond interfaces, and the corresponding results are shown in
Figure 15. The hardness on the bonded line of the section
obtained at 450°C is 68.12Hv, while the higher values of
hardness are observed on the points away from the bond
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FIGURE 8: (a) SEM micrographs of the section bonded at 475°C and (b) detailed view of the rectangular drawn in (a).
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FIGURE 9: SEM micrograph of the section bonded at 500°C.
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FiGure 11: (a) EDS and (b) spectral analyses for the unbonded area on the interface at 475°C.

line. The drastic reduction in hardness is mainly because of =~ 102.82 Hv, and this value is relatively higher than the base
the absence of grain growth across the interface, continuous ~ material. A slight increase in hardness due to the cause of
interfacial voids, and oxide formed in the joint regions. The ~ thin precipitates formed on the interface of the faying
bond interface made at 475°C exhibited a hardness of  surfaces. Table 2 shows the influence of bonding temperature
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FIGURE 14: XRD analysis of specimen bonded at 500°C.

on the hardness of the bonded sections. The hardness values
at the interfaces are increased with the rise in the bonding
temperature.

However, as the bonded sections obtained at 500°C do
not reveal any diffusion line or interface, an average of 15
readings was taken at different intermittent points on and
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TaBLE 2: Influence of bonding temperature on the hardness of bonded sections.

Bonding conditions

Hardness on

o . . Base metal Base metal
Temperature ("C) Pressure (MPa) Time (min) (left) Interface (center) (right)
450 10 30 88.63 68.12 88.42
475 10 30 92.71 102.82 93.25
500 10 30 93.28 112.14 94.94

FIGURE 16: Bonding formations of the AA2219 joints: (a) Specimens before diffusion bonding, (b) formation of cracks and voids along the
interface at 450°C, (c) formation of thin bonding line on the interface at 475°C, and (d) formation of the homogeneous microstructure

without bonding line at 500°C.

from the center of the bonded section. The points at the
center show (Figure 15) a maximum hardness of 112.14 Hyv,
whereas hardness has been reduced while testing on the
points away from the center. The changes in hardness values
at the interface are mainly due to the sound joint formed by
the coarsening of precipitates with the increase in tem-
perature at the bonded zone [37] whereas a similar diffusion
bonding study conducted in an inert atmosphere reported
approximately the same hardness value at the interface and
base materials [25].

4. Summary

Figure 16 shows the schematic representation of the bonding
formation of AA2219 joints. Initially, when the specimens are
stacked on top of one another, an incomplete contact is formed

due to the presence of asperities on the metal surfaces. When
the bonding temperature increased to 450°C with the appli-
cation of 10 MPa pressure for the bonding duration of
30 minutes, the asperities are deformed and a large number of
microcracks and voids are formed along the interface of metals
(Figure 16(b)). It is mainly due to the insufficient temperature
offered for the deformation of the boundaries and the in-
terdiffusion of atoms. A thin bonding line with minute voids
and precipitates is observed due to the microplastic de-
formation of the metal boundaries at the bonding temperature
of 475°C (Figure 16(c)). However, when the temperature in-
creased to 500°C, recrystallization occurred at the metal
boundaries, and upon solidification, no metallurgical evidence
of microvoids and bonding lines are seen. The joints produced
at this bonding temperature show a good hardness value
compared to the joints obtained at 450°C and 475°C.
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5. Conclusion

AA2219/AA2219 bonded joints are successfully formed
using a nonvacuum solid-state diffusion bonding process
performed in atmospheric air without incorporating clad-
ding or electrodepositing other metals. The efficiency of the
nonvacuum diffusion bonding of aluminium alloys by
employing chemical redox agents is found to be feasible. The
influence of bonding temperature on the microstructure and
hardness of the joint interfaces are studied by keeping the
pressure and time constant.

(i) Grain boundary expulsion and grain growth across
the interface are observed on all the bonded sec-
tions. However, this condition is found only in some
random areas of the bonded sections between 450
and 475°C.

(ii) Relatively a quality bond with homogeneous mi-
crostructure and without showcasing any metallo-
graphic evidence of bond line has been achieved
under the bonding temperature of 500°C.

(iii) Incomplete bonded sections exhibit interfacial voids
with a higher mass percentage of oxide compared to
the perfectly bonded sections.

(iv) Asthe bonding temperature increased, the hardness
at the bond interfaces increased due to the elimi-
nation of voids and oxides. The bonded interface
obtained at 500°C yielded a maximum microhard-
ness of 112.14 Hv.
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Friction stir welding (FSW) is a solid-state metal joining process. There is no melting and recasting of metal while welding is used.
Some of the defects commonly encountered in FSW are tunnel defect, bond, cracks, pin holes, and pipping defects. The defects
occur because of improper metal mixing and less heat input in the weld nugget zone. In the fusion welding process, a filler rod is
employed to form a quality weld with superior mechanical properties. In this work magnesium and chromium powders are used
as filler materials. The purpose of this study is to ascertain whether filler materials and manufacturing processes have an impact on
the weld nugget zone spot weld joint formation as well as the mechanical and abrasive properties of welded joints. This study's
FSW filler materials mixing ratio and process parameters were improved by using the Central Composite Design (CCD) idea,
which is discussed in more detail below Response Surface Methodology (RSM). The best empirical relationship between the
parameters was provided by the CCD. The mathematical relationships were established to forecast the maximum tensile strength,
maximum weld nugget hardness, and minimum corrosion rate by incorporating filler materials with process parameters. The
optimal processing factors combination is predicted by conducting the validation test. The optimum parameters were the tool
rotatory speed 600-1000 revolution per minute, welding speed 60 to 180 mm/min, plunge depth of 0.05 to 0.25 mm, center
distance between the sample is 0-4 mm, as well as powder mixing ratio 0of 90:10, 92.5:7.5,95:5, 97.5: 2.5, and 100 0, the tensile
test, microhardness, and corrosion rate analysis were conducted on the weld specimen. The welded test specimen provides better
joint strength, weld nugget hardness, and enhanced corrosion resistance properties. The microstructure analysis shows the fine
grain structure and homogeneous distribution of filler material with the base metal in the welded area.

1. Introduction

Welding is a critical step in the production process in which
metals are fused together. Metal joining inventions have been
bolstered by advances in metals and metal joining technology.
Many industrial applications have seen a constant progress as a
result of this. Bonding takes place at the original boundaries of
the components during welding. It is heated to molten con-
dition, and then allowed to cool down. There are two

fundamental types of these processes: fusion welding and solid-
state welding. Heat is utilised to melt the base metal during the
fusion welding process. If you want a stronger joint, it is essential
that the molten pool be enriched with additional filler metals.
Arc welding, gas welding, resistance welding, laser beam
welding, and electron beam welding are just a few of the
common fusion welding methods. By applying pressure to the
sites of contact, solid-state welding unites two metals at a
temperature below their melting point.
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The advancement of aluminum's pulsed GTAW tech-
nology and the primary properties of welds made of the AA
5154 alloy. The authors were identified that the use of current
pulsing reduced the size of dendrite cells though improved
mechanical properties were achieved [1]. Also, the use of
helium gas as a shielding gas during pulsed GTAW of al-
uminium reduced the number of porosities, solidification
cracking susceptibility, and weld distortion. In the postweld
ageing of an AA6063 aluminium friction stir weld, the
precipitation sequence is identified [2]. FSW has been shown
to create a softened weld area. A minimum hardness zone is
seen in the dissolved region. It has been discovered that
hardness increases with postweld ageing. He conducted
postweld ageing at 443 K.

After 12 hours, it was discovered that the welded area
had a higher hardness level. The mechanical characteristics
of Al-Si-Cu-Mg alloys were compared [3]. It was found that
when the concentration of Cu and Mg is raised, the ma-
terial’s ductility decreases while its strength and ductility
improve. The joint qualities of different cast A356 and
wrought AA6063 were investigated by Cavaliere et al. [4],
who changed the fixed location of the materials to alter the
joint properties. For AA6063, the stir zone strength is larger
than that of A356 when put on the retreating side during
longitudinal tensile tests. When solution hardening, grain
boundary migration happens because of an imbalance
among thermodynamic driving forces and pinning forces,
which causes grain expansion. Through solution heat
treatment, the pinning forces are said to diminish as the
solution temperature rises. The precipitate stages break
down and the grains become coarser as the pinning forces
decrease. As the temperature of the solution rises, so does the
precipitate’s dissolvability and coarsening.

AA 5154 aluminium alloy was utilised by Feng et al. [5]
for FSW under various conditions, which include tool design
and rotational and translational speed. According to mi-
crostructural, mechanical, and residual stress tests of four Al
alloys AA 5154, thermal input rather than tool deformation
affects welding parameters. To better understand the impacts
of postweld heat treatment on 2219-O aluminium alloy
microstructure and mechanical characteristics, Mindivan
et al. [6] conducted a series of tests, tensile tests of heat-
treated regions increase as solution temperature rises, up to
260% greater than the base metal’s (BM) maximum al-
lowable tensile strength.

Dissimilar friction stirs welded aluminium alloys en-
hanced with nano additions were studied [7]. Electro-
chemical methods were used to test the corrosion resistance
of samples with and without nanoparticles. It is thought that
the addition of MBT to CeMo containers during FSW in-
creases the final material’s corrosion resistance because it
forms stable complexes with the alloying metals that prevent
chloride from penetrating the AA surface.

Three different aluminum alloys, Al1050-H24, Al 6061-
T6, and AIAA 5154-0, have the FSW. From the mechanical
and metallurgical analysis, AI1050 consists of low defor-
mation resistance and due to which the FSW joint made by a
cylindrical pin tool exhibits high mechanical properties than
the other types. But the shape of the tool pin does not affect
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the weldment microstructure and mechanical characteristics
of 6061-T6 alloy weld joints [8, 9]. Deformation resistance in
the FSW temperature range is relatively low for high melting
temperature metals, hence cylindrical tools are better suited
for these materials. But, also it is suitable for high defor-
mation-resistant material with low rotational speed.

FSW properties and microstructural changes in alumi-
num alloy 6063-T6. A correlation between the tensile
properties of the joints and a process parameter was ex-
amined according to their intended use and methodology.
They used optical microscopy and microhardness measures
to analyse the microstructures of several zones of FSW. Test
welds mechanical resistance was observed to rise as welding
speed was amplified at the same rotating speed [10]. They
detected the source of tunnel (wormhole) faults in the weld
nugget and the HAZ of an entity lower than that of fusion
welds. In their tests, they used a variety of process param-
eters, but they could not regulate the downward force on the
weld. Various parameter combinations were tested to see
how far they could be taken. When welding speed is raised,
the improvement in mechanical resistance provides an
immediate economic benefit [11].

The characteristics of an FSW joint made of Al alloy with
less porosity, fine microstructures, limited phase transition,
and low oxidation to those of traditional welding techniques.
They created FSWs of Al alloys AA 5154-H18 and 6111-T4
using certain FSW settings, and they measured the physical
weld flaws [12]. Tensile tests and hardness dimensions were
utilised to determine the microstructure of the weld and the
BM, and these results were then correlated. They discovered
that the AA 5154 specimens’ stir zones are significantly
softer than the strain-hardened foundation materials.
Compared to the basic material, the SZs in 6111 are in terms
of hardness. They discovered that some of the heat impacted
zones of 6111 friction stir welding specimens exhibited
natural ageing and hardening for up to 12 weeks following
welding [13]. Welds made under specific welding conditions
and in specific areas of the weld zone showed aberrant grain
growth (AGG) after annealing AA 5154 FSW specimens.
AGG is more severe in low-heat conditions, they discovered.

Aluminium alloy 6063-T6 friction stir welds were
studied by their characteristics and microstructure. It was
determined that the connection between tensile strength test
results and a processing factor was high. Microstructures of
several zones of FSW were shown and analysed using optical
microscopy and microhardness extents [14, 15]. Test welds
mechanical resistance was observed to rise as welding speed
was increased at a constant rotational rate. Tunnel (worm
hole) faults were discovered to be the result of a softening of
the material in the weld nugget and the HAZ of an entity
lower than that of fusion welding. In their tests, they used a
variety of process parameters, but they could not regulate the
downward force on the weld. They looked at the possibility
of combining and extending the set of applicable parameters.

Friction stir welding of 6111 and AA 5154 aluminium
alloys yielded minimal porosity, fine microstructures, and
negligible phase transition as well as low levels of oxidation
when the welding speed was increased [16]. They employed
particular FSW parameters to build FSWs for aluminium
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alloys AA 5154-H18 and 6111-T4 and then measured the
physical weld flaws that resulted. The results of the tensile
and hardness tests were related to the weld and base material
microstructures. A significant difference was found between
the AA 5154 specimens and the strain-hardened foundation
materials in the softness of the stir zones. The SZs in the 6111
material have a hardness that is nearly identical to that of the
base. According to their assessment of the heat-affected zone
of 6111 friction stir welding specimens, this hardening
remained for up to 12 weeks after the weld. Erroneous grain
growth (EGG)was observed after annealing AA 5154 FSW
specimens welded under particular circumstances. EGG is
more severe in cooler climates, researchers found [17].

The fatigue fracture propagation behaviour of friction
stir welded AA 5154-H32 and 6061-T651 aluminium alloys
was investigated [18]. For dynamically recrystallized zone
specimens, the stress intensity factor at residual stress (Kres)
was used to calculate the residual stress-corrected K, or
Kcorr, for FS welded plates that were subjected to residual
stress measurements either perpendicular to or parallel to
the welding direction. This was done to quantify the com-
pressive residual stress’ contribution to fatigue crack
propagation rates. FS welded AA 5154-H32 and 6061-T651
specimens in the dynamically recrystallized zone showed
fatigue crack propagation behaviour due to favourable
compressive residual stress reduction effective K and det-
rimental grain refinement inducing intergranular fatigue
failure, according to the authors.

The AA 5154 (Al-Mg) is mostly employed in marine
environments, building construction, and food processing
because of its corrosion resistance performed FSW on the
AA 5154 aluminium alloy to discover the ideal process
parameter to produce maximum corrosion resistance and
mechanical qualities. It was decided to utilise the poten-
tiodynamic polarisation test to see how well the material
held up against corrosion [19]. The fine grain structure
strengthens the anodic reactivity of the weld nugget. Op-
timal weld speed and feed resulted in the grain reinforce-
ment and precipitate dissolution in the nugget zone which
promotes passive film formation on the nugget portion
during corrosion. Hence, high corrosion resistance was
obtained.

Underwater FS welded Al AA 5154 alloy micro-
structure and mechanical behaviour were studied [20]. In
this experiment, water-cooled specimens were found to
have a much higher hardness of the stir zone than
specimens cooled in air. Nan Zhou et al. (2018) studied
the mechanical properties and fracture behaviour of AA
5154-H112 friction stir welds in relation to the kissing
bond. An extensive welding matrix was used to weld the
AA 5154-H112 at speeds ranging from 100 to 300 mil-
limeters per second, with tool rotation rates between 800
and 1200 revolutions per minute. The duration of the
kissing bond was influenced significantly by the welding
parameters, particularly rotation and feed speeds, and
the length of the kissing bond reduced as the welding
heat input increased [21]. Tensile and fatigue fracture
patterns were also discovered to be affected by kissing
bond length and form. These cracks occurred in the welds

with long fatigue life and strong tensile capabilities.
Those with low fatigue life were found to have fractures
in the kissing bond.

Several joint types can be fabricated by friction stir
welding (FSW), namely butt-, lap- (overlap-), and T-lap
joints (Figure 1) along with the lap joint in the form of spot
welding by friction stir spot welding (FSSW).

Then, to enhance the FSW variables, multiobjective
optimization techniques including central composite
design and response Surface optimization were applied.
This friction stir weld connection of aluminium alloy
6063 and aluminium alloy AA 5154 has been studied only
in the context of metallurgical, mechanical, and corro-
sion behaviour. But, no visible investigation has been
completed on FSW connections with filler metal addition
to dissimilar material joining of AA6063 and AA 5154
aluminium.

Hence, it is more interesting to investigate the effect of
addition of filler to dissimilar material joining of AA6063
and AA 5154 aluminium alloy with regard to its metallur-
gical, mechanical, and corrosion behaviours. The focus of the
current study is therefore on the connection of aluminium
alloys such as AA6063 and AA 5154 that have different
compositions, as well as the inclusion of filler material. Mg
increase in the weld zone improved the weld connections TS.

2. Materials and Methodology

The Al alloy 6063 and AA 5154 were selected as base ma-
terials. The fillers magnesium and chromium were selected
to introduce between the joints during the welding in
powder form. The fillers were stuffed into the holes on
butting of the plate to be welded. The tungsten carbide was
selected as a tool material. The hexagonal pin profile was
preferred for this work due to its good stirring character-
istics. The optimum parameters were the tool rotatory speed
1000 revolution per minute, welding speed 120 mm/min,
plunge depth of 0.15 mm, mid distance among the holes of
2mm, as well as powder mixing ratio of 95:5 (%). The
tensile test, microhardness, and micro- and macrostructure
analyses were conducted on the weld specimen.

2.1. Evaluation of Base Metal Composition and Properties.
Aluminium alloys AA6063 and AA 5154 were employed as
the base metals in this study. The chemical composition of
base metals was attained from vacuum spectrometer (ARL-
Model3460). A spectroscopic analysis was performed to
determine the alloying elements by igniting sparks at various
locations on the base metal samples. Table 1 shows the
percentage of chemical characteristics of each element in
AA515 and AA6063. The physical and mechanical charac-
teristics of AA 5154 and AA6063 are shown in Table 2.

ASTM E8M-04 criteria were used to prepare tensile test
samples for base metals. Figure 2 depicts the base metals’
microstructure. Strengthening precipitates are distributed
uniformly across the microstructure, which primarily
comprises of elongated grains.
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Plunging Stirring Drawing out
FIGURE 1: Schematic illustration of friction stir spot welding.
TaBLE 1: Chemical properties of AA 5154 and AA6063.

Fundamentals Wt % of AA 5154 Wt % of AA6063
Magnesium 2.8 0.82
Silicon 0.25 1.0
Chromium 0.35 0.05
Manganese 0.10 0.52
Ferrous 0.40 0.27
Copper 0.10 0.02

Zinc 0.10 0.1
Titanium 0.05 0.03
Aluminium Remaining Remaining

TasLE 2: Physical and mechanical characteristics of AA 5154 and
AA6063.

Fundamentals Units AA 5154 AA6063
Density (g/cm?) 2.68 2.700
Vickers hardness (HV) 85 120
Melting point ) 607 555
Elongation (%) 27 13
Ultimate tensile strength (MPa) 217 330
Yield strength (MPa) 193 279

2.2. Levels of Process Parameters. The settings for the test
runs were derived from references to the literature for AA
5154, AA6063, and a different combination of the two alloys.
Trials were completed in order to stabilize procedure pa-
rameter and eliminate any visible faults in the joints. Based
on these tests, the freezing process parameters were as
follows: tool rotating speed of 1000 rpm, welding speed of
120 milli meter/s, and a plunge depth of 0.15 millimeter. The
frozen parameter was confirmed by welding three samples
together. The strength of the welded junction was put to the
test. A total of 147 MPa tensile strength was achieved by this
combination. Table 3 shows the tensile strength for the
freezing parameters as determined by the trial experiments.

There were a number of variables that were taken into
consideration during the experiment. Welding speeds
ranged since 600 rpm up to 1400 rpm as well as 60 milli-
meter/min up to 180 milli meter/min after a series of testing.
From 0.05mm to 0.25mm, the depth of the plunge was

steadily raised in five 0.05 mm steps. It was decided that the
center distance would be spaced at intervals ranging from
0 millimeters to 4 millimeters apart along the plate’s butting
surface, 2 millimeters and 3 millimeters. In the welding stir
zone, the mean wt. percentages of chromium and magne-
sium are measured. The average wt. percentage of Mg and Cr
alloy elements in the weld stir zone was utilised to calculate
wt. % proportion. The entire filler wt. was used to compute
the Mg/Cr filler % proportion. A 90:10, 92.5:7.5, 95:5,
97.5:2.5, and 100:0 mixture of Mg and Cr powders was
employed. The hexagonal pin profile has a 20 mm shoulder
diameter, an 8 mm pin diameter, and an overall 7.6 mm
length. Table 4 shows the FSW process parameters, as well as
their range and level.

3. Results and Discussion

3.1. Tensile Strength. This test was carried out on 32 FSW
samples, and the results are tabulated in Table 5 below.

3.2. ANOVA for Tensile Strength. ANOVA was utilised to
assess in developing an actual connection. The ANOVA tests
for TS are displayed in the image and are included in Table 6.
We can conclude that the model’s F-value of 382.31 is
statistically significant. It is impossible for noise to produce
an F-value this enormous with a 0.01 percent chance.
Modelling terms are considered significant when their p
values fall below 0.05. It is important to note that R2, W2, P2,
C2, and M2 are all relations of reference in this example.
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FIGURE 2: Optical micrograph of base metals (a) AA 5154 and (b) AA6063.
TaBLE 3: FSW process parameters.
Parameter Tensile strength (MPa)
Sample 1 145
Experiment 1 Sample 2 148
Sample 3 147
Sample 1 146
Tool rotating speed 1000 rpm, welding speed 120 mm/min, and plunge depth 0.15 mm Experiment 2 Sample 2 149
Sample 3 145
Sample 1 147
Experiment 3 Sample 2 146
Sample 3 148
Average tensile strength 147
TABLE 4: Processing factors with their range and levels.
S Fact Factor levels
. 1o. actors
(=2) (=D (0) @ @)
1 R-tool rotational speed (rpm) 600 800 1000 1200 1400
2 W-welding speed (mm/min) 60 90 120 150 180
3 P-plunge depth (mm) 0.05 0.10 0.15 0.20 0.25
4 C-center distance (mm) 0 1 2 3 4
5 M-powder mixing ratio (Mg: Cr) (%) 90:10 92.5:7.5 95:5 97.5:2.5 100:0

Statistically significant model terms are those with a value
greater than 0.1. Weld joint tensile strength is evaluated
using the following empirical relationships:
TS ={172.47 + 2.62(R) + 2.21 (W) + 1.12(P) + 0.9583 (C)
+0.7917 (M) + 0.6875(RM) + 0.9375()-9.375(WC)
-0.5625(WM)-1.44 (PC) + 0.6875 (PM)

+0.5625 (CM)-5.72(R?)-6.34(W?)-6.72(P?)
-5.59(C*)-6.22(M?)} MPa.
(1)

As can be seen from the F-statistic, a failure to fit is not
substantial when compared to the total error. Noise has a
13.69 percent probability of causing such a significant in-
adequacy in the F-value. Less than 0.2 of a difference exists

between the expected R2 of 0.9699 and the adjusted R2 of
0.9960. The SN ratio is determined by adequate precision.
There should be a ratio of at least 4 is to 1. In this model, a
signal strength of 63.916 is considered acceptable. The design
space can be guided by this paradigm. Figure 3 shows the
FRW process. Figure 4 depicts the tensile sample prior to
and following its testing procedure.

3.3. Microhardness. Thirty-two FSW samples were tested for
microhardness, and the findings are shown in Table 7. AA6063
and AA 5154 dissimilar alloys are presented for the influence of
process factors on the microhardness of each alloy.

Figure 5 shows the weld cross section of the AA 5154-
AA6063 dissimilar joint at the AS and RS side showing that the
FSZ, the weld’s butting surface was tested for microhardness. As
opposed to the moving side, the friction stir zone (FSZ) weld
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TaBLE 5: Design matrix for tensile strength.
Experiment particulars Results
) Input factors Responses
Trial no.
R w p C M TS (MPa)
1 800 90 0.05 1 97.5:2.5 132
2 1200 150 0.2 2 97.5:2.5 145
3 600 120 0.1 1 92.5:7.5 140
4 1200 90 0.2 3 92.5:7.5 140
5 800 180 0.1 1 92.5:7.5 139
6 1000 90 0.2 2 97.5:2.5 144
7 800 150 0.25 1 97.5:2.5 145
8 1200 90 0.2 3 92.5:7.5 140
9 600 150 0.1 3 92.5:7.5 146
10 1200 90 0.1 3 97.5:2.5 148
11 1000 180 0.1 3 97.5:2.5 140
12 1200 150 0.1 4 92.5:7.5 146
13 800 90 0.2 3 97.5:2.5 139
14 1200 120 0.2 3 92.5:7.5 140
15 800 150 0.2 4 92.5:7.5 142
16 1200 150 0.2 3 97.5:2.5 149
17 600 120 0.15 2 95.0:5.0 145
18 1400 120 0.25 2 95.0:5.0 154
19 1000 60 0.15 2 95.0:5.0 143
20 1000 180 0.15 2 95.0:5.0 151
21 1000 120 0.05 2 95.0:5.0 143
22 1000 120 0.25 2 95.0:5.0 148
23 1000 120 0.05 0 95.0:5.0 148
24 1000 120 0.15 4 95.0:5.0 152
25 1000 120 0.05 2 90.0:10.0 145
26 1000 120 0.15 4 100.0:0.0 150
27 1000 120 0.05 2 95.0:5.0 172
28 1000 120 0.15 2 95.0:5.0 173
29 1000 120 0.05 4 95.0:5.0 172
30 1000 120 0.15 2 95.0:5.0 173
31 1000 120 0.25 4 95.0:5.0 172
32 1000 120 0.15 2 95.0:5.0 173

hardness was discovered to be higher, as associated to both
advancing and retreating sides. The stir zone weld’s hardness is
determined by the welding process’ parameters. The weld’s
microhardness was raised, thanks to the stir zone’s grain re-
fining and grain particle size reduction. The manufactured
junction with a rotating speed of 600 rpm had the lowest weld
hardness measured. As shown in Figure 5, the friction stir zone
had the highest microhardness value of 93 HV at the AS side
and fine grain structure with 34 HV at the RS side, when the
tool was rotated at 1000 rpm. With these parameters are in
place, we achieved the highest weld hardness in comparison to
any other process parameter levels: welding speed of 120 m/s,
plunge depth of 0.15 mm, center distance along 2 mm as well as
a 95 percent Mg, 5 percent Cr, powder mix proportion
(Figure 6(a)), R-tool rotational speed (rpm) (Figure 6(b)),
W-welding speed (mm/min) (Figure 6(c)), P-plunge depth
(mm) (Figure 6(d)), C-center distance (mm) (Figure 6(e)), and
M-powder mixing ratio (Mg:Cr) (%).

3.4. ANOVA for Microhardness. Table 8 displays the results
of an ANOVA test to determine the microhardness of a
sample. The model’s F-value of 84.15 indicates its signifi-
cance. A noise-induced F-value this big has a vanishingly small

probability of occurrence. Model terms that have a p value below
0.05 are considered significant. Equation (2) represents the final
empirical relationship to estimate the microhardness of the weld
area.

MH = {91.95 +6.14(R) + 1.55(W) + 1.55(P) + 2.14(C)

+ 1.22(M) + 0.9376 (RP)-1.32()-0.9376 (WC)
-0.8126 (WM)-0.9376 (PC)-0.8126 (PM)

~0.6876 (CM)-3.83(R*)-3.45(W?)-3.19(P?)
-2. 19(C2)—2.69(M2)}HV.

(2)

F-value 0f 0.767 indicates that the lack of fit is statistically
insignificant when compared to the pure error. Noise has a
62.67% risk of causing a substantial lack of fit F-value. The
predicted R2 of 0.9124 is regarded fair because the difference
between the predicted R2 and the adjusted R2 is lesser than
0.2. The signal-to-noise ratio was assessed using adequate
precision. There should be a ratio of at least 4 is to 1.28.7479
as a suitable signal in this model.
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TaBLE 6: Tensile strength ANOVA results.

Sources SS Dof Mean square F-value P value Significance

Model 4582.41 20 4582.41 383.32 <0.0001 Significant

R* 164.38 1 164.38 277.02 <0.0001

w* 118.05 1 118.05 196.34 <0.0001

P* 31.38 1 31.38 50.79 <0.0001

(o 23.05 1 23.05 37.89 <0.0001

M* 16.05 1 16.05 26.2 0.0005

RW 1.55 1 1.55 3.62 0.1347

RP 1.55 1 1.55 3.62 0.1347

RC 0.0632 1 0.0632 0.1053 0.7529

RM™ 7.57 1 7.57 13.63 0.0046

WP* 13.07 1 13.07 24.48 0.0006

wcC* 14.07 1 14.07 24.48 0.0006

WM* 5.07 1 5.07 8946 0.0144

PC* 32.07 1 32.07 56.28 <0.0001

PM* 7.61 1 7.61 13.63 0.0046

CM* 5.06 1 5.06 9.46 0.0144

R* 957.47 1 958.47 1589.49 <0.0001

w2* 1181.31 1 1181.31 1978.39 <0.0001

p2 1323.03 1 1323.03 2208.1 <0.0001

c* 916.91 1 916.91 1531.29 <0.0001

M>* 1133.37 1 1133.37 1892.55 <0.0001

Residual 6.69 11 0.5992

Lack of fit 5.08 6 0.8485 2.84 0.1369 Not significant

Pure error 14 5 0.3

Cor total 4586.86 31

Std. deviation 0.7743 R 0.9987

Mean 148.54 AdjustedR? 0.9960

CV (%) 0.5178 Predicted R* 0.9698

PRESS 139.08 Adeq. precision 63.9173

*Significant factor.

FIGURE 3: Friction stir welding.

Thirty-two FSW samples were tested for corrosion rate,
and the findings are shown in Table 9. AA6063 and AA 5154
dissimilar alloys are presented for the influence of process
factors on the corrosion rate of each alloy.

3.5. ANOVA for Corrosion Rate. The analysis of variance test
results for the rate of deterioration are tabulated in Table 10.
Noise has a 0.01 percentage probability of producing an
F-value of this size. P values of lesser than 0.05 are con-
sidered significant in the model’s terms. As shown in
equation (3), the empirical relationships used to determine
the weld surface corrosion rate are represented as follows.

CR ={1.13 + 0.3166 (R)-0.294 (W)-0.147 (P) + 0.1809 (C)

+0.26 (M) + 0.2036 (RW) + 0.3054 (RP)

-0.2206 (RM)-0.1526 (WM)-0.2206 (PC)

-0.1696 (CM) + 0.8868 (R2) + 0.8868 (W2)

+0.361 (P2) + 0.5306 (C2) + 0.6833 (M2)} 222,
y

(3)

Negative values indicate that the terms of reference
are insignificant. According to the F-value of 1.04, the
lack of fitting is insignificant when compared to the total
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FIGURE 4: Tensile sample before and after testing.

TaBLE 7: Design matrix for microhardness.

Experimental details Results
Input factors Responses
Trial no. R w P C M MH
(rpm) (mm/min) (mm) (mm) (%) (HV)
1 600 120 P C 97.5:2.5 68
2 1200 150 0.05 1 97.5:2.5 70
3 800 90 0.2 2 92.5:7.5 67
4 1200 150 0.1 1 97.5:2.5 85
5 1000 180 0.2 3 92.5:7.5 68
6 1200 90 0.1 1 97.5:2.5 86
7 800 150 0.2 2 97.5:2.5 72
8 1200 150 0.25 1 92.5:7.5 86
9 1000 120 0.2 3 92.5:7.5 71
10 1200 90 0.1 3 97.5:2.5 85
11 1000 180 0.1 3 97.5:2.5 76
12 1200 150 0.1 3 92.5:7.5 86
13 800 90 0.1 4 97.5:2.5 75
14 1200 90 0.2 3 92.5:7.5 88
15 1000 180 0.2 3 92.5:7.5 74
16 1200 150 0.2 4 97.5:2.5 87
17 600 120 0.2 3 95.0:5.0 66
18 1400 150 0.15 2 92.5:7.5 87
19 1000 60 0.25 2 95.0:5.0 74
20 1000 150 0.15 2 92.5:7.5 86
21 1000 120 0.15 2 95.0:5.0 77
22 1000 120 0.05 2 95.0:5.0 82
23 1000 120 0.25 2 95.0:5.0 80
24 1000 120 0.05 0 95.0:5.0 86
25 1000 120 0.15 4 90.0:10.0 79
26 1000 120 0.05 2 100.0:0.0 83
27 1000 120 0.15 4 95.0:5.0 93
28 1000 120 0.05 2 95.0:5.0 93
29 1000 120 0.15 2 95.0:5.0 92
30 1000 120 0.05 4 95.0:5.0 91
31 1000 120 0.15 2 95.0:5.0 93
32 1000 120 0.25 4 95.0:5.0 90
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AS-Advancing Side
RS-Retreating Side
FSZ-Friction Stir Zone

FIGURE 5: Weld cross section of the AA 5154-AA6063 dissimilar joint at the AS and RS side showing the FSZ.
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FiGure 6: Continued.
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FIGURE 6: Impact of processing factors on microhardness of AA6063 and AA 5154 (a) R, (b) W, (c) P, (d) C, and (e) M.

TaBLE 8: Microhardness ANOVA results.

Sources SS Dof Mean square F value P value Significance
Model 2360.52 20 2360.52 85.16 <0.0001 Signiﬁcant
R* 901.48 1 901.48 645.75 <0.0001

w* 58.05 1 58.05 41.85 <0.0001

P 58.05 1 58.05 41.85 <0.0001

(o8 107.41 1 107.41 78.58 <0.0001

M* 36.05 1 36.05 26.08 0.0005

RW 3.07 1 3.07 2.18 0.1672

RP* 15.08 1 15.08 10.08 0.0091

RC 0.4625 1 0.4625 0.4031 0.5388

RM 4.07 1 4.07 2.18 0.1668

WP* 28.55 1 28.55 20.74 0.001

wcC* 15.05 1 15.05 10.08 0.0099

WM* 10.57 1 10.57 8.57 0.0191

pPC* 15.05 1 15.05 10.08 0.0088

PM* 10.57 1 10.57 8.57 0.0188

CM* 8.55 1 8.55 5.42 0.0402

R** 427.64 1 427.64 306.19 <0.0001

w2 347.76 1 347.76 248.98 <0.0001

p* 299.09 1 299.09 214.14 <0.0001

c** 241.09 1 241.09 101.02 <0.0001

M 212.76 1 212.76 152.33 <0.0001

Residual 1638 12 1.5

Lack of fit 8.335 7 1.24 0.758 0.6268 Not significant
Pure error 9 6 1.7

Cor total 2465.89 32

Std. deviation 1.19 R? 0.9935

Mean 80.44 Adjusted R 0.9817

CV (%) 1.47 Predicted R* 0.9124

PRESS 207.14 Adeq. precision 28.7479
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TaBLE 9: Design matrix for corrosion rate.
Experimental particulars Results
Input factors Responses
Trial no. R w P C M CR
(rpm) (mm/min) (mm) (mm) (%) (mm/y)
1 800 90 P C 97.5:2.5 5.427
2 1200 90 0.05 1 92.5:7.5 4.206
3 800 150 0.2 2 92.5:7.5 3.256
4 1200 150 0.1 1 97.5:2.5 3.934
5 800 90 0.2 3 92.5:7.5 3.256
6 1200 90 0.1 1 97.5:2.5 5.427
7 800 150 0.2 2 97.5:2.5 3.799
8 1200 150 0.25 1 92.5:7.5 4.749
9 800 90 0.2 3 92.5:7.5 5.156
10 1200 90 0.1 3 97.5:2.5 4.884
11 800 150 0.1 3 97.5:2.5 4.613
12 1200 150 0.1 3 92.5:7.5 5.427
13 800 90 0.1 4 97.5:2.5 4.477
14 1200 90 0.2 3 92.5:7.5 4.613
15 800 150 0.2 3 92.5:7.5 3.12
16 1200 150 0.2 4 97.5:2.5 4.749
17 600 120 0.2 3 95.0:5.0 4.07
18 1400 120 0.15 2 95.0:5.0 5.427
19 1000 60 0.25 2 95.0:5.0 5.563
20 1000 180 0.15 2 95.0:5.0 3.934
21 1000 120 0.15 2 95.0:5.0 2.849
22 1000 120 0.05 2 95.0:5.0 2.442
23 1000 120 0.25 2 95.0:5.0 2.985
24 1000 120 0.05 0 95.0:5.0 3.663
25 1000 120 0.15 4 90.0:10.0 3.256
26 1000 120 0.05 2 100.0:0.0 4.613
27 1000 120 0.15 4 95.0:5.0 1.486
28 1000 120 0.05 2 95.0:5.0 1.085
29 1000 120 0.15 2 95.0:5.0 0.814
30 1000 120 0.05 4 95.0:5.0 1.221
31 1000 120 0.15 2 95.0:5.0 0.949
32 1000 120 0.25 4 95.0:5.0 1.085
TAaBLE 10: ANOVA test results for corrosion rate.
Sources Sum of squares Degree of freedom Mean square F-value P value Significance
Model 68.4 20 3.42 62.3 <0.0001 Significant
R” 2.41 1 2.41 43.84 <0.0001
w* 2.08 1 2.08 37.8 <0.0001
P* 0.5183 1 0.5183 9.44 0.0106
Cc* 0.7852 1 0.7852 14.3 0.003
M* 1.62 1 1.62 29.57 0.0002
RW* 0.663 1 0.663 12.08 0.0052
RP* 1.49 1 1.49 27.19 0.0003
RC 0.0046 1 0.0046 0.0836 0.7778
RM™ 0.7784 1 0.7784 14.18 0.0031
WP 0.0738 1 0.0738 1.35 0.2706
WC 0.1151 1 0.1151 21 0.1755
WM* 0.3724 1 0.3724 6.78 0.0245
PC* 0.7784 1 0.7784 14.18 0.0031
PM 0.2259 1 0.2259 411 0.0674
CM™ 0.46 1 0.46 8.38 0.0146
R** 23.07 1 23.07 420.25 <0.0001
w2 23.07 1 23.07 420.25 <0.0001
p* 3.82 1 3.82 69.65 <0.0001
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TasLe 10: Continued.

Sources Sum of squares Degree of freedom Mean square F-value P value Significance

c* 8.26 1 8.26 150.49 <0.0001

M2 13.69 1 13.69 249.5 <0.0001

Residual 0.6038 11 0.0549

Lack of fit 0.3354 6 0.0559 1.04 0.4926 Not significant

Pure error 0.2684 5 0.0537

Cor total 69 32

Std. deviation 0.234 R 0.9912

Mean 3.64 Adjusted R 0.9753

CV (%) 6.43 Predicted R 0.8684

PRESS 9.08 Adeq. precision 23.5417

error. An F-value this enormous could be the result of  Data Availability

noise, according to the 49.26 percent probability. The
expected R2 of 0.8684 is regarded fair because the dif-
ference between the expected R2 and the adjusted R2 is
lesser than 0.2. The signal-to-noise ratio is determined by
adequate precision. There should be a ratio of at least 4 is
to 1. In this model, 23.5417 indicates a sufficient signal.

4. Conclusions

The following are significant findings gained from scientific
research of incorporation of Mg and Cr filler in FSW un-
coordinated connections of AA6063 and AA 5154:

(i) For highest TS, weld nugget hardness, and lowest
corrosion rate, a multiobjective optimization of the
RSM technique was applied and optimized the
friction stir welding parameters.

(if) An ideal input parameter for producing a sound
joined aluminium alloy 6063 and aluminium alloy
AA 5154 uncoordinated junction is a tool rotational
speed of 1,000 rpm.

(iii) In terms of tensile strength, microhardness, and
corrosion rate, tool rotating speed and powder
mixing ratio are the two most important factors.

(iv) Weld nugget hardness of 93 HV and corrosion rate
of 0.814mm/y were achieved with the optimal
parameter combination of R of 1000rpm, W
(120 mm/min), P (0.15mm), C (2 mm), and M (95
percent Mg and 5 percent Cr) that was achieved.

(v) The joint strength of 147 MPa without filler was
obtained by the above parameter combination.

(vi) The highest connection strength of 173 MPa was
improved by mixing 95 percent magnesium and 5
percent chromium filler. This indicates that the use
of filler in friction stir welding results in an 18
percent increase in joint strength.

(vil) Joint strength and weld hardness are originally
increased by increasing the weight percentage of
magnesium and reducing it by decreasing the
chromium content in the alloy. A progressive drop
in joint strengthening and weld hardness is ob-
served following threshold value of 95 percent Mg
and 5 percent Cr is crossed.
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The addition of fillers to polymer composites induces a positive influence on the mechanical and tribological properties of the
hybrid composites. These properties can be validated for possible uses such as automobile, construction, shipping, aerospace,
sports equipment, electronics, and biomedical domains. In the present research, epoxy matrix reinforced with nylon-6 fibers and
glass fibers were prepared using the solution blend technique. Alumina nanoparticles are added as fillers to enhance the properties
of epoxy hybrid composites. The large surface area of interaction of nanofillers exhibits better adhesion between matrix and fibers
of composites, and it significantly affects the various properties of composites. The tribological characteristics of fabricated epoxy
hybrid composites were evaluated under various parameters and conditions. The results revealed that the addition of nanofiller
significantly reduces the wear loss of epoxy hybrid nanocomposites. The wear resistance of epoxy hybrid composites increased
with increase in addition of nanofiller up to 1.0%, and it slightly decreased with the further addition of filler. The Taguchi analysis
was carried out for the least coefficient of friction and specific wear rate. The analysis found that the specific wear rate and
coeflicient of friction mainly depend on load, followed by speed and nanofiller. The fractured and worn surface of Al,O;-filled
epoxy hybrid composites was analysed using SEM.

1. Introduction

In recent years, polymer composites with more than one
reinforcement have been used in various mechanical and
structural applications due to their tailored mechanical
properties. Hybrid polymer composites derive the ad-
vantages of both primary and secondary reinforcements
to enhance the properties of polymer composites.
Therefore, these materials are chosen as possible re-
placements for the components used to make aircrafts,
automobiles, and wind turbines and their components. In
addition, the inclusion of particles as fillers in hybrid

composites achieves better mechanical properties because
the fillers govern the interface quality between the matrix
and reinforcements [1]. The mechanical properties of
hybrid polymer composites also depend on the type, size,
and quantity of particles used as filler. Nanoparticles have
an incredibly excessive surface to volume ratio which
generally makes adjustments in their properties as com-
pared to their bulk form equivalents [2]. The interaction
between nanoparticles and the polymer material is high
due to the higher surface to volume ratio. Also, the
nanoparticles and polymer form a good bond between
them, which may influence the polymer properties to a
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great extent. Nanosized particles exhibit better properties
that cannot be obtained by conventional filler. The energy
dissipation by wear damages intensely to the material
property and effectively decreasing the control of wear is
always desired [3, 4].

Wear properties of any engineering materials mainly
contingent on load, speed, material hardness and exis-
tence of cross link material, also operating temperature
and condition [5]. The load and sliding velocity during
pin-on-disc testing method are the main parameters
which effect the wear rate of composites, and the alu-
minium hybrid composites shows low wear rate compared
to the composite with low weight percentage of the silicate
particle reinforcement [6]. Polymer based composite have
widespread application in the agricultural field and in-
dustries. In these places abrasive wear contributes to
principal mode of failure in various applications such as
conveyors, gears, bearings, bushes, seals etc. are some [7].
Low cost and easily available fillers should improve the
mechanical characteristics of the composites. Addition of
nanofiller improves the mechanical properties, thermal
and tribological characteristics of polymer matrix com-
posites due to the good dispersion of fillers in the matrix,
the addition of a lesser amount of nanofillers in polymer
matrix will lead to be more optimal to increase the
properties of composites [8, 9].

Type of filler and polymer plays the critical role on
tribological properties of FRP with microsize fillers. The
study of frictional parameters and contact resistance of the
materials revealed that load applied, track radius on disc,
testing time and operating temperature are considered as
parameters to regulate the test atmosphere [10-12]. Under
adhesive wear condition, either thermoplastic or thermoset
will not exhibit any general wear or frictional tendency.
However, the majority of thermoplastic polymers produce a
film transfer on the metal counterface, it leads to improve the
frictional and wear properties of materials. In thermoset
polymers, the frictional and wear properties of materials is
determined by the wear track modification occurred in
counter material. The addition of fillers or fibers improves
the surface strength of polymers, which improves the tri-
bological behaviour of the polymer, especially the thermo-
plastic [13]. The nano-SiO, amplified the maximum
elongation of the glass-fiber-PA6 composites, whereas the
tribological properties of Polypropylene (PP) composites
also influenced with addition of secondary filler [14]. Ad-
dition of Al,O; as reinforcement in Nylon-6 composites
shows improved structural and mechanical properties. With
increase in addition of Al,O3 to higher percentage leads to
reduction in frictional coefficient and wear loss of material
[15].

Various concentrations of Al,O3; nanoparticles in the
polymer matrix increases tribological properties without
compromising the mechanical properties is essential. Hence
an attempt is made to increase the tribological properties
using nanohybrid composites. The resin matrices offer
physical characteristics and nanomaterials, which increase
surface area the research has potential to enhance the
property of a composite.
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2. Materials and Methods

The materials and methods used to conduct this study is
explained in the following sections.

2.1. Materials and Fabrication. The epoxy hybrid polymer
composite used in present investigation the epoxy (Resin-
Araldite LY-556 and Hardener-HY 951 in 10:1 ratio) as a
matrix material with reinforcement of glass fibers and nylon
fibers. The Al,O; nanoparticles (size range 30-50 nm) were
used as filler materials. The investigating epoxy hybrid
composites were fabricated using open moulding technol-
ogy. A mould of 250 mm x 250 mm x 4 mm was coated with
mould releasing agent were used for composite manufac-
ture. The amount of epoxy resin was selected as per rule of
mixture and it preheated about 80°C to 90°C and required
amount of Al,O; nanofillers dispersed uniformly in epoxy
matrix using ultrasonic mixing technology along with 15
wt.% of Glass fiber and 15 wt.% of nylon fiber. EDS scanning
results show that composition of a material predominantly
consisted of aluminium from the large peaks, and it also
contains copper and gold from the sputtering process shown
in Figure 1. The size of the Al,0; nanofillers 30-50 nm and
density is 3.9 gm/cc (* from manufacturer’s catalogue).

In present investigation, epoxy hybrid composites 0.5, 1.0,
and 2.0 wt.% of AL,O; was used as filler. The higher weight
percentage of fibers/filler leads to agglomeration of fibers/filler,
which leads to decreases the potential improvement of me-
chanical properties of polymer composites, because of the re-
duction in interfacial area [16]. The uneven dispersion and
reduction in interfacial bonding of fibers/fillers in the matrix
causes the decrease in overall strength of polymer matrix
composites and nanofiller loses its effectiveness [17].

The sonicated mixture was poured into mould, which
has been coated with releasing agent and compression
loading is applied on mould for uniform pressure distri-
bution show in Figure 2.

The mould is allowed for curing under applied pressure
for 24 hours at room temperature and followed by post-
curing at 100+ 5°C for 2 hours using hot air circulated
furnace Postcuring is helpful to complete the polymerization
process and complete the incomplete bonding of polymers
[18, 19]. The fabricated composites plate of 4 mm thickness
was cut into required size of 10 mm x 10 mm as per ASTM
standards. The composition of fabricated composites is
shown in Table 1.

2.2. Experimental Procedure

2.2.1. Hardness Test. Hardness of fabricated composites
were determined using Barcol Hardness tests according to
ASTM D 2583 shown in Figure 3. The specimen dimension
of 20mmx20mm x4mm is used for the measurement
according to the ASTM standard.

2.2.2. Impact Test. Impact strength of epoxy hybrid com-
posites were determined according to ASTM D256 using
computerized impact testing machine shown in Figure 4.
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Ficure 1: Elemental composition present in Al,O; nanofiller.
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FIGURE 2: Fabrication process of epoxy hybrid composites.

TaBLE 1: Composition of fabricated composites.

Composite designation Epoxy (wt %) Glass fiber (wt %) Nylon fiber (wt %) ALO;s (wt %)
0 70 15 15 0

0.5 69.5 15 15 0.5

1 69 15 15 1

1.5 68.5 15 15 1.5

2 68 15 15 2

The pendulum, which was set to a specific height, tripped
and collided with the specimen on the other side of the
notch, resulting in a shattered specimen. According to the
Joule unit, absorbed energy had to produce the fracture
surfaces. The specimen dimension of 63 mm X 12 mm
x3mm is used for the measurement according to the
ASTM std.

2.2.3. Wear Test. Tribological properties are wear loss;
specific wear rate and coefficient of friction of fabricated
F1GURE 3: Barcol hardness tester. composites were carried out as per ASTM G99-17 using pin-




FIGURE 4: Impact testing machine.

on-disk apparatus under abrasive wear condition [20, 21].
The prepared specimen attached to pin at on surface and disc
surface covered with abrasive paper (Grit number 320) to
achieve the abrasive wear condition. The specimen attached
pin abraded against abrasive disc under different loading
conditions such as 20N, 40 N, and 60 N and various speeds
of 1200, 1500 and 1800 rpm at constant time of 10 minutes
and track diameter of 100 mm.

Figure 5(a) shows the pin-on-disc apparatus, and
Figure 5(b) shows the specimen holder. The initial weight
and final weights were analysed for the samples to find the
wear loss. Average value of three tests conducted for each
specimen is recorded. Wear volume (FV') and specific wear
rate (K,) were calculated from equations (1) and (2):

Am

AV = =28 (1)
P
AV

- 2

K= 7 2)

where “Am” represents mass loss in g, “p” represents density
of the test material in g/cc, “AV” represents the volume loss
inm?>, “L” is the load in Newton, and d is the sliding distance
in meters.

The densities of the composites were calculated by an
experimental method. The wear study is done using three
parameters, coefficient of friction (COF), wear loss, and
specific wear rate for various nanofiller percentages, different
speeds, and load conditions.

2.3. Wear Mechanism. Adhesive wear occurs when the as-
perities experience significant plastic deformation as a result
of the combined action of adhesion between surfaces and
sliding motion. When dissimilar materials are in contact,
adhesive wear causes the particle transfer from cohesively
weaker of the material to stronger. Equation (3) shows
Archard’s equation, which describes the phenomena of
adhesive wear processes:
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v=xh 3)
3H
Archard’s equation consists of the material hardness as
the only material property. Archard’s wear coefficient K
depends on several parameters, such as type of material, type
of wear, and relative motion between surfaces.

3. Results and Discussion

The results and discussion are discussed as follows.

3.1. Hardness. Hardness is the key factor influencing the
wear resistance of the material. Higher hardness of the
material shows the better wear resistance property. The
hardness of the fabricated hybrid composites is mainly
dependent on the surface of the material, which consists of
glass and nylon fibers along with Al,O; nanofillers.

The variation of hardness of epoxy hybrid composites
with different weight percentages of Al,O; nanofillers is
shown in Figure 6. The hardness of epoxy hybrid composites
is improved significantly with increase in amount of Al,O3
nanofillers. From the results, it is found that the addition of 2
wt.% of Al,O5 nanofillers to epoxy hybrid composites results
in better hardness than unfilled epoxy hybrid composites.
From the results, it is observed that the intensification of
hardness is directly related to the amount of addition.

3.2. Impact Strength. The impact strength of the epoxy
hybrid composites is largely governed by the toughness of
individual constituents of the composites as well as other
various factors such as the length of short fibers, aspect ratio
of fibers, size and shape of Al,0; nanofillers, filler loading,
and interfacial bonding strength between matrix-fiber-filler.
Short fiber-reinforced polymer composites exhibit higher
impact strength at high aspect ratio of fibers. The higher
aspect ratio of fiber causes an increase in the surface area to
volume ratio, which leads to an increase in the interfacial
strength between the fiber and matrix and hence affects the
toughness and impact strength of composites [22]. The
experimental results it is shown that the impact strength of
epoxy hybrid composites improved with the addition of
ALO; nanofillers. Figure 7 shows a progressive improve-
ment in the impact strength of epoxy hybrid composites with
the addition of Al,O; nanofillers up to 2 wt.%. Glass and
nylon fibers played an important role in improving the
impact strength of the epoxy hybrid composites. The in-
terfacial bond between the epoxy matrix and fibers improved
with the addition of Al,O5; nanofillers. Due to this enhanced
load transfer and better quality of interfacial adhesion be-
tween matrix and fiber, more energy was required to pull the
fiber from the epoxy matrix.

3.3. Coefficient of Friction (u). The coeflicient of friction
measures the resistance to the friction, which is associated to
the effect of surface roughness. The force of friction between
two bodies and the forces acting together are functions of the
type of constituents used. The coefficient of friction of
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FIGURE 7: Impact strength of epoxy hybrid composites.

fabricated epoxy hybrid composites with 0, 0.5, 1.0, and 2.0
wt.% of Al,O; nanofiller was tested under different load and
speed environments. The effects of nanofiller, load, and
speed on the coefficient of friction of epoxy hybrid com-
posites were studied.

Figure 8illustrates the effect of Al,O; nanofiller and
speed on the coefficient of friction of epoxy hybrid
composites at 20 N load. The graph shows the coefficient
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F1GURE 8: Coefficient of friction of epoxy hybrid composites at 20 N
load.
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F1Gure 9: Coefficient of friction of epoxy hybrid composites at 40 N
load.
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Figure 10: Coefficient of friction of epoxy hybrid composites at 60 N load.
TaBLE 2: Response table for signal-to-noise ratios for coefficient of friction.
Level AlLO3; (%) Load (N) Speed (rpm)
1 5.594 5.589 6.853
2 6.546 6.288 6.242
3 6.576 6.839 5.621
Delta 0.982 1.25 1.232
Rank 3 1 2

of friction of the epoxy composites decrease with upsurge
in addition of Al,O5; nanofiller and it increases with in-
crease in speed. Similarly, Figures 9 and 10 show the effect
of Al O3 nanofiller and speed on the coefficient of friction
of composites at 40 N and 60 N load, respectively. In both
the loads coefficient of friction of composites increases
with upsurge in speed. The coefficient of friction of epoxy
hybrid composites decreases with the addition of Al,O;
nanofiller up to 1.0 wt%. Further increases in the addition
of Al,O; nanofiller up to 2.0 wt.% filler lead to a decrease
in the coefficient of friction. The coefficient of friction
reduces as the speed increases for all loads, and it also
reduces as loading increases for all speeds. The temper-
ature at the interface increases as the applied load in-
creases. Also, at 1800 rpm speed shows low coefficient of
friction of composites than other speeds. The increase in
load and speed causes the increase in temperature of
interface of the material and disc under dry sliding en-
vironments. The increase in temperature in the com-
posites leads to a reduction in the interface bonding
between fiber and matrix due to the softening of epoxy at
high temperatures. Also, the increased temperature due to
dry sliding significantly affected the bonding of fiber and
matrix, which led to debonding and failure of fiber due to
shear [23].

3.4. Design of Experiments for Coefficient of Friction. The L27
array design is used as the experimental design using the
Taguchi method. The experimental investigations are

studied using “signal-to-noise ratio” values. The “signal-to-
noise ratio” for the minimum coefficient of friction is ex-
amined as a “smaller is better” characteristic.

Table 2 shows the response values for “signal-to-noise
ratio” for coeflicient of friction for the hybrid composite
specimens. The rank based on delta values shows load plays
an important role followed by speed and Al,O; nanofiller in
the hybrid material plays the least important role.

Analysis is made by means of minitab-17 software in
order to find the numerical implications of factors like speed,
load, and nanofiller content on various wear characteristics
as shown in Figure 11 and Table 1. The delta value suggests
that even Al,O3 nanofillers have the same impact as speed
and loading conditions. The coefficient of friction almost
shows a reduced trend above the 1.0% of nanofiller content
in the hybrid composite.

3.5. Wear Loss. The effect of addition of Al,O3; on wear loss
of investigating epoxy hybrid composites were carried out
using the pin-on-disc method under abrasive wear con-
dition at different load and speed. Figure 12 shows the
effect of the addition of Al,O; nanofiller and speed on
wear loss of composites at 20 N load. The graph shows
speed significantly effect on the wear loss of composites;
wear loss is at high speed than the low speed. Also wear
loss of epoxy hybrid composites reduces with addition
Al,O3 nano filler. The addition nanofillers enhances the
wear resistance of epoxy composites and leads to a re-
duction in wear loss.
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FIGURE 12: Wear loss of epoxy hybrid composites at 20 N load.

The similar wear loss behaviour exhibits in 40N and
60N loads shown in Figures 13 and 14. Wear loss of in-
vestigating composites in 40 N and 60 N at different wt.% of
nanofiller loading and at different speeds shows similar
behaviour such as wear loss at 20N load. The addition of
ALO; nanofiller reduces the wear loss of epoxy hybrid
composites due to the addition of ceramic particle attributes
that increase the toughness and hardness of the materials
[24].

3.6. Design of Experiments for Wear Loss. The L27 array
design is used as the experimental design for wear loss test
results. The experimental investigations are studied using
“signal-to-noise ratio” values. The “signal-to-noise ratio” for

40 60 1500
For 40 N Load
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15[ -
T
1

Wear Loss (g)
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1800 RPM

FIGURE 13: Wear loss of epoxy hybrid composites at 40 N load.

the least specific wear rate is observed under the “smaller is
better” characteristic.

Table 3 shows the response values for “signal-to-noise
ratio” for wear loss for the hybrid composite specimens. The
rank based on delta values shows that load plays an im-
portant role followed by speed and Al,O; nanofiller content
in the hybrid material plays the least important role.

Figure 15 shows the main effect plot for “signal-to-
noise ratios” for wear loss. From Figure 15, it is obvious
that load plays an important role followed by speed and
Al O3 nanofiller content in the hybrid material. As the
nanofiller percentage increases above 1.0%, the trend
decreases. This type of behaviour in composites may occur
due to the initial wear of the epoxy matrix from abrasion.
The fibers that are exposed and the filler elements that
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FIGURE 14: Wear loss of epoxy hybrid composites at 60 N load.
TaBLE 3: Response table for signal-to-noise ratios for wear loss.
Level Nano AlL,O;3 (%) Load (N) Speed (rpm)
1 2.470 14.462 9.374
2 6.409 3.860 5.484
3 7.865 -1.578 1.885
Delta 5.396 16.041 7.489
Rank 3 1 2
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FiGURE 15: Main effect plot for SN ratios for wear loss.

come into contact will reduce the further wear loss at
higher nanofiller content.

Figures 16 and 17 show the SEM images of tested wear
sample at 1.0% of nano Al,Os, 1200 rpm and 20 N load and
2.0% of nano Al,O;, 1500rpm and 60N load. The ag-
glomeration of nano Al,O3 in the epoxy in Figure 16(a) is
observed, and it leads to a weaker matrix filler interface and

nonuniform dispersion of fillers at higher percentages of
filler addition. After the preliminary abrasion of matrix
material, the exposed fibers will wear out; further wear loss is
being restricted. At higher loads, delamination between fiber
and matrix caused severe damage to the fibers; crushed and
fragmented fibers were observed. Figure 17(a) shows the
fibers breakage but not being pulled out of the matrix
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FIGURE 16: SEM results of wear samples at 1.0% of Al,O3 nanofiller at 1500 rpm and 20N load.
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FIGURE 17: SEM results of wear samples at 2.0% of Al,O3 nanofiller at 1500 rpm and 60 N load.

completely. Figures 16(b) and 17(b) show the debris for-
mation in the samples may be due to heat produced by the
surface.

4. Conclusion

The epoxy hybrid composites filled with different wt.% of
ALO; nanofiller were fabricated using open moulding
technology. The fabricated epoxy hybrid composites were
tested for hardness, impact strength, and tribological
properties under abrasive wear conditions using the pin-on-
disc method. Experimental results have shown that the
addition of Al,O; nanofiller improves hardness, impact
strength, and tribological properties such as wear loss and
coefficient of friction. The addition of Al,Os; nanofillers
significantly enhanced the hardness and impact strength of
epoxy hybrid composites due to the fact that Al,O; nano-
fillers have a higher stiffness than the epoxy matrix. The wear
loss and coefficient of friction of investigating composites
reduced gradually with upsurge in addition of nanofiller at
lower loadings. At higher load conditions, the coefficient of
friction of composites decreases up to 1.0 wt.% with the
addition of nanofiller and increases further with the addition
of nanofiller. Because of uniform distribution of Al,O;
nanofiller will be achieved up to 1% and further addition of
fillers may leads to agglomeration and distribution of more
particles in surface area is limited. In specific wear rate the

load plays a significant role followed by Al,O; nano filler
content in the hybrid material and speed plays least role. The
increased temperature at the interface reduces the bonding
of fibers in the matrix, which leads to easier shear at higher
axial thrust. From the coefficient of friction response, it is
obvious that load plays an important role followed by speed,
and filler content in the hybrid material plays the least
important role.

Data Availability

No data were used to support the findings of the study.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] M. Terrones, “Science and technology of the twenty first
century: synthesis, properties, and applications of carbon
nanotubes,” Annual Review of Materials Research, vol. 33,
no. 1, pp. 419-501, 2003.

[2] M. D. Kiran, H. K. Govindaraju, T. Jayaraju, and N. Kumar,
“Review-effect of fillers on mechanical properties of polymer
matrix composites,” Materials Today Proceedings, vol. 5,
no. 10, Article ID 22421, 2018.



10

[3] K. Friedrich, L. Chang, and F. Haupert, “Current and future
applications of polymer composites in the field of tribology,”
in Composite Materials, pp. 129-167, Springer, London, UK,
2011.

G. Raghavendra, S. Ojha, S. K. Acharya, and S. K. Pal,

“Mechanical and tribological behavior of alumina nano filler

reinforced epoxy hybrid composites,” in Proceedings of the

ASME 2013 International Mechanical Engineering Congress

and Exposition, New York, NY, USA, 2013.

M. F. Ashby and S. C. Lim, “Wear-mechanism maps,” Scripta

Metallurgica et Materialia, vol. 24, no. 5, pp. 805-810, 1990.

B. R. Senthil Kumar, M. Thiagarajan, and K. Chandrasekaran,

“Investigation of mechanical and wear properties of LM24/

silicate/fly ash hybrid composite using vortex technique,”

Advances in Materials Science and Engineering, vol. 2016,

pp. 1-8, 2016.

[7]1 A. W. Batchelor and G. W. Stachowiak, “Tribology in ma-
terials processing,” Journal of Materials Processing Technology,
vol. 48, no. 1-4, pp. 503-515, 1995.

[8] C. Allen and A. Ball, “A review of the performance of en-
gineering materials under prevalent tribological and wear
situations in South African industries,” Tribology Interna-
tional, vol. 29, no. 2, pp. 105-116, 1996.

[9] M. S. S. Kumar, C. P. Selvan, K. Santhanam, A. Kadirvel,
V. Chandraprabu, and L. SampathKumar, “Effect of nano-
materials on tribological and mechanical properties of
polymer nanocomposite materials,” Advances in Materials
Science and Engineering, vol. 2022, pp. 1-16, 2022.

[10] P. H. Shipway and N. K. Ngao, “Microscale abrasive wear of
polymeric materials,” Wear, vol. 255, no. 1-6, pp. 742-750,
2003.

[11] R. P. Nair, D. Griffin, and N. X. Randall, “The use of the pin-
on-disk tribology test method to study three unique industrial
applications,” Wear, vol. 267, no. 5-8, pp. 823-827, 2009.

[12] O. S. Muhammed, H. R. Saleh, and H. L. Alwan, “Using of
Taguchi method to optimize the casting of Al-Si/Al,O;
composites,” Engineering and Technology J, vol. 27, no. 6,
pp. 1143-1150, 2009.

[13] B. Aldousiri, A. Shalwan, and C. W. Chin, “A review on
tribological behaviour of polymeric composites and future
reinforcements,” Advances in Materials Science and Engi-
neering, vol. 2013, pp. 1-8, 2013.

[14] F. Silva, S. Sachse, H. Zhu, K. Pielichowski, A. Leszczy 'nska,
and N. James, “The effect of matrix and reinforcement ma-
terial selection on the tensile properties of hybrid composites,”
Journal of sustainable mobility, vol. 1, no. 1, pp. 37-52, 2014.

[15] K. Boparai, R. Singh, and H. Singh, “Comparison of tribo-
logical behaviour for Nylon6-Al-Al,O; and ABS parts fab-
ricated by fused deposition modelling,” Virtual and Physical
Prototyping, vol. 10, no. 2, pp. 59-66, 2015.

[16] M. A. Ashraf, W. Peng, Y. Zare, and K. Y. Rhee, “Effects of size
and aggregation/agglomeration of nanoparticles on the in-
terfacial/interphase properties and tensile strength of polymer
nanocomposites,” Nanoscale Research Letters, vol. 13, no. 1,
p- 214, Dec. 2018.

[17] Y. Zare, “Study of nanoparticles aggregation/agglomeration in
polymer particulate nanocomposites by mechanical proper-
ties,” Composites Part A: Applied Science and Manufacturing,
vol. 84, pp. 158-164, 2016.

[18] K. Dilip Kumar, M. Shantharaja, and Ravindra, “Effect of
Al203 nano filler on mechanical behaviour of hybrid polymer
composite-A Taguchi approach,” Test Engineering And
Management, vol. 82, pp. 2854-2862, 2020.

[4

e
)

Advances in Materials Science and Engineering

[19] V. R. Chavan, K. R. Dinesh, K. Veeresh, V. Algur, and
M. Shettar, “Influence of post curing on GFRP hybrid
composite,” MATEC Web Conf, vol. 144, Article ID 02011,
2018.

[20] L. Mazza, A. Trivella, R. Grassi, and G. Malucelli, “A com-
parison of the relative friction and wear responses of PTFE
and a PTFE-based composite when tested using three dif-
ferent types of sliding wear machines,” Tribology Interna-
tional, vol. 90, pp. 15-21, 2015.

[21] U. Nirmal, J. Hashim, and S. T. W. Lau, “Testing methods in
tribology of polymeric composites,” International Journal of
Mechanical and Materials Engineering, vol. 6, pp. 367-373,
2011.

[22] A. Sharma, S. Anand Kumar, and V. Kushvaha, “Effect of
aspect ratio on dynamic fracture toughness of particulate
polymer composite using artificial neural network,” Engi-
neering Fracture Mechanics, vol. 228, Article ID 106907, 2020.

[23] S. R Indu, T. S. Raghu, F. Sanal, G. Santhosh, and
J. Manjanna, “Investigation on the influence of fiber orien-
tation on sliding wear and frictional characteristics of glass-
carbon and twaron-carbon hybrid composites,” J Text. Eng
Fash. Technol, vol. 3, no. 4, pp. 1-9, 2017.

[24] K. K. Ekka and S. R. Chauhan, “Effect of different rein-
forcements on sliding wear of aluminium matrix composites
using Taguchi design of experimental technique,” Indian
Journal of Engineering and Materials Sciences, vol. 22, no. 2,
2015.



Hindawi

Advances in Materials Science and Engineering
Volume 2023, Article ID 3402348, 8 pages
https://doi.org/10.1155/2023/3402348

Research Article

@ Hindawi

Investigation of Mechanical Properties and Microstructure of
AZ31-SiC-Graphite Hybrid Nanocomposites Fabricated by
Bottom Pouring-Type Stir Casting Machines

Itha Veeranjaneyulu ©,"? Vemulapalli Chittaranjan Das,’ and Srikanth Karumuri

'Department of Mechanical Engineering, Acharya Nagarjuna University, Guntur, India

Department of Mechanical Engineering, Aditya Engineering College, Surampalem, India
’Department of Mechanical Engineering, RVR & JC College Engineering, Guntur, India

*Department of Mechanical Engineering, Tepi Campus, Mizan Tepi University, Mizan Teferi, Ethiopia

Correspondence should be addressed to Srikanth Karumuri; sril460@gmail.com

Received 19 September 2022; Revised 12 October 2022; Accepted 14 October 2022; Published 24 January 2023

Academic Editor: Temel Varol

Copyright © 2023 Itha Veeranjaneyulu et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

In this study, a bottom pouring-type stir casting machine was used to create AZ31 magnesium alloy hybrid nanocomposites with
varying weight percentages (0, 3, 5, and 7) of silicon carbide (SiC) and graphite (Gr) particles. Investigations have been made into
the mechanical characteristics and microstructural distribution of manufactured hybrid nanocomposites. The outcomes
demonstrate that the mechanical characteristics and uniform distribution of SiC and Gr particles are enhanced compared to those
of the base alloy. In comparison to monolithic AZ31 alloy, microhardness, ultimate tensile strength (UTS), yield strength (YS), and
compressive strength (CS) were raised by about 54%, 68%, 82%, and 107%, respectively. The presence of reinforced particles, the
uniform distribution of particles, and the strong interfacial connection between the matrix and reinforcement all contribute to the
improvement of mechanical properties. However, the addition of 7 wt. % SiC/Gr showed good mechanical properties compared to
the base alloy. The microstructure of nanocomposites was analyzed using a scanning electron microscope (SEM), and particles
were described using energy-dispersive spectroscopy (EDS).

1. Introduction

Magnesium hybrid nanocomposites are manufactured
materials with desirable qualities such as strong tensile
strength, being compressive, hardness, and stiffness. When
compared to aluminium-based materials, magnesium-based
alloys and composites have the potential to reduce com-
ponent weight by about 30%. AZ alloys are magnesium
alloys that also contain zinc and aluminium. These nano-
composites are widely employed in engineering applications
and are freely accessible. In vehicles and trucks, locomotives,
and general aviation, AZ31 magnesium alloys have the
potential to replace several standard structural materials as
lightweight alloys [1-3]. In recent years, efforts have been
undertaken to further enhance these alloys’ characteristics

by using reinforcements such as Si;N, [4], SiC [5], BN-WC
[6], Gr-WC [7], TiC-TiB, [8], and titanium [9]. Due to
modifications in the mechanism of solidification for
nanosized reinforcements, composites exhibit phenomenal
results in terms of strength when nanosized particles are
added to the matrix of magnesium. HMMNCs can syn-
thesize via various techniques, but among all, stir casting is
a widely accepted and cost-effective technology that has been
commercially adopted because of its benefits, which include
mass manufacturing, low processing costs, and ease of
customization.

Nourbakhsh et al. [10] observed good mechanical
characteristics of AZ31/SiC nanocomposites by contrasting
them to a base alloy produced by squeeze stir casting.
Khandelwal et al. [11] studied AZ31/A1,0; magnesium
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metal matrix nanocomposites and noticed the improvement
in YS and UTS of magnesium MMNCs due to mixing of
nano-Al,O3 and in situ reaction of particles. The results were
analyzed by OM, SEM, and XRD. Ramanujam et al. [12]
prepared biocompatible composite materials processed by
a stir casting method. The developed AZ31/eggshell nano-
composites are utilised to produce human bone materials for
implants. Cao et al. [13] studied AZ91D nanocomposites.
The results indicated that the mechanical properties were
raised by incorporation of 1.0 wt. % AIN,,, into AZ91D. The
use of these structural materials is permitted at temperatures
of at least 200°C. Torabi Parizi et al. [14] performed
a comparative analysis on AZ80/0.5Ca-1.5A1,0; hybrid
nanocomposites prepared via two different casting pro-
cesses. The results concluded that rheocast nanocomposites
had superior properties compared to stir cast. By using two-
stage stir casting to create a hybrid composite of Al7075 and
(B4C+ CDA), Manikandan et al. [15] discovered improved
tensile and tribological properties but observed reduced
impact strength when compared to Al7075 alloys. Torabi
Parizi et al. [16] studied the effect of GNPs on AZ80
composites and concluded that the mechanical properties of
AZ80/0.1GNPs composites were improved by 40% and 15%,
respectively, compared to those of the base alloy.

The innovative aspect of the work is an investigation into
the use of bottom pouring-type stir casting machines to
incorporate SiC and Gr nanoparticles into magnesium alloy
and achieve uniformly dispersed nanoparticles in a hybrid
nanocomposite. To the best of our knowledge, stir casting
has seldom been used in the manufacturing of nano-
composite materials. Here, a stir casting fabrication tech-
nique for the AZ31-SiC nanocomposite is demonstrated.
Evaluations of the microstructure and mechanical charac-
teristics, density, and hardness were explored, and the results
are described.

2. Materials and Methods

2.1. Materials and Composite Fabrication. In the fabrication
of nanocomposites, AZ31 alloy was the base material, and
SiC and graphite particles were used as reinforcements with
an average size of 53nm and 75nm, respectively. The
manufacturing process of hybrid nanocomposites carried
out through a bottom pouring-type stir casting machine is
shown in Figure 1. The setup consists of the graphite cru-
cible, furnace, mechanical stirring unit, argon gas cylinder,
temperature detector, and die with a bottom pouring unit.
AZ31 ingots were loaded in the graphite crucible, heated up
to 650°C, and held till the metal melted into liquid. The raw
materials were preheated at 400°C with a soaking time of 1 h.
To prevent atmospheric oxidation, argon gas was used to
create a vacuum environment in the furnace [17, 18]. The
prewarmed reinforcements were released into the graphite
crucible, and a stirrer was rotated at 700 rpm. The melted
material was poured into a heated mould via the bottom
pouring method. The fabricated samples with compositions
were designated M1, M2, M3, and M4, as shown in Table 1.
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FiGUure 1: Photograph of the bottom pouring-type stir casting
machine.

TaBLE 1: Designation of specimens.

S. no Specimens Compositions

1 M1 AZ31

2 M2 AZ31+ 3% SiC + 3% graphite
3 M3 AZ31+5% SiC+5% graphite
4 M4 AZ31+7% SiC+ 7% graphite

2.2. Microstructure. The fabricated specimens were prepared
by using different grades of polishing paper and a disc-
polishing machine. An etchant was used for removing
undesirable materials at the surface of the specimen [19, 20].
The microstructure of the monolithic alloy and hybrid
nanocomposites was investigated using an SEM (manu-
facturer: TESCAN and model: VEGA3 SBH). The EDS
analysis was carried out over a selected region to confirm the
presence of SiC and Gr particles. It revealed the peaks for
aluminium (Al), zinc (Zn), silicon (Si), carbon (C), and
magnesium (Mg). The formation of magnesium oxide
during the solidification process resulted in the peak of
oxygen [21]. Hence, these SEM results with EDS analysis
were indications of effective incorporation of SiC and Gr
particles into Mg matrix composites.

2.3. Mechanical Properties. The density of specimens was
calculated theoretically as well as experimentally. The the-
oretical measurement was performed by the rule of the
mixture method. The experimental measurement was per-
formed by the Archimedes principle.

(1

o ) ( measured density )
% porosity ={ 1 — - - x 100
theoretical density

A Vickers microhardness tester was used to measure the
microhardness of all samples while applying a 100 gram load
to three different places for ten seconds. The average
microhardness values were noted. The photographs of the
SEM with EDS, hardness, and density instruments are
shown in Figure 2.
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FIGURE 2: Photographs of SEM with EDS, density, and hardness instruments.

The tensile and compressive test was assessed with UTM
(INSTRON-E1025) at a ram of 3 mm/min. The specimen
was made as per ASTM E8-3 standards for the tensile test.

3. Results and Discussion

3.1. Microstructure Analysis. The monolithic and distribu-
tion of reinforcement particles in composites were in-
vestigated using the SEM analysis. Figure 3(a) shows the
SEM image of AZ31 alloy, and Figures 3(b)-3(d) show the
composites of 3 wt. %, 5 wt. %, and 7 wt. % of AZ31-SiC/Gr
MMCs, respectively. The microstructure of 5 wt. % of
nanocomposites has formed the SiC cluster due to the
pulling of particles at one place during polishing. The mi-
crostructure of these nanocomposites reveals that the re-
inforcement particles were distributed uniformly in the
matrix. This is a result of the ideal mechanical alloying of the
particles. Figure 3(c) reveals a small crack in the nano-
composite due to the strength of the composite being re-
duced slightly.

3.2. Energy-Dispersive Spectroscopy (EDS) Analysis. The el-
emental analysis of the base alloy and nanocomposites is
determined using the EDS analysis, as shown in Figures 4
and 5, respectively. It is noted that the structure mostly
consists of magnesium, aluminium, and zinc, as shown in
Figure 4, whereas in Figure 5, magnesium, aluminium, zinc,
and carbon are found in the nanocomposite. However,
because of the strong affinity of Mg at the surrounding
temperature, oxygen can be seen to be present. It can be
assumed that there was no discernible reaction between the
matrix and reinforcement material during casting in any of
these composites.

3.3. Mechanical Properties

3.3.1. Density and Microhardness. An increase in density of
hybrid nanocomposites is credited to the inclusion of re-
inforcements in the semisolid condition as compared with

the monolithic alloy which is shown in Figure 6. The
measured density had lower values than values of the the-
oretical density. The addition of SiC and Gr particles leads to
enhanced porosity and increased density, which contribute
to raising the hardness of the nanocomposite. The micro-
hardness of nanocomposites is shown in Figure 7. The AZ31-
7 wt. % SiC/Gr nanocomposite was increased by 54%
compared with the monolithic alloy [22].

3.3.2. Tensile and Compression Properties. A modification
in the volume ratio of SiC and Gr particles increases the
UTS, YS, and CS of nanocomposites. Figure 8 shows that
the strength of nanocomposites was increased from
monolithic alloys to 7 wt. % of SiC/Gr composites. This
may be affected due to grain size of the reinforcement
bonding between the reinforcements and matrix [23, 24].
Overall, 7 wt. % of AZ31/SiC/Gr nanocomposites has
enhanced the strength compared with monolithic alloys
by 68% and 82% of UTS and YS, respectively. The stress-
strain curve of the nanocomposites is enhanced with an
increased reinforcement. Figures 9(a) and 9(d) show the
stress-strain curve for the four specimens. The com-
pression results of the nanocomposites are enhanced due
to the reinforcement of SiC and Gr particulates in
composites. The strength of the composite depends on the
grain size of the reinforcements and the bonding between
reinforcements and the matrix. The superior strength is
attained due to grain refinement [25, 26]. The interfacial
holding between the reinforcement and matrix is satis-
factory and the applied pressure might change the mag-
nesium combination lattice on the SiC and Gr
particulates. The compressive strength of the monolithic
alloy is 173.42 MPa, whereas the improved compressive
property was observed for the M4 composite because of
the grain refinement. The addition of ceramic particles
might diminish the flexibility and enhance compressive
properties, as shown in Figure 9. The fracture surface of
tensile and compressive specimens is depicted in
Figures 10(a) and 10(b) for nano composites [27].
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FiGUre 3: SEM images of (a) AZ31, (b) A31-3 wt. % SiC/Gr, (c) AZ31-5 wt. % SiC/Gr, and (d) AZ31-7 wt. % SiC/Gr.
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FiGure 10: (a) Tensile and (b) compressive-fractured specimens.

4. Conclusions

AZ31-SiC-Gr hybrid nanocomposites have been successfully
fabricated using the bottom pouring-type stir casting ma-
chine. The hardness, tensile strength, compressive proper-
ties, and microstructure analysis of hybrid nanocomposites
were evaluated. The results of the present investigation can
be summarised as follows:

(i) The hybrid metal matrix nanocomposite with 7 wt.
% of Sic/Gr reinforcement particles exhibits ex-
tremely low agglomeration and little particle clus-
tering, as revealed by the conclusions of SEM and
EDS examination

(ii) A maximum density of 1.88 g/cc and a hardness of
110.83 Vickers hardness number were obtained for
M4 (7 wt. % of SiC/Gr) nanocomposites. This was
due to the presence of hard ceramic particles, and it
shows the enhancement of density and micro-
hardness as compared with the monolithic alloy.

(iii) A maximum UTS of 189.52 MPa and a compressive
strength of 320.23 MPa were observed in the
combination of 7 wt. % of the nanocomposite. This
was due to the perfect interfacial bonding with less
clustering of reinforcement particles.

(iv) The mechanical characterization results showed that
when an ideal ratio of SiC and Gr was added up to 7
wt. %, attributes including tensile strength, com-
pression strength, and hardness were enhanced by
68%, 107%, and 54%, respectively, in comparison to
the base alloy without reinforcements. Finally, the
proposed magnesium (AZ31) hybrid metal matrix
nanocomposite of 7 wt. % SiC/Gr showed better
results.
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The aim of this research is to synthesise a cost-effective biodegradable green composite for various low- and medium-load
applications. The tensile and flexural results reveal that the rice bran composition in green composite enhances the stiffness of
composite, while strength and hardness decrease. The highest values of tensile strength 27 MPa and flexural strength 25 MPa were
obtained for 15/85 treated rice bran composites, while the highest value of young modulus 2958 MPa was obtained for the 35/65
composite combination. The highest value of hardness, i.e., 11 HRF was obtained for 15/85 treated rice bran composite. The water
absorption test reveals the hydrophilic nature of rice bran and the hydrophobic nature of PLA. Results also reveal better water-
absorbing properties of the green composite due to the surface treatment of rice bran. The lowest density of 1.001 g/cm’ found for
the 50/50 composite combination means the addition of rice bran makes the composite light in weight. The thermogravimetric
analysis performed on the composite to analyse its thermal behaviour shows that major weight loss occurs approximately in the
temperature range of 80-350° Celsius. The response surface methodology (RSM) and design of experiment (DOE) optimization
model were developed to find that the optimum condition for maximum weight loss reveals two desirable conditions, i.e., 500°

Celsius and 424.85° Celsius. ANOVA analysis reveals that the obtained results are significant.

1. Introduction

There is widespread awareness that the world’s petro-
chemical resources are not only limited but also expensive to
manufacture, contribute to climate change, raise carbon
footprint, and pose waste management issues [1]. All of these
lead to a rise in demand for polymeric composites made
from sustainable and environmentally friendly raw materials
rather than petrochemicals. An environmental burden and
high demand for lightweight, high-strength materials incite
researchers to search for new biodegradable composite
materials to fulfil today’s needs. Polylactic acid (PLA) is the
best known biodegradable biopolymer extracted from nat-
ural resources such as sugarcane and corn that may be used

as matrix materials with reinforcement of various natural
fibres to manufacture a number of biodegradable green
composite materials. Natural fibres can be added in different
forms like powder, particulate, flakes, or in fibrous form.
PLA at present is considered one of the most promising
biodegradable polymer materials that have been subjected to
an abundance of literature over the last few decades [2, 3].
PLA can be processed using various processing techniques
such as injection moulding, hand layup, compression
moulding, extrusion, and additive manufacturing. PLA also
has a wide range of application in the field of packaging. At
present, PLA-based composite materials are mainly used in
three different fields, namely, medical applications, pack-
aging, and textile industry [4]. When PLA get mixed with
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natural fibres, it forms a green composite that has a wide
range of applications in aircraft, automotive, electrical,
sports, construction, medical, and various other fields, with a
prime focus on environmental protection. Green composites
have the ability to replace plastics and petrochemicals in the
future by enhancing their properties and may be used as
structural materials in the future [5, 6]. Surface treatment of
natural fibres enhances their mechanical properties and
makes them suitable for automotive applications. In many
natural fibres, surface treatment affects their colour and
thickness [7, 8]. With increase in fibre volume fraction in
composite, mechanical properties of composite gets im-
proved up to certain limit; after that, it starts degradation in
mechanical properties like mechanical properties with 13.6%
hemp fibre found more superior than 7.9% and 17.6% [9].
With fibre treatment, mechanical properties get enhanced
because the untreated portion of the fibre does not carry load
in composite rather increase its fibre volume ratio [10].
Thermogravimetric analysis of PLA shows that PLA is more
thermally stable as compared to PLA composites, but
composites are prepared to meet the society requirements.
Composite fibre and matrix adhesion gets improved with
treatment of fibres with NaOH and enhances water ab-
sorption [11]. Date palm wood powder as filler in PLA can be
used as a thermal insulating material [12].

A review of the literature shows that silane treatment of
natural fibre raises the surface energy of rice husk and re-
duces its moisture sensitivity. Due to the alkaline treatment
of fibres, hemicellulose, lignin, and wax get dissolved [13].
Addition of rice husk as reinforcement in composite en-
hances its wear properties as well as thermal conductivity
decreases with addition of rice husk into PLA composite, but
brittleness and high cost of PLA hinder its application in
broad variety [14-16]. The mechanical properties of rice hull
PLA composites are strongly affected by the types of rice
husks used as well as affected by the poor interfacial bonds
between the rice hulls and matrix [17]. PLA-based green
composite materials have the ability to not only replace steel
and wood but also challenge many nonbiodegradable
polymer composites [18]. The addition of sisal fibre to the
PLA matrix improves the mechanical and thermal properties
of green composites. With increase in fibre content, me-
chanical properties enhance. The treated sisal fibres have a
lower thermal degradation temperature than untreated sisal
fibres. The rate of degradation of composites increased in an
enzymatic environment [19]. The soil burial of rice straw
powder improves its thermal stability, but the mechanical
properties of the composite get depressed [20]. With the
addition of food and agricultural wastes such as Citrus
limetta (mosambi), tea mill waste, wood flour, and rice husk
to suitable matrix materials such as epoxy, PLA, and
polyester, they can be converted into useful materials. The
addition of untreated mosambi powder to epoxy resin re-
duces its mechanical properties due to weak interfacial
adhesion. Similarly, many agroindustrial wastes can be
converted into useful materials [21, 22]. Thermal, me-
chanical, and chemical properties of sugarcane bagasse may
be improved by surface modification with NaOH treatment
[23]. Fibre content plays a major role than fibre length in
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composite properties. The experimental results reveal the
application of bagasse/basalt fibre PLA composites in low-
and medium-load applications due to their high availability
and low cost. The water absorption rate of composite en-
hances with increases in fibre volume [24].

From the above literature work, it has been seen that re-
searchers mostly focus on the mechanical characterization of
various natural fibre composites and the work related to the
optimization of properties has received less attention. There-
fore, in this study, we prepare a green composite and find out
the optimum conditions for better use of it using modern
optimization techniques such as response surface methodology
(RSM) and design of experiment (DOE). The addition of rice
bran to PLA matrix has been done to prepare a cost-effective
biodegradable composite that can be used in various low- and
medium-load applications such as three-dimensional printer
fluid, packaging, and thermal insulating material. Mechanical
testing has been done to see the behaviour of composites under
different loading conditions. Thermal behaviour of composite
has been analysed to examine its thermal behaviour. A
hardness test has been carried out for the calculation of the
surface hardness of composites.

2. Materials

In the present study, 100 g of sieved rice bran powder pur-
chased from the local market in Lalganj, Azamgarh, Uttar
Pradesh, India (276202), has been taken as the reinforcement
material, and polylactic acid obtained from the Chemistry Lab
of Rajkiya Engineering College, Azamgarh, Uttar Pradesh,
India (276201), has been considered as the matrix material.
Initially, PLA pallets were kept in steel mould of size
300 mm X% 300 mm x 3 mm in one layer followed by rice bran
and then upper part of mould cavity was again filled with rest
amount of PLA pallets. After filling, the mould was closed using
steel plates. Then, rice bran PLA-filled mould was kept in the
compression moulding machine and a pressure of 150 bar and
temperature 110 degrees Celsius (Deg C/°C) were applied on it
for curing time of 3-4 hours. After preparation of lamina, the
specimens were cut further with the help of hacksaw for various
testing. The surface treatment of rice bran was performed with
the help of IM NaOH for 30 min by soaking in it.

3. Testing Standard

After preparation of green composite laminates, the tensile
test specimens in different combinations were cut using a
hacksaw as per the ASTM D638 standard with dimensions
165mm length, 19 mm width, 3 mm thickness, and gauge
length 57 mm, as shown in Figure 1. The rice bran has been
selected in five different combinations, namely, 15/85, 20/80,
30/70, 35/65, and 50/50, respectively, with gauge length of
50mm and thickness of 3mm for all specimens. In the
combination, first shows the weight percentage of rice bran
and second the respective PLA amount. Based on results, 15/
85 (15% rice bran and 85% PLA) combination has been
washed with NaOH treatment to analyse the effect of surface
treatment on mechanical properties with adhesion of rice
bran with PLA. The tensile test was performed using the
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universal testing machine with modal number SOM-556
provided by Neelam Engineering Company, Agra, Uttar
Pradesh, India, with testing speed of 2 mm/min, and the
experiment was performed at room temperature.

Flexural testing, also known as three-point bending
testing, is performed on composite materials to see the
behaviour of composite-like force required to bend it or its
flexural resistance. Specimen was prepared as per ASTM
D790 standard, and the length (I), breadth (b), and the
thickness (I) of specimen were considered 140 mm, 15 mm,
and 5mm, respectively, as shown in Figure 2.

The Rockwell hardness test was performed using the
hardness testing machine provided by Neelam Engineering
Company on composite specimens as shown in Figure 3 to
calculate the surface hardness. A standard specimen is placed
on the surface of the Rockwell hardness testing machine. A
minor load of 10 kg is applied, and the gauge is set to zero. After
10 seconds, the load is removed, the specimen is allowed to
recover for 10 seconds, and the hardness is read off the dial with
the minor load. The size of the test specimen made from the
composition of PLA and rice bran is taken according to the
ASTM D785 standard with a 6.4mm thickness in a round
shape. The figure of the specimen is shown in Figure 3.

Apart from the above tests, to see the compatibility of
rice bran PLA composite as three-dimensional printer fluid,
a water absorption test, density test, and thermogravimetric
analysis were done. The thermogravimetric analysis (TGA)
is done to determine the thermal stability of composites,
which is needed in the designing and manufacturing of
goods whose thermal stability is required.

4. Experimental Results

4.1. Tensile Test. The tensile test was performed on various
combinations of rice bran and PLA composite, and the
results are shown in Table 1. From Table 1, it is clearly visible
that the addition of rice bran to PLA has a negative effect on
its tensile properties. It happens due to poor interfacial
bonding between the matrix and reinforcement due to the
untreated rice bran powder used. The maximum tensile
properties, i.e., tensile stress at break 18.2 MPa and corre-
sponding young modulus 3500 MPa were found for 15/85
weight percentage combination. One more reason for the
negative result may be due to the hydrophobic nature of PLA
and hydrophilic nature of rice bran, but due to the surface
treatment of rice bran, the stress increased by 48.35% and the
elastic modulus by 6.85%. This is due to an increase in
interfacial bonding between rice bran and PLA due to the
removal of undesirable content like lignin from rice bran.
The stress values decreased with an increase in rice bran
weight percentage, and the modulus of elasticity was found
maximum for the 35/65 combination. The lowest values of
peak stress and young modulus were found to be 8.5 MPa
and 2650 MPa, respectively, for 50/50 combination, and
young modulus is 6.85% higher than the 15/85 composite
combination. It means the addition of rice bran into
composite enhances the stiffness of composite. The peak
stress of 50/50 combination decreased 53.29% as compared
with 15/85 composite combination. The highest value of

young modulus is found at 2958 MPa for the 30/70 com-
posite combination, which is 19.27% higher than the 15/85
composite combination. From the tensile test results, it is
clearly visible that with an increase in rice bran percentage,
the value of young modulus also increases up to 30/70
combination and decreases for 50/50 combination suddenly.

4.2. Flexural Test. The three-point bending test was per-
formed on the same machine as the tensile test and results are
shown in Table 2. The length, breadth, and thickness of the
specimen were taken as 140 mm, 15mm, and 5mm, re-
spectively, to perform the three-point bending test as per the
ASTM D790 standard. From Table 3, similar variation results
are obtained. With the mixing of untreated rice bran with
PLA, due to weak adhesion between rice bran powder and
PLA, the flexural properties are decreasing with an increase in
rice bran percentage. The maximum stress was 18.5 MPa with
15/85 composite combination, and due to surface treatment
of 15/85 combination composite, the flexural properties of
flexural modulus and stress improved by 4.16% and 35.13%,
respectively, as compared with 15/85 composite combination
of untreated rice bran. For 20/80 composites, the stress di-
minishes by 15.13% as compared with 15/85 combination, but
flexural modulus increases by 4.58% as compared with 15/85
combination, and it happens because the addition of rice bran
to composite increases the stiffness of composites. The
maximum value for flexural modulus 3091 MPa was found
maximum for 50/50 combination and increased by 7.32% as
compared with 15/85 composite combination. The lowest
stress value 16.5 MPa was found for 50/50 composite com-
bination. The surface treatment of rice bran powder enhances
the mechanical properties of composite because it removes
the undesired part from rice bran such as dust and lignin.

4.3. Hardness Test. The Rockwell hardness test has been
performed, and the obtained results are shown in Table 2.
From Table 4, it is clearly visible that the hardness values are
decreasing with an increase in rice bran powder percentage.
Due to the addition of untreated rice bran powder to
composites, the hardness of the composite decreases due to
poor interfacial bonding between rice bran and PLA, but on
the other hand, due to the surface treatment of rice bran, the
hardness increased by 22.22% with the same rice bran
combination, i.e., 15/85 combination. It means surface
treatment enhances interfacial bonding between rice bran
and PLA due to the removal of undesirable contents from
raw rice bran. In combination, the maximum value of
hardness is found to be 9 HRF for 15/85 composite com-
bination and the lowest hardness value was found to be 5.7
HREF for 50/50 composite combination, that is, 36.67% less as
compared with 15/85 composite combination. The harness
of other composite combinations for 20/80, 30/70, and 35/65
was found to be 13.33%, 20%, and 28.89%, respectively.

4.4. Water Absorption Test. A water absorption test was
carried out on rice bran PLA composites to investigate the
swelling behaviour of distilled water. The specimen opted for
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FIGURE 1: Specimen of PLA and rice bran composite with different ratios in wt. %: (a) 15/85. (b) 20/80. (c) 30/70. (d) 35/65. (e) 50/50.

(f) Neat PLA.

FIGURE 3: Hardness test setup.

TaBLE 1: Tensile test result of rice bran PLA composite.

Sr. no. Rice bran/PLA in wt% Young’s modulus (E) in MPa Stress at break (¢) in MPa Strain at break (%)
1 Neat PLA 3500 59 7

2 15/85 2480 18.2 1.45

3 20/80 2590 17.5 1.34

4 30/70 2765 10.2 1.02

5 35/65 2958 9.7 1.00

6 50/50 2650 8.5 1.15

7 Treated 15/85 2650 27 2.5

the water absorption test is as per ASTM D570 standard size
60 mm x 60 mm x 1 mm. The size of the test specimen has
been considered 60 mm x 60 mm x 1 mm in length, width,
and height, respectively. The cutting of test samples has been
done with the help of hack saw at atmospheric conditions.
After cutting the test samples, the samples were dried for 24

hours in a hot oven at a temperature of 60° Celsius (Deg C)
overnight. After the cooling and drying processes, samples
were weighted using a weighing machine. After that, samples
were dipped in distilled water for 25 days at room tem-
perature. The water absorption percentage is calculated by
the following equation [25-27].
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TaBLE 2: Hardness results of rice bran PLA composite.

Specimen Rice bran/PLA in wt. % Hardness (HRF)
1 15/85 9.0
2 20/80 7.8
3 30/70 7.2
4 35/65 6.4
5 50/50 5.7
6 Treated 15/85 11

TaBLE 3: Flexural test results for rice bran PLA composite.

Sr. 1o Rice bran/ Flexural modulus  Stress at peak
: PLA (MPa) (MPa)

1 Neat PLA 2700 32

2 15/85 2880 18.5

3 20/80 3012 15.7

4 30/70 3035 13.6

5 35/65 3045 10.8

6 50/50 3091 16.5

7 Treated 15/85 3000 25

TaBLE 4: Density test of rice bran PLA composite.

Specimen Rice bran/PLA in wt. % Density (g/cm?)
1 15/85 1.023

2 20/80 1.019

3 30/70 1.018

4 35/65 1.015

5 50/50 1.001

6 Treated 15/85 1.031

. st - WDs
Water absorption percentage (Wg) = 100,

(1)

where W, denotes the percentage weight gain of specimen,
Wys denotes the weight of wet specimen, and Wpg de-
notes the weight of dry specimen or baseline weight of
specimen.

To perform the water absorption test, the weight of test
samples was considered and recorded at 0, 10, 15, 20, and
25 days. The outcome is shown in Figure 4. From the graph,
it is clearly visible that with an increase in rice bran per-
centage, the amount of water absorption also increases. It
reveals the hydrophilic nature of rice bran. The highest
water absorption rate has been reported for the 50/50
composite combination, while the lowest value has been
reported for the 15/15 composite combination. Due to the
surface treatment of rice bran, its water absorption
properties also get improved and are found to be the best in
all combinations. Most of the components in rice bran,
including lignin, hemicellulose, cellulose, and other soluble
contents, contain polar groups that make rice bran hy-
drophilic by nature. When these constituents react with
water, they form hydrogen bonds. Therefore, the higher the
rice bran content in the composite, the higher the per-
centage of water absorption, and this makes the composite
weaker in its mechanical properties.

4.5. Density Test. The density test of rice bran PLA composite
has been performed in air, water, petrol, and diesel using the
Archimedes principal, and the average values of density are
shown in Table 4. From Table 4, it can be concluded that with
the addition of rice bran to PLA, density decreases due to the
light weight of rice bran powder. The highest value of density,
1.023 g/cm’, was found for the 15/85 composite combination,
while the lowest value of density, 1.001 g/cm?, was found for
the 50/50 composite combination. After surface treatment
with NaOH, the value of density increases to 1.031 g/cm” due
to the removal of light-weight constituents from rice bran.

4.6. Thermogravimetric Analysis. The thermogravimetric
analysis has been carried out in an inert nitrogen atmosphere
with a heating rate of 10°C per minute using a thermogra-
vimetric analyser. The thermogravimetric study has been
conducted with a nitrogen flow rate of 18 ml/min to avoid
unwanted oxidation. Form Table 5, it can be stated that the
initial mass loss reported in rice bran and rice bran PLA
composite is due to moisture absorption up to temperature
80°C and the second mass loss approximately 80°C-350°C is
due to the decomposition of major constituent present in
natural rice bran, i.e., decomposition of lignin, hemicellulose,
and cellulose present in rice bran. The higher the cellulose
content in rice bran, the thermal degradation rate and the
initial degradation temperature will be higher, and also, it will
produce higher ash content with higher residual weight [28].
The results reveal the application of rice bran composite to
work as fluid in three-dimensional printing application.

4.7. Response Surface Method (RSM) Design and Design of
Experiment (DOE) Analysis. Using the response surface
method (RSM) design with one element, a totally random
design is taken into consideration. All randomized designs
with a single primary component are distinguished by three
factors, k, L, and n, which, respectively, define the number of
factors, levels, and replications.

Total sample size (number of runs), N = k L. (2)

The response model is given by

Zij =y + P; + random error (¢), (3)

where Z;; is the observation with respect to X; =i. Repli-
cation within the level of the factor is indicated by the letters
I and j, respectively.

P; is a result of receiving treatment level I, while u
considered as a general location parameter. The Design
Expert 8.0.6 software is used for experimental design and
statistical analysis of data. The coeflicients of determination
(R?) and analysis of variance (ANOVA) are considered to
examine the good fit and to estimate the regression model.

The optimal value of T, which is considered a one-factor
design model, is calculated. For producing ten primary
values for three response units (i.e., rice bran weight loss, rice
bran PLA composite weight loss, and neat PLA weight loss),
this component is assigned the values 0 and 1 as low and
high values, respectively. Table 6 shows the results of these
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Variation of Water Absorption rate with immersion Time in days.
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Water Absorption (%)

0 10
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for 20% Rice bran
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for 30% Rice bran
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for 35% Rice bran
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for 15% Rice bran
Immersion Time (days)
for treated 15%Rice bran

FIGURE 4: Water absorption test result for rice bran PLA composite.

TaBLE 5: Thermogravimetric analysis of rice bran PLA composite.

T (Deg C) Rice bran (weight loss %) Rice bran/PLA (15/85 wt. %) weight loss % Neat PLA weight loss %
50 2.5 0.7 0

80 5.2 1.2 0

200 15.6 10.5 0.5

350 18.9 80.4 9.5

500 50.7 92.3 100

TaBLE 6: Optimum model results using DOE.

Number R1 R2 R3

desirability

1 500 50.7 92.3 100 1 Selected
2 424.85 50 92 100 0.994

3 110.84 4.58994 — — 0.351

4 207.28 16.241 9.78314 0.52678 0.053

calculations. The values of the ten fundamental variables of T
are randomly assigned to the three responses in a totally
randomized design using equation (2). Now, the expression
defined in equation (3) is used to predict the optimum
temperature for a complete weight loss response.

1

N
Y(p)=a,+ Y Z X5 + &, (4)

i=1 j=1

where T'is the predicted response, «, is the intercept, N is the
runs, and g is the number of design variables.

4.8. Response Surface Model Fitting. The regression model
developed with equation (3) using simulated values of rice
bran weight loss, rice bran PLA composite weight loss, and
neat PLA weight loss gives a good match with the collected
findings, which is relevant for different values of P (prob-
ability that the null hypothesis is true) and adequate fit R>
values. The coefficients R*, Adj. R*, and adequate precision
are adopted for testing the model. The model is considered

adequate for P < 0.05, lack of fit for P value >0.05, R*> 0.9,
and adequate precision >4.

Using ANOVA, the model is optimized for maximiza-
tion of rice bran weight loss, rice bran PLA composite weight
loss, and neat PLA weight loss.

A six-degree equation for rice bran weight loss (Y;) with
P <0.0001, R>=1, and Adj. R*=1is represented as

Y1 = +4.12 — 0.91A — 0.49A% + 14.8A3 )
5
+7.25A% — 11.13A% - 6.52A°.

Similarly, a six-degree equation for rice bran PLA
composite (Y,) with P<0.0001, R*=1, and Adj. R*=1is
represented as

Y2 = +3.46 + 9.57A + 33.24A%* — 9.18A° ©
6
—91.83A* + 4.00A° + 60.35A°.

Similarly, a six-degree equation for Neat PLA (Y3) with
P <0.0001, R*=1, and Adj. R>=1 is represented as

Y3 = +0.77 + 1.35A + 9.86A% + 22.05A° -
7
+3.14A% — 18.39A° — 8.77A°.

The weight loss numbers for rice bran, rice bran PLA
composite weight loss, and neat PLA weight loss are based
on the 10 primary T factor values shown in Table 7.

After running the above objectives and constraints, the
obtained fit results are shown in Table 8. From Table 7, it can
be concluded that the best-suited model came up at a
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TaBLE 7: Values of weight loss for rice bran weight loss, rice bran PLA composite weight loss, and neat PLA weight loss as per the 10 primary

values of the T factor.

Run Temperature (T) Rice bran (weight loss %) (R1) Rice bran/PLA (15/85 wt %) weight loss % (R2) Neat PLA weight loss % (R3)

1 424.85 50
2 50 2.5
3 275 17
4 50 2.5
5 200.07 15.6
6 349.93 18.9
7 500 50.7
8 275 17
9 500 50.7
10 125.15 6

92 100
0.7 0

12 0.6
0.7 0

10.5 0.5
80.4 9.5
92.3 100
12 0.6
92.3 100
1.5 0

Objective: maximize R1, R2, and R3. Constraints: 50 < T'< 500.

TaBLE 8: ANOVA analysis of rice bran.

Source Sum of squares df Mean square F value P value, prob>F Result
Model 41.9626 6 6.993767 63660000 <0.0001 Significant
A-A 0.078093 1 0.078093 63660000 <0.0001
A? 0.001454 1 0.001454 63660000 <0.0001
A’ 1.477591 1 1.477591 63660000 <0.0001
A? 0.03366 1 0.03366 63660000 <0.0001
A® 1.448628 1 1.448628 63660000 <0.0001
A° 0.057011 1 0.057011 63660000 <0.0001
Pure error 0 3 0
Cor total 41.9626 9

TaBLE 9: ANOVA analysis of rice bran PLA composite.
Source Sum of squares df Mean square F value P value, prob>F
Model 135.9347 6 22.65578 63660000 <0.0001 Significant
A-A 8.677553 1 8.677553 63660000 <0.0001
A? 6.591164 1 6.591164 63660000 <0.0001
A? 0.568285 1 0.568285 63660000 <0.0001
At 5.406708 1 5.406708 63660000 <0.0001
A® 0.187148 1 0.187148 63660000 <0.0001
A® 4.877571 1 4.877571 63660000 <0.0001
Pure error 0 3 0
Cor total 135.9347 9

TaBLE 10: ANOVA analysis of neat PLA composite.

Source Sum of squares df Mean square F value P value, prob>F
Model 186.319 6 31.05317 63660000 <0.0001 Significant
A-A 0.172222 1 0.172222 63660000 <0.0001
A? 0.579932 1 0.579932 63660000 <0.0001
Al 3.276912 1 3.276912 63660000 <0.0001
A* 0.006307 1 0.006307 63660000 <0.0001
A° 3.958855 1 3.958855 63660000 <0.0001
A 0.103052 1 0.103052 63660000 <0.0001
Pure error 0 3 0
Cor total 186.319 9

temperature of 500 C for maximum weight loss. The second-
best prediction for maximum weight loss is found at
424.85C with a prediction value of 0.994. The third and
fourth best values for maximizing of R1, R2, and R3 are not
very significant.

4.9. ANOVA Analysis. ANOVA is a statistical analysis
technique that separates systematic components from ran-
dom factors to account for the observed aggregate variability
within a dataset. The presented dataset is statistically affected
by the systematic factors but not by the random ones. The



ANOVA test is used by analysts to evaluate the impact of
independent factors on the dependent variable in a re-
gression analysis. The ANOVA results for rice bran weight
loss, rice bran PLA composite weight loss, and neat PLA
weight loss are shown in Tables 8-10, respectively. The alpha
value was considered 0.5 while performing the ANOVA
analysis. From the obtained results, the P value was found
below 0.5, so it can be concluded that the obtained results are
statistically significant.

5. Conclusion

From this study, it can be concluded that cost-effective rice
bran PLA composite may be produced to fulfil the need of
biodegradable material nowadays. The addition of rice bran
makes composites eco-friendly for the environment, and
rice bran can be used as a biodegradable, eco-friendly filler to
minimize pollution, and it can save the cost of composites.
As the result shows, with increase in rice bran contents in
composite, the stiffness of composite enhances but strength
gets decreased. Due to the surface treatment of rice bran, its
mechanical properties are enhanced due to the removal of
unwanted contents from rice bran, and it increases the
adhesion between the matrix and reinforcement. With in-
crease in rice bran content, the density of composite gets
diminished, and the maximum density was reported for 15/
85 composite combination. The other mechanical properties
were also found to be better for the 15/85 composite
combination as compared with other combinations. The
water absorption test reveals the hydrophilic nature of rice
bran, and as a result, it shows an adverse effect on the
mechanical properties of composite. The hardness test
performed on composites reveals that the hardness value
decreases with an increase in rice bran content. Thermog-
ravimetric analysis reveals that the thermal stability of neat
PLA is better than the thermal stability of rice bran PLA
composite, but the thermal stability of rice bran PLA
composite is better than rice bran. After optimizing the
model of thermogravimetric analysis of rice bran, rice bran,
rice bran composites, and neat PLA using response surface
methodology and design of experiment, a six-degree
equation is generated with the objective of maximum weight
loss of rice bran, rice bran composite, and neat PLA. An
optimized model is evaluated. So, as per the generated
model, the maximum weight loss of rice bran composite and
neat PLA was found at 500°C. A future scope of checking its
validity as 3D printer fluid may be performed and found
suitable around 500°C.
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This work deals with the characteristics of LM-13alloy under cyclic stress with and without 63% by weight of SiC-reinforced
composite particle reinforcements both cast and tempered at ambient condition. The hardness of the composite sample before and
after tempering was 112 HV and 134HV. The tempered sample shows 16.4% increment. UTS of base alloy and the composite was
determined to be 165 MPa and 149 and 210, and 145 and 192, respectively. The UTS decreases by 12% in cast state and 8% in
tempered condition. The tempered base alloy shows an increment of 21%, and the 0.25% proof stress increased by 28%. After heat
treatment, the elongation at the break of the base alloy improved to 3.5%. The tempered specimen shows an increased fatigue
performance of approximately 43%. The fatigue life was determined to be about 165 repetitions at the 75 MPa level of stress with
75% of UTS utilization. Decohesion of a silicon particulate interaction and in certain circumstances, the subsequent breakdown of
SiC particles has led to fractures in composites. The preheated eutectic silicon that had an almost gain round shape will withstand
crack growth development, as the aluminum matrix had a higher cohesive force compared to reinforced SiC particles which
provide less strain increase locations. Stronger bonds among silica eutectic and aluminum matrices produced the fracture across

their contact, silicon breaks owing to the application of the fatigue load and lead to specimen failure.

1. Introduction

Mechanical strength, creeping, hardness, and resistance to
corrosion and wear have been improved [1]. The light matrix
material’s dispersion phase has been improved. The use of
Al-MMCs has been increasing in recent years, as uses have
been found in several automobile and spatial sectors and the
overall engineering field wherever stress fracture develop-
ment is just a key evaluation parameter [2]. A stress in-
vestigation of 20 vol.% of SiC particles in material
composites revealed that the size of the particles played an
essential effect in the regulation of the development rate of
cracks [3]. There has been a comprehensive investigation of
Al-SiC composite damage characteristics under high cycle

load conditions [4]. Sensitivity to stress has been enhanced
as SiC concentration has increased. AI-MMCs exhibited
superior qualities for cracking, wear resistance, and tem-
perature increases than homogeneous alloys [5, 6]. The
isotropic characteristics of the particle-reinforced polymers
are straightforward to produce using conventional foundry
techniques and detect multiple to satisfy end-user needs. The
nanocomposite component of metal-strengthened alumi-
num was shown to produce enhanced corrosion charac-
teristics in nanoparticles due to reduced stress cycle behavior
among aluminum and microparticles [7]. Sintered SiC/6061
Al combination had also been claimed to provide superior
fatigue life in higher and lower fatigue failure than Al203/
6061 composite. The author’s earlier studies have been found
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to improve fatigue above unreinforced-rolled composites by
dispersing SiC whiskers and nanoparticles [8, 9]. In Al alloy,
the Si concentration is reduced by 1.44-12.4%, as well as the
product is robust to fracture development [10].

A detail-oriented stress creep process was examined that
demonstrated a strong connection between the particles
interface region and SiC in Al7091 and 30 vol. percent of SiC
composites that led to improved ultimate load relative to
Al2014-40 volume of SiC. According to moderate fatigue
failure at 22°C and 190°C, Al2024-SiC particle hybrids and
Al2014 alloys were noticeably affected but both elements, as
well as composites outcomes, are similar [11]. For the old
and aged AA6061/15% combinations of TiC peaks, the
author noted a significant amount of cyclical weakening
[12]. The unreinforced metal was less cyclically soft. Cyclic
softness was induced by the dissolution of theta precipitates
both in stressed and prestressed alloys [13]. The SiC MMCs
of Al6061 volume are usually less resistant than a metal
matrix to high fatigue [14]. Nevertheless, sample testing
materially reacts to cyclical hardness under various aging
conditions. Fracturing characteristics of whiskers reinforced
MMCs. Alloy A356 strengthened with 15% SiC and 5% of fly
ash particles have been shown to increase fatigue life and to
enhance significantly heat therapy [15]. In comparison with
unreinforced alloy, the nanocomposite IN-9052/SiCp has
significantly higher fracture growth rates. The impact
strength of the composite was shown to be much less than
the reinforced composites [16]. The stress fracture on the
base slope surface was recently reported to have been started
in Mg alloy [17].In this study, the mechanical behavior of
unreinforced and SiC particle-built LM13 aluminum-silicon
alloy through stir casting technique has been evaluated
under a range of tests under diverse circumstances. To
initiate stress crash development, the impact of silicone
shifting and scattered SiC particles was examined using
optical scan microscopy that focused on the fracture of
silicone particles, SiC fracture, and Al substrate and SiC
interfacial decoherences.

2. Materials and Methods

2.1. Sample Preparation. As in the current work, highly pure
silicon carbide (SiC) particulate (20-40 ym, volume of 63%
wt.) and LM13 alloy were employed to make composite
materials. An optic spectrometry, version: Spectra Max-X,
make: Spectrograph, Germany, analyzed the chemical
structure of composite materials. The elemental composition
of LM13 is shown in Table 1. The Alumina crucible was used
to melt base materials into an electrical arc burner. Com-
posite of LM13-63 wt.% of SiC has been produced by stir
casting. Throughout the temperature band 750-780°C, the
melted LM13 alloy was heated in an alumina sink with dry
nitrogen. SiC mixture was preheated to a temperature of
700°C for 12 hours and it was introduced into the melt and
mechanically mixed at a rate of 700 rpm. A carbon steel mold
that has a geometry of 250 mm in length and 30 mm wide
was filled with the molten mix. Solidification was allowed
inside the muffle furnace at 480°C for 10 hours and then
dipped in an oil bath at ambient temperature. The samples
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TaBLE 1: Elemental composition of LM13 alloy.

Others

Remaining

Al Si Fe Cu Mg Ni
84 11 0.5 1.5 1.1 2

are aged at a temperature of 175°C and proceeded by air
chilling for 5 hours.

2.2. Methods. An X-ray spectrometer was used for studying
the crystalline structure of a pre-heated and untreated SiC.
The analyzer was employed at an X-ray energy of 40kV
anode voltage with 40 mA current and 0.02° two theta per
second transmission rate with CuKea radiation. The speci-
mens were cleaned and polished to 1.0 um for scanning
electron microscope metallographic techniques. Before
observing the SEM, the specimen was cleaned and etched
with the Keller agent and then gold-coated. The hardness
was evaluated for cast LM13 alloy, LM13 composites, and
the tempered specimens using the Universal Hardness Tester
at a pressure of 15kg and a retention period of 50 seconds.
The specimen was 70 mm in length, 25mm in width, and
20mm in thickness. The average value was given for five
measurements from each specimen. Universal test machines
have been used to carry out tensile observations with a
crosshead speed of 1.5mm/min. Spherical tension speci-
mens with a 6 mm diameter and length of 30 mm were
prepared and evaluated following ASTM B 557. Instron
universal hydraulic inspection equipment that has a capacity
of 100 kN integrated with a computer and software for data
extraction was used for the fatigue test. A tensile-com-
pressive load with a continuous frequency was applied to the
load control system. The added load characteristics that
include stress range, stress frequency, and fatigue stress ratio
were defined by the high and low levels of stress. At 0.8 Hz
frequency and a strain rate R=0.15, fatigue tests were
performed. The S-N curves are chosen for load disturbances
between the UTS and fatigue threshold. Experiments with a
specimen failure above 50,000 cycles were neglected. To
avoid errors, specimens that failed in the test conditions
were eliminated. The specimens that failed in the strain
gauge have been considered in the current report. Specimen
breakdown in the grip region has been noted in all studies
not more than 2-3 times in particular for LM/63% of SiC
composite alone. The failure could have been caused by SiC
particle segregation. The sample dimensions were produced
according to standard ASTM E466. The mechanism and
location of the crack propagation were assessed by the ex-
amination of surface defects; thus, the samples were cut into
tiny sizes, utilizing a slow-speed diamond cutting for mi-
crostructural analysis. SEM was used to analyze the crys-
talline structure and fracturing substrates of all test case
samples.

3. Results

3.1. X-Ray Diffraction. SiC annealed was verified for the
alteration of crystalline structure. The SiC particles were
preheated for 20 minutes to wetness and triggered the
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FIGURE 1: Cast LM-13 alloy (a) aluminum dendrites surrounded by Si particles (b) Si eutectic is present in plastic form with microcrack.

energies of the surfaces well before particles are added to the
molten Al melt. SiC wave was shown in the X-ray diffraction
study. The XRD patterns studies show that when SiC par-
ticles have been preheated, there was no indication of phase
alteration and SiC particles remained durable at 750°C.

3.2. Microscopy

3.2.1. Microstructure of Base Matrix Materials and Tempered
Condition. In the case of casting, the microstructure of an
LM13 is shown in the intergranular areas as illustrated in
Figures 1(a) and 1(b). Figure 2(a) exhibits a better resolution
image of 80-90 ym in length and 1-3 ym in height, platform-
formed eutectic silicon. The thermal process of tempered
LM13 resulted in the fracturing of austenite silicon into a
near-sphere shape. The typical tempered heat-treated alloy
microstructure is shown in Figure 2(a). In the inter-dendritic
gap and between the dendrites, it displays aluminum den-
drites and approximately round eutectic silicon. The rela-
tively close spherical shape of silicon is well seen in a higher
resolution image, Figure 2(b).

3.2.2. Microstructure of Composite Specimen and Tempered
Condition. Figure 3(a) depicts the uniform distribution of
SiC inside the base matrix. The remaining characteristics are
virtually identical to those of an unreinforced matrix. There
was no evidence of SiC particle separation. The interaction
between the base matrix and SiC is illustrated in Figure 3(b).
At the contact, plate-shaped equiaxed silicon could be ob-
served. The distributed SiC particles inside the tempered
alloy matrices are shown in Figure 3(c). The SiC samples
were observed to be surrounded by a near-spherical eutectic
transition. The interaction between both the tempered base
matrices and the SiC particles is shown in Figure 3(d).

3.3. Mechanical Properties

3.3.1. Hardness. The Vickers Scale was used to assess the
degree of hardness, with an average of five recorded values.
The hardness of the base alloy was determined to be 91 HV,
after tempering it was enhanced to 114 HV with an incre-
ment of 20%. The hardness of the composite sample before

and after tempering was 112 HV and 134 HV. Figure4 fol-
lowing high temperature and dispersed 63 wt% SiC particles,
the Vickers hardness of tempered samples was improved to
16.4%. Similar observations are recorded by Parapurath et al.
(18].

3.3.2. Tensile Properties. The 0.25% proof stress and UTS of
base alloy and its composite both in casting and tempered
conditions are shown in Figures 5(a) and 5(b). In both test
cases, the UTS of base alloy and the composite was deter-
mined to be 165MPa and 149 210, and 145 and 192, re-
spectively. The UTS decreases by 12% in cast state and 8% in
tempered condition when 63 wt.% of SiC is dispersed in
LM13 alloy. The tempered base alloy shows an increment of
21%, and the 0.25% proof stress increased by 28%. After heat
treatment, the elongation at the break of the base alloy
improved to 3.5%. The change in the microstructure due to
the heat treatment improved the tensile property of the
samples [19]. A similar pattern may also be for both test
cases. The percentage elongation is determined to be neg-
ligible and remains the same with test conditions as 1.5%.

3.4. Fatigue Study. Stresses varying between 95MPa and
185 MPa were used during the fatigue testing. Figure 6
depicts the S-N curve. As this was the usual sample’s fa-
tigue lifetime, the duration utilized for fatigue failure was
confined to 50000 cycles. Throughout the fatigue test, 50000
repetitions of cast Al-Si alloy at a stress level of 104 MPa with
the UTS utilization of 70% were accomplished. The cycles to
fracture dropped to 41500 when the stress was raised to
139 MPa with a UTS utilization efficiency of 80% which can
be referred from Figure 6. Similarly, based on the increment
stress conditions and UTS efficiency, the cycles to failure
decrease. At a stress level of 166 MPa, the specimen can able
to survive for 319 cycles with the maximum UTS utilization
efficiency of 94% before failure. Consequently, with a load of
142 MPa, the greatest number of cycles survived by the Al-Si
alloy at a tempered state was 49000 cycles. Increased stress at
158 MPa reduced fatigue life to 35000 cycles with an in-
crement of UTS utilization to 58%. The failure occurred at
just 900 cycles at 169 MPa when the UTS utilization % was
67. Based on the comparison report for the test condition of
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FIGURE 2: LM13 composite microstructure at tempered conditions: (a) sphere shape Silicon between and around the aluminum dendrites
(b) High resolution image showing spherical eutectic shape Silicon element.
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FiGure 3: (a) Composite with distribution of SiC, (b) Contact point of base matrix specimen with SiC, (c) Tempered composite with the
distribution of SiC,(d) Contact point of the tempered composite specimen with SiC.

200 -

134 158 stress levels the specimens can able to withstand fatigue
150 1 112 114 life of 19900 and 35000, respectively before failure. As a
100 - result, the tempered specimen shows an increased fatigue
performance of approximately 43%. The result obtained in
50 - this observation was more likely near to the Shanyavskiy and

Soldatenkov observations [20].
0 The composite is sustained at 47000 cycles at a stress level
without temper With tempered of 61 MPa with 42% of utilization. Its load-bearing capacity
was reduced to 12800 cycles when the stress level was in-

Vicker hardness number

creased to 73 MPa with 60% of UTS. The fatigue life was
determined to be about 165 repetitions at the 75 MPa level of
stress with 75% of UTS utilization. Marcelino dos Santos
et al. stated that dynamic bond strength tests, using cyclic
FIGURE 4: Hardness of the test samples. loading, should be more clinically relevant than static bond

B LM13 Alloy
B LM13 Composite
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FIGURE 5: (a) UTS of test case specimens (b) 0.25% of proof stress observations.
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FIGURE 6: S-N curve of Al-Si alloy and Al-Si/63% SiC composite at
various states.

strength tests [21]. Furthermore, at a stress level of 66 MPa,
composites demonstrated a fatigue performance of 50000
cycles in tempered conditions at UTS utilization of 46%. The
duration to breakdown was reduced to 312 cycles at 81 MPa
with UTS utilization of 57%. The load capacity of the
composite was reported to increase by 39% after tempering.
Comparing the stress rate when temper treated and un-
treated composite at 73 MPa, it withstands 21000 and 12800,
repetitive cyclic loads [22].

3.5. Fatigue Failure Analysis for Tempered Condition and
Untreated Specimens

3.5.1. Al-Si Alloy. At reduced stress magnitudes, the surface
morphology of the casted Al-Si alloy state displayed patterns
of stress topography and subsequent cracks that can be
verified in Figure 7(a). The microcracked surface displayed
the intensity of stress magnitudes, but not at lower stress
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FIGURE 7: (a) Fatigue failure surfaces for Al-Si alloy with striations and cleavage fracture (b) Fatigue failure surfaces for Al-Si/63%SiC with

striation mark.
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FIGURE 8: Case Al-Si/63% SiCtest specimen (a) Initiation of Fatigue crack (b) Deformation in particle-matrix region.

amplitudes. From Figure 7(a), the shear material of the
silicon particles caused by quasi-cleavage fracturing is wit-
nessed. Figure 7(b) illustrated that the stress deformation of
tempered treated Al-Si alloy was likely to be similar to cast
alloy. The spherical morphology of silicon prevents the
samples from failing prematurely at lower stress. This results
in the development of tiny bulges that can be verified in
Figure 7(b). These dimples are dispersed equally after pe-
riodic strain, resulting in a less rough microscopic texture in
tempered specimens. Decohesion of nearly round silicon
caused the bulge structures in the casted Al-Si alloy, whereas
no breakage was detected in temper specimens.

3.5.2. AL-Si/63% SiC Composite. The surface morphology of
a casting Al composite with stress streaks and silicon par-
ticles is shown in Figure 8(a). The matrix was primarily used
to spread the fatigue fractures. Cracking and progression
were caused by an increase in shear stress at the particulate
boundary. Decohesion at the contact happened because of
the developed shear stress and it can be verified from
Figure 8(b). According to a new analysis, the fracture in
7075-T6 Al alloy-SiC composite is caused by the fracturing
of SiC particles, the Al matrix, and the Al-SiC contact [22].
Figure 8(b) shows the particle-matrix interaction. Because of
the increased stress intensity, big-size SiC particles have a
greater chance of particle breakage. The amount of stress in
particulates was anticipated to be greater than that in tiny

SiC particles. As a result, big particulate breakage happened
at low load applied conditions. The fracture microstructure
of the composite surface after temper was exhibited in
Figure 9(a). Fracture begins at the contact point of the matrix
and the SiC particles. The bond exhibits seem to be in fine
condition, with no interfacial voids which can be confirmed
through Figure 9(b). Following repetitive load conditions,
the fracture begins in the weaker area, namely, the particle-
matrix interface. Interface decohesion occurred from the
fracture growth.

4. Discussion

4.1. Relation Exists between Mechanical Property and
Microstructure. Al dendrites (tree-like structure) and silicon
in the inter-dendritic and also across the dendrites are visible
in the microstructure of cast Al-Si alloy. The gap between
adjacent neighboring dendrites arm gap was determined to
be nearly 35um. From the earlier studies, unlike Al-Cu
alloys, Al-Si alloys are aberrant eutectics wherein aluminium
and silicon elements in the composition itself will nucleate
separately. Also, silicon develops an anisotropic phase
through the twin planes edge process into a plate or a needle
shape with sharp edges [23]. A similar observation was
recorded in Figure 1(b) for Al-Si cast alloy. The catastrophic
failure was mainly caused because of the formation of such
silicon morphology in the base alloy. Through the earlier
reports and the morphological studies of Al-Si alloy, it could
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FIGURE 9: Tempered Al-Si/63%SiCtest specimen (a) Matrix failure (b) debonding between the matrix and reinforcements.

be convenient to understand the reason for the reduction in
deflection rate in Al-Si alloy which is recorded to be nearly
1.5 mm at the applied load condition.

Generally, an Al-Si bidirectional alloy is not suitable for
heat treatment as it is employed in its cast state. To improve
the properties of these alloy, materials such as Cu, mag-
nesium, and nickel are blended which could enable the
binary alloy thermal treatable. A comprehensive study on
the thermal treatment of Al-Si alloy has not been reported
elsewhere. In the proposed work, after tempering, the UTS
of the cast alloy improved from 165 MPa to 210 MPa. fol-
lowing thermal treatment, the increase in UTS observed was
attributable not only to precipitate hardening but to a
modification in silicon shape from plates to nearly sphere
and this can be verified from Figures 2(a) and 2(b). The
introduction of Ni to the alloy resulted in the formation of
NiAl; followed by thermal processing had improved the
thermal stability. Following thermal processing, the cast
alloy showed an improved hardness from 91 to 114 HV.
Furthermore, an enhancement in the proof stress was ob-
served from 101 to 141 GPa. For its greater surface potential,
the sharp-edged plate-shaped silicon phase in the aluminum
alloy was thermodynamically unstable. In comparison to a
central section of the silicon plates, maximum stress is likely
higher at these sharp corners [24].

As either a consequence of the liquid diffusion, sharp
edges melt and deposit in the center parts of the plate’s
structure. The high temperature resulted in the development
of nearly spherical silicon particles. It results in the silica
materials size having a more homogeneous grain size as well
as a lower aspect ratio. The inter-silicon particle spacing
decreased when the needle-shaped silica changed into a
spherical structure. Throughout the cast specimen, the av-
erage inter-silicon particle spacing was about 3 ym, but in
the tempered specimens, the distance was decreased to
2.5 ym. The inter-particle spacing was decreased, and silicon
was spheroidized, which decreased the number of potential
stress accumulation locations. When contrasted to the cast
alloy, the precipitate hardening produced by tempering
treatment resulted in an excellent gain in hardness,
toughness, and flexibility, including fatigue resistance. With
the increment in the stress at the interfacial regions, the
functionality decohesion occurred causing the composite

specimens to premature failure. However, in the tempering
state, the same behavior was identified. The improvement in
the UTS and hardness was observed when compared with
the untreated alloy.

4.2. Fatigue Property of Al-Si Alloy. When compared to cast
alloy, thermal treatment enhanced the fatigue performance
of the alloy and its composites. Finer-size particle-reinforced
Al-Si-SiC composites have been found to have greater
toughness than coarse matrix composites in certain situa-
tions [25]. The enhanced fatigue life was identified by raising
the SiC particle percentage in Al-Mg alloy to 20% as the
applied load is transferred from the matrix to a SiC particle
[26]. The fatigue strength of the composite is understood to
be strongly dependent upon applied load related to com-
ponent phases. In cast Al-Si alloy, the silicon creates a plate-
shaped morphology that acts as a stress raiser [27]. During
the application of the tensile stress, fracture crystallographic
planes near the stress riser increases and it is propagated, the
final specimen failed. Sharp-edged silicon became almost
spherical after tempering as the applied load effect was
decreased with the change of silicon structure and increased
fatigue property. The boundary here between matrix alloy
and ceramics component functioned as both a possible
location for decohesion throughout the instance of SiC
particles distributed in Al-Si alloy which was shown in
Figure 3. The junction served as a possible location for crack
formation before fracture development and failure.

5. Conclusions

Al-Si alloy and Al-Si/63% of SiC composite were prepared
through the stir casting technique where one set of samples
was tempered for 175°C. The evaluations of the samples are
performed in terms of characterization studies, hardness,
tensile, and fatigue tests. Temper treatment converted the
sharp-edged plate-shaped silicon into a proximity state. The
shape of the silicon component was altered, which enhanced
the casting alloy’s durability and hardness. The hardness of
the composite sample before and after tempering was
112HV and 134 HV. The tempered samples were improved
to 16.4%. The UTS decreases by 12% in cast state and 8% in



tempered condition. The tempered base alloy shows an
increment of 21%, and the 0.25% proof stress increased by
28%. After heat treatment, the percentage elongation is
determined to be negligible and remains the same with test
conditions as 1.5%. Based on the comparison report for the
test condition of 158 stress levels, the specimens can be able
to withstand fatigue life of 19900 and 35000, respectively
before failure. As a result, the tempered specimen shows an
increased fatigue performance of approximately 43%. The
composite load-bearing capacity was reduced to 12800 cy-
cles when the stress level was increased to 73 MPa with 60%
of UTS. The fatigue life was determined to be about 165
repetitions at the 75 MPa level of stress with 75% of UTS
utilization.
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In the current work, the authors aim to present an insight on the role of cobalt (Co) doping for the structural, morphological, and
linear and nonlinear optical (NLO) properties of CdO thin films. The films were prepared using the spray pyrolysis (SP) technique,
and the weight % of Co (x) was varied from 0-10. The structural properties of the films were confirmed by the powder X-ray
diffraction (P-XRD) studies and are polycrystalline with a cubic structure and a lattice parameter of 0.4658 nm. As Co content in
CdO films increases, cluster grain size and porosity decrease significantly, as seen in surface topographic and nanostructural
analysis. Through the Burstein-Moss shift, the optical band gap “Eg” in Co: CdO film decreases from 2.52 to 2.05 eV with the
increase in Co-doping. To study the NLO parameters, open aperture (OA) and closed aperture (CA) Z-scan measurements were
performed using the diode-pumped solid-state continuous wave laser excitation (532 nm), and with the increased Co-content, the
NLO parameters—nonlinear absorption coefficient (8~10> cm/W), nonlinear refractive index (1, ~ 10~°cm?/ W), and the 3"-
order NLO susceptibility (y® ~ 1077 to 107 e.s.u.) values were determined and found to be enhanced. The maximum NLO
parameters achieved in the present study with increasing Co concentration on CdO nanostructures prepared by the SP method are
found to be the highest among the reported values and suggest that processed films are a capable material for optoelectronic
sensor applications.

1. Introduction

Transparent conducting oxides (TCOs) are widely used in
optoelectronic devices such as flat panel displays, organic
light emitting diodes, photovoltaics, heat reflectors, and
energy-efficient windows because they are electrically con-
ductive and optically transparent [1-3]. CdO is a promising
transparent conducting oxide (TCO) due to its high elec-
trical conductivity (<10’ Q™".cm™) and its direct band gap
of 2.2eV. It also has a nonstoichiometric composition,
which is because of the presence of cadmium interstitial
oxygen vacancies acting as donors [4]. The introduction of

cobalt, which is a transition magnetic metal element, to CdO
led to astonishing optical, electrical, and magnetic proper-
ties. This is mainly because of the interaction between the
band electrons and the cobalt ion within the CdO lattice.
A review of the literature on pure and doped CdO films
reveals a huge array of fabrication studies. In addition to
vacuum evaporation, successive ionic layer adsorption and
reaction technique, sol-gel technique, magnetron sputter,
organic chemical vapour deposition system, chemical spray
pyrolysis, chemical bath coating, successive ionic layer ad-
sorption and reaction technique, pulsed laser deposition,
and others, thin films deposition methods have been
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reported to produce undoped and metal-doped CdO thin
films. A key consideration for selecting appropriate con-
tributing materials is the ionic radius [5]. (Co**) is projected
to be the optimal doping candidate for CdO films because it
substitutes the Cd** sites in the lattice and contributes
electrons to serve as charge carriers [6]. Structural, optical,
and NLO properties of CdO film could be controlled with
Co-doping because the ionic radius of Co being smaller than
that of cadmium ions [7].

From the literature review, we found Al: CdO films and
N: CdO films deposited by the SP technique withlinear and
nonlinear optical properties [8, 9]. As a result, we attempted
to prepare and study the Cd; _,Co,O films using this ver-
satile technique. Furthermore, dilute concentration was
chosen because we need homogeneous solutions in the SP
technique so that during spray, chemical reactions take place
in proportion, resulting in a homogeneous thin film in its
entire volume. So far, there has been no discussion of the
detailed report on NLO studies of Cd;_,Co,O films. The
present study aimed to prepare pure and Cd,; _,Co,O thin
films using the SP technique by varying the various contents
of Co from 0 to 10 wt. % by volume and focused more on the
enhancement of the structural, linear, and 3™-order NLO
properties by the Z-scan technique for optoelectronic device
applications.
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2. Experimental

2.1. Undoped and Co-Doped CdO Thin Films Preparation.
Thin films of Cd, _ ,Co,O (with “x” wt.% Co of 0, 0.01, 0.05,
and 0.1) were fabricated on glass substrates by the SP
technique. To remove contaminants from the surface of the
glass substrates, they were dipped in a chromic oxide so-
lution for 24 hours. These were then cleaned with detergent
and acetone and rinsed. To fabricate the undoped CdO thin
films, the cadium acetate dehydrate of 2.66 g is dissolved in
100 ml of double-distilled water to obtain the precursor
standard solution of 0.1 M cadmium acetate. The thin films
of CdO with a different doping concentration of Co are
fabricated by mixing the proper ratio by volume of cadmium
acetate dehydrate and cobalt chloride (0.1 M) solutions,
which are properly mixed and loaded to an SP instrument
and sprayed on a well-cleaned glass substrate. Nozzle to
spray distance was kept at 15 cm, and the spray interval was
3 mins. The total duration of film coating was adjusted to get
a film thickness of +450 nm. During the deposition, the
substrate temperature was preserved at 573K (+2%). The
reaction for the formation of Cd,_,Co,O films can be
written as

Cd(CH,C00), - 2H,0 + CoCl, 2T CdCoO| +CO,T + CH, + Steam. (1)

ecompose

The thickness of the as-prepared thin films was deter-
mined using SEM cross-sectional analysis and also con-
firmed using the gravimetric method, and it ranged from
500 nm-530 nm. The Carl Zeiss FESEM instrument was used
to examine the surface morphology of the grown thin films.
By using a powder X-ray diffractometer (Rigaku Miniflex
600) and nickel-filtered copper Ka radiation with a wave-
length of 1.5418 A, the structural characterization of the
films was carried out. Using the double-beam spectropho-
tometer (Shimadzu 3600UV-Viz), the absorbance and
transmittance of the prepared thin films were measured in
the spectral range of 400-800 nm. The NLO properties were
determined using the Z-scan technique by the diode-
pumped solid-state CW laser (200 mw) at an excitation
wavelength of 532 nm.

3. Results and Discussions

3.1. Structural Properties. Figure 1 reveals XRD patterns of
thin films of Cd; _ ,Co,O with various Co concentrations (0,
1, 5, and 10 wt. %). The patterns in XRD confirm the nature
and correspond to the planes (1 1 1), (2 0 0), and (2 2 0) that
fit with the pure CdO polycrystalline structure. The P-XRD
patterns show that the pure film has a strong (1 1 1) superior
orientation, which increases as the concentration of Co-

doping increases. The factor f (h, k, and [) values were de-
termined using the method proposed by Jin et al. [10]. As the
concentration of Co increases, the 20-values of the peaks (1 1
1) and (2 0 0) change to a lower 20-value, favouring an
expansion in the lattice volumes of the doped films. The
peaks on the graph plotted are in the planes of (111) and
(200), which are the major peaks, whereas, the (220) and
(311) planes are minor peaks. The peaks obtained from the
P-XRD graph, which match JCPDS card no. 05-0640,
confirm the cubic structure of the samples. By increasing the
Co-doping from 1% to 10 wt. %, the broadening of the peaks
along the preferential directions of the (111) and (200)
planes can be observed. The crystallite size (D,yg) was cal-
culated using the Scherer equation (1) [11].

0.91
ﬁcosG’

(2)

where k is the Scherer’s constant and is equal to 0.9 for
spherical crystals (wurtzite/cubic), f is the full width at
half maximum (FWHM), 0 is the Bragg’s angle, which is
given in radians, and the calculated values are shown in
Table 1. The diffraction patterns were indexed into a
polycrystalline lattice, and the lattice parameters were
calculated using the following formula:

nA = 2dsin 6. (3)
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FIGURE 1: Powder X-ray diffractograms, as a function of Co-doping
level on CdO thin films.

The lattice constant (a) was determined using the fol-
lowing formula [12]:

a
R @

It is observed that with an increase in the lattice-pa-
rameter values excessive accumulation of Co-doping as
predicted. The enhancement in lattice parameter values may
be due to the strain caused by the replacement of Co*" in the
host CdO lattice, which has an ionic radius of 1.2 4, i.e,
more than that of Cd** (0.97 A). Also, c/a values remained
constant; indicating Co-doping has no effect on the ultimate
crystal structure of CdO. Microstructural parameters such as
strain (¢), density, and density of dislocation (d) were de-
termined using the following formula [13]:

n
8 = DZ’ (5)
and
B Cosf
- 6
€ T (6)

The decreased ¢ and § values obtained strongly support
the Co-doping on CdO nanostructures. The value of “D,,”
was found to be in the range of 10 nm-20nm, which in-
dicates the films are composed of nanocrystallites, and the
variations are shown in Figure 2.

The value of “d” of the undoped CdO film was found to
be a=0.4658 nm, which is a bit less than the reported value
of a = 0.4694 nm, which is due to the lattice contraction or to
the presence of O vacancies [14]. The lattice constant “a”
remains nearly constant for 1% (0.4566 nm) of cobalt (Co)
doping in CdO crystal, but for 5% (0.4578 nm) and 10 wt. %
(0.4652 nm) cobalt (Co) doping, it increases. This is due to
the fact that the covalent atomic radius of the Co*" ion
(0.160 nm) is greater than that of the Cd** (0.149 nm). The
calculated dislocation & is increased for the (111) and (200)

planes. By raising the dopant concentration, this supports
the hypothesis that the number of crystallographic defects
per unit area varies asymmetrically.

3.2. Surface Morphological Studies. The FESEM images of
undoped and Co-doped CdO thin films are displayed in
Figure 3. The micrographs show a distinct reduction in grain
size and a shift in the growth direction of CdO films as Co
concentrations increase.

As a consequence, the FESEM characteristics support the
powder X-ray findings that, as Co-doping concentration
rises, crystallite size reduces and particle growth direction
changes. Similar outcomes for MOCVD-prepared Ga-doped
CdO films have been reported [15].

3.3. EDAX for Compositional Analysis. The EDAX spectra
show the elementary compositions obtained from all the
films and are nearly equal to the fraction of the theoretical
volume, which indicates the formation of the CdO struc-
ture shown in Figures 4(a) and 4(b) and confirms the
existence of Cd, O, and Co components in the film. The O/
Co ratios were reduced, indicating that the films lacked a
little O or had too much Co. The technique for growing
CdO films has also been enhanced. Table 2 depicts the
chemical composition of undoped and Co-doped CdO
nanostructured thin films.

3.4. Optical Properties. The absorbance spectra of the CdO:
Co thin films are shown in Figure 5(a). The spectra for all of
the films have the same shape, and the absorbency of CdO
films coated with 1, 5, and 10wt. % Co-doping concen-
trations is higher than that of the undoped film. The vari-
ation can be correlated with the Co-doping concentration in
the films. It is well known that the result of increased doping
is an increase in the number of atoms, and thus more states
are present. As a result, absorption is increased [16] for the
energy to be absorbed.

In the inset of Figure 5(b), the transmittance spectra of Co:
CdO nanostructures are shown. In the visible region, all of the
films have an average transparency of 90%. It is discovered
that CdO films coated with 1, 5, and 10 wt.% of Co-doping
concentration exhibit lower transparency, while films with
undoped CdO films exhibit higher transparency when
compared to the doped film. This could be attributed to higher
thickness values, which increase light scattering losses [17].

The absorption coefficient (&) of all thin films is cal-
culated using the transmission, reflection, and thickness
measurements obtained using the equation [18] and is found
to be on the order of 10*cm™as follows:

2.303A

a= T (7)

The absorption index (k) was calculated using the for-
mula k = aA/47. The larger k value (Figure 5(c)) indicate the
defect in the film. Using the value of reflectance (R) and «,
the refractive index (Figure 5(d)) was calculated as [19]
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TaBLE 1: Powder X-ray diffractogram parameters for the Cd, _,Co,O thin films.

Sample (%) (h k1D 260 FWHM dh., k1 Lattice constant Crystallite size “D”  Internal strain Dislocatio?sdensity
value (deg) (B) (A) (nm) “e” “0”x 1077 (W)
cdo aru 33.01 0.8053 2.71 4.6959 17.95 0.67 3.10
(200) 38.37 0.7269 2.34 4.6864 20.18 0.52 2.45
Cdo.05C00.00 111 33.04 0.8793 2.70 4.6902 16.44 0.74 3.69
) ’ (200) 38.47 0.9065 2.33 4.6750 16.19 0.64 3.81
Cdg 5C0p 050 111 33.07 0.8962 2.70 4.6860 16.13 0.75 3.84
) ) (200) 38.56 0.9458 2.33 4.6638 15.52 0.67 4.15
Cdg00C00.140 111 33.09 0.9154 2.70 4.6836 15.79 0.77 4.01
) ) (200) 38.71 1.4345 2.32 4.6468 10.24 1.02 9.53
3.5. Third Order Nonlinear Optical Studies. Semiconducting
1804 materials with nonlinear operations are used in valuable
] applications in the modern technological world of laser
175 devices. The NLO properties of thin films are caused by
e nonlinear polarisation, which occurs when the material is
< subjected to a strong electric field. Even in weak NLO ma-
& 17.0 terials, the laser is a high-intensity source powerful enough to
£ cause NLO mechanisms such as 2"¢ and 3™-order NLO ef-
E fects. The charge distribution changes as a result of the strong
£ 1627 8] electric fields, resulting in a net dipole moment. The NLO
5 \ g in a net dipole moment. The
1 \ 0 phenomenon is important in a variety of devices, including
16.0 - \ electro-optic modulators and frequency converters [24-35].
B The induced dipole moment per unit volume, also known as
155 . ' . ' . ' . electrical polarisation (P),' plays an in.lportant role in' thg NLO
Pure CdO L WE% Co 5 Wi Co 10 We9% Co phenomenon. In a nonlinear medium, the polarisation of

Cobalt-doping Wt.% on CdO nanostructures
-[J- Crystallite Size (nm)
FIGURE 2: Variations of “D,,,” with Co-doping for CdO thin films.

_ (1+R) 4R i (8)

A a-r?

where “t” is the thickness of the films. The absorption co-
efficient is proportional to the energy of the incident photon
(hv) as [20]

ahy = A(hv - Eg)o's. 9)

A plot of (och)/)2 vs. E (hv in eV allows an estimate of the
“Eg” and is shown in Figure 5(e). The Eg value of the
undoped CdO film is 2.52 eV, which decreases to 2.05 eV for
the film fabricated with 10 wt. % of Co-doping. Similar band-
bowing results have previously been reported for Al-doped
CdO films prepared using the SP technique [21]. This may be
explained by their greater thickness and stoichiometry, as
the decrease in band gap with Co content can also be
explained by sp-d exchange interactions between the band
electrons in CdO and the localized d electrons of the Co**
[22]. The Burstein-Moss (BM) effect [23], in which the
dopant Co-2p ions cause an enhancement in free carrier
concentration, which lifts the Er up to the CB and results in a
decrease in Eg value, can be used to explain the red shift in
the Eg value of the films coated with 10 wt. % Co-doping
concentration.

light is given by (Pnr) [26]
P=XY.E+Py,. (10)

In the abovementioned equation, Pyy - Y?E+x® E. P is
the polarizability, y® depicts the conventional linear response,
x@ represents the 2™, and y*® is the 3™-order NLO suscep-
tibilities, respectively. NLO materials are extremely important in
photonic devices. The open aperture (OA) and closed aperture
(CA) Z-scan methods were performed with an I~ of
8.48 x 10" W/m? (input intensity) and are illustrated in Figure 6.

The Z-scan technique established and developed by Bahae
et al. [27] is an efficient tool for probing the third-order NLO
that dwells up in the sample when the incident beam of light is
of sufficient intensity and frequency. The samples were placed
at the focus Z=0" position, and the output intensity of the
transmitted beam was successively recorded using the far field
photo-detector. The beam profile and sample thickness are the
most important factors in this approach. In order to maintain a
continuous beam profile, the thickness of the sample should
always be kept lower than the Rayleigh range. The pure and
doped CdO films possess good NLO characteristics. As a result,
it appears necessary and justifiable to investigate the NLO
properties of Co: CdO films in terms of laser applications. The
OA measurements for thin films of Cd, _,Co,O are shown in
Figure 7. When the input intensity (I;,,) is exceptionally large,
there is a substantial increase in the likelihood that a material
will absorb more than one photon before going into the ground
state. There are many different types of NLA processes. The RSA
effect is caused by the fact that ground-state linear absorption
dominates excited-state absorption (ESA) in the sample.
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(c) (d)
FiGure 3: FESEM images of (a) pure CdO, (b) 1 wt. % Co, (c) 5wt. % Co, and (d) 10wt. % Co of Cd, _,Co,O nanostructures.
Spectrum 1 Spectrum 1
10 12 14 16
(keV) (keV)
Full Scale 10732 cts Cursor: 0.000 Full Scale 14565 cts Cursor: 0.000
() (b)
Figure 4: EDAX images of(a) undoped CdO and (b) 10 Wt. % Co-doped CdO thin films.
TaBLE 2: Chemical composition for undoped and Co-doped CdO thin films.
Element
Material Wt (%) At (%)
Cd (2%) Co (£2%) O (£2%) Cd (£2%) Co (x2%) O (£2%)
Undoped CdO 89.20 0 10.80 51.55 0 48.45
1wt. % of Co 88.35 01.15 11.50 48.35 01.10 51.55
5wt. % of Co 85.55 04.33 10.12 45.55 05.40 49.05
10 wt. % of Co 79.63 10.15 10.22 38.20 10.65 51.15
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FIGURE 7: Z-scan OA traces for Cd,; _,Co,O films.

3.5.1. Nonlinear Optical Absorption. The absorption ratio
(B) improves with optical intensity in NLA, and the en-
hancement of () occurs in RSA. These phenomena appear
optically as reduced (SA) or enhanced (RS) absorption [28].
The transmission curve reveals a standardised transmittance
valley with reference to the Z=0 focus, where there is low
transmission, indicating that the samples comprise induced

absorption. By fitting the standard transmission data to the
OA formula, the values of may be obtained from the ex-
perimental OA Z-scan findings using the following equation
[29]:

_ ﬁIoLeff .
T(2) a1+ 22122] (11)

open — 1
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TaBLE 3: NLO parameters of Cd; _,Co,O thin films.

Composition of N}g (nz)z Re.al. part O(f3)NLO —7 Imag@z}ry b art_7o f IE)LO Third order NLO
Co (X) NLA x107° (cm”/  susceptibility (y'’ R) x107" susceptibility x10™" (x*”’ img) susceptibility (")
W) (esu) esu

Wt.% ngﬁc(‘jgﬂ(g; 533 6.78 Davg (Esu)

Pure CdO 0.92 -1.35 7.53 3.19 7.62x1077
1% Co 1.35 —1.48 8.06 3.26 8.32x1077
5% Co 3.64 -1.68 9.12 4.46 9.36x1077
10% Co 6.18 -1.86 9.85 5.62 1.42x10°°

In the abovementioned equation, L. = [1 — exp~ ad/p a,
] is the sample effective thickness and Z, = 7w?/A is a beam-
waist.

The normalised transmittance valley deepens, with a
significant upgrade in f values observed with Co-doping
concentrations in CdO. The TPA mechanism occurred in
CdO: Co films because the energy “E” was less than the “Eg”
but greater than Eg/2. Thus, electrons are absorbed and
stimulated at the higher energy levels before they reach the
ground state [30]. As the Co-doping was increased, there was
a noticeable improvement in the RSA mechanism and the
relative worth of the produced thin films.

In the current scenario, as a source of excitation, CW
lasers have been used, and the source of nonlinearity can also
be thermal, with the sample also acting as a thermal lens [31].
Furthermore, the films found current leakage and nano-
structural features that support the lattice defects. Table 3
shows the calculated B values of the Cd;_,Co,O
nanostructures.

3.5.2. Nonlinear Refractive Index. The CA Z-scan technique
was used to calculate the n, and y® of the synthesised
samples. In this configuration, an aperture after the sample
limits the transmitted light to the detector. Nonlinear optical
materials’ self-focusing or self-defocusing effects cause
changes in the intensity of light received by the detector. The
NLR index of samples varies as the sample scans the z-axis
and the beam transmittance changes. The Z-scan CA ex-
perimental data show a postfocal peak followed by a prefocal
valley, indicating a negative sign of n, due to the samples’
self-defocusing nature [32]. The experimental results
(scattered pattern) agree well with the theoretical results
(solid line) suggested by Sheik-Bahae. The functions fitted to
the experimental CA data are displayed in Figure 8. The
increased polarizabilities and #, are due to the atoms’ larger
atomic radius [33]. From the CA, the parameters have been
calculated by the following standard formulae:

4 Ap X b
(X2 + 1)()(2 + 9)’ (12)

x=2z/z, and A¢, = Kn,I,L.4, the value of n, is calculated.
The inclusion of Co-material in the fabricated CdO: Co
films raises the linear and nonlinear refractive indexes. The
increasing behaviour of the Co-doping concentration can be
explainedin terms of enhanced crystallinity. Because Co**

T(Z)=1-

ions have large polarizability and very little cat-ionic field
intensity, the value of #n, in CdO can be amplified by the
significant polarizability produced by Co-ions. The struc-
tural properties and surface morphology are important
factors in light-intensity scattering to achieve the expected
NLO effect [34]. In fact, the theoretical and experimental
normalised transmittances are very close. This results in a
thermal lens and severe phase distortion of the propagating
beam [35]. In summary, thermal nonlinearity causes the
defocusing effect. It is worth noting that particle size in-
fluences optical nonlinearity. In the synthesised samples,
there is a clear increasing trend for nonlinearity with particle
size as the Co concentration in CdO increases. This ob-
servation is consistent with what has been reported by others
[36].

The following equations are used to calculate the y®
(eeal and imaginary) of Cd,_,Co,O deposited thin films
[37]:

Re X(3) =2C eonzni

(3) _ C£Oﬁ /\I’l(z)

2n (13)

Imy

|)((3)| = |Re)((3) + iImX(3)|

All nonlinear optical parameters of the Cd,_,Co,O
nanoparticles are given in Table 3. The structural symmetry
of the material is directly related to the higher order y of
the Cd; _ ,Co,O deposited thin films (Table 4). Variations of
NLO susceptibility (e.s.u.) with crystallite size (nm) for the
different doping concentrations of Co in the Cd; _,Co,O
thin films are shown in Figure 9. The improved NLO be-
haviour of the synthesised samples is associated with im-
proved polarizability and an enlarged carrier concentration
for higher Co-content [38].

The NLO properties of synthesised samples can be di-
rectly caused by their structural properties [39]. Actually, the
much higher polarizability observed for Co-doped CdO
samples compared to pristine CdO samples resulted from
the higher atomic mass of the substituted Co ions for the Cd
ones. Table 4 shows the current and some of the reported
values of a few metal sulphide/oxide films for f, n, and y**
[40, 41] and [42]. Nevertheless, for optical switching ap-
plications, the actual potency of these materials is heavily
dependent on n,.
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FIGURE 8: Z-scan CA plots for Cd; _,Co,O films.
TasLE 4: Current and reported values of 8, 1, and y® for some metal oxide films.
Authors Materials B (cm/W) (e.s.u.) X ®) (esw)
Present work Co: CdO 1.16x107°-4.12x107° -1.06 x10°--3.32x107° 1.23x10*-5.62x107*
Bairy et al. [8] (Physica B, ) 4 4 9 9 5 s
555 (2019) 145-151) Al: CdO 2.52x1077-7.25%x10 -2.01x107--3.92x10 3.12x10°-6.36 x 10
Khan et al. [40] (Journal of
Electronic Materials 47 (2018) Zn: CdO - 1.8x107%-6.1x 107" 0.02x1071-55x107"!
5386-5395)
Henari et al. [41] H: CdO e 24x1074-55x107"° 4x107°-35x107"!

(Laser Phys. 18, 1557-1561 (2008))

Khan et al. [42] (Journal of
Electronic Materials 48 Ag:CdS 1x107°-2x1077 2.92x107-1x 1077
(2019) 1122-1132)
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4. Conclusion

Thin films of Co-doped CdO with different contents of Co
were prepared on the glass substrates at 300°C using the SP
technique. To understand the structural and morphological
changes in the films, XRD and FESEM were studied for each
sample. The P-XRD patterns revealed an increase in the
crystalline behavior of the sample in preferentially (111) and
(200) plane directions strongly. FESEM images revealed the
surface morphology of the prepared samples, with spheri-
cally shaped grains and smoothening with increased Co-
doping content. With the increasing Co-doping, the UV-
Visible double-beam spectra confirm the increase of ab-
sorption in the visible and UV region. The band gap of the
fabricated films decreases by increasing the Co-doping
concentration. The third-order NLO studies are carried out
using the Z-scan technique, which revealed the TPA in NLO
behavior. The value of [ n]_2, B, and y'* was enhanced by
increasing the Co-doping concentration. These results
suggest that the prepared Cd;_,Co,O thin film samples
enriching NLO behavior are more applicable as modulators
in optical devices.
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This present investigation focusing on preparation of Al-based hybrid composites in which Al6082 is engaged as the main alloy
reinforced with two reinforcements of ZrSiO4/TiC. The combination of the stir-squeeze process helps to make different specimen
by change of four parameters such as stir speed, stir time, reinforcements, and squeeze pressure. In this process, two rein-
forcements are reserved as constant about 7.5 wt%. The four levels of each parameter are stir speed (300, 400, 500, and 600 rpm),
stir time (10, 15, 20, and 25 min), reinforcement (2.5, 5, 7.5, and 10 wt%), and squeeze pressure (50, 60,70, and 80 MPa). According
to the L16 orthogonal array Taguchi design, the specimens are created to analyze the mechanical properties of tensile strength and
hardness along with porosity. In addition, the optimization technique is used to determine the optimal parameter on improving
tensile strength. The optimization process can be assisted by the software namely Minitab-17 which helps to study analysis of
variance, regression model, and contour plots. The observed result of ANOVA showed that stir speed (41.8%) is the maximum
influenced parameter that increases TS, followed by squeeze pressure (25.7%), stir time (12.7%), and reinforcement (1.96%), and
optimum tensile strength is found at the parameters of stir speed 600 rpm, stir time 10 min, reinforcement 2.5 wt%, and squeeze
pressure 80 MPa. The fractured surface of tensile strength also examined by the SEM test. The combined parameters of S4-T1-R1-
P4 achieve the highest TS, and it is observed that there are nearly no pore defects and good diffusion as a result of the rein-
forcements to be properly mixed. It is noticeable that the TiC and Al 6082 matrix, as well as the various ZrSiO, exhibit
stronger bonds.

1. Introduction

AMCs which strengthened with ceramic elements like TiC,
SiC, and Al,O; reveal more benefits such as good tensile and
impact strength, abrasion resistance, hardness, impact
strength, as well as excellent physical features [1]. 6082
aluminum alloy is one of the important alloys in 6XXX series
that is mainly applied in several fields of aviation, navigation,
automobiles, and construction business [2]. Sekar et al. [3]

analyzed mechanical properties of Sic/Z ZrO2 reinforced
AA6082 composites prepared via combined stir and squeeze
casting and the outcome of UTS and hardness value are
more when compared to base metal due to addition of
silicon carbide and zirconium dioxide. Stir casting mainly
produce effective parts through molten metal transfer into
standard molds. Mechanical properties of the developed
composites varied due to some criteria such as the size and
shape of reinforcements, weight ratio, and bonding between
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base metal and additives [4]. However, particulate rein-
forcing MMC which widely spread over all industries have
been hindered because of more cost in producing compo-
nents in complex shapes [5]. Umanath et al. studied the
enhancement of Al6063/with SiC-MoS,-reinforced alloys
which is mostly based on particle sizes of additives and
corrosion resistance reduced while rising of the temperature
[6]. Among the several available processes for producing
AMMC s, STC is the least costly method to make composite
materials amongst remaining approaches like powder
metallurgy and plasma sintering (PS), and it suggests a
widespread option for materials gathering and process
conditions [7]. Casting faults such shrinkage cavity, po-
rosity, and misrun defects are frequently introduced by the
conventional process. The SC process is a technique for
pressurised extrusion moulding of materials. This technique
has a great degree of manufacturing flexibility and can
successfully reduce or even eliminate casting flaws [8].
Ravikumar et al. studied the performance of AA 6082/Tic by
conducting inspections like SEM, XRD, and destructive
experiments [9]. The addition of Tic/WC (4-10% wt) in 6082
Al enriched wear resistance [10]. ZrSiO, is the ultimate
oxidization resistance mostly involved in several produc-
tions [11]. Adediran et al. fabricated Al7075-TiO, com-
posites via STC, the ultimate tensile strength was exhibited
better while considering the STC parameters of temperature
about 750°C and stirrer speed of 500 rpm [12]. Zhu et al.
studied the fabrication of Al6082 with nano SiC composites
done by squeeze casting, and TS and YS were improved in
T6-treatment process than base alloy [13]. However, stir
casting creates high porosity of composites which leads to
defects and reduce material and mechanical strengths. To
minimize deficiencies and acquire better features, stir casting
was improved with the squeezing process [14]. Input pa-
rameters in stir and squeeze casting significantly disturb the
quality of composites and help to decide the mechanical
characteristics [15]. Vijian et al. utilised the Taguchi tech-
nique to enhance the material property by influencing
process variables of squeeze pressure, die preheating tem-
perature, and duration of pressure, and squeeze pressure is
the best involvement factor for enlightening TS and BHN of
matrix composites [16]. TiC and SiC are in the form powder
frequently applied in enhancing of composites of Al alloy
[17]. However, there are few studies on the impact of
reinforced particles on AA 6082 obtained by the squeeze-stir
casting. S. Dadbakhsh et al. studied the equal channel an-
gular pressing method (ECAP) for ageing treatments in
order to strengthen a common 6082 Al alloy. It was dis-
covered that the alloy can be strengthened by ageing it both
before and after ECAP processing. Through the application
of the proper postaging treatment, the ECAPed specimen’s
strength and ductility were increased [18]. According to
Kumar et al. work [19] aluminum’s tensile surface is marked
by an uneven distribution of dimples that causes ductile
failure, while aluminum fly ash composites made using the
stir cast method are known for brittle failure because of the
matrix’s plastic flow. The hardness and strength of the
composites increased with the inclusion of boron carbide,
according to Ghasali et al. [20] who created Al/boron carbide

composites utilising a microwave furnace for sintering.
Aluminum alloy, alumina (AI203), and boron carbide metal
matrix composites produced by stir casting are the focus of
research by Vijaya Ramnath et al. This work involves the
creation of these composites and a mechanical analysis of
their mechanical properties [21]. Al6082/Al,03/Al,SiO5
composites are created by utilising the stir casting method
for the study of fracture toughness. The Taguchi technique is
used to study the effects of input parameters such as the
weight percentage of AlL,Oj, the stirring speed, and the
stirring time on the hardness, tensile strength, impact
strength, and fracture toughness of cast Al6082/A1,0;/
ALSiOs composites. The weight percentage of Al,O; is a
larger influencing component for the experimental design,
according to Taguchi’s L9 orthogonal array. To create
samples of MMCs with each factor having three levels, three
process parameters—wt.% of AL,O; (3, 6, 9), stirring speed
(150, 200, 250 rpm), and stirring duration (5, 10, 15 min.) are
used. To visually observe the dispersion of Al,O3 particles in
the matrix of Al 6082, microstructural characterisation using
a scanning electron microscope (SEM) is performed [22].
The emergence of hybrid reinforced composite with inex-
pensive Al6082 has been influenced by the demand of
lightweight and robust materials. To meet the demands of
the automotive sector, a substitute material with high
product quality and accurate casting is needed. The man-
ufacture of composites by squeeze casting has been un-
dertaken by a number of researchers, but only a small
number of research works have been conducted on the
optimization parameters in the combined stir-squeeze
casting. The significance of this research is to fabricate the
Al6082/ZrSiO,/TiC hybrid composites and identify the
optimum parameters for enhancing the mechanical prop-
erties to promote the use of Al6082 in various applications.
The four-leveled parameters were evaluated using the
Taguchi technique to identify a special set of input pa-
rameters that would improve the specified output and
hardness (HN), tensile strength (TS), and porosity (PO) for
prepared composites and are investigated.

2. Materials and Methods

2.1. Stir Casting. The basic alloy, designated as AA 6082 was
melted in a resistive heating furnace with a stirrer. Tables 1
and 2 indicate the chemical composition of AA 6082 and the
properties of Tic/ZrSiO4, respectively. Mechanical proper-
ties of the Al 6082 alloy such as tensile strength, yield
strength, elongation, and hardness are 280 MPa, 210 MPa,
14%, and 80 respectively. At various weight percentages,
melted AA 6082 mixed with ZrSiO, and TiC. ZrSiO,/TiC
were used in the casting of 6082 to produce a hybrid
composite. NazAlFs (10 grams) were added to the base
material throughout the melting process in order to reduce
the production of slag and increase casting effectiveness and
stir casting complete setup seen in Figure 1. A secure lifting
mechanism helped to move stirrer into contact with the
compound’s constituent elements. Al alloy was kept inside
crucible and melt it around 800°C in an electric furnace.
After weighing with a digital weigh scale, zirconium silicate/
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TaBLE 1: AA 6082 chemical elements.

Si Fe Cu Mn Zn Ti Cr Al

0.8 0.5 0.1 0.6 0.2 0.1 0.25 Bal

TaBLE 2: Reinforcement properties.

Properties TiC ZrSi04
Molar mass (g/mol) 59.8 183
Colour Black Colourless
Density (g/cm?) 491 4.55
Melting point (°C) 3150 1550

FIGURE 1: Stir casting setup.

titanium carbide (5 w.t%) powder was burned at 325°C in
another furnace. Then, Al alloy metals and reinforcements
were blended and heated to a temperature of around 820°C.
To create Al-based composites, the prepared melted particles
were placed into the required mould after being continu-
ously stirred by a stirrer connected to the motor for 5-7
minutes. Continue the process to create several samples by
adjusting the stirrer speeds, mixing duration, and weighti-
ness percentage of reinforcement ingredients. The param-
eters with levels are shown in Table 3. After reviewing the
previous published articles, it is noticed that many re-
searchers have selected mostly three parameters in the
casting process. In this work, to get excellent result, four
parameters are taken to analyze the mechanical properties.
Based on the L16 array, the combinations of parameter levels
are changed and conduct the different test of porosity, tensile
test, and hardness test. The overall experimental results are
displayed in Table 4. The setup of the squeeze casting is
shown in Figure 2. The molten metal was poured into the
desired die and its dimensions are 35 % 30 * 75 mm”. In the
squeeze process, a plunger is used to apply the pressure
(60 MPa) from top of the die and holding that plunger for
1-2 minutes and then remove the solidified part from the
preferred die. The stir casting parameters are used typically
by stirrer size, speed, time, blade angle, stirrer position,
temperature, and reinforcement’s percentage. Mostly, due to
not taking the pressure into the account as a parameter, the
stir casting procedure results in increased porosity of
specimens. Stir casting is supplemented with squeeze

casting, a mixture of stir casting and high pressure, in order
to reduce casting flaws such as porosity and to produce
superior characteristics. Using a manufacturing method
called stir-squeeze casting, solid metal may be turned into
liquid and back into the solid form. Many industries that
require complex shapes with excellent structural integrity
find it to be quite helpful. The developed composites are used
in different applications such as Cranes, Beer barrels, Ore
skips, and Milk churns.

2.2. Taguchi Design Experiments. Among the various opti-
mization techniques (CCD and BBD of RSM), Taguchi
techniques are the best approaches for examining the effects
of numerous factors through the design of experiments
(DOE) and the application of numerical tools. Along with a
robust design, this method is used to decrease the number of
parameters that do not vary DOE. The Taguchi technique is a
method for choosing the best process parameters and var-
iables for a certain process response (output). The tech-
nique’s goal is to provide quality product at a lower cost [23].

2.3. Analysis of Variance. To determine the involvement of
each stir-squeeze casting parameters significantly influenc-
ing the response of tensile strength, the ANOVA is utilised.
The purpose of this analysis of variance is to identify the
most important parameter that affects tensile strength as
well as the importance of other parameters. In order to
investigate the relationships between variables and their
effects on the dependent variables, the grey relational
analysis is employed in addition to the ANOVA table [24].

3. Result and Discussion

3.1. Porosity. Porosity was calculated for all prepared Al
samples by differentiating the theoretical and experimental
density [25] and the percentage of porosity (PO) was
measured using formula (1). The density values of Tic and
ZrSi0, reinforcements are 4.91g/cm’ and 4.55g/cm’,
respectively.

(Ptheory - pexperiment) . (1)

% ity =
6 porosity 100

Theoretical density is measured by the following
formula:

Piheory = (p * Wt. fraction) y 6087 + (p * Wt.fraction) (ric/zssioa)-
(2)

The percentage of porosity of AMCs varied based on
density in SSC specimens because of the inappropriate in-
terfacial bondage between Al alloy and TiC/ZrSiO, particles.
The bondage depends on the selected parameters. Figure 3
showed the porosity result of all specimens. It was observed
that the highest (4.58%) and lowest porosity (2.91%) were
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TaBLE 3: Casting parameters with different levels.
Levels
Parameters
1 2 3 4
Stir speed (S) 300 400 500 600
Stir time (T) 10 15 20 25
Reinforceme®(R) 2.5 5 7.5 10
Squeeze pressure (P) 50 60 70 80
TaBLE 4: Experimental results for the SSC process.
E Process parameters Experimental results
XP.

nop Stir speed (S), Stir time (T), Reinforcement (R),  Squeeze pressure Tensile strength Hardness  Porosity (PT),

(rpm) (min) w.t% (P), (MPa) (TS), (MPa) (HN) (%)
L1 300 10 2.5 50 189.83 82 3.25
L2 300 15 5.0 60 197.52 73 3.75
L3 300 20 7.5 70 202.58 76 3.89
L4 300 25 10.0 80 200.80 69 3.78
L5 400 10 5.0 70 215.57 80 4.15
L6 400 15 2.5 80 257.52 76.2 4.28
L7 400 20 10.0 50 198.79 71.5 4.58
L8 400 25 7.5 60 252.74 75.5 3.93
L9 500 10 7.5 80 275.71 82.3 4.32
L10 500 15 10.0 70 204.91 82.4 2.92
L11 500 20 2.5 60 205.72 75.2 3.88
L12 500 25 5.0 50 225.26 79.2 3.15
L13 600 10 10.0 60 286.89 88.7 3.26
L14 600 15 7.5 50 200.56 85.2 2.78
L15 600 20 5.0 80 266.75 83.8 3.42
L16 600 25 2.5 70 282.32 82.6 291

7 Crucible
Punch

|

FIGURE 2: Squeeze casting process.

recognized at L7 (S2-T3-R4-P1) and L16 (S4-T4-R1-P3)
specimens which possessed 400 rpm, 20 mins, 10 wt%, and
50 MPa and 600 rpm, 25mins, 2.5 wt%, and 70 MPa, re-
spectively. This could have been related to the problems like
poor wettability properties, particle accumulation, cluster-
ing, and pore nucleation in the interface with insufficient
mechanical stirring and uneven dispersion of reinforce-
ments [26, 27], and the ratio of agglomeration is increased by
the increased weight % of reinforced particles and can be
decreased through the SSC process, which may have con-
tributed to the substantial increase in porosity. The overall
observational outcomes are exposed in Table 4.

3.2. Tensile Strength. According to the ASTM B557M
standard, tensile tests were performed on the fabricated
specimens in Figure 4. Before applying load (5KN), the
entire specimens were cleaned and polished with help of the
abrasive paper in order to eliminate slag from the surface.
Some of the tensile test specimens as per standard dimension
are displayed in Figure 5. The tensile strength (TS) is cal-
culated based on elongation, stress, and strain and the results
are shown in Figure 6. It is found that the maximum TS
(286.89 MPa) was attained at L13 while minimum TS
(189.83 MPa) was attained at L1 experiment. This is due to
the load applied; reinforcement strengthens and the grain
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FiGURE 4: The ASTM B557M standard-tensile test.

FIGURE 5: Some of the tensile test specimens.

size of TiC porosity gap is reduced because of grain re-
finement and squeeze pressure and also developed com-
posites which possess brittleness and low ductility.
According to the Orowan mechanism, tiny particles prevent
dislocations from moving freely within the matrix [28]. The
difference in Al matrix and nanoparticles at room tem-
perature and the fact that the hard reinforcements [29]
(ZrSiO4/TiC) in the matrix decreased the ductility of the
produced composites might both be considered contributing
factors to the increased strength of nanocomposites. But
among all the kinds of composites under the study, the
ductility of the squeeze cast nanocomposite was the best.

3.3. Hardness. The hardness test is performed as per the
ASTM E10-18 standard at room temperature by the Brinell
hardness machine with a 1/16-inch ball indenter and 350 kg

load are used. The hardness machine front view is displayed
in Figure 7. Three trails are taken at various locations of each
specimen and finally make it the average value. The BHN
value varied due to different weight % of reinforcement
mixed with Al6082. The highest (88.7 Hv) and the lowest (66
Hv) values of hardness are obtained at samples L13 (S4-T4-
R1-P3) and L4 (S1-T4-R4-P4) and possess 600 rpm, 10 mins,
10 wt%, and 60 MPa and 300 rpm, 25 mins, 10 wt%, and
80 MPa, respectively. From the observational results, it is
exposed due to increasing of reinforcement and squeeze
pressure which increase the hardness value. The overall HN
reading all experiments are displayed in Figure 8.

3.4. Microstructure Analysis of the Prepared Samples.
Figures 9 and 10 display microstructures of optical images of
the two fractured surface of insignificant and significant
parameters on Al6082/ZrSiO4/TiC composites. The optical
microstructure images comprise three different phases: pore,
matrix, and reinforcement particles [30]. Figure 9 shows that
the lowest tensile strength is obtained by the combine pa-
rameter of S1-T2,-R4-P1. From the observation of the image,
it is noticed that the reinforcement particles are not fully
uniformed and also there are many pore faults in the mi-
crostructures. It proposes that ZrSiO4/TiC and the 6082
matrices are not well united under the experimental con-
dition. Figure 10 displays that the maximum TS is attained
by the combine parameter of S4-T1-R1-P4 and noticed that
almost no pore defect, good diffusion due effect of the re-
inforcements mixed properly. It is evident that there is a
tighter bonding amongst the different ZrSiOa as well as the
TiC and Al 6082 matrix.

Figure 11 shows the main plot (smaller is the best) on
signal to noise ratio for TS. The stir speed of 600 rpm, stir
time of 10min, reinforcement of 2.5 wt%, and squeeze
pressure of 80 MPa are optimum for tensile strength. The
highest TS is perceived from the smaller the better S/N
response. The influence of the control parameters on TS
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acknowledged with the S/N ratio response is shown in
Table 5. The optimal process condition attained S4-T1-R1-P4
for the specified parameter levels, whereas the lowest tensile
strength is obtained at the combinational parameters of S1-
T2, -R4-P1.

3.5.ANOVA. The ANOVA approach is useful for examining
the variability of an output in relation to a number of inputs.
An analysis of variance is designed for the investigation of
variables that significantly affect the achievement charac-
teristic. The study was conducted at a level of 5% correlation,
or the confidence level of 95%. Table 6 displays ANOVA
outcomes as the response characteristic of A16082/ZrSiO4/
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FIGURE 9: Microstructure image of the tensile fractured surface for
an insignificant parameter (S1-T2,-R4-P1).

TiC composites. The table exposes the stir speed (41.8%) as
the significant parameter, followed by squeeze pressure
(25.7%), stir time (12.7%), and reinforcement (1.96%) that
have an influence on tensile strength behavior for Al6082/
ZrSiO4/TiC hybrid composites. The residual error is 17.84%
due to less involvement of two process parameters (T&R) to
improve the mechanical properties, but the overall contri-
bution percentage of all parameters is around 83% for in-
creasing tensile strength. So, this ANOVA model is
significant and acceptable.

3.6. Linear Regression Model Analysis. In order to demon-
strate the relationship between predictor variables and re-
sponse variables, a multiple linear regression analysis
examination model was utilised to fit a linear equation to the
experimentally perceived data. The software MINITAB 17
was used to create a linear regression model display in view
of the experimental results. In this method, a regression
equation is created that increases the connection between
significant terms from an ANOVA. The regression equation
(1) helped for TS is
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FIGURre 10: Microstructure image of the tensile fractured surface for a significant parameter (S4-T1-R1-P4).

Main Effects Plot for SN ratios
Data Means
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Reinforcement (R) Squeeze pressure (P)

-46.0

-46.5

-47.0

Mean of SN ratios

-47.5

-48.0

-48.5 -

300 400 500 600 10 15 20
Signal-to-noise: Smallerisbetter

25 25 50 75 10.0 50

FI1GURE 11: Mean of SN ratio graph.

Tensile Strength (TS) = 70.0 + +0.1811Stir speed
— 0.04 Stir time-1.06 Reinforcement

(3)

+ 1.304 Squeeze pressure.

3.7. Interaction Graph for TS. The effect of parameters in
various combinations on the produced composites’ tensile
strength is shown in Figure 12. It has been discovered that
for certain phenomenon, the TS will change when a pa-
rameter is changed in either term of their levels or inter-
actions. The interaction S * R, T * R, R * P changing with
closely constant values while the level of these parameters
will increase. The rise in these interactions is very small and
it can be deliberated as constant variation. Nevertheless, for
the case of other parameter interactions such as S T, S * P,
T * P when the level of these parameters increases. In these
combinations, stir speed and squeeze pressure play a
dominant role in tensile strength. Moreover, only minor
variations in the numeric value of each case due to a change

in parameter levels were seen, which is essentially identical
to the phenomenon of these results. Some of the data in-
dicate that some parameter combinations or interactions
have very little effect on the TS of hybrid composites.

3.8. SEM for Fractured Surfaces. It is possible to learn crucial
information regarding the influence of a sample’s innate
microstructural properties on its strength by analyzing the
fracture surfaces of tensile samples. In Figures 13 and 14, the
fractured surfaces of the tensile samples (L1 and L13) are
exhibited. On the fracture surface of L1 sample in Figure 13,
large voids of various sizes, shapes, and shallow dimples are
distributed. Overload is the main factor that causes fracture,
and the coalescence of further voids determines failure. The
areas around second phase particle inclusions, grain
structure, and displacement pileups are where the voids may
develop. As a result, the microgaps become larger, merge,
and eventually form a continuous fracture surface, de-
creasing the tensile strength as the strain increases
throughout the tensile test. Figure 14 shows that the less
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TaBLE 5: Response table for SN ratios (smaller is better).

Levels Stir speed (S) Stir time (T) Reinforcement ® Squeeze pressure (P)
1 —45.92 —47.55 —47.27 -46.16

2 —47.23 —46.60 —-47.04 -47.35

3 —47.09 —46.72 —47.26 —47.01

4 —48.18 —47.54 -46.85 -47.90

Delta 2.27 0.95 0.41 1.74

Rank 1 3 4 2

TaBLE 6: Analysis of variance for tensile strength.

Sources DF Seq SS Adj SS Adj MS F p % Contributions
Stir speed (S) 3 10.3664 10.3664 3.4555 2.35 0.0251 41.8
Stir time (T) 3 3.1689 3.1689 1.0563 0.72 0.0604 12.7
Reinforcement (R) 3 0.4721 0.4721 0.1574 0.11 0.0951 1.96
Squeeze pressure (P) 3 6.3835 6.3835 2.1278 1.45 0.0385 25.7
Residual error 3 4.4139 4.4139 1.4713 — — 17.84
Total 15 24.8048 — — — — 100

Interaction Plot for Tensile Strength (TS)
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FIGURE 12: Interaction plot for tensile strength between the input parameters.
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quantity of cracks, dimples, and voids are found at sample
L13 due to reinforcement particles are almost uniformly
distributed with Al 6082.

4. Conclusion

This research work addressed that the porosity, tensile
strength, and hardness on AA6082/TiC/ZrSiO, hybrid
composites prepared through stir-squeeze cast method. Four
input parameters with four different levels have been
nominated to produce Al composites which are stirrer speed,
stir time, weight % of reinforcement, and squeeze pressure.
The Taguchi approach (L16) helped to decrease the number
of experiments and make the parameters combination to
conduct experiments. The important results of this research
are followed below.

(i) The highest (4.58%) and lowest porosity (2.91%)
were recognized at L7 (S2-T3-R4-P1) and L16 (54-
T4-R1-P3) specimens which possessed 400 rpm,
20 mins, 10 wt%, and 50 MPa and 600 rpm, 25 mins,
2.5 wt%, and 70 MPa, respectively.

(ii) Optimum process parameters for stir-squeeze
casting method is stirrer speed of 600 rpm, stir time
of 10 min, reinforcement of 2.5 wt%, and squeeze
pressure of 80 MPa, and the lowest tensile strength
is obtained at the combinational parameters of S1-
T2,-R4-P1.

(iii) It is exposed that due to increasing of reinforcement
and squeeze pressure which increase the hardness
88.7 Hv.

(iv) The ANOVA table reveals the stir speed of 41.8% as
the important stir-squeeze parameter, followed by
squeeze pressure of 25.7%, stir time of 12.7%, and
reinforcement of 1.96% that have an influence on
tensile strength behavior for Al6082/ZrSiO4/TiC
hybrid composites.
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In light of rising energy demand, solar and wind power are popular renewable energy sources. A need for the hour is for reliable
little wind power at a reasonable price. The materials needed the cost of continuance and function, and the cost of fuel influences
the cost of energy production. Material costs are inversely related to energy costs. The blade design is critical in any wind turbine
design. The choice of material is a critical element in blade design if the blade is to have a long predicted life. For smaller wind
turbine blades, several materials such as wood, fiber glass, carbon fiber, natural fiber, and sandwiched composite items are
provided. The main features to consider while choosing a blade material include hardness, toughness, density, price, and af-
fordability. The materials for a wind turbine blade are indeed an essential part of the design process. These articles present
numerous materials as potential blade options and use ANSYS computational modeling to select the best one.

1. Introduction

One of the most extensively used renewable energy sources
is wind energy. Wind-generated electricity is a clean and
environmentally friendly energy source. Because a big
segment of the population resides in rural areas and farms,
decentralized energy sources are especially important in
developing nations such as India. Small wind turbine
manufacturers are limited or nonexistent in these emerging
nations. People in these nations cannot afford imported
wind turbines. Because of maintenance issues, the imported
built wind turbines are still not performing as expected. It is
imperative that tiny wind power be made available at a

reasonable cost and with certainty. Consumers from such
underdeveloped countries will be drawn to cost-effective and
dependable wind turbines. Both rotor and generator are by
far the most important components of a tiny wind turbine,
and they are in desperate need of study to meet society’s
stated needs. Choosing the proper blade material with the
right attributes and lifespan is crucial in the building of small
wind turbines. The blade should be light, robust, and last a
long time and be resistant to strain, pressure, stress, and
wear. The materials utilized to produce miniature wind
turbine blades include hardwood, steel, aluminum, and
building elements [1]. In the manufacture of wind turbine
blades, composite materials are already widely used. A
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Scale 1
Density Optional Scale 1
Wood
Scale 2
Mechanical
strength Optional Scale 1
Steel
Scale 3
Objective Cor.ros1on Optional Scale 1
To choose the Resistance Aluminum
finest material for
wind turbine
blades possible Scale 4
Costs \ Optional Scale 1
Glass Fibers
Scale 5
Availability
Optional Scale 1
Carbon fibers
FIGURE 1: Selection of wind turbine blades depends on possibilities.
TaBLE 1: Characteristics of materials used for small wind turbines.
Material Fiberglass Aluminum Wood
Sensitivity to moisture ~ Very strong and immovable  Very strong and immovable  Very strong and immovable
Range of resistance Good Excellent Average
Characteristics Cost High cost Huge cost Moderate
Material weight Low Low Low
Execution Difficult to operate Very hard Easy

TaBLE 2: Characteristics of Polymer fiber.

Kevlar aramid fibers

Polymer fiber
Kevlar 49

Kevlar 29 High modulus polyethylene

Shock traction resistance Shock traction resistance

Characteristics Shock traction resistance and stiffness fatigue and stiffness fatigue and rigidity
Young’s modulus E 132 51 97
Density 1,43 1,40 0,94
Resistance 3555 3015 3050

composite material is a removable, irregular material
composed of matrix and fibers. Fibers are braided tightly on
the matrix to make the material. The most popular varieties
of matrices include vinyl resin, epoxy resin, and polystyrene
resin. Perhaps some of the most often used fibers are aramid,
S-glass, E-glass, and carbon fiber. Glass fibers are indeed a
common fiber, whereas epoxy resin is a frequent matrix.
Material selection is influenced by the raw material costs,
affordability of the materials, mechanical properties of the
material, and physical characteristics of the material [2].
Mechanical qualities such as tensile strength, compressive
and flexural, tensile strength, and fatigue resistance must all
be thoroughly examined. The simplest method is to consult a
material characteristics chart and choose the material with
both the ideal properties; nevertheless, a little inquiry and
testing are required [3]. Some of these parameters, such as

torque and power, are decided by mathematical assump-
tions, while others are chosen based on variables such as cost
and climatic resilience. The choice of materials for blades is
crucial in blade design. Nowadays, a wide range of materials
are accessible, each with its own set of qualities, benefits,
uses, and drawbacks. Therefore, we should have a thorough
grasp of each product’s requirements in order to choose the
right material. This goal drives us to examine the many
materials that might be used as blade possibilities and to
choose the appropriate using only ANSYS simulation
results.

2. Methods of Selecting Blade Materials

Based on Figure 1, the selection of wind turbine blades will
be processed. It consists of 5 mandatory criteria and 5
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TaBLE 3: Characteristics of Glass fiber.
Glass fiber Glass D Glass C Glass R or S Glass E
Characteristics Excellent resistance Rigidity of the dielectric Exceptional performance Quality of current
Young’s modulus E 72 53 84 71
Density 2,4 2,11 2,54 2,5
Resistance 2820 2510 3690 2450
TABLE 4: Characteristics of carbon fiber.
Carbon fiber V.H.M carbon H.M carbon L.M carbon H.R carbon
Young’s modulus E 72 53 84 71
Density 1,94 1,89 1,71 1,88
Resistance 2320 4180 1830 4580

alternatives. This strategy clearly states the original problem
aim, requirements, and options. The aim represents the best
decision-making solution.

3. Blade Materials Classification

The blades of wind turbines are divided into two types based
on their intended applications and potential: small and big
wind turbines.

3.1. Small Wind Turbines. These are often used in domestic,
industry, farming, and minor commercial environments.
Turbines provide energy to a limited set of consumers in all
of these uses. There must be three main materials used to
make high-performance blades; the characteristics of ma-
terials are shown in Table 1. The materials are as follows:

(i) Aluminum
(ii) Fibers
(iii) Wood

3.2. Pros and Cons of Materials Used in Small Wind Turbine

Pros:

(i) Wood: materials that are light in weight, simple to
work with, and fatigue resistant.
(ii) Laminates that have been glued together: when
fatigued, they can still perform well.
(iii) Alloys of aluminum: a cost-effective solution.

Cons:

(i) Wood: erosion-susceptible.
(ii) Laminates that have been glued together: cannot
be utilized for blades that are longer than 6 meters.
(iii) Alloys of aluminum: extremely costly.

3.3. Big Wind Turbine. The majority of today’s huge wind
turbine blades are built of composite materials. Their goal is
to enable the creation of any forms and dimensions while
also obtaining the appropriate mechanical properties sought:
twist blade, evaluative ropes, and a change in profile. We
may change the quantity of material along the blade, moving

from a profile with only a thin skin at the end to a complete
shape at the blade root. Due to their properties, these
substances are rapidly being employed for smaller blades
and also bigger ones that may reach 30 meters. These sub-
stances make it possible to react to specific markets with
better fire resistance, duration, and abrasion resistance, and
for the easing of material and architectural restrictions.
Many goods’ performance is improved depending on the
fiber and resin utilized. As a result, composite materials have
several advantages. Softness, chemical and mechanical re-
sistance, minimal maintenance, and form freedom are all
utilitarian advantages. Composite materials obviously have
three advantages: functional integration, weight increase,
and mechanical resistance [4].

3.4. Polymer Fibers. Many polymers, due to their lower
density, enable the production of adequate modulus fibers to
be of relevance as a composite reinforcement. The varied
features of the polymer are shown in Table 2. Kevlar aramid
fibers, for instance, offer high stiffness and traction strength,
as well as strong fatigue and impact resistance but just a
mediocre compression behavior and thus shear in flexion.
They are almost often combined with glass or carbon fibers.
The susceptibility of organic fibers to moisture and tem-
perature, as well as their weak compatibility in organic
matrices, all seem to be disadvantages.

3.5. Glass Fibers. Glass fibers may be spun from molten glass
to produce fibers with diameters ranging from 5 to 15
microns. Because of their tiny diameter, they have great
resistance to flexing or tensile breakdown. A radius of
curvature of several tenths of millimeters is possible with a
diameter of a few microns [5].

The two following approaches can be used to stretch the
material. Continuous wires are created using the mechanical
approach known as silicone, in which the stretching is
achieved by traction owing to the coil of the cable on even a
spindie spinning at a high speed. We acquire short-length
fibers using the pneumatic approach, which is called
Veranne, in which the lengthening is achieved by pushing
the fibers under the operation of a pressured air jet. Just the
first procedure allows for the production of materials with
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TaBLE 5: Simulation output waveform for Fiber glass composite materials.

Material Fiber glass composite materials
Max
(Glass C)
Max
(Class D)
Max
Max (Glass R,S)
(Glass E)
Distribution of trips
Min Min Min Min
(Glass E) (Glass R,S) (Glass C) (Glass D)
Max
(Glass C)
Max
(Class D)
Max
Max (Glass R,S)
(Glass E)
Distribution of deformations
Min Min Min Min
(Glass E) (Glass R,S) (Glass C) (Glass D)
Max Max Max
(Glass R,S) (Glass C) (Class D)
Max
(Glass E)
Distribution constraints
Min Min Min Min
(Glass E) (Glass R,S) (Glass C) (Glass D)
excellent mechanical properties [6]. There are numerous (ii) Glass C has a high level of chemical resistance.
varieties of glass for each process, depending on the chemical (iii) Glass R or S provides excellent mechanical resistance.

compositions, with the following characteristics: . . . . .
P & (iv) Glass E is suitable for a wide range of applications

(i) Glass D has a high dielectric constant. and has strong electrical characteristics.
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TaBLE 6: Output results for fiberglass composite materials.

Materials Displacement Elasticity Stress

Glass D Minimum 0 4,1738e—-010 2,4561
Maximum 2,5891e - 003 4,0968e — 005 2,5583e + 004

Glass C Minimum 0 5,6 204e—-0 10 2,5515
Maximum 4,4552¢ - 003 5,4871e— 005 2,5633e + 004

Glass R.S Minimum 0 3,1275e-010 33,5511
’ Maximum 1,8122e - 003 3,1473e - 007 2,5673e + 004

Glass E Minimum 0 3,3111e-010 1,9704
Maximum 1,9539¢ - 003 3,2116e - 005 2,0826e + 004

The characteristics of glass fiber have been listed in
Table 3 [7].

3.6. Carbon Fibres. The precursor is warmed in a neutral
environment after being oxidized at around 3000C. The
mechanical qualities are determined by the final
manufacturing temperature [8]. The Young’s modulus rises
continuously with temperature, but the tensile strength
peaks at around 15000C and then falls as the manufacturing
temperature rises. Carbon fibers are low-density conducting
fibers with excellent mechanical qualities and a negative
coefficient of expansion. The carbon fibers have the fol-
lowing characteristics of various types of composites [9].

(i) V.H.M carbon has a very high modulus carbon
(ii) H.R carbon has a high level of resistance to carbon
(iii) H.M carbon has a high modulus carbon

(iv) L.M carbon is with a low modulus carbon

The characteristics of carbon fiber are listed in Table 4.

3.7. Matrices. The matrix of composites has two purposes: it
coats the reinforcements and protects them first from ele-
ments and it ensures a uniform spatially distribution of the
particles. External circumstances are sent to reinforcements
and distributed. To provide a piece of composite material a
form: their capacity for composite molding is determined by
them [10]. The matrices are classified into two types:

Organic matrices

Metallic matrices

3.7.1. Organic Matrices. Synthetic polymer matrix, in
combination with glass fibers, aramid, or carbon, is perhaps
the most prevalent in massive diffusion composites. These
have such a weak modulus and traction resistance, but they
will be easily impregnated with reinforcements.

3.7.2. Metallic Matrices. The implantation of reinforcements
with such a liquid alloy is indeed a technologically complex
procedure; in reality, only aluminum alloys containing fibers,
graphite, or were ceramic particles employed in this approach.
They are simple to use since their melting temperature is low
and they have a low density, so they are affordable. The metal
matrix’s toughness has been compromised. However,

particularly above 200°C, the stiffness of the reinforcement
offers the composite some intriguing mechanical properties
compared to the single alloy. Metal matrix composites are
reserved for aircraft applications due to their high imple-
mentation costs. It also is worth noting attempts to make
composites by molding and solidifying eutectic metals [11].

4. Results and Discussion

4.1. Fiber Glass Composite Materials. The degree of uncer-
tainty is one of the most significant factors to consider while
making a choice. The designer is attempting to foresee the
consequences of future occurrences. In order to produce an
accurate forecast, we will need the right information and the
right procedures [12]. We utilize the ANSYS program to
examine the development of blades in this work. Because we
choose to conduct a simulation on the blades using all of the
materials we mentioned previously, the simulation results
are presented in Table 5, wherein we attempt to examine the
resistance of every material.

4.2. Polymer Fibres for Composite Materials. Simulation
output waveform for polymer fibers for composite materials
and output results for polymer fibers for composite materials
are given in Tables 7 and 8.

4.3. Carbon Fibres for Composite Materials. In order to create
reinforced carbon-carbon composites that have an ex-
tremely high-temperature tolerance, carbon fibers are ad-
ditionally composited with some other elements, such as
grapheme [13].

Tables 6-8 have been performed based on the simulation
software ANSYS. To use a programmable interface, ANSYS
is a collection of —open-sourced software that enables in-
teraction with many ANSYS algorithms simultaneously
within the Python environment. This implies that we may
integrate ANSYS structural, electromagnetism, and com-
posite material simulation solvers, as well as other com-
puter-aided engineering programmes and tools to build
specialized solutions in Python. To conduct more efficient
and precise fatigue testing of their turbine blades, the ANSYS
software is used by the Bewind engineering group. By uti-
lizing the ANSYS solvers’ forecasting ability to confirm that
the blades are also both extremely durable and likely to work,
this customized automation greatly reduces both time and
expenditure [14].
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TaBLE 7: Simulation output waveform for Polymer fibers for composite materials.

Material Fiberglass composite materials

Max
(polyesters)

Distribution of trips

Max
(A,Kevlar 29) Max Max
(A,Kevlar 49) (polyethylene)
Min Min Min Min
(A,Kevlar 29) (A,Kevlar 49) (polyesters) (polyethylene)
Max
(polyesters)
Distribution of deformations
Max
(A,Kevlar 29) Max Max
(A, Kevlar 49) (polyethylene)
Min Min Min Min
(A,Kevlar 29) (A,Kevlar 49) (polyesters) (polyethylene)
Max Max Max Max
(A,Kevlar 29) (A,Kevlar 49) (polyesters) (polyethylene)
Distribution constraints
Min Min Min Min
(A,Kevlar 29) (A,Kevlar 49) (polyesters) (polyethylene)
TaBLE 8: Output results for Polymer fibers for composite materials.
Material Displacement Elasticity Stress
Polyethylene Minimum 0 5,7315e—012 5,6698¢ — 001
yery Maximum 1,6996¢ — 003 4,4988¢ — 005 3,9765¢ + 004
Minimum 0 3,8106e — 011 5,6632¢ — 001
Polyester .
Maximum 1,2142e — 002 2,9283¢ — 004 3,9675e + 004
A Kevar 49 Minimum 0 4,01e-012 5,6675e — 001
’ Maximum 1,2674e — 003 3,1042¢ — 005 3,9765e + 004
A Kevlar 29 Minimum 0 1,1148¢ - 011 5,6534e — 001
: Maximum 2,8319¢—-003 8,1661e — 005 3,9675e + 004
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FIGURE 2: Material structure of wind blades.
TaBLE 9: Blade characteristics.
Length 4cm
Width 0.754 m
Volume 1.321111e - 001 m®
Mass 14.897 kg
TaBLE 10: Output results for Carbon fibers for composite materials.
Material Displacement Elasticity Stress
V.HM carbon Minimum 0 7,4256e — 012 5,6725e - 001
o Maximum 1,1146e - 004 5,8737e - 006 3,9755e + 004
H.M carbon Minimum 0 1,3598e - 012 5,6738e - 001
’ Maximum 2,3894e - 004 1,1e-005 4,9875e + 004
LM carbon Minimum 0 2,754ge— 012 5,6792e — 001
’ Maximum 8,432ge — 004 2,0454e - 005 3,9675e + 004
H.R carbon Minimum 0 1,9442e -0 12 5,6628¢ - 001
’ Maximum 6,3900e — 004 1,3902e - 005 3,9675e + 004

Although fatigue loads are often taken into consider-
ation when designing rotor blades, they continue to be one
of the major causes of blade failure. The most frequent
reason for complete blade failure is a permanent defor-
mation of the fiber parts of the blades. Tiny cracks start as a
result of material fatigue and spread out as a result of cyclic
stress. The repetitive, cyclic character of the stressing can
lead to breakage and collapse even when the load applied is
lower than the material’s compressive properties [15, 16].
Dynamic and steady-magnitude fatigue loads are the two
types of fatigue loads. Dynamic amplitude compressive
load is much more typical in real-world situations. To
mimic material deterioration, additional computer pro-
cessing is needed since the load’s amplitude changes over
time. Calculating fatigue cycles involves using the load-
time histories of variables such as pressure, torque, stress,
and strain. Other techniques, such as the rain flow-
counting algorithms, could be employed to condense er-
ratic and lengthy load histories. The Miner’s Formula,
among the most widely prominent damage accumulation
models predicting fatigue failures, is frequently used to
derive a harm parameter after analyzing and computing
loading cycles with different amplitudes. The first stress

cycle is just as harmful as the last because Miner’s Rule
believes that the damage caused by each period of testing at
any particular stress level is similar.

Figure 2 illustrates how the material structure variables are
used for the loading to assess the model’s stress period, and
Table9 shows the blade characteristics. Furthermore, each load-
time-series assessment utilized in any model at Bewind is the
meticulous output of several multibody computations of the
whole wind turbine. The next step is to identify each exhaustion
scenario using an algorithm that was taken into account during
the design evaluation. After this, the team employs stress-life
graphs to illustrate the consequences of mean stress in a graph
model at various applied load magnitude levels and average
load levels. This allows the team to calculate the degree of
damage within every stressful situation and serves to show the
analyzed composite materials. After the successful simulation,
we tabulate and learn from Tables 10 and 11 [17]:

(i) H.M Carbon, and A. Kevler are the appropriate ma-
terials for the design of large wind turbine blades due to
their higher stress, minimum elastic, and deformed
properties. The high strength, less density, and ex-
tended fatigue life of these composites are ensured.
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TaBLE 11: Simulation output waveform for carbon fibers for composite materials.

Material Fiber glass composite materials

Max
(L,M Carbon)

Max
(H,R Carbon)

C . . Max
Distribution of trips
p (H,M Carbon)
Max
(V,H,M Carbon)
Min Min Min Min
(H,R Carbon) (L,M Carbon) (H,M Carbon) (V,H,M Carbon)
Max
(L,M Carbon)
Max
(H,R Carbon)
Distribution of deformations (H,M Carbon)
Max
(V,H,M Carbon)
Min Min Min Min
(H,R Carbon) (L,M Carbon) (H,M Carbon) (V,H,M Carbon)
Max Max Max Max
(H,R Carbon) (L,M Carbon) (H,M Carbon) (V;H,M Carbon)
Distribution constraints
Min Min Min Min

(H,R Carbon) (L,M Carbon) (H,M Carbon) (V;H,M Carbon)
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(ii) We also discovered that glass R is the best choice for
tiny blades.

5. Conclusion

The purpose of this article is to explore the material choices
for wind turbine blades. Material features and attributes are
significant when choosing materials for a project. Also,
crucial are material accessibility, material price, and pro-
duction cost. With this knowledge, the stiffness, lifespan, and
strength of the concrete may be predicted. Furthermore, we
may improve the microstructures of substances by evalu-
ating their suitability for wind turbines. As a result of the
investigation, we discovered that composite wind turbine
blades are indeed the best owing to their properties of high
toughness, less density, and extended service life.
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An experimental investigation was performed to study the performance of thermally sprayed yttria stabilised zirconia (YSZ)
coatings obtained with the reinforcement of carbon nanotubes (CNTs) in different weight percentage proportions. The at-
mospheric plasma spray (APS) method was used to deposit YSZ + CNTs at three different weight proportions on low carbon steel
(AISI 1020) following the industrial standard procedure. The quality of thermally sprayed coatings was evaluated to report on
percentage porosity (ASTM B276), sliding wear resistance (ASTM G133-05), and metallurgical bonding of the coating with the
substrate material. From this investigation results, it has been confirmed that the thickness of the coatings is almost uniform, and
the percentage porosity is decreased with an increase in CNTs weight percentage proportion. ImageJ software has confirmed the
presence of CNTs in the ceramic deposit, and also uniform distribution throughout the coating. Subsequently, the metallurgical
bonding of the deposit is also ensured and confirmed that the deposit adheres on the substrate. The hardness of the coating found
increased with the increase in CNTs proportion as 554 Hv with 1 wt.% CNTs, 805 Hv with 3 wt.% CNTs, and 933 Hv with 5 wt.%
CNTs in thermally sprayed YSZ. The results obtained are highly appreciable when compared to the hardness (454 Hv) of thermally
sprayed pure YSZ coating. From results of wear tests, it was found that at slow speed (i.e., 319 rpm), the minimum mass loss was
identified for all the three different combinations of CNTs reinforced coatings. However, 5 wt.% of CNTs in YSZ has very
minimum wear at 5 kgfload and subsequently mass loss increased with the decrease in CNTs weight percentage proportion. Based
on wear resistance, it was found that the 5 wt.% CNTs in YSZ has a maximum wear resistance. Severe wear scars and coating
delamination in 1% CNTs reinforced coatings were identified from the microstructural analysis. Therefore, addition of CNTs in
YSZ coatings has a significant impact over the wear resistance and mechanical properties improvement of the coatings.

1. Introduction

Thermal barrier coatings (TBCs) are extensively used in
aircraft engines, the power sector, nuclear reactors, and also in
the automobile sector. The yttria-based ceramic coatings are
widely recommended for improving the wear and corrosion
resistance. In particular, yttria-stabilised zirconia (YSZ)
coating is highly recommended as a thermal barrier coating
for turbine engines to increase the wear resistance and also to
protect the components from an aggressive oxidation envi-
ronment. YSZ thermal barrier coatings (TBCs) deposited
using atmospheric plasma spraying on nicked-based super-
alloy DZ125 substrate were examined by Wang et al. and
found that the type of bonding, metallurgical structure, and

YSZ coatings’ porosity had improved [1]. The source of YSZ
for the thermal spray process is in the form of micro-level and
nano-level technology [2-4]. Initially, thermal barrier coat-
ings are deposited using sputtering methods like physical
vapour deposition (PVD), chemical vapour deposition
(CVD), and electron beam assisted PVD process (EB-PVD)
[5-7]. Later, these coatings are deposited with thermal
spraying processes that are quite different from sputtering and
molten deposition methods [8, 9]. However, it is reported that
the ceramic coatings deposited using sputtering or thermal
spraying processes are reflected with the presence of porosity
in the microstructure of the coatings [10, 11].

It is important to note that the ceramic coatings are
highly recommended for surface properties enhancement.
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Especially, the ceramic coatings support to insulate the
component from thermal ambient, increase the wear re-
sistance, and also protect the surface from oxidation/cor-
rosion resistance [12]. In addition to ceramic coatings, there
are some hard metallic oxide/carbide coatings like tungsten
carbide, titanium carbide, chromium oxide, and titanium
oxide [13, 14]. The size of the powder material has also
influenced in improving the metallurgical quality of the
coatings [15]. The use of nickel-tungsten carbide (Ni-WC)
powder in terms of nano structure will increase the strength
in grain boundaries on deposition [16]. A step ahead, the
coatings in the form ceramic and metallic carbide/oxide is
used as a composite coating [17]. Influence of metallic
carbide/oxide in the ceramic composite coating will sub-
sequently increase the microhardness and wear resistance in
the coatings [13]. In the view of coating powder deposit, the
selection of appropriate coating process plays a vital role.
The materials in the form of ceramic, metallic, carbide, and/
or oxide in the form of composite coating depend on spray
temperature. Plasma spray coating is one of the versatile
processes to handle any form of coating material to deposit
on the substrate surface. Metallurgical characteristics and
mechanical properties of the coating are found better in
atmospheric plasma-sprayed coatings [18].

In this research work, an attempt is made to study the
tribological behaviour of plasma-sprayed YSZ coatings. To
increase the strength and metallurgical bonding in the
coatings, carbon nanotubes are used. It was found in earlier
works that the carbon in carbon nanotubes (CNTs) forms a
covalent bond with the parent material easily. On the other
hand, the addition of carbon will also enrich the surface
properties of the coatings in terms of increased surface
hardness, good wear resistance, and controlled friction
against the counter material [13].

In this present work, the CNTs in powder form are
mixed with the ceramic feedstock powders of YSZ and then
sprayed on the metallic substrates to obtain the corre-
sponding coatings. The coatings are deposited using air
plasma spraying (APS). However, it is believed that after
adding the CNTs with ceramic feedstock, the pores are
reduced in the coatings significantly with an astonishing
bonding strength due to CNTs reinforcement.

2. Experimental Procedure

Yttria-stabilised zirconia (YSZ) feedstock powder was used
for depositing the coatings on the mild steel substrate. To
increase the bond strength and wear resistance, the carbon
nanotubes (CNTs) were blended with the YSZ feedstock
powder before spraying. The morphology of the CNTs mixed
with YSZ powder and microstructure of coatings is observed
under a high-resolution scanning electron microscope
(SEM) at higher magnifications. CNT powder was procured
from a standard supplier with a valid test report. The purity
of the CNTs used was 98.9% with physical dimensions of ¢
25nm and 25 um length with a bulk density of 0.14 g/cm”.
Ball mill (Make: SISCO) was used for the mechanical
blending of CNTs with YSZ ceramic feedstock powder. The
process conditions of ball milling are shown in Table 1.

Advances in Materials Science and Engineering

TaBLE 1: Process conditions for ball milling.

Parameter Range Units
Vail speed 400 rpm
Vial diameter 90 mm
Vial material High chrome hard steel —
Ball material Tungsten ball —
Milling type Dry condition —
Milling time 60 min

After ball milling, the thoroughly mixed composite
powder was used for deposition of coatings using the air
plasma spraying process. The air plasma spraying (APS)
process is one of the best and versatile thermal spraying
methods to deposit rare earth and ceramic materials also [9].
The process parameters used for the deposition of coatings
are shown in Table 2. In this research work, the YSZ
feedstock powder with three different weight percentage
proportions of 1 wt.%, 3 wt.%, and 5 wt.% of CNTs rein-
forcement was used to deposit the coatings on the substrate
material. A coating thickness of approximately 500 microns
was maintained and evaluated through the cross-sectional
micrographs.

The phases present in the powders and coatings were
found using X-ray diffraction (XRD) analysis. The XRD
studies were carried out using a PANalytical X’pertPRO
(PW1070) X-ray diffractometer with CuKe radiation, op-
erating at 40kV voltage and 30 mA current, scanning step
size of 0.0167°, and step time of 0.13s. The microhardness
measurements were carried out using an MMT_X7B
microhardness tester (MAT Suzawa, Japan) with a Vickers
indenter. The microhardness tests were conducted at a load
of 100 g and a dwell time of 15 s at random locations on the
cross-section of the coating and an average microhardness of
8-10 readings was computed. The wear performance of
CNTs reinforced YSZ coatings was evaluated using a ball-
on-disc tribometer following the ASTM G133-05 standards.
The tungsten ball of 8 mm diameter was used as the counter
body. The wear tests were performed considering three
different parameters, namely: applied load (kgf), disc ro-
tational speed (rpm), and test duration (min). The sliding
distance of 300m was kept constant. The wear test pa-
rameters are shown in Table 3. From the wear tests, the mass
loss and wear rate are calculated. Subsequently, the mor-
phology worn-out coating surfaces was also observed
through a scanning electron microscope and the wear
mechanism has been analyzed from micrographs.

3. Results and Discussion

The powder morphology of CNTs and YSZ powders is
shown in Figures 1 and 2. The carbon nanotubes shown in
Figure 1 were produced through a chemical vapour depo-
sition process. CN'T powder particles are spherical in shape
with an average size of 25 microns.

The carbon nanotubes in different weight percentage
proportions are added to the yttria-stabilised zirconia ce-
ramic feedstock powder and the corresponding coatings are
obtained using air plasma spraying. These CNTs reinforced
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TABLE 2: Process parameters used for deposition of coatings using
APS.

Parameter Range Units
Arc current 630 Amps
Arc voltage 55-75 Volts
Primary gas (argon) 43 lpm

(litre per minute)
Secondary gas (hydrogen) 14 lpm

(litre per minute)
Stand-off distance 100-125 mm
Powder feed rate 30 g/min

TaBLE 3: Ball-on-disc wear test parameters.

Parameter Range Units
Applied load 0.5, 1.0, and 1.5 kef
Disc rotating speed 319, 637, and 955 rpm
Test duration 10, 20, and 30 min
Sliding distance 300 m

Wear track diameter 10 mm

coatings were evaluated for phase analysis, microstructural
characteristics, mechanical properties, and the wear char-
acteristics. Figure 3 shows the optical microscopic image of
YSZ mixed with CNTs at different percentage proportions. It
is clear to infer from the optical microscopic image that the
carbon nano particles have been dispersed throughout the
coating. Microstructure also revealed the dark regions over a
ceramic coating in a light colour. It has been postulated from
the literature reports that the dark and white fringes are due
to edges and boundaries during molten deposits [19].1% of
CNT has been found to be scattered randomly in dark layers
in YSZ and changes were revealed on the increase of weight
percentage of CNT. Significantly 5% of CNT has been found
uniformly dispersed in YSZ-based ceramic and justifiable in
CNT dispersion. In addition, the percentage porosity of the
thermally sprayed coatings is also studied with image
analyser following the ASTM standard (of ASTM B 276)
procedure. As reported in the literature, the addition of CNT
will have surface reaction with the bonding material. In this
case, the optical image reflects that the 5% of CNT has
uniform distribution throughout the coating and 1% of CNT
has less distribution. In contrast to the distribution, 1% of
CNT has minimum porosity of 6.22% for a total observed
area of 1.175sq. mm. However, increase in CNT has
maximum porosity of 16.53% and 16.78% for CNTs in 3%
and 5% in weight proportion, respectively. The significance
behind the increase in porosity in the YSZ coating is dif-
ferent from other processes. The use of MWCNT in YSZ
ceramic material is highly reactive. In this way, the increase
in CNT weight proportion is directly proportional to the
porosity of the coating. During thermal spray process, the
amount of heat generated will react with both YSZ and CNT
to pay path to produce voids. However, the strength of the
YSZ will be increased compared to the varying proportion of
CNTs in the coating.

In order to confirm the presence of CNTs in the ceramic
material, the X-ray diffractometric analysis is performed. For
comparison, the XRD results of YSZ with different weight

Date :21 Jun 2017
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FIGURE 2: SEM image of yttria-stabilised zirconia powder used for
thermal spray process.

proportion of CNT is assessed with pure YSZ material. The
XRD report reflects the presence of zirconia in the form of
monoclinic, tetragonal, and cubic phase. Different forms of
zirconia in YSZ coatings indicate that yttria-stabilized zir-
conia is reactive at plasma spray temperature. At an angle of
30° (for 20 representation), cubic phase has maximum in-
tensity over a lattice (111). Subsequently, the XRD peaks for
monoclinic structure is also reflected through the XRD
analysis (see Figure 4). This reaction occurs as a result of
yttria stabilisation and the formation of a complete solid
solution during thermal spray deposition. In order to study
the grain size and bonding strength of the particle deposited,
the Scherrer equation is used and the average size of 25 nm is
considered. For the YSZ with the CNT material, the presence
of carbon is confirmed in the XRD peaks pattern. The in-
tensity of carbon dispersion is clear to infer over the YSZ
ceramic material. At the same time, the intensity of YSZ
found was reduced while increasing the percentage of CNT
weight percentage. Therefore, the presence of CNT in the
YSZ thermal sprayed coating is confirmed through optical
imaging and X-ray diffraction for further processing.

To discuss in detail about the coating thickness and
metallurgical bonding, the thermally sprayed layer is pol-
ished following the standard procedure. Prepared samples
are observed through an electron microscope to measure the
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FIGURE 3: Optical image of YSZ with three different CNT proportion indicating the dispersion at higher magnification.

coating thickness and metallurgical bonding. Figure 5 shows
the scanning electron microscopic images showing the
bonding layer and coating thickness of YSZ reinforced with
CNTs at different weight percentage proportions. The hatch
geometry of the thermal spray layer is uniform throughout
the splat deposit on the substrate material. Based on the SEM
images, the achieved coating thickness was very close to the
target thickness of 500 ym. Microscopic image also supports
that the metallurgical bonding of the YSZ and CNTs coatings
strongly adheres to the substrate material. In general, it is
difficult to modify the surface of carbon steel as they are
vulnerable to an aggressive environment. However, a suc-
cessful deposition is noticed on mild steel substrates through
the thermal spraying process in this work.

Microhardness of YSZ coating systems obtained with
different percentage portions of the CNTs reinforcement is

shown in Figure 6. Figure 6 shows that when the amount of
CNTs in the coatings increases, the hardness of the coatings
increases significantly. The percentage fluctuation of CNTs
greatly affects the outcomes (i.e., 1, 3, and 5 wt.%). This is in
accordance with the expectation that as the amount of CNTs
in the coatings grows, porosity in the coatings reduces, hence
hardness increases. Reference [20].

Further, thermally sprayed YSZ coatings obtained with
different weight percentage proportions of CNTs addition
are used to study the sliding wear behaviour of the coatings.
The experimental investigation on sliding wear analysis is
performed through a ball-on-disc tribometer. Schematic
illustration of the ball-on-disc wear test process is shown in
Figure 7. A 8 mm tungsten ball slides on a thermally sprayed
YSZ-CNT coating at different speed at varying applied
loaded condition. The experiments are conducted at
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FIGURE 4: XRD peaks of (a) pure YSZ powder before spray and (b)-(d) after spray with CNT at different weight percentage proportions.
(a) Pure YSZ powder for coatings. (b) YSZ-1% CNT. (c) YSZ-3% CNT. (d) YSZ-5% CNT.

different process conditions in nine different combinations
by varying the applied load, disc rotating speed, sliding
distance, and wear test time. At these test conditions, the
experiments are conducted for individual material combi-
nation. Table 4 shows the combination of test conditions
used for wear test.

From the wear analysis, the recorded responses on mass
loss are given in the form of graphical representations as

shown in Figure 8. It is clear to depict that the mass loss for
1% CNT in YSZ has a record of maximum value (0.0035g)
for an applied load 1.5kgf rotating at 955 rpm. When the
disc rotates at a maximum speed, the tangential force exerted
will cross the tendency of threshold and friction force will be
increased. To control the frictional force and its impact, it is
proposed to minimise rotating speed and reduce applied
load condition. However, for a specific condition, it is
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difficult to suggest these constraints (reducing speed and
load) as they are designed for particular application. To meet
out this situation, the addition of CNT in YSZ has produced
good results in terms of mass loss. The mass loss for 3% CNT
is 0.0032 g and for 5% CNT it is recorded as 0.003 g for the

Tungsten Ball -
with applied load

Rotating disc -
Coated Substrate

FiGUre 7: Schematic illustration of the ball-on-disc wear test
process following the ASTM standard (ASTM G133-05) [21].

same process (955rpm with 1.5kgf) conditions. Subse-
quently, a very minimum loss (0.0017 g) is recorded for
minimum speed (319rpm) with applied load (0.5kgf). It
shows that the resistance of the YSZ has been increased with
increase in CNT weight percentage.

The recorded response on wear resistance is given in the
form of graphical representations as shown in Figure 9. The
wear resistance is directly proportional to the hardness of the
sliding surface. For a rotating ball, the hardness is 85 HRC
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TaBLE 4: Combination of test conditions used for wear test.

Test Load (kgf) Speed (rpm) Distance (m) Test duration (min)
1 1.5 955 300 10
2 1 955 300 10
3 0.5 955 300 10
4 1.5 637 300 15
5 1 637 300 15
6 0.5 637 300 15
7 1.5 319 300 30
8 1 319 300 30
9 0.5 319 300 30
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FIGURE 8: Mass loss measured during the experimentation with YSZ + CNT coating for different rotational speed.

and for the YSZ coating, it is 70 HRC [9]. Both the materials
are rich in hardness compared to the substrate material.
During sliding wear test, in addition to influence of surface
hardness, the frictional energy generated will also highly
influence to cause the wear. It is observed that the rein-
forcement of CNT in the YSZ has simultaneously increased
the surface hardness of the coating. Behaviour of CNT in
YSZ reveals the performance like a diamond during sliding
wear analysis. The maximum wear resistance of 3980 Nm/
mm” is recorded for 5% of CNT in YSZ. Wear resistance is

also influenced by the process conditions such as applied
load and sliding velocity or speed. Further, the worn surfaces
of coatings are evaluated through electron microscope to
study the wear mechanism and surface topography.

Worn surface of YSZ-CNT coating observed through
electron microscopy is shown in Figure 10. For all the
conditions, the wear tracks are clear to highlight the di-
rection of the roller (hard tungsten ball) over YSZ-CNT
coatings. Degrees of freedom for the rolling ball is free to all
the directions and it has induced the surface on coatings with
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FiGgure 11: 3D profile of worn surface on YSZ-CNT coatings.

point. The point of impress (of hard ball) over the coating is
less (approximately 30 microns) and the total load applied
on the ball will cause severity in surface damage. Moreover,
the ceramic materials are vulnerable (severity in cracks/
fracture) towards the point load with tangential (frictional)
force. In this work, the metallurgical bonding of the YSZ
ceramic material and addition of CNT and simultaneously
the properties of the coating have been increased to resist the
friction of the rolling ball. The mechanism involved in this
research confirms that there is no adhesion or erosion of
hard particle over the worn surface. It has induced the
coating to make a score mark (mild abrasion) in the form of
continuous tracks. To discuss in detail, the worn surface is
analyzed using a 3D profile metre. Figure 11 shows the 3D
profile and its surface area roughness of the worn surface on
YSZ-CNT coatings after wear analysis. The average surface
roughness of the worn area is 40-55 ym and it is measured
for exposed surface area. Maximum surface roughness is for
5% of CNT, which is around 52-55 ym. When the hard ball
slides on the coated surface, the voids/pores are compressed,
and the surface protrudes with maximum peaks and valleies.
This is not a negative sign of result, and it is due to

compressive strength over pores on ceramic coatings.
Therefore, the presence of CNT in YSZ has subsequently
increased the wear resistance and protected the substrate
from maximum wear in terms of material loss and increased
the coating life.

4. Conclusions

Experimental investigation on plasma-sprayed yttria-stabi-
lised zirconia coatings reinforced with carbon nano tubes
has been performed to study the mechanical properties and
wear characteristics. The following are the conclusions with
technical justifications to recommend the CNT-YSZ thermal
spray coatings.

The addition of CNTs in the ceramic coatings has in-
creased the porosity of the coating. This is due to the
metallurgical fusion and surface reaction of CNTs with YSZ.
As a result, the metallurgical reaction between the elements
has simultaneously increased the surface hardness. The
presence of CNTs in YSZ has maximum surface hardness of
566.72 Hv, 507.35 Hv for 3% CNT, and 493.19 Hv for 1%
CNT. Compared to the hardness of pure APS-sprayed YSZ
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(440.81 Hv), an increase in hardness was noticed with an
increase in CNT. The metallurgical bonding was found to be
strong with the substrate material and the thickness of the
coating was uniform throughout the section. The dark in
colour indicates the surface reaction of CNT with ceramic
material. Mass loss of 1% CNT in YSZ found maximum of
0.0035g and minimum of 0.0017g for 5% CNT in YSZ
plasma coated layer. Pure ceramics are possible to abrade
and pull out of particles. However, the addition of CNT has
increased the bonding strength and surface hardness to resist
the sliding wear. Subsequently, the surface was found with
minimum wear and less wear scars on 5% CNT. Therefore,
the presence of YSZ with CNT has substantially increased
the surface hardness and the wear resistance has been
increased.
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The current exploration work focuses on the fabrication of aluminum 7075 matrix composites built up with different weight levels
of titanium carbide particles by a traditional stir casting process. In particular, the combination of high hardness and flexible
modulus, low density, great wettability, and low synthetic reactivity with aluminum melt makes TiC particle an attractive material.
From 0% to 6 wt.% of reinforcement is introduced in steps of 3 wt.%. Aluminum matrix composites are studied in depth to learn
more about their microstructures and mechanical properties. TiC particles were uniformly dispersed in the aluminum lattice, as
shown by scanning electron micrographs of the material’s microstructure. As the weight of the TiC particles in the aluminum
lattice increases, so does the density of the composites. The X-ray diffraction technique has also been used to detect the phase of
TiC particles. As the amount of TiC particles in the aluminum matrix increases, the material’s mechanical properties, such as
ultimate tensile strength and hardness, increase at the expense of ductility. The preorganized composites have also undergone

fractography testing.

1. Introduction

Constant progress is being made in the field of metal matrix
composites (MMCs). Here, metal serves as a matrix for rein-
forcements like art or natural materials. As a result of their
portability, aluminum (Al), magnesium (Mg), and titanium (Ti)
are frequently used as metallic matrix materials [1-3]. Because
of the cooperation of its constituting stages, such as metal matrix
and ceramic reinforcement, ceramic-built metal matrix com-
posites are regarded as exceptionally distinctive materials for the
purpose of primary applications, thanks to their great property
blends like malleability, durability, high strength, and high

modulus [4, 5]. The physical and mechanical properties of
composites are heavily influenced by the reinforcement type
and fabrication method [6]. There are a few different states that
reinforcement can be in, including fiber, particulate, and hair. In
order to enhance the composite’s properties, it is crucial to select
the matrix, reinforcement, and reinforcement state appropri-
ately [7-9]. Due to its high solidarity-to-weight ratio, ease of
manufacture, and low fabrication cost, aluminum, and its
combinations have become the most widely used nonferrous
metals in recent years [10]. The aluminum matrix composite
(AMC:s) assumes a critical part in upgrading the properties of
the material that are pertinent in auto businesses, marine,
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aviation, and so on. Though these AMCs were additionally
explored with the mix of building-up particulates in various
rates, it fully intent on improving the attributes of the parent
aluminum matrix. Bringing ceramic particulate fortifications
into an aluminum network delivers a composite with better
physical, mechanical and tribological properties in contrast with
the traditional designing materials. The principal motivation
behind delivering aluminum matrix composites (AMCs) is to
foster lightweight materials having high solidness and high
unambiguous strength. Aluminum metal matrix composites
(AMMC:s) reinforced with artistic particles made of aluminum
are simple, easy to work with, and may even provide tailor-
made property combinations [11]. As a result of being able to
mix and match their properties, composites are now superior to
metals in many automotive and aviation uses [12]. Fortifying of
both the direct and indirect aluminum composite is facilitated
by the normal properties of clay fortifications, such as high
hardness and low coeflicient of thermal development [13].
Hard-fired composites, such as SiC, B,C, Al,Os, AlB,, TiB,, and
TiC, are commonly used to foster AMMCs [14] for the pro-
duction of automobile parts that function in a rubbing and
temperature climate. With their high-intensity conductivity,
high unambiguous modulus, low density, and stability at high
temperatures [15], the literature suggest that TiC reinforcement
is a promising material for the development of AMMCs. These
materials must have the option to help with a high strength-to-
weight ratio, distortion, or crack during execution and keep up
with controlled grating and wear over significant stretches
without extreme surface harm [16].

Among all-aluminum chemical families, the new age
series 7 series contains zinc as a focal alloying component
and high-strength combination; they are common in avia-
tion and automobile applications. When nanosized particles
are added to the matrix of aluminum, there are gigantic
outcomes shown by composites as far as strength and
flexibility because of changes in the system of hardening for
nano-sized reinforcement. Al7075 (Al-Zn-Mg-Cu) amal-
gam is a significant individual from the 8xxx series chemicals
and is widely utilized in the avionic business attributable to
its light weight and high mechanical execution [17]. Many
endeavors have been made to additionally work on the
mechanical properties of the 7075 aluminum chemical.
Improvement in the exhibition of most aluminum combi-
nations can be credited to adjustments to chemical synthesis
and additionally utilizing new fabrication strategies [18].
Al7075 are significant chemicals among 7xxx series alu-
minum combination assignments and are generally utilized
in safeguard areas because of intrinsic properties like light
weight and high strength materials when contrasted with
solid materials [19]. Executions of the aluminum-based
chemicals are enormously worked on by shifting the sub-
stance arrangement and by using novel fabrication proce-
dures. AMMCs can combine through different strategies, for
example, powder metallurgy, dispersion holding, substance
fume testimony in-situ technique, mix projecting, and so on
[20]. Yet, among all mixed projecting strategy is extremely
well known on account of its highlights like expense via-
bility, straightforwardness, and huge scope fabrication.
Ultrasonic helped mix projecting is advancement in further
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developing molecule dispersion and getting homogeneous
nanocomposites. The particulates reinforced with aluminum
lattice stage show great strength when and flexibility because
of varieties in cementing components. The fluid metallurgy
course is prudent and simple to manufacture. Ultrasonic
helped mix projecting is an original strategy to blend the
composites and prompts vortex development between the
two stages. Its fabrication limit and cost viability offer it
more consideration. A few elements are being considered
with the utilization of mix projecting for creating aluminum
metal-lattice composites, this incorporates acquiring ho-
mogeneous dispersion of hard clay or reinforcementing
particles inside the matrix, laying out wettability among
network and reinforcement stage to get great intermetallic
security and limiting the porosity in MMCs. These variables
can be accomplished by taking the legitimate place of the
stirrer and furnace temperature. Right now, both aluminum
and aluminum combinations are utilized broadly in auto
and aviation parts because of their high unambiguous
strength, flexibility, and ductility. Be that as it may, they have
unfortunate wear obstruction, which increments upkeep
costs complex. Then again, Al amalgam MMCs offer much
better wear obstruction, as well as mass properties. Due to its
high melting temperature (3160°C), low thermal coefficient
of development, unprecedented hardness, fantastic wear,
and good abrasion resistance [21], TiC particulates have
recently received a lot of attention as a ceramic reinforce-
ment to Al chemical matrix nanocomposites.

Conventional aluminum combinations have generally
high strength at room temperature, the mechanical prop-
erties will be diminished over half when the temperature is
higher than 473K, which restricts their application at high
temperatures. A potential method for taking automobile of
the issue is to bring TiC particles into the network [22]. It is
demonstrated by elevated temperature tractable testing that
aluminum matrix composites reinforced with TiC fortifi-
cations hold their room temperature strength up to 2500°C.
TiC particulates pottery shows a high melting point, high
hardness, and high wet blanket opposition. Subsequently,
the presentation of TiC particles ought to altogether further
develop the high-temperature properties of the composite,
particularly the high-temperature creep obstruction. Strong
chemical bonds can be formed in aluminum even when the
compound is at room temperature. When aluminum
amalgam is used at high temperatures, its strength and other
mechanical properties degrade. Consolidating reinforce-
ment (TiC) into the aluminum matrix can solve this problem
[23].

This article focuses on the design and description of TiC
particles used to reinforce AMMCs, including how well they
work with aluminum lattices, whether or not their properties
improve after the presentation, and so on. The literature
shows that TiC can be used as a reinforcement in AMMCs
because of its remarkable mechanical and wear properties,
high thermal shock obstruction, and great thermal con-
ductivity. A/TiC AMCs were found to have a higher
strength-to-weight ratio than unreinforced composites in a
number of tests. TiC particulate-based composites have the
potential to be used as a high-level underpinning material
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due to their exceptional property blends, including high
mechanical strength, great protection from wear and con-
sumption, and high synthetic and thermal steadiness at both
ambient and elevated temperatures. This nonoxide clay is
appealing for a variety of uses, such as bearing material,
because of its low density, high dissolving point, great wear
obstruction, and sturdiness. TiC is used unmistakably in heat
exchanger assembly, guidance, motor components, and
turbine edge applications. Similarly, on 7XXX composites,
only a minimal amount of work has been done on TiC
reinforcement. Thus the current papers manage the planning
and portrayal of Al7075-TiC MMCs including the assess-
ment of microstructure, mechanical properties, and frac-
trography conduct of TiC composites. In the current work,
composites work Al7075 alloy with 3 and 6 wt.% of 70 to 80
micron-sized TiC particles reinforced composites were
manufactured, the microstructure was described, and me-
chanical properties, for example, hardness and density were
likewise contemplated.

2. Fabrication Process

2.1. Experimental Details. In this work, Al7075 was picked as
a lattice material and TiC particle as a reinforcement ma-
terial. The stir cast process has been used for creating the
composites. Al7075 lattice material was melted in a crucible
furnace heater and the different weight rates of TiC rein-
forcement particles were mixed to create the different
syntheses of the composites. The proposed AMC was fab-
ricated involving Al7075 having the chemical arrangement
as displayed in Table 1. The building-up molecule was TiC
particles with a particle size of 70-80 microns as in Figure 1.
Table 2 gives the details of TiC reinforcement particles and
Al7075 alloy.

The Al7075-TiC composite used in this investigation
was made via a stir casting process. 1,000 grams of Al7075
alloy were melted at 750°C in a mud graphite cauldron, and
the resulting rods were 25 mm in diameter and 75 mm in
length. The aluminum melt should have a uniform dis-
tribution of reinforcement if the mixing process was
conducted properly. A mechanical stirrer was used to help
the melt blend into a tight vortex. TiC-fired powder in the
range of 70-80 m in size was preheated to 600°C in order to
oxidize the surface of the reinforcement particles. A
constant stream of heated TiC powder was fed into a ro-
tating aluminum dissolve vortex. In order to provide a
passive subterranean environment, argon gas was added to
the liquid mixture throughout the entire cycle. In order to
study the properties of aluminum composite projection,
motion and degassing tablets were placed over the pot. The
mixture was stirred continuously for 10 to 15 minutes with
a mechanical stirrer operating at 400 revolutions per
minute on the impeller. While the particles were growing in
size, the melt temperature was maintained at 750 degrees
Celsius. After the die was heated, the liquid metal was
poured in, and the resulting casting rods measured 15
millimeters in diameter and 125 millimeters in length. The
same method is utilized when making AMCs out of 6 wt.%

TaBLE 1: Chemical composition of Al7075 alloy by weight%.

Zn Mg Si Fe Cu Ti Mn Cr Al
61 21 04 05 15 001 03 018

Balance

TaBLE 2: Properties of Al7075 alloy and TiC particles.

Tensile
. Hardness Density Elastic
Material A strength
(BHN) (gm/cm”)  modulus (GPa) (MPa)
Al7075 70 2.82 70 220
TiC 2810 493 400 345

" VEGA3 TESCAN

SEM HV: 25.0 kV/ WD: 9.94 mm
SEM MAG: 400 x Det: SE

F1GURE 1: SEM of TiC particles.

TiC composites. Figure 2 depicts examples of Al7075-TiC
composites.

Cast AMC samples were prepared for microstructures
concentrate using conventional metallographic methods.
The manufactured AMCs were analyzed by scanning elec-
tron microscopy to determine their metallographic prop-
erties (VEGA3 TESCAN). Besides the hardness and
elasticity testing, an X-beam diffraction (XRD) study was
also conducted. The fabricated composite examples were
cleaned with grits of 200, 400, 600, 800, and 1000 before
being scratched with Keller’s etchant. Keller’s reagent
(HNO; + HCL + HF) was used to etch the samples after they
were meticulously cleaned with grating paper and velvet
material. Using a Brinell hardness analyzer and a load of
250 kgf for 10 seconds, we were able to estimate the hardness
of the cleaned tests. The ASTM 08-compliant elastic ex-
amples were prepared. Figure 3 depicts the illustrative parts.
For this purpose, an electronic universal testing machine was
used to make estimates of both the ultimate tensile strength
(UTS) and the compression strengths. Utilizing the
Archimedean rule, we were able to make a rough estimate of
the densities of the manufactured composites [24].

3. Results and Discussion

3.1. Microstructural Studies. Scanning electron micrographs
(SEM) of cast Al7075 composites containing 3 and 6 wt%
TiC are shown in Figure 4 ((4a)-(4c)). Images captured
using a scanning electron microscope reveal the presence of



FIGURE 2: Al7075-TiC composites after casting.

FIGURE 3: Tensile test specimen.

TiC particles in a metal matrix composed of aluminum.
Composite scanning electron micrographs (Figure 4)
revealed a dense interface between the metal matrix and the
TiC particles ((4b)-(4c)). Figure 4 shows scanning electron
micrographs of AMCs manufactured with varying weight
percents of TiC reinforcement. The micrographs show that
3-6 wt% TiC particles are uniformly dispersed throughout
the aluminum matrix. We can thank effective mixing and
good cycle limits for this behavior.

It is likewise seen that the expansion of TiC particles kept
the grains from becoming as extensive as the unadulterated
Al7075 chemical. The option of reinforcement particles in
the dissolve expanded the number of nucleation destina-
tions, by giving extra substrate during cementing, and di-
minished the grain size. Figure 4 ((4b)-(4c)) shows the SEM
picture of unadulterated TiC-fired particles utilized in the
current examination. Aluminum built up with TiC particles,
composites are effectively manufactured by traditional mix
projecting handling technique. The microstructure of cast
Al7075 contains a strong arrangement of aluminum and
between dendritic arrangements.

X-ray diffraction (XRD) exhibits the reasonable parts
present in the composite. Figure 5 ((5a)-(5b)) exhibits the
XRD of as-cast Al7075 alloy and Al7075 with 6 wt.% of TiC
composites, respectively. An XRD result gives insights into
the various components existing in the manufactured
composites. XRD examination displayed in Figure 5(b) af-
firms the presence of TiC particulates inside the aluminum
network. A sluggish unimportant move of the Al peaks to
higher places, with an extension in the weight% of the TiC, is
seen that the pinnacle of Al in the manufactured AMCs is
somewhat moved to bring down 2 theta points when
contrasted with that of aluminum chemicals. The Al is
available as stage for example Al (220), A1 (311),Al(111),
Al (200), Al (2 2 2). These pinnacles are perceived with the
assistance of JCPDS programming. The XRD results likewise
endorse the essential guide result which confirms that
manufactured composites are TiC reinforced composites.

3.2. Density Measurements. Al7075 alloy and Al7075 with 3
and 6 wt.% of micro-TiC samples are shown in Figure 6. The
theoretical and experimental values for each sample are
shown. This study’s experimental values are expected to be
close to the theoretical values because the theoretical values
calculated are close to the experimental values obtained
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through an experimental method. Because theoretical values
are calculated using standardized formulas, it is nearly
impossible to get the experimental values to exactly match
the theoretical values. The weight method is used to measure
the density of Al7075 and Al7075 with 3 and 6 wt% of TiC
composites.

The density of aluminum alloy Al7075 is 2.82 g/cm”, the
density of titanium carbide is 4.93 g/cm?, and the density of
aluminum alloy reinforced with 6 weight percent TiC is
2.894g/cm’. The overall density of the composite is in-
creased because the TiC density is higher than the Al7075
alloy density. Similarly, the theoretical density of the
composite tends to be higher than that of the aluminum
alloy when TiC particles make up 3 to 6 wt.% of the Al7075
alloy. In addition, it is worth noting that actual densities are
lower than predicted.

3.3. Hardness Measurements. The composite’s toughness is
owed to the lattice material’s reinforcing properties. Large
amounts of disengagements are created at the molecule
matrix interface during the hardening process because the
coefficient of thermal development of TiC particles is not the
same as the aluminum combination. There will be an in-
crease in the matrix’s toughness as a result of this. Increases
in hardness, as shown in Figure 7, are directly proportional
to the amount of TiC present in the material. By increasing
the weight percent of reinforcement, the lattice is bolstered,
and the composite material gains in hardness. Grain
boundary strength increases to a maximum, and iota sep-
aration is reduced. A greater concentration of hard TiC
particles is largely responsible for the increased density.
Hard TiC particles in the aluminum lattice may be to blame
for this phenomenon. The surface area of the reinforcement
particles is improved as they are consolidated in the alu-
minum matrix, and the size of the aluminum network grains
is reduced. In the presence of these abrasive TiC particle
surfaces, plastic distortion is greatly reduced, increasing the
manufactured AMCs’ hardness. The addition of micropar-
ticles is what causes the increased toughness. Grain growth
can be stifled, precious stone grains can be further developed
in the network, and grain-refined Al7075-TiC composites
can be influenced by the addition of microparticles. The
Hall-Petch strengthening system is responsible for the in-
creased hardness due to the Orowan system induced by the
showdown of meticulously fanning out hard particles to the
death of disengagements in the composites [25].

3.4. Tensile Properties. Figures 8 and 9 show the results of
tensile testing at room temperature with varying weight% of
70 to 80 micron-sized TiC particles. The UTS and YS in-
crease as the wt. fraction of reinforcing particles increases, as
shown in Figures 8 and 9.

The UTS and YS are amplified with increasing TiC
content. The TiC particles in the alloy afford a shield to the
softer matrix. The UTS and YS of as-cast Al7075 alloy are
214.7 MPa and 184.5 MPa, respectively. Furthermore, as the
weight percentage of micron-size TiC particulates increased
from 3 to 6 wt.% in steps of 3 wt.%, there is an increase in the
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UTS and YS values. It is observed that in Al7075 alloy—wt.%
TiC composites UTS and YS are 240.4 MPa and 202.8 MPa,
respectively. In the case of 6wt.% of micron-size TiC
reinforced composites it is 274.9 MPa and 240.8 MPa, re-
spectively, in UTS and yield strength.

The appearance of hard TiC particles in the aluminum
lattice may be responsible for the observed increase in UTS.
These tough TiC particles act as a reinforcing instrument,
lending cohesion to the aluminum matrix. This is achieved
through the transfer of load from the reinforcement particles
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to the matrix, which allows the resulting network to provide
greater resistance to the elastic pressure applied during
fabrication. TiC particles have a thermal extension cop-
roductivity of 1.4-3.7x107%/K, while aluminum’s is
24x107°/K. Higher separation density in the lattice and
burden-bearing limit of hard reinforcement particles is
produced by this thermal extension between the matrix and
reinforcement particles, which increases the strength of the
AMC:s [26]. The matrix’s microscopic underlying qualities
change with an incidental commitment to strengthening
when the low coefficient of thermal development (CTE)
reinforcement particles ascend to a higher coefficient of
thermal extension lattice.

Further, expansion in strength might be ascribed in light
of the burden move of reinforcement particles to the lattice,
which expands the heap bearing limit of manufactured
composites which results in an acceleration in strength.
Same consequences of expansion in elasticity with
expanding measure of reinforcement in the network no
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matter what the fabrication strategy for AMCs were obtained
by past scientists. This upgrade in strength may be credited
to the refinement of grains because of the presence of TiC
particles, which is additionally in concurrence with the Hall-
Petch interrelation [27]. Expansion in everyday separation
density all around the TiC particles because of the CTE
confusion of Al base matrix and TiC particles in the midst of
solidifying furthermore add to the strength. Colossal dis-
figurement builds the holding strength between the particles
and base lattice and licenses the heap to reasonably move by
Al7075/TiC standard particle interface. Exceptionally minor
particles fill the holes of immense particles and upgrade the
extra constraint of building up.

The correlation between the particle weight of TiC and
the rate of AMC extension after fabrication is shown in
Figure 10. As the size of the TiC particles grew in the
aluminum matrix, the rate of expansion slowed down. Since
TiC as a reinforcement is weak, the particles’ brittle behavior
plays a significant role in reducing ductility, and the
resulting weakness in the manufactured composites reduces
the composites’ flexibility. Increasing the wt% of TiC par-
ticles in the composites also decreases the pliable matrix
content, which leads to a decrease in the composites’ rate of
extension. There was no discernible difference in the results
achieved by the prior examiners, who saw a reduction in
elongation as a percentage with increasing reinforcement in
the aluminum matrix across all composite fabrication cycles.

Furthermore, the occurrence of hard and weak TiC
particles within the soft and malleable Al7075 network re-
duces the ductility content of fabricated AMCs due to the
lack of flexible substance of matrix metal in the composite,
which significantly increases the hardness of fabricated
AMC s [28]. An increase in reinforcement area in the lattice
leads to a greater separation density during cementing as a
result of thermal crisscross between the aluminum matrix
and the reinforcement. Aluminum lattice distorts plastically
to support the more modest volume extension of rein-
forcement particles as a result of the confusion of thermal
development between the aluminum network and
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reinforcement caused by temperature difference. Increased
resistance to plastic deformation is the result of increased
disengagement density at the interface between molecules in
a network, leading to increased hardness. The results ob-
tained by nonspecialists agree with this [29]. Figure 11
((11a)-(11c)) is showing the stress-strain curves of as-cast
Al7075 alloy, Al7075 with 3 and 6 wt.% of TiC reinforced
composites. From the plots as the wt% of TiC increased from
3 to 6 wt., there is an increase in the stress of composites.

3.5. Tensile Fractography. The tensile fracture way of be-
having of Al7075/TiC MMCs, which were projected by the
stir process, was concentrated on in the current work as in
Figure 12 ((12a)-(12c)). Assessment of the tensile fracture
surfaces uncovers highlights of locally ductile and brittle
mechanisms. The elements affecting the ductile and brittle
crack are the nonuniform circulation of TiC particles in the

Al7075 aluminum composite metal network, and the ar-
rangement of second stages during projecting. Failures of the
reinforcement TiC particles by both decohesion and
breaking are clear on the malleable crack surfaces. The
properties of the aluminum MMCs depend not just on the
network molecule and the weight division yet in addition on
the circulation of the building-up particles and the con-
nection point holding between the molecule and the lattice.
Break surface investigation uncovered various geographies
for the composites containing different weight rates of TiC
particles. The consequences of the crack surface investiga-
tions led to break durability examples of FCC organized
Al7075 (Figure 12(a)) combination tests uncovered huge
dimples, alongside a lot of plastic disfigurement, demon-
strating a flexible crack. The break surfaces additionally
display fine and shallow dimples, demonstrating that the
crack is malleable, as displayed in Figure 12(a). The crack
way of behaving is represented by two fundamental mis-
matches between the reinforcement particles, lattice com-
bination and the subsequent stages accelerated during the
projecting and heat treatment also. The principal mismatch
is the distinction in the strain conveying ability between the
hard and intrinsically weak reinforcementing TiC and the
ductile and brittle aluminum amalgam metal lattice. The
subsequent cast-offs are because of contrasts in the coeffi-
cient of thermal extension between the TiC particles, the
Al7075 aluminum composite network, and the accelerated
stages.

The principal crisscross advances pressure focus close to
the reinforcement TiC. This present circumstance produces
ideal circumstances for the TiC particles, second stages
(response chemicals and intermetallics) and groups to break
and consequently, the detachment (decohesion) of TiC
particles from the nearby network composite. Synchronous
disappointment of the reinforcement TiC, second stage
particles in the composite microstructure is represented by
the battling impacts of neighborhood plastic requirements,
molecule size and level of grouping. The neighborhood
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plastic limitations are especially significant for the bigger
estimated particles and molecule bunches during the
composite crack. The crack method of the matrix combi-
nation which changed from bendable to cleavage type (on
account of MMCs) was ruled with microcrack nucleation
and propagation, at higher reinforcement content Figures
(12b-12¢).

Void nucleation happens at molecule/matrix inter-
faces and can be acknowledged by either interface
decohesion or molecule breaking [30]. The minute voids
are related to the disappointment of the bendable metal
matrix between the reinforcement particles, while the
plainly visible voids are combined with the reinforcement
TiC. The wellsprings of plainly visible voids and resultant
shallow dimples on the broken surface are the basic oc-
casions controlling both the crack and decohesion of the
reinforcement TiC particles. The requirements are
prompted by the presence of hard and weak carbon (TiC)
molecule fortifications in the delicate and malleable 7075
metal matrix. The voids then, at that point, develop under
both the applied burden and the impact of nearby plastic
limitation until a blend component is enacted, and this is
trailed by the complete disappointment of the example.
The void combination happens when the void lengthens to

the underlying intervoid dividing. This prompts the
dimpled appearance of the broke surfaces.

4. Conclusion

The Al7075 alloy with TiC particles between 70 and 80
microns in size and MMCs with 3 and 6 wt.% is effectively
produced via the stir cast route. SEM micrographs reveal a
consistent distribution of TiC particles throughout the
Al7075 alloy. The XRD analysis revealed the presence of
TiC particles in the man-made composites, which con-
tained TiC at 6 different weight percentages. TiC phases
have been confirmed by XRD analysis to be present in the
Al2014 alloy matrix. The UTS and YS hardness of TiC
reinforced composites have improved, and their ductility
has grown marginally. Fractographic analysis of tensile-
ruptured surfaces using SEM revealed the different
fracture mechanisms of the base alloy Al7075 alloy and
produced composites.
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Metals used in biomedical applications are frequently coated to prevent oxidation and metallic ion release, both of which can be
harmful due to toxic effects. To prevent these adverse effects of metals, researchers have focused their efforts on developing various
coating techniques, facilitating surface coating, or obtaining functional surfaces. (WEDM) is now considered a difficult method of
obtaining functional surfaces for medical applications. The properties of the surface and subsurface layers obtained by the WEDM
method are particularly interesting in this regard. The analysis utilised RSM-based computational technique to evaluate the
WEDM characteristics (MRR SR) of Ti6Al4V Titanium Alloy in biomedical applications. The biggest drawback of the material in
the biomedical industry, which includes orthopedic applications and dental implants, would be that it releases harmful atoms such
as iron, chromium, and nickel into the bodily fluid environment. To combat the problems, a hydroxyapatite layer applied to the
metal implant improves biocompatibility, osteocompatibility, and antimicrobial properties. By comparing the Modified Dif-
ferential Evolution (MDE) approach to the basic differential evolution (DE) optimization strategy, the effectiveness of the MDE
approach has been established. According to the cyclic polarized test, the Hap coated Titanium material had better corrosion
resistance than the pure sample. The Hap coated titanium material has a higher zone of inhibition than the pure sample. The next
step is to synthesis hydroxyapatite from cuttlebone, which is then electrodeposited onto titanium. FTIR, electrochemical tests,
FESEM, and SEM were used to describe the coated sample, as well as an antibacterial test using E. Coli and B. Cereus bacteria.
Because it is porous, the Hap coating helps bone tissue growth by preventing detrimental metal ions from escaping into the
biological medium. The corrosion inhibition efficiency of the coated sample was performed in SBF (NaHCO;—0.35g/L,
MgCl,.6H,0—0.30 g/L, CaCl,-2H,0—0.37 g/L, K,HPO,. 3H,0—0.23 g/L, Na,S0,—0.071 g/L, NaCl—7.99 g/L, KCl—0.22 g/L,
Tris’s buffer—6.063 g/L) solution using the potentiodynamic polarisation method and the solution pH was maintained.
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1. Introduction

In recent years, as engineering and medicine have advanced,
so has the significance of biomaterials. Materials including
metals, ceramics, polymers, and composites may be used to
treat wounds, inflammations, tumors, gangrene, and im-
plants. Metals used in biomedical applications are frequently
coated to prevent oxidation and metallic ion release, both of
which can be harmful due to toxic effects. To prevent these
adverse effects of metals, researchers have focused their ef-
forts on developing various coating techniques, facilitating
surface coating, or obtaining functional surfaces [1]. Many
researchers also concluded that the problem is due to the
surface materials, so the wire EDM cutting is a machining
technique that involves removing materials using a high-
intensity, low-surface-roughness machining process focused
on the workpiece. WEDM is now considered a difficult
method of obtaining functional surfaces for medical appli-
cations that were studied in Tribology for Engineers [2]. The
properties of the surface and subsurface layers obtained by
the WEDM method are particularly interesting in this regard
[3]. WEDM also has the potential to make biocompatible
microdevices with surface roughness values that are ap-
propriate for biological applications. WEDM forms a kerf
wall by sparking the wire against the workpiece in the
thickness or depth direction of the material. The material is
then vaporised with the help of an assistant wire feed. Metal
alloys based on titanium, stainless steel 316L, nickel-titanium,
magnesium, and cobalt are commonly used as orthopedic
implants [4]. This is due to their increased mechanical
strength, wear resistance, and corrosion resistance. Among
the above-mentioned materials, titanium is widely employed
as a biomaterial for orthopedic and dental fields due to its
high strength, excellent mechanical properties, superior
corrosion resistance, and excellent biocompatibility.

Surface roughness of bioceramic oxides and carbide
phases of titanium and silicon materials on the powder mix
is measured using a WEDM machine. Furthermore, ac-
ceptable corrosion resistance for dental implants has been
obtained [5]. Titanium is a desirable material because of its
excellent strength-to-weight ratio, which appeals to the
aerospace and petrochemical industries for weight savings,
high corrosion resistance, which makes it suitable for the
aerospace, chemical, petrochemical, and architectural in-
dustries; and biological capabilities, which make it a material
of interest in the medical industry [6].

Within the development of superior engineering ma-
terials as well as the complexity of shapes demanded by the
industry, nontraditional machining technologies have be-
come necessary in the aerospace and healthcare industries
[7]. As a result, nontraditional machining processes like
ultrasonic machining are gaining traction. Electrical Dis-
charge Machining, Abrasive Jet Machining, and Electro-
chemical Machining are all terminologies used to describe
the machining process. Machining and other techniques
have been developed to machine such difficult-to-machine
materials [8]. In the machining process, the cost of
manufacturing equipment is the most important deter-
mining factor in the machining of difficult-to-cut
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components. The wear behavior of different tools was
compared in a study on the high-speed turning of Ti6Al4V,
which led to a tooling expense [9]. Both multiobjective
optimization Taguchi and response surface methodology
approaches used in this analysis are well-suited for the
nature of the problem, but their efficacy is dependent on the
performance characteristics” efficiency [10-12]. When tita-
nium powder mixed optimization is used in a WEDM
machine, a titanium layer is formed on the tungsten carbide
work material. The layer’s hardness reached 750 HV, with
fewer instances of surface cracking [13]. According to
corrosion resistance, bioimplants serve a critical role in
extending and improving human life quality. Degenerative
and inflammatory illnesses, which induce immobility and
terrible pain, are believed to affect 90% of adults over the age
of 40 in modern society [14, 15]. Moreover, people met with
accidents due to an increase in traffic congestion and suf-
fered from bone fractures [16]. The surgery helps to re-
construct the bone structure of those who have suffered bone
fractures. To overcome the above problem, researchers have
made more effort to develop suitable biocompatible and
bone healing materials like hydroxyapatite from natural and
synthetic routes that bear a resemblance to that of natural
bone [17-19]. Early research is needed to fully understand
the bioactivity of WEDM combined with HAp powder,
however, the research is still in their initial phases [20-22].
As a result, the study evaluates the Ti6Al4V surface modified
HAp powder mixed and analysed using WEDM surface
characteristics and biocompatibility.

The main objective of this paper is to use Response
Surface Methodology to predict process parameters in Wire
Electric Discharge Machines (WEDMs) such as T, Ty, and
wire tension, as well as output characteristics such as high
material removal rate and low-surface roughness. The next
step is to synthesis hydroxyapatite from cuttlebone, which is
then electrodeposited onto titanium. FTIR, XRD, electro-
chemical tests, FESEM, and EDAX were used to describe the
coated sample, as well as an antibacterial test using E. Coli
and B. Cereus bacteria. Because it is porous, the HAp coating
helps bone tissue growth by preventing detrimental metal
ions from escaping into the biological medium.

2. Experimental Methodology

The test run-orders were carried out with the help of a CNC
WEDM Excetek (Model NP400L: X/Y axis—400 x 300 mm: U/
V axis-80 x 80 mm: Z axis-220 mm) as shown in Figure 1.
The next output parameter surface roughness was measured
using the surfcom INEX linear coordinate measuring ma-
chine for the four sides of the cutting piece as shown in
Figure 2.

The influence of response Ty, Tog, and wire tension on
titanium machining was investigated using the RSM-based
Box Behnken technique. Three factors with three levels were
used in the Box Behnken technique for modelling and
optimising the titanium machining process. Table 1 illus-
trates the aspects and their levels, as well as the responses.
Random investigational runs were conducted to begin
lowering response variability. Table 2 shows the parameters
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TaBLE 1: Factors and their levels.

Coding level

Symbol Unit Parameters

-1 0 1
A s Pulse on time T, 10 12 15
B us Pulse off time Tog 8 10 12
C Gms Wire tension 1000 1150 1300

and their levels; the modified differential evolution (MDE)
optimization technique was introduced and then utilised to
determine the most likely reaction circumstances for a

particular set of coating technologies [12]. The projected
model equation for machining is the Regression Equation in
Uncoded Units.
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TABLE 2: Parameters and their levels.
Run Bulse on P_ulse off Wi}re MRR Ra
order time T,, time T, tension (mm3 /min)  (um)
(ps) (us) Gms

1 15 10 1300 2.625 3.1921
2 12 12 1300 2.415 3.5203
3 10 8 1150 2.964 3.655
4 12 10 1150 2.285 3.4354
5 12 8 1300 2.64 3.5631
6 12 12 1000 2.369 3.7227
7 10 12 1150 291 3.531
8 15 10 1000 2.425 3.6106
9 15 8 1150 2.925 3.7915
10 12 10 1150 2.369 3.8837
11 10 10 1000 2.5 3.5037
12 10 10 1300 2.395 3.5456
13 12 10 1150 2.285 3.6033
14 12 8 1000 2.375 3.9768
15 15 10 1300 2.625 3.1921

mm’ )
MRR = <—> = 7.58 — 1.104Pulse on time T, (s)
min

— 0.647Pulse of f time T ¢ (us)

+ 0.00876Wire Tension Gms — 0.0450

Pulse ontime T’ (us) * Pulse on time T', (us)

+ 0.0559Pulse off time T ¢ (ps) * Pulse off time T'¢¢ (us)
—0.000004WireTensionGms * Wire Tension Gms
—0.0255 Pulse on time T',, (us) * Pulse off timeT ¢ (us)
+0.000815Pulse on time T', (us)

Wire Tension Gms

—0.000183 Pulse of f timeT ¢ (us) * Wire Tension Gms.
(1)

3. Result and Discussion

The analysis of variance for MRR for sample is shown in
Table 3, and the F value obtained for the prototypical is 4.36,
indicating that the model is noteworthy. Only 0.01 percent of
the time, the F value this huge could be due to noise. The
model terms are only meaningful, according to the MRR,
when the DF is 9. In this case, the WEDM process pa-
rameters with F values for linear with respect to are T, (A)
8.58, T, (B) 1.73, WT (D) 1.35 and their interaction effects,
and these models with related to square are Toy square (A)
15.22, Torg square (B) 10.61, WT square (D) 1.60 which are
recognised as significant model terms and have a significant
effect on MRR. Those model terms with F values greater than
0.10 are not significant, as shown by the DF-value for Lack-
of-Fit obtained of 11.65 and DF achieve of 0.08, which is
much greater than the pure error of 0.004 and thus Lack-of-
Fit in the current model appears to be non-significant, which
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is desirable, with a possibility of 76.92 percent. The Pareto
chart is shown in Figure 3: the MRR, which depends on Ty, is
increasing with the next level of T,g time.

The influence of response under surface roughness using
Ton» Tom and wire tension on titanium machining was in-
vestigated using the RSM-based Box Behnken technique [13].
Three influences with three levels were hired in the Box
Behnken technique for modelling and optimising the tita-
nium machining process. The table shows the factors and
their levels, as well as the responses. Random investigational
runs were conducted to begin lowering response change-
ability. The modified differential evolution (MDE) optimi-
zation technique was introduced and then utilised to
determine the most likely reaction circumstances for a
particular set of coating technologies. The projected model
equation for Ra is the Regression Equation in Uncoded Units.

Regression Equation in Uncoded Units

3
Rm (um) = (%) = —0.86 — 0.770Pulse on time T, (us)

— 0.875Pulse on time T ¢ (us)
+ 0.0083Wire Tension Gms — 0.0178

Pulse ontime T', (us) * Pulse on time T, (ys)

on

+ 0.0317Pulse of f time T ¢ (s) * Pulse off time T ¢ (us)
—0.000003Wire Tension Gms * Wire Tension Gms

+ 0.0004PulseontimeT | (ys) * Pulse off timeT ¢ (u4s)
—0.000285Pulse on time T', (us)

Wire Tension Gms

+ 0.000176Pulse off time T ¢ (us)

* Wire Tension Gms.

(2)

The analysis of the variance table for Ra for sample is
shown in Table 4, and the F-value obtained for the model is
1.28, representing that the model is noteworthy [14]. Only
0.03 percent of the time, the F value this huge could be due to
noise. The model terms are only meaningful, according to
the Ra, when the DF is 9. In this case, the WEDM process
parameters with F values for linear with respect to are T,
(A) 247, Tog (B) 2.10, WT (D) 0.67 and their interaction
effects, and these models with related to square are Toyn
square (A) 1.37, Togg square (B) 1.98, WT square (D) 0.64
are recognised as significant model terms and have a sig-
nificant effect on Ra. Those model terms with F values
greater than 0.19 are not significant, as shown by the DF-
value for Lack-of-Fit obtained of 0.31 and DF achieve of 3,
which is much greater than the pure error of 0.05 and thus
Lack-of-Fit in the current model appears to be non-sig-
nificant, which is desirable, with a possibility of 49.7 percent.
The Pareto chart shown in Figure 4 the Ra which depends on
Ton is decreasing with the next level of T,g time.
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TABLE 3: Analysis of variance-MRR.
Source DF Adj SS Adj MS F-value
Model 9 0.682287 0.075810 4.36
Linear 3 0.229876 0.076625 441
Pulse on time T,,, (us) 1 0.149115 0.149115 8.58
Pulse off time Tog (us) 1 0.030158 0.030158 1.73
Wire tension Gms 1 0.023407 0.023407 1.35
Square 3 0.473093 0.157698 9.07
Pulse on time T,, (us) * Pulse on time T, (us) 1 0.264633 0.264633 15.22
Pulse off time Tog (us) * Pulse off time Tog (us) 1 0.184439 0.184439 10.61
Wire tension Gms * Wire tension Gms 1 0.027787 0.027787 1.60
2-Way interaction 3 0.097975 0.032658 1.88
Pulse on time T, (us) * Pulse off time Tog (us) 1 0.066300 0.066300 3.81
Pulse on time T,, (us) * Wire tension Gms 1 0.019685 0.019685 1.13
Pulse off time Tog (us) * Wire tension Gms 1 0.011990 0.011990 0.69
Error 5 0.086922 0.017384
Lack-of-Fit 3 0.082218 0.027406 11.65
Pure error 2 0.004704 0.002352
Total 14 0.769210
Pareto chart of the Standardized Effects
(response i MRR (mm3/min), a = 0.05)
2.571
- Factor Name
AA + ‘ A Pulse on time Ton (ps)
B Pulse off time Toff (ps)
BB + ‘ C Wire Tension Gms
A 4
AB | ‘ |
|
=) I
0 :
|
CcC - !
|
C |
|
AC i
|
BC A |
T T l T
0 1 2 4
Standardized Effect

FiGUrE 3: Pareto chart-MRR.

Interaction plot effect of Pulse on Time (T,,) and Pulse
oftf Time (T,g) on Material Removal Rate (MRR) of Sample
are projected in Figure 5 where T, and T, are kept at their
respective center values. It has been clearly visible from the
figure that with the rise of Pulse on Time, large significant
increase of MRR is noted whereas a slight increase of MRR is
observed in with the rise of Pulse off Time [15]. The re-
fractive index is unaffected by the reaction’s T,,,, the intervals
are interconnected. The figure depicts the effect of the T,
Off and the with respect to MRR on the refractive index. The
refractive index decreases as the when Tg rises from 2.50 to
3. The plot depicts the effect of T, is on the material removal
rate, which also increased. The goal is to determine the best
operating conditions for the improving machining

parameters with the ratio and the conditioning under the T,
and T,g respectively.

Interaction plot outcome of Pulse on Time (T,,) and
Pulse off Time (T, on surface roughness (Ra) of Sample
are projected in Figure 6. Where T, and T,g are kept at
their respective center values. It has been clearly visible
from the figure that with the decrease of Pulse on Time, a
large significant decrease of Ra is noted, whereas a slight
reduced the value of Ra is observed in the figure with the
increase of Pulse off Time [16]. The refractive index is
unaffected by the reaction’s T,,; the intervals are inter-
connected. The figure depicts the effect of the T, and Tog
with respect to Ra on the refractive index. The refractive
index decreases as the when T, g rises from 8 to 12. The plot
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TaBLE 4: Analysis of variance-Ra.
Source DF Adj SS Adj MS F-value
Model 9 0.347172 0.038575 1.28
Linear 3 0.184286 0.061429 2.04
Pulse on time Ty, (us) 1 0.074451 0.074451 2.47
Pulse off time T,q (us) 1 0.063140 0.063140 2.10
Wire tension Gms 1 0.020252 0.020252 0.67
Square 3 0.128976 0.042992 143
Pulse on time T,, (us) * Pulse on time T, (us) 1 0.041172 0.041172 1.37
Pulse off time Tog (s) * Pulse off time Tog (us) 1 0.059436 0.059436 1.98
Wire tension Gms * Wire tension Gms 1 0.019114 0.019114 0.64
2-Way interaction 3 0.057864 0.019288 0.64
Pulse on time T, (us) * Pulse off time Tog (us) 1 0.000013 0.000013 0.00
Pulse on time T,, (us) * Wire tension Gms 1 0.046688 0.046688 1.55
Pulse off time Tog (us) * Wire tension Gms 1 0.011162 0.011162 0.37
Error 5 0.150432 0.030086
Lack-of-Fit 3 0.047837 0.015946 0.31
Pure error 2 0.102596 0.051298
Total 14 0.497604
Pareto chart of the Standardized Effects
(response is Ra (um), a = 0.05)
2.571
! Factor Name
A ‘ | A Pulse on time Ton (ps)
| B Pulse off time Toff (us)
B ‘ | C Wire Tension Gms
BB A ‘ i
|
AC ‘ !
|
=) I
E AA A ‘ :
|
c |
|
CC A |
|
BC i
|
AB - |
T T T T l
0.0 0.5 1.0 1.5 2.0 2.5

Standardized Effect

F1GURE 4: Pareto chart - Ra.

depicts the effect of T,, which decreases the surface
roughness also decreased. The goal is to determine the best
operating conditions for the reducing surface roughness
parameter with a ratio and the conditioning under the T,
and T, , respectively.

Three-dimensional response surface graphs are shown in
Figure 7. To determine the interaction between these factors,
the simulation equation was used to obtain the above re-
sponse surface plots. The response on the z-axis (MRR) was
plotted against two independent variables, Pulse off time and
Wire Tension, (Tog & wire tension), while keeping all other
variables at their center level. The above factors that directly
influenced indicated that there were significant interactions
between the predictor factors. The surface roughness is
increased as the T, and T.g are increased up to the middle
level [23]. The conversion rate was observed to decrease

beyond the middle level of each variable. This might be due
to an unfavourable secondary effect. The finest circum-
stances stayed initiatives to be mid-level of T, concentra-
tion, a wire feed ratio of 6: 1, a time of 60 seconds. At optimal
conditions, the maximum MRR was estimated to be 93
percent. The machining R-Squared value and the Adj
R-Squared value were 0.98 and 0.97, respectively.

To determine the interaction between these factors, the
simulation equation was used to generate the response
surface plots below. The response on the z-axis (Ra) was
plotted against two independent variables, Pulse off time and
Wire Tension, (T, & wire tension). Better surface
smoothness is achieved as the value of Ra falls, whereas as
the value of Ra increases, the surface finish of the given
surface deteriorates. As shown in Figure 8, whatever the
scenario, the rise in surface roughness (Ra) is proportional to
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Interaction Plot for MRR (mm3/min)
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FIGURE 5: Interaction plot effect MRR.
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FIGURE 6: Interaction plot effect MRR.

the rise in Pulse on Time. As a result, the effect of pulse on ~ Time increases, whereas surface quality improves as the
time on surface roughness can be deduced to be independent ~ Pulse on Time decreases. The controlling inspiration of Pulse
of wire tensions. Surface quality deteriorates as the Pulse on  off Time on Surface Roughness is similar to that of Pulse on
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FIGURE 7: Three-dimensional response surface graphs-MRR.

Time. Surface Roughness (Ra) values decrease with in-
creasing Pulse off Time in all circumstances. Figure 8 rep-
resents three-dimensional response surface graphs.

Figure 9 depicts the multiobjective prediction, the
purpose of this multiobjective prediction is to decrease Ra,
whereas the target for MRR is to increase MRR. To produce
the desired output, the lower, target, and upper bounds of
the linear desirability function have been given equal pri-
ority. For the linear desirability function, the frequency is
considered to be 1(d). The best output responses were found
to be Surface Roughness (Ra) of at least 2.660 m-3.990 m
and Material Removal Rate (MRR) of at least 2.464 to
3.475 mm/min. These optimum output responses were ob-
tained using the ideal input parameters of Pulse on Time
(Ton) at 9.8s, Pulse off Time (Topp) at 12.0s, and Wire
Tension (WT) at 7.4646kgf. The composite desirability factor
(D) for MRR and Ra is 0.192 for RA and 0.146 for MRR with
95 percent PI and 95 percent CI and a cross fit of SE 7.

4. Corrosion and Surface
Morphological Behaviour

The counter electrode, reference electrode, and working
electrode, which are platinum electrode, SCE, and Titanium,
respectively, make up the electrochemical workstation. The
electrolytic bath includes an aqueous solution of 1M
Ca(NOs3), and 0.6 M (NH,),HPO,, which was thoroughly
agitated for 3 hours at room temperature using a magnetic
stirrer. For 1 hour, the coating process was carried out
galvanostatically with varying current densities. After that,
the sample was taken out of the procedure and rinsed with
double distilled water before being dried for a day [17].

FESEM was utilised to describe the surface property of
synthesised HAp and coated titanium, and an energy dis-
persive analysis investigation was conducted to quantify the
percentage content of the element in the synthesised HAp
and coated sample.

FTIR Spectroscopy is used to analyse the various
functional groups present in the produced HAp following
calcination at 9000C, as illustrated in Figure 10. The
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Surface Plot of Ra (um) vs Pulse off time Toff (us), Wire Tension Gms
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FIGURE 8: Three-dimensional response surface graphs-Ra.

existence of the PO43- group in the HAp structure is
confirmed by the typical absorption peak at 470, 567, 601,
966, 1018, and 1110 cm™ [11]. Peaks at 3570 and 632 were
linked to the hydroxyl group’s typical peaks of stretching and
bending vibration modes. Peaks were found at 1018 cm" and
1110 cm', respectively, which correspond to the irregular
trembling mode (3) of the phosphate group and the sym-
metric extending trembling mode (1) of the phosphate
collection. The presence of the phosphate group is shown by
a tiny peak at 470. The corrosion inhibition efficiency of the
coated sample was tested using the potentiodynamic
polarisation method in SBF (NaHCO;-0.35g/L,
MgCl,.6H20-0.30g/L,  CaCl,H,0-0.37g/L, K,HPO,.
3H,0-0.23 g/L, Na,SO,4-0.071 g/L, NaCl-7.99g. A three-
electrode assembly arrangement was used with a CHI 760
electrochemical workstation to carry out this procedure. For
this analysis, the Pt electrode was employed as a counter
electrode, titanium as an employed electrode, and SCE as a
reference electrode.

5. SEM Analysis

The surface morphology of the HAp coated titanium is seen
in Figure 11. It demonstrates that the coated titanium ac-
quired a homogeneous spherical-like and porous shape. The
porous network structure of the covering primarily aids
tissue growth after implantation while also limiting bacterial
growth and extending the implant’s lifespan. Ca, O, P, Fe,
Cr, Ni, and Mn were all present in the spectrum. As a result,
the presence of HAp coating on titanium is confirmed.

6. Conclusion

The specified input parameters (T,,, Tog and Wire tension)
have a considerable impact on the WEDM process’ per-
formance and the HAp coated titanium material had better
corrosion resistance than the pure sample are investigated.
(WEDM) is considered a difficult method of obtaining
functional surfaces for medical applications. The properties
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FIGURE 10: FTIR spectroscopy-coated titanium.

FIGURE 11: SEM micrographs of HAp coated titanium.

of the surface and subsurface layers obtained by the WEDM
method are concluded.

The following conclusions have been drawn based on the
experimental findings:

(i) The model terms are only meaningful, according to
the MRR with respect to are T, (A) 8.58, Tog (B)
1.73, WT (D) 1.35 and their interaction effects, and
these models with related to square are T,,, square
(A) 15.22, T,g square (B) 10.61, WT square (D) 1.60
are recognised as significant model terms and have a
significant effect on MRR.

(ii) The analysis of variance for Ra with respect to are
T, (A) 247, Tog (B) 2.10, WT (D) 0.67 and their
interaction effects, and these models with related to
square are Toy square (A) 1.37, Togpr square (B)
1.98, WT square (D) 0.64 are recognised.

(iii) The intention of this multiobjective prediction is
to reduce Ra, whereas the target for MRR is to
enhance MRR. The lower, target, and upper
bounds of the linear desirability function have
been given equal attention to create the desired
output. The frequency is assumed to be one for the
linear desirability function (d). Surface Rough-
ness (Ra) of at least 2.660 m-3.990 m and Material
Removal Rate (MRR) of at least 2.464 to
3.475 mm/min were shown to be the optimum
output responses.

(iv) The functional group present in the coated sample was

also determined to be pure without any impurities in
the FTIR examination of HAp coated titanium. The



10

Sem images of the coated sample support the mor-
phology with high porosity, which may help the tis-
sue’s cell proliferation. According to the cyclic
polarisation test, the HAp coated titanium had better
corrosion resistance than the pristine sample. The
HAp coated titanium sample had a higher zone of
inhibition than the pure sample.
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The microstructure, mechanical characteristics, and tensile fractography of A12014 alloy reinforced composites with 5 and 10% wt.
% of 150 to 160 micron-sized SiC particles were investigated in this study. The melt stir process was used to make composites
comprising 5 and 10% SiC particles in the Al2014 alloy. To increase the wettability between Al matrix SiC particles, SiC particles
were warmed to 300 degrees Celsius before being disseminated into the Al2014 alloy matrix in two phases. SEM, EDS, and XRD
were used to examine the specimens micro-structurally. ASTM standards were used to evaluate the mechanical characteristics of
micro SiC particles reinforced Al alloy composites with a content of 5 to 10%. SEM and EDS microstructural tests revealed the
existence and dissemination of micro SiC particles in the A12014 matrix. The addition of 5 and 10% weight % of micro SiC particles
to Al2014 alloy improved its hardness, ultimate, yield, and compression strength. With the addition of 10wt. % of SiC, the
hardness, ultimate strength, yield strength, and compression strength of Al2014 alloy improved to 15.96%, 35.2%, 43.8%, and
38.7%, respectively. Furthermore, the presence of SiC particles reduced the ductility of Al2014 alloy. SEM microphotographs were
used to examine the manufactured Al2014 with SiC composites for tensile fracture analysis, revealing the various mechanisms
intricate in tensile fracture.

1. Introduction

A composite material can be defined as a combination of more
than one identifiable constituent intentionally combined to
obtain homogeneous structures with better properties than
individual used alone [1, 2]. In contrast to metallic alloys, the
constituents of the composites retain their mechanical,
physical, and chemical properties. The strength and stiffness of
the composite is provided by the reinforcing phase. In most of
the cases, the reinforcement employed in composites is
stronger, stiffer, and harder than the matrix and it can be in the

form of a fibre or a particulate [3, 4]. The dimensions of the
particulates used in composites are more or less equal in all the
directions. Particulates may be of spherical, platelets, or of any
other regular or irregular geometry. Continuous fibre com-
posites tend to be much stronger and stiffer than particulate
composites. Because of the difficulties in processing and in-
creasing brittleness, particulate composites contain less re-
inforcement which makes them much cheaper and are
referred as discontinuously reinforced MMCs [5, 6].
Further, particulate-reinforced composites are isotropic
in nature when compared to fibre-reinforced composites
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and offer higher ductility which makes them an attractive
alternate to the conventional metals. From a practical point
of view, chemical compatibility among the matrix and re-
inforcement is of high significance. It is required to retain the
separate identity of the matrix and reinforcement during
their exposure to extreme processing temperatures and
applications [7]. To achieve thermal compatibility, under-
standing and controlling of extensive chemical reactions
between the reinforcement and matrix within a bound are
necessary. Nonthermal compatibility between them results
in degradation of mechanical and thermal properties.
During cooling of composites from their processing and
forming temperatures, due to the large difference in co-
efficient of thermal expansion between the matrix and re-
inforcement, residual stresses and deformations gets in-
troduced. These residual stresses and deformations can also
be introduced during their applications at higher temper-
atures which could be deleterious. Both strength and stiff-
ness also depend on the type of reinforcing element and their
orientation in the matrix [8]. Continuous fibres possess large
aspect ratios and normally have a preferred orientation. On
the other hand, discontinuous fibres have small aspect ratios
and generally oriented in random directions. Out of all the
properties, the directionality is possibly the prime charac-
teristic that differentiates the fibre-reinforced composites
from the conventional metals/particulate composites.

In aerospace and automotive applications, hybrid
composites with better mechanical and chemical charac-
teristics are frequently employed. Because of their inex-
pensive cost, aluminium hybrid MMC are commonly made
and employed in structural applications [9, 10]. Following
that, much study has been done in AMC with the addition of
reinforcements to aluminium such as B,C, Al,Os, SiC, and
fly ash, among others [11, 12]. The purpose of this analysis
was to highlight the most recent advancements in AMCs as
well as the impact of reinforcements [13]. The impact of
aluminium matrix composite mechanical and tribological
behaviour has been discussed. The Al2014 alloy was chosen
for this investigation because it is readily accessible com-
mercially and is frequently utilized for structural purposes in
the manufacturing industry. A lot of research has been done
on adding B,C, Al,Os3, SiC, and fly ash to improve hardness,
tensile, YS, wear resistance, machinability, good abrasion
resistance, stiffness-to-weight ratios, strength-weight ratios,
and enhanced high temperature performance as shown in
the current work [14, 15]. The current study looks at how to
make (fabricate) these sophisticated engineered materials via
stir casting. The mechanical behavior of composites will
increase as the amount of SiC rises. It was also discovered
that when the particle size increased, the wear rate reduced at
a fixed volume fraction. The addition of SiC to aluminium
improves composites’ wear resistance [16]. It also demon-
strates that higher operating temperatures result in increased
specific strength, stiffness, and wear resistance [17, 18].

MMCs are produced by various manufacturing pro-
cesses which are typically classified on the basis of their
processing temperature. Of course, the method of intro-
ducing reinforcement into given matrix is generally specified
by the type of reinforcement, particle size, and morphology
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of the reinforcement [19]. Fabrication of MMCs in the liquid
state is generally done by a stir casting route due to its
reliability and lower cost [20]. Seo and Kong [21] noted that
this method is simple, flexible, and most suitable for pro-
duction in large quantity. Naher et al. [22] showed that the
cost of preparing composites by the casting method is just
30-50% of the other competing methods.

Using 150 to 160 micron-sized SiC particles in an
Al2014 alloy matrix, a limited research was carried out
based on the available literature. Stir casting was used to
create Al2014 alloy metal composites with SiC particles. To
avoid agglomeration, SiC added to the aluminium melt in
two stages, instead of adding SiC particles in one time into
the melt; in the present study, a novel two step stir casting
method is adopted. After that, the manufactured alumin-
ium matrix composites are put through a series of me-
chanical tests.

2. Experimental Details

2.1. Materials Used. Al2014 is a wrought alloy with copper as
the principal alloying element, which has a melting point of
660°C and a density of 2.80g/cm’. The Al2014 alloy is
primarily used in aerospace and transportation applications.
Al2014 offers excellent toughness, corrosion resistance, and
higher temperature strength, as well as a strong self-healing
capacity throughout the welding process. Table 1 displays the
chemistry of Al2014.

The silicon carbide reinforcing material from Bioaid
Scientific Industries Ltd., Bangalore, is 150 to 160 ym in size.
The reinforcement material is black in hue. The density of
the reinforcement particle is 3.10 g/cm® [23], with a melting
point of 3200°C and a hardness of 3100-3150 kg/mm?. The
SEM and EDS of SiC utilized to make the composites are
shown in Figures 1 and 2.

2.2. Methodology and Testing. The Al2014-SiC composites
are made using the stir casting process. In a graphite cru-
cible, a measured amount of Al2014 alloy is put. After that,
the crucible is positioned in the electric furnace. To melt the
Al2014 alloy, the furnace is kept at 750 degrees Celsius.
Simultaneously, SiC particles are roasted to 300°C in a
separate oven to eliminate moisture content and promote
wettability. Hexochlorthane, a degassing agent, is given to
the molten metal to prevent undesirable gases from es-
caping. A unique two-step reinforcement addition approach
is used to pour a known quantity of SiC particles into molten
metal. The casting is then mixed homogeneously using a
mechanical stirrer made of a zirconium-coated material at
300 rpm for 5 minutes. The molten metal is put into the
mould die right away. Cast iron is used to make the die. The
cast iron die has a length of 120 mm and a dia. of 15 mm. The
procedure is repetitive for SiC particles reinforced com-
posites with 10% SiC. To perform the needed testing, the
castings are machined according to ASTM standards. The
stir casting setup utilized to make the Al2014-SiC com-
posites is shown in Figure 3. Figure 4 shows the composites
that were prepared for the study.
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TaBLE 1: Chemistry of Al2014 alloy.

Elements Si Fe Cu Mg Zr Zn Cr Mn Al
Weight (%) 0.7 05 50 03 020 01 010 04 Bal

FIGURE 1: SEM micrograph of SiC particles.

The specimen is arranged for microstructural analysis
after casting to determine the uniform circulation of SiC
reinforcement in the Al2014 alloy. Microstructure pictures
of Al2014 alloy and Al2014 alloy SiC composites are taken.
Microstructure specimen dimensions are 10 mm in dia., and
5mm in height. 300, 600, and 1000 grit paper are used to
grind the specimen’s surface. The surface is then polished
with a polishing paper for a smoother finish. Following that,
the samples are cleaned with distilled water to eliminate any
foreign particles such as dirt or other contaminants that may
have accumulated on the polished surface. Keller’s reagent
[24] is used to etch the specimens to create a contrast surface.

The specimen is machined according to ASTM standard
E10 [25] for the hardness test. The Brinell hardness tester is
used to test the hardness. The polished surface of the
specimen is smooth. A 5mm ball depression is made on the
specimen, which is then loaded with 250 kg. On the surface
of the material, three indentation marks are made and the
consequences are analysed.

The density measurement is based on the existence of
porosity in the sample. The rule of mixture is used to de-
termine theoretical values for the base and Al2014-SiC
composites. The ASTM D290 [26] method is used to de-
termine the experimental density values using the Archi-
medean method.

To investigate the tensile strength of A12014 alloy and SiC
composites, the samples are machined according to ASTM
standard E8 [27]. Three samples are taken for the tensile test
to ensure precise results. The computerized tensile machine
is used to determine tensile strength, examine the effect of
even dissemination, and investigate the behavior of
Al2014-SiC composites under unidirectional tension. The
sample has an overall length of 104 mm, a gauge length of
45mm, and a gauge dia, of 9mm. The mechanical

presentation of cast alloys and composites can be examined
using this tensile test to determine ultimate, yield, and
elongation. The tensile sample is shown in Figure 5. The
compression strength of Al2014 alloy and its SiC reinforced
composites are evaluated as per ASTM E9 standard [27].

3. Results and Discussion

3.1. Microstructural Studies. Scanning electron micropho-
tographs of Al2014 alloy reinforced composites with 5 and
10% SiC particles are shown in Figure 6(a)-6(c). The SEM
picture of Al2014 alloy is shown in Figure 6(a). This indicates
the absence of particles and the presence of clean grain
boundaries. There are no voids or other casting flaws visible on
the microscope. Microphotographs of Al2014-5 wt. % SiC and
Al2014-10 wt. % SiC composites are shown in Figures 6(b) and
6(c), respectively. The SiC particles, which are noticeable in the
micrographs, are present in 5 and 10% of SiC strengthened
composites, according to the micrographs. Because of the
revolutionary 2-step stir casting technique used to create the
composites, these particles are devoid of agglomeration.
Furthermore, the microstructure surface of Al2014-10 wt. %
SiC composites comprises a greater number of SiC particles,
which are spread throughout the matrix Al2014 alloy.

The EDS spectra of Al2014 alloy with 10% SiC particles
composites are shown in Figure 7(a) and 7(b). Cu is the
predominant alloying element in Al2014 alloy, which also
comprises Si, Fe, and Mg, as shown in Figure 7(a). The EDS
spectrum of Al2014-10 wt. percent SiC particles composites
is also shown in Figure 7(b). The attendance of SiC in the
Al2014 in the form of Si and C elements was visible in the
EDS spectrum of composites. The existence of Si and C
elements, as well as Cu, Mg and Fe elements, validates the
integrity of the composites casting approach.

The Al2014 and Al2014-10 wt. percent SiC composites
are analysed using an x-ray diffractometer (PANalytical,
Netherland-made). The XRD pattern of Al2014 is given in
Figure 8(a); typically, aluminium phases are existing at
various peaks, as seen in Figure 8(a). At 39°, 45°, 65°, and 79",
the incidence of Al phases is established with varying in-
tensities. At 39°, the Al phase has the highest intensity. The
XRD pattern of Al2014-10 wt. percent SiC composites is
shown in Figure 8(b). Figure 8(b) shows the different phases,
such as Al and SiC. As previously stated, Al phases are
generally available at various 2 theta angles with varying
intensities; while SiC particle phases can be found at 36°, 60°,
and 71° degrees with varying intensities. The presence of
silicon carbide particles in the A12014 alloy has been found in
the form of SiC phases.

3.2. Density Measurements. Figure 9 shows the densities of
Al2014 alloy, Al2014 with 5 and 10 wt. percent SiC particles
reinforced composites. The rule of mixture is used to cal-
culate the theoretical densities of A12014 and SiC reinforced
composites. Furthermore, experimental densities are cal-
culated using the Archimedean principle. Al2014 has a
theoretical density of 2.80 g/cm”, but SiC particles employed
in the study have a density of 3.10 g/cm’. The density of the
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FIGURE 2: EDS spectrum of SiC particles.

FIGURE 3: Stir casting setup (courtesy: PES College Of Engineering,
Mandya).

FIGURE 5: Tensile test specimen.

base alloy has grown from 2.80 g/cm” to 2.827 g/cm” as the
weight % of SiC particles in the Al2014 matrix increases from
5 to 10 wt. percent. The higher density of SiC particles in
contrast to Al matrix accounts for the increased density with

SiC particle integration. The reinforced particles higher
density improves the matrix alloy’s overall density. Fur-
thermore, as seen in the graph, the experimental densities
are slightly lower than the theoretical densities, and the
difference amongst the two is tiny. The expected density of
the Al2014 matrix is 2.80 g/cm3, whereas the observed
density is 2.732 g/cm’, highlighting the importance of the
composites’” casting procedure.

3.3. Hardness Measurements. Figure 10 shows the hardness
of Al2014 alloy, Al2014-5, and 10 wt. % of SiC composites.
The plot shows that the hardness of Al2014 increases when
the percentage of SiC particles increases from 5 to 10%. The
hardness of the alloy as cast is 70.2 BHN, while it is 81.7 BHN
and 97.4 BHN after including 5 and 10 wt. percent SiC,
respectively. The hardness of Al2014 alloy-10wt. % SiC
composites increased by 38.7%. The existence of hard SiC in
the ductile matrix improves the hardness of A12014 alloy. SiC
particles have a hardness of 3150 BHN, so incorporating
such a high-hardness substantial into a soft Al material helps
to improve hardness. Furthermore, the dislocation density is
created by the thermal co-efficient mismatch among the
Al2014 alloy and SiC particles, resulting in greater strain
hardening in the composites. The composites hardness is
increased through the strain hardening phenomenon
[28, 29]. Basically reinforcements are more rigid and
stronger than the Al2014 alloy matrix and these strength-
ening particles always try to avoid plastic deformation.

3.4. Ultimate Tensile and Yield Strength. Figure 11 depicts the
effect of SiC particles on the strength of Al2014 alloy. The
strength of the Al2014 alloy has increased as the weight
percent of SiC increases in the soft Al matrix as shown in
Figure 11. The Al2014 alloy’s ultimate tensile strength is
194.4 MPa. In addition, the UTS of Al2014-5wt. % SiC and
Al2014-10wt. % SiC composites are 224.5MPa and
262.4 MPa, respectively. After incorporating 10% weight
percent of 150 to 160 micron-sized SiC particles into Al2014
alloy, the UTS improved by 35%.

Figure 12 depicts the effect of SiC content on the yield
strength of the Al2014 alloy. The strength of the Al2014 alloy
has increased as the weight percent of SiC content increases



Advances in Materials Science and Engineering

SEM HV: 25.0 KV
SEM MAG: 200 x

WD: 13.33 mm
Det: SE

g

SEM HV: 25.0 kV
SEM MAG: 200 x

WD: 13.33 mm
Det: SE

SEM HV: 25.0 kV
SEM MAG: 200 x

WD: 16.11 mm
Det: SE

FIGURE 6: SEM microphotographs of (a) Al2014 alloy, (b) Al2014-5wt. % of SiC, and (c) Al2014-10wt. % of SiC composites.

in the soft Al matrix as shown in Figure 12. The Al2014 alloy
has a yield strength of 161.5MPa. In addition, the YS of
Al2014-5wt. % SiC and Al2014-10 wt. % SiC composites are
201.2 MPa and 232.1 MPa, respectively. After incorporating
10% weight percent of 150 to 160 micron-sized SiC particles
into the Al2014 alloy, the YS improved by 43.7 percent.
The strength of A12014 was increased with 5 and 10% wt.
% of tiny SiC particles, as shown in plots 11 and 12. The
existence of the SiC element in the matrix increases the
strength of Al alloy. The hard elements make the soft matrix
brittle, allowing it to withstand higher directed loads. These
hard particles operate as load-bearing elements in com-
posites, enhancing the composites” strength. Furthermore,
according to the Hall-Petch strengthening process [30], the
insertion of microparticles in the Al matrix reduces the grain
size of the composites, which contributes to the material’s
increased strength [31]. The temperature mismatch among
the Al2014 and the SiC particles is large, resulting in density

dislocations according to the Orowan principle [32]. The
formation of density dislocations causes strain strengthening
within the Al-SiC melt, resulting in increased strength.

3.5. Percentage Elongation. The ductility of the Al2014 alloy
and Al2014 alloy with 5 and 10% micro-SiC composites is
shown in Figure 13. The plot shows that ductility diminishes
as the amount of SiC in the matrix increases. The decrease in
ductility is due to the presence of hard SiC in the matrix;
however, the intense multidirectional stresses at the A12014
alloy SiC contact prevent further material elongation. There
is a strong connection between Al and SiC particles, as well
as the efficient transfer of applied load to a larger number of
tiny SiC particles. As a result of these possessions, the
elongation obtained in Al2014 alloy-10% SiC composites is
lower than that obtained in base amalgam and 5% SiC
particles reinforced composites.
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FIGUure 8: XRD patterns of (a) Al2014 alloy and (b) Al2014-10 wt. % of SiC composites.

3.6. Compression Strength. Figure 14 shows the compression
strength of Al2014 and Al2014 with 5 and 10% SiC com-
posites. The incidence of hard particle phase boosted the
compressive strength of the Al2014 matrix, which rose
further as the wt. % of SiC increased, according to the plot.
Because these ceramics are tougher in nature, compressive
strength is always used to determine the strength of the
carbide or oxide particles. The large quantity of grain

refinement produced with the inclusion of SiC particles, the
presence of evenly distributed tougher components, and
dislocation formed due to the modulus discrepancy and
thermal expansion co-efficient can all be contributed to the
Al-SiC composites’ strength [33]. According to the results of
Figure 14, the effect of SiC content on compressive strength
is significant. This validates the clear effect of SiC on Al-SiC
composites’ strength.
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FIGURre 15: Tensile fractured surfaces SEM images of (a) Al2014 alloy, (b) Al2014-5wt. % SiC, and (c) Al2014-10 wt. % SiC composites.

3.7. Tensile Fractography. SEM pictures of the fractured areas
of Al2014 and Al2014 with 5 and 10% SiC composites are
shown in Figure 15(a)-15(c). The excellent bonding among
the matrix and the SiC reinforcement can be inferred from all
of the tension fractured micrographs. In Figure 15(a), the
shattered surface of 500x magnification pictures of Al2014
alloy is shown. The ductile fracture is shown by the fractured
surface of the as cast alloy, which has visible grains.

The cracked surfaces of Al2014-5wt. % SiC and Al2014-
10wt. % SiC composites are shown in Figure 15(b) and
15(c). According to the micrographs, the composites be-
come more brittle as the SiC reinforcement increases. The
fractured surface of Al2014-10wt. % of SiC composites
demonstrates this increased brittleness. Furthermore, the
brittle fracture is directly connected to the composites’
elongation [34]. The ductility of the composites decreases as
the weight percent of SiC increases, as discussed in the
percentage elongation section.

4. Conclusions

The Al2014-SiC metal composites were successfully pro-
duced using the metallurgical process and the stir casting
method. SEM/EDS and XRD patterns were used to examine
the microstructural characteristics of the produced Al20214
alloy and Al2014 with 5 and 10% SiC composites. SEM
micrographs, EDS analysis, and XRD patterns were used to
show the distribution and existence of SiC particles in the
Al2014 alloy. As the SiC proportion grew from 5% to 10%
wt., the density of the Al12014-SiC composites improved. The
results showed that when the micro-SiC content in the
Al2014 alloy increased, the ultimate, yield, and compression
strength increased with a minimal drop in ductility. In an
unreinforced material, fractured surfaces showed ductile
mode fracture. Furthermore, as the reinforcing concentra-
tion increased to 10%, the composites began to shatter in a
brittle manner.
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In present experimental work, 310 SS alloy has been welded by the TIG welding using design of experiment and grey relation
optimization techniques. The input parameters, i.e., welding current, welding gas flow rate, and welding voltage, have been
selected to perform the TIG welding. The same filler material was used during the welding process to investigate the mechanical
and microstructure properties. The design of experiment and grey relation optimization techniques were used to optimize the
effect on hardness and tensile strength of the welded joints. The experiments were performed as per the L9 orthogonal array
obtained by the design of experiment methodology. The 65 A, 12V, and 7.5 gas flow rate optimum setting of input parameters
provides the better results for the effective hardness and tensile strength. The most significant parameters, i.e., welding current
with 84.93% and welding voltage with 65.09%, were obtained for hardness and tensile strength, respectively.

1. Introduction

The high strength low alloy (HSLA) steels have become
widely popular in fabrication of various structures for
critical and noncritical applications due to reasonable
economy and high allowable design stresses. Sarkar and
Kakoty performed welding for joining of the bell metal parts.
The multiobjective algorithm has been adopted to solve the
regression equation. Also, mechanical and microstructure
properties have also been analyzed in this study [1]. Sathish
et al. reported that wrought aluminum AA8006 was welded
by tungsten inert gas welding for the industrial applications.
The welding speed, base current, and peak current had
considered a process parameter and the surface hardness,
strengths for standing tensile, and impact loading have been
analyzed [2]. Chuaiphan and Srijaroenpramong revealed the
joining of dissimilar metals AISI 205 and AISI 216 stainless
by using TIG welding process. It was found that range of

welding speed of 1-3.5 gives the defect-free and complete
weld bead. This study will be useful for various industrial
applications [3].Sharma et al. performed experiments on
TIG welding to join the S5202 metal. The electrode diameter,
shielding gas, gas flow rate, welding current, and groove
angle were considered as input parameters and the effect of
these parameters was analyzed on hardness and tensile
strength. The obtained results were compared with estimated
mean value and the results were lying within +5% [4]. Pavan
et al. revealed welding of 6.5mm thick Inconel 625 alloy
plate. The results had been investigated by using grey re-
lational analysis (GRA) and technique for order preference
by similarity to ideal solution. It was found that the optimal
level is at 300 A current, 90 mm/min torch travel speed, and
5mm arc gap which provide the best value to obtain the
good results [5]. Wan et al. examined tensile properties of
2219-T8 aluminum alloy for large propellent tanks
manufacturing. The tensile strength coefficient of 70% and
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4% elongation was achieved with design of experiment
methodology [6]. Azadi Moghaddam and Kolahan evaluated
the effect of welding current, welding speed, and welding gap
for the fabrication of AISI316L austenitic stainless steel. The
orthogonal array Taguchi, regression model, and analysis of
variance have been adopted to optimize the parameters. The
SiO, nano particle has been used for activating the flus. The
authors suggested that the obtained model is effective in
modelling and optimization of the A-TIG welding [7].
Pandya et al. revealed the tungsten inert gas welding for the
stainless-steel metal. The authors have also concluded that
activated TIG increases weld penetration up to 1.504 times
in a single pass [8]. Balaram Naik and Chennakeshava Reddy
proposed a model to reduce the errors and enhance the
working of TIG welding process. Experiments performed on
duplex stainless steel 2205b and also Taguchi and ANOVA
analysis have been adopted to find the optimal values. Neural
network model has been coupled with the optimization
techniques to increase the tensile strength, hardness, and
depth of weld [9]. Chuaiphan and Srijaroenpramong joined
AISI 205 and AISI 216 stainless steel dissimilar metals by
TIG welding. The ER307 filler metal has been used for
welding purpose. Also, microstructure analysis was per-
formed on the welded joints. It was concluded that the
obtained weld bead is complete and without any defects, and
microstructure was found narrower when welding at higher
speeds [3]. Ragavendran et al. investigated the effect on the
response during the welding by hybrid laser and TIG
welding. The welding operation was performed in 316LN
austenitic stainless steel. The effect had been investigated for
weld bead width, weld cross-sectional area, and depth of
penetration with response surface methodology. The good
agreement has also been observed for the measured and
predicted values [10]. Vidyarthy et al. studied the relation
between the A-TIG welding process parameters and the
response such as welding current, welding speed, and flux
coating density by using the response surface methodology
(RSM). It was found that the welding current is the most
significant parameter that affects the weld bead geometry
[11]. Vasantharaja and Vasudevan selected the optimum
values during the welding by A-TIG welding process by
response surface methodology. The numerical and graphical
optimization was performed to identify the optimum values
for the welding parameters [12]. Pamnani et al. performed
experiments on DMR249A steel for aircraft and ships. The
good depth of penetration was obtained by this process, and
this was achieved by the design of experiment and RSM
methodology [13]. Singh et al. studied the effect of vibratory
welding process on mild steel plated for fabrication of butt
weld. The microhardness and microstructure were also
studied in this work. It has been found that the hardness
value was enhanced during the vibratory condition com-
pared to conventional process [14]. Magudeeswaran et al.
revealed the identification of the desirable aspect ratio for the
DSS joints by using A-TIG welding process. The ANOVA
and pooled ANOVA techniques were adopted to identify the
significant parameters of experiments. The authors con-
cluded that optimized parameters were found to be within
the acceptable range by ANOVA analysis [15].
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Sivachidambaram and Balachandar investigated a solution
to weld aluminum and aluminum composite by using op-
timized pulsed current parameters of pulsed current TIG,
welding regression equations and empirical model has also
established to identify the significant parameters [16].
Lugade and Deshmukh used SiO, flux powder to perform
A-TIG welding on austenitic stainless steel (304L) with
acetone. The process parameters i.e., electrode gap, welding
current welding speed and gas flow rate was optimized by
Taguchi’s methodology. The optimum values of process
parameters for weld specimens are, 1 mm electrode gap,
100 mm/min travel speed, 200 A welding current and 10 lit/
min gas flow rate [17]. Adalarasan and Santhanakumar
performed comparative studies by using the TIG and MIG
welding on aluminum 6061 alloy. The desirability grey re-
lation analysis was performed to optimize the process pa-
rameters of welding processes; also, the obtained results have
been validated through the confirmation experiments [18].
Bello et al. studied the surface hardness for low alloy steel by
using TIG welding process. The welding speed and welding
voltage were found to be the most significant parameters that
influenced the surface hardness. The obtained results have
also been validated through the confirmation experiments
[19]. Kiaee and Santhanakumar performed TIG welding on
A516-Gr70 carbon steel to analyze the tensile strength. The
optimized values of current, welding speed, and shielding
gas flow rate have been identified by using RSM analysis. The
obtained model can be used to predict the responses of TIG
welded joints at 95% confidence level [20]. Rastkerdar et al.
optimized the TIG welding process parameters to enhance
the pitting corrosion resistance during welding of AA5083-
H18 aluminum alloy. The authors concluded that pulses on
time showed the significant effect on pitting corrosion re-
sistance followed by pulse frequency, peak current, and base
current [21]. Chakravarthy et al. performed Taguchi L16
experiments to analyze the effect of TIG parameters on
tensile strength of PC GTAW of 70/30 CuNi alloy. The
obtained values of optimum condition have also been in-
vestigated, i.e., 3.0 Hz for pulse frequency, 210 A for peak
current, and 150 mm/min for base current [22]. Lin used
Inconel 1718 alloy to weld by TIG welding. The BPNN model
has been developed for the TIG welding process parameters
and Taguchi’s and grey relational analysis has also been
performed to identify the quality characteristics. The ob-
tained results show the improvement in the weld bead and
penetration of Inconel 718 alloy welds [23]. Some research
put efforts to enhance the characteristics of process by using
other statistical tools such as response surface methodology,
fuzzy-ANFIS approach, and metaphor-less algorithms
[24-28]. It was seen that most of the research work was
carried out using the TIG welding but very few works have
presented the optimization of the TIG welding parameters.
In the present work, experiments have been performed on
310 SS alloy to identify the effect of TIG welding parameters
on tensile strength and hardness. Also, optical analysis was
performed to check the microstructure of the welded
specimens. The design of experiment and grey relation
analysis was used to optimize the process parameters of TIG
welding.
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2. Materials and Methodology

Tungsten inert gas welding (TIG) was performed in single
pass with direct current electrode negative (DCEN). Argon
gas is used as a shielding gas. The filler rod used is TIGINOX
308L. The TIGINOX 308L filler rod is suitable for the ap-
plication for welding of piping system, tubes, and boilers in
chemical and food processing industries. The welding
current, gas flow rate, and voltage were considered as process
parameters and the effects of these parameters were iden-
tified on tensile strength and hardness. The L9 orthogonal
array was prepared by design of experiment (DOE) meth-
odology. The welding is performed on 310 SS alloy. Figure 1
shows the total 9 pairs of specimens before the welding
process.

Figure 2 shows the welding setup which is used for the
experimental work. Table 1 shows the chemical composition
of the base metal and filler materials which was used to
perform the welding operation. Table 2 shows the used
process parameters and their level for present experimental
work. Figure 3 shows the welded joints after the TIG welding
process.

2.1. Grey Relational Analysis. Itis also abbreviated as GRA. It
is utilized for finding the most optimal solution for given
arrangements of parameters and for which parameter to
optimize. Initially there is a need to define the input variables
and response variables. Data can be collected for the same.
The further step in GRA optimization is the normalization of
response values on which optimization is to be carried out.
For the smaller, better characteristics, the normalized value

is obtained by
Xi _ ( Xmax — %i ) (1)
Xmax = Xmin

The next step is to calculate the deviation sequence.
Subtract corresponding normalized value from 1 as it is the
maximum value.

A= (Xi)max_Xi' (2)

Further, there is a need to calculate the grey relational
coefficient. For that, there is a requirement of delta max and
min.

Amin + (Amax

Ai + CAmax . (3)

(i (k) =

The value of { is generally between 0 and 1. For the

calculation purpose, the value of { can be used as 0.5. A

further step is to calculate the grey relational grade. This is
calculated by average of grey relational coeflicients.

1
vi= o 260, (4)
Based on grey relational grade, these values are given
rank. Larger value of grade means the observed values are
close to the ideal normalized values. Parameters corre-
sponding to the highest rank are the optimum solution.

3. Results and Discussion

Table 3 shows the orthogonal array which is used to perform
the experiment and it also presents measurement of Vickers
hardness test and tensile strength.

3.1. Microhardness Analysis. Hardness measurement was
carried out at MRC Research Center, Jaipur. The Vickers
microhardness tester was used for the measurement of
hardness. The hardness has measured all the welded 9
specimens. Figure 4 shows visuals while performing the
experiments.

After the measurement of hardness value, the obtained
results were optimized by using the Minitab software and the
obtained results have been discussed in the present section.
Figure 5 shows the main effect plot obtained for the hardness
test. It shows that the hardness of the weld has decreased
steadily with the increase in welding current. The maximum
hardness is obtained at a welding current of 65 A. Hardness
increases from 170.5HV to 172.5HV at welding current of
65 A when current increases from 65 A to 75A. It is a de-
crease to 168 HV. This decrease in hardness is owing to the
weak solidification of the molten material. Even though
there is a decrease in hardness of the welded joints with an
increase in welding current, the travel speed of the filler has
increased. At the same time, as the value of gas flow rate
increases from 7.5 to 10 L/min, the hardness starts to in-
crease. Similarly, an increase of gas flow rate from 7.5 lit/min
to 10lit/min has increased the hardness from 170 HV to
171 HV. When the gas flow rate increases from 10 lit/min to
12.5lit/min, the hardness decreases from 171HV to
170.5 HV. This increase in hardness is due to the increased
supply of gas that has assisted the application of the higher
volume of heat at the surface subsequent in poor solidifi-
cation of the metal. Hardness decreases as the value of
welding voltage increases. The gas flow rate has highly
influenced this analysis, followed by current and voltage
based on the obtained delta value and rank order.

The hardness is microstructural and heat input pa-
rameters dependent. The change in process parameters
makes the heat flux intensity and metallurgical behavior
vary, which further affects the defects formation in the
weldment.

In the hardness test, the optimal parameters were ob-
tained as current of 65 A, the gas flow rate of 10lit/min, and
voltage of 10V.

Table 4 shows the obtained results by analysis of vari-
ance methodology. It shows that welding current was found
to be the significant parameter because P value is less than
0.05 and it also shows the maximum percentage contri-
bution of 84.93%. The gas flow rate and welding voltage
were found to be nonsignificant parameters due to the P
value being more than 0.05. Table 5 presents the model
summary for the hardness analysis. It shows that the ob-
tained value of R-sq(adj) is 93.96% and that of R-sq is
88.80% which shows the obtained result is within the range.
Figure 6 shows the pie chart of % contribution of process
parameters for hardness.



Advances in Materials Science and Engineering

FIGURE 1: 9 pairs of 310 SS sheet specimen before welding (base metal).

F1cure 2: TIG welding setup.

TaBLE 1: Chemical composition materials.

Elements (%wt)

Base metal-310 SS

Filler material 308L

C 0.07 0.02
Mn 0.95 1.7
P — 0.011
Cr 24-26 20
Mo 0.25 0.65
Ni 18.96 10
S 0.03 0.009
Si 1.58 0.32
Cu — 0.68
Al 0.68 —

TaBLE 2: Process parameters and their levels.
Parameters Unit Level 1 Level 2 Level 3
Welding current A 65 70 75
Gas flow rate L/min. 7.5 10 12.5
Welding voltage \4 10 12 14

Regression equation for microhardness is the following:
Mmicrohardness = 201.31 — 0.39331 + 0.0867Q — 0.3417 V.
(5)

4. Tensile Stress Test

The tensile test was also performed at MRC Research Center,
Jaipur. The obtained results were optimized by using the
Minitab software. Figure 7 shows the specimens for the
tensile test. The tensile strength of the specimen was de-
termined by UTM (universal testing machine) as shown in
Figure 8 and the corresponding stress-strain graph for
specimen is presented in Figure 9. The influence of TIG
welding process parameters on the strengths of weld was
statistically analyzed by using Minitab 21 software, in which
the experimental data are converted into mean to determine
the optimal process parameters.

Figure 10 shows the main effects plot for means by the
design of experiment methodology. The tensile strength of
the weld has decreased steadily with the increase in welding
current. The maximum tensile strength is obtained at a
welding current of 65 A. A decrease in tensile strength from
472 MPa to 468 MPa is observed when the welding current
increases from 65 A to 75 A. This decrease in tensile strength
is owing to the penetration of a large amount of heat at the
surface. The increased amount of heat produced at the weld
surface leads to the decrease of tensile strength of the welded
joint. Additionally, when the gas flow rate increases from
7.5lit/min to 12.5lit/min, the tensile strength has increased
from 460 MPa to 478 MPa. This could be anticipated to an
increased supply of gas, enabling the application of a higher
amount of heat at the interface. This increased supply of heat
at the surface caused better penetration of heat into the
material. Likewise, as the welding voltage decreased from
10V to 14V, the tensile strength has decreased from
482 MPa to 458 MPa.

Table 6 shows the ANOVA analysis for tensile strength.
The welding voltage was found to be the significant pa-
rameter and the welding current and gas flow rate were
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FIGURE 3: Welded joint after the TIG welding.

TaBLE 3: L9 orthogonal arrays and their responses.

Exp. no Current (A) Gas flow rate (I/min) Welding voltage (V) Microhardness (HV) Tensile strength (MPa)
1 65 7.5 10 173 472.6
2 65 10 12 172.4 472.1
3 65 12.5 14 171.8 470.8
4 70 7.5 12 170.2 467.6
5 70 10 14 170.7 457.5
6 70 12.5 10 171.4 488
7 75 7.5 14 167.3 444 4
8 75 10 10 169.5 491.9
9 75 12.5 12 168.6 469.7

FIGURE 4: Visuals of the microhardness test.

found to be the nonsignificant parameters. Table 7 presents
the model summary of tensile strength. Equation (2) shows
the obtained regression equation for the present experi-
mental work and R-sq(adj) is obtained as 77.14%. Figure 11

shows the pie chart of % contribution of process parameters

for tensile strength.

Regression equation for tensile strength is as follows:

tensile strength =543.2-0.317]+ 2.93Q-6.65V (6).
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FIGURE 5: Main effects plot for means on microhardness.
TABLE 4: Analysis of variance for hardness.
Source DF Adj SS F value P value % contribution
Regression 3 26.2900 42.45 0.001
Welding current 1 23.2067 112.41 P <0.001 84.93
Gas flow rate 1 0.2817 1.36 0.295 1.031
Welding voltage 1 2.8017 13.57 0.014 10.25
Error 5 1.0322 3.77
Total 8 27.3222

TaBLE 5: Model summary (HV).

S R-sq (%)

R-sq (adj) (%)

R-sq (pred) (%)

0.454362 96.22 93.96

% Contribution of parameters

. Error
Welding voltage 4%

10%

Gas flow rate
1%

B Welding current
m Gas flow rate

FIGURE 6: % contribution of parameters for hardness.

Welding current

85%

Welding voltage
Error

5. Grey Relation Analysis (GRA) for Hardness
and Tensile Strength

Table 8 shows the obtained normalized values for the
hardness and tensile strength for L9 orthogonal array. This
value was obtained by using the grey relation analysis
methodology.

The values GRC and GRG and the assigned ranks for all
output responses are shown in Table 9. According to the
ranking, the 1 experiment value has the highest grey rela-
tional grade value in Taguchi’s L9 orthogonal array exper-
imentation [29]. For other experiments, the rank is shown in
Table 9.

5.1. Optical Analysis. The optical analysis was performed on
the welded specimen. The specimens were carefully cut into
small pieces and, after proper polishing by the picric acid,
used for the microstructure analysis. The specimen was
further cut into 10 mm width for tensile testing. Following
the welding operation on the specimen, a microstructural
analysis was carried out to determine the effect of welding
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FIGURE 7: Specimens for the tensile test.

FIGURE 8: Specimen under a tensile test.
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FIGURE 9: Stress-strain graph for the specimen.
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FIGURE 10: Main effects plot for means.
TABLE 6: Analysis of variance for tensile strength.
Source DF Adj SS Adj MS F value P value % contribution
Regression 3 1397.58 465.86 10.00 0.015
Welding current 1 15.04 15.04 0.32 0.594 0.92
Gas flow rate 1 321.20 321.20 6.89 0.047 19.69
Welding voltage 1 1061.34 1061.34 22.78 0.005 65.09
Error 5 232.95 46.59 14.28
Total 8 1630.53

TaBLE 7: Model summary for tensile strength.

TaBLE 8: Normalized values for the output response.

S R-sq (%) R-sq (adj) (%) R-sq (pred) (%) Run order Microhardness (HV) Tensile strength (MPa)
6.82562 85.71 77.14 41.38 1 1.000 0.594
2 0.895 0.583
3 0.789 0.556
% Contribution of parameters 4 0.509 0.488
Welding current > 0.596 0.276
Error s 6 0.719 0918
14% Gas Dowrate 7 0.000 0.000
Weldin valt ’ 8 0.386 1.000
elding voltage
65% 9 0.228 0.533
TABLE 9: Grey relation analysis result.
GRC values
Run Microhardness Tensile strength ~ GRG Rank
order (HV) (MPa)
. . 1 1.000 0.552 0.776 1
: \(f;\fehi]mg cu:rent ] ;Veldlng voltage 2 0826 0.545 0686 4
as flowrate rror 3 0.704 0.530 0617 5
FI1GURE 11: % contribution of parameters for tensile strength. 4 0.504 0.494 0499 6
5 0.553 0.408 0.481 7
6 0.640 0.859 0.750 2
heat on the specimen. An optical microscope with a mag- 7 0.333 0.333 0333 9
nification of 200x was employed. Figure 12 shows the three 8 0.449 1.000 0.724 3
9 0.393 0.517 0455 8

primary microstructure zones of specimens 3 and 6, i.e.,
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FIGURE 12: Zones of welded sheet.

Plate-A (Weld Centre) Plate-B (Weld Centre)

(Dendritic structure) (Dendritic structure)

HAZ HAZ

(austenite/ferrite) (austenite/ferrite)

Base Metal Base Metal
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FIGURE 13: Microstructure analysis of welded specimens.
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heat-affected zone (HAZ), weld zone, and base metal
structure, respectively. The obtained image is presented in
Figure 12. The predominant microstructural constituent
created during the solidification process of iron-based alloys
weld is dendritic microstructure. The rapid migration of the
liquid/solid boundary towards the undercooled melt causes
rapid dendritic development. In HAZ, it is possible that the
dark microstructure is related to the after high-temperature
welding and the existence of delta ferrite in the material.

The mechanical qualities of a weld are directly affected by
changes in microstructure. As a result, when the heat input is
large, the welded joint’s hardness drops significantly due to
microstructure coarsening. Figure 13 shows the optical
analysis of the welded specimens.

6. Conclusion

The 310 SS TIG welding experimental study yielded positive
results. Experiments were performed to analyze hardness, and
tensile tests and optical analysis were carried out with pre-
cision to limit the mistake to a minimum and accurately
identify the results. The DOE methodology and grey relation
analysis techniques were used to optimize the TIG welding
process parameters. The following conclusions were observed.

(a) For the specimen investigated, a welding current of
65A and voltage of 10V produced greater tensile
strength, while a welding current of 75 A and voltage
of 10V produced the lowest tensile strength.

(b) The optimum parameter was set in GRA, and DOE
was discovered to be outside the L9 experimental
run. DOE predicted a lower value for the proximity
coefficient than GRA’s grey relational grade value.

(c) When comparing the parameter sets acquired via
GRA and DOE, it was discovered that the parameter
set obtained from GRA was closer to the experi-
mental results.

(d) Due to the moderate cooling rate and high energy
density of tungsten inert welding, microhardness
studies revealed that the weldment zone had higher
microhardness than normal.

(e) Microstructure changes have a direct impact on a
weld’s mechanical characteristics. When the heat
input is significant, the welded joint’s hardness drops
dramatically as a result of the coarsening of the
microstructure.

(f) The future work can also be performed by using
advanced alloys such as Inconel by adopting other
optimization techniques such as artificial neural
network and response surface methodology.
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In the current study, multiwalled carbon nanotubes (MWCNTSs) and carbon particles (micron size) were employed to create
carbon particle dispersions. At different impact angles, the erosion of abrasive particles in an air jet is examined. Carbon particles
dispersed across a metal matrix increased the fibre bonding but decreased the mechanical strength. In the sample, carbon
nanotubes make up 5% of the total. The strength of carbon nanotubes in matrix materials overcomes the growth in carbon particle
length significantly. When carbon particles are present, the matrix material weakens and becomes brittle. Due to the effect of
attrition on exposed surfaces, materials that are subjected to particle impingement are more vulnerable to erosive processes.
Carbon has significantly improved the matrix material’s surface property. The research findings significantly affect 5% of the CNT
composite. At 30°, 0.0033 g/min showed the least proportion of abrasive wear. Erosive wear decreases at the lowest impingement
angle but increases as the impact angle increases. Since it causes brittleness, increasing the weight percentage of carbon particles

is discouraged.

1. Introduction

Recent publications to fibre-reinforced polymer composites
have gotten a lot of interest in the scientific community since
they have great qualities including a high strength to weight
ratio and can be used in structural applications. Carbon and
glass artificial fibres are frequently reinforced with a variety
of polymeric compounds. Because of its great mechanical
strength and stiffness, the glass fibre is in high demand in
ultrahigh automobile, the aerospace industry, navy, and also
defense, which resulted in the development of multiple
PMCs (polymer matrix composites) [1-3]. Moreover, a
human-created fibre-reinforced composite material has
good mechanical properties but processing of these man-
made fibre composite takes high cost when compared to the
natural fibre composite. Presently, many of the researchers

experimented with several FRCs (fiber-reinforced com-
posites) to increase their wear and mechanical qualities.
However, the wear features of PMCs were lacking to meet
present industrial needs. As a result, a revolutionary notion
of blending carbon fillers with manmade fibres in a common
matrix has been developed, and hybrid composites have
been coined [4]. The addition of micro carbon, AI203, SiO2,
carbon nanotubes (CNTs), and graphene as a reinforcement
(as whiskers) to PMCs improves mechanical parameters
including tensile, flexural, and interlaminar shear strength,
as well as heat transfer characteristics [5].

A work from the authors of [6] discoursed the inclusion
of carbon nanotubes in a polyethylene-based polymer matrix
composite and has observed that the glass transition tem-
perature and thermal expansion has enhanced significantly.
Molecular dynamic simulations based on the Brenner
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FIGURE 1: SEM images of materials incorporated (a) CNTs and (b) carbon particles.
TaBLE 1: Carbon particle wt. % distributed in prepared materials.
SL no Sample ID Glass fibre layer Name of the filler material Weight % of the filler material
1 SP-1 — —
2 SP-2 MWCNT 2.5
3 SP-3 MWCNT 5
4 SP-4 5 MWCNT 7.5
5 Sp-5 Micro carbon 5
6 SP-6 Micro carbon 7.5
7 Sp-7 Micro carbon 10
potential models were employed to study these properties. o /
The author also attributed that the enhancement in the g

diffusion coefficient of the matrix atoms above T, has en-
hanced the mobility of composite materials for the fabri-
cation process. However, the simulation results do not
implicate the exact experimental procedure to process these
composites. Due to impracticability of attempts to disperse
single-walled nanotubes (SWNTs) into an epoxy acrylate
system is found to be unsuccessful [7]. In this context, a
novel process, by using a solvent in conjunction with
sonication to disperse SWNTs into epoxy, has been pre-
sented by the authors of [8, 9]. The work used the concept of
interpenetrating polymer networks for the design of the
composites.

The most commonly identified failures in the composites
are delamination and fibre pullout. As a result, the CNTs
may undergo either of these phenomena, and also addi-
tionally, they might undergo fracture within the CNT itself
resulting in the failure of the composite material. Examining
these failure characteristics of the CNTs in the composite
matrix is one of the challenging problems for the charac-
terization team [10]. Micro-Raman spectroscopy, on the
other hand, sheds light on the failure process of CNT-based
composite materials.

With the availability of hard powders such as tungsten
carbide (WC) and tantalum niobium carbide (Ta/NbC),
epoxy hybrid fibre glass composites are being explored for
better abrasive wear characteristics. [11] The induced CNTs
and micro carbons by several processing techniques not only
generated excellent mechanical properties but also enhanced
the tribological characteristics, as shown in the preceding
literature. The purpose, according to the literature, is to
incorporate micro carbon nanotubes in GFRPs using hand

1 Sand hopper

2 Conveyor belt system for sand flow
3 Pressure transducer

4 Particle-air mixing chamber

5 Nozzle

6 X-Y and h axes assembly.

7 Sample holder

FIGURE 2: Erosive wear mechanism (top) and erosion test setup
(bottom).

layup preparation, with a focus on composite performance at
varied compositions [12].

From the literature survey, it is observed that the CNTs
are widely accepted in various composites and found to be
compatible to use with any kind of fibre and matrix com-
posites. The comprehensive literature discussed in the above
session have provided the insights to handle CNTs in an
optimized way. The efficiency of a hybrid epoxy composite
reinforced with both multiwalled carbon nanotubes
(MWCNTs) and micro carbon particles is investigated in
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F1GURrE 3: Samples after erosion test.

0.025 ~
0.012
0.01 0.02
= c
& 0008 4 2 0,015 -
2 E
£ 0.006 - )
g 20,01 4
S z
S 0.004 4 25)
o
0.005
0.002
0 T T T T T ) 0 T T T T T 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (min) Time (min)
—— Jet angle 30 degrees Jet angle 30 degrees
—— Jetangle 45 degrees Jet angle 45 degrees
—— Jet angle 60 degrees —— Jet angle 60 degrees
—— Jetangle 90 degrees ——— Jetangle 90 degrees
(a) (b)
0.03 -
0.025
)
® 0.02 S
s
g
= 0.015 -
S
g
= 0.01 4
0.005 4
0 T T T T T 1
0 1 2 3 4 5 6
Time (min)
—— Jetangle 30 degrees
—— Jetangle 45 degrees
—— Jet angle 60 degrees
—— Jetangle 90 degrees

(c)

FIGURE 4: 5 layers glass fibre. (a) 1 bar pressure and 5% micro carbon powder filler. (b) 1.5 bar pressure and 5% micro carbon powder filler.
(c) 2 bar pressure and 5% micro carbon powder filler.
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FIGURE 5: 5 layers glass fibre. (a) 1 bar pressure and 7.5% micro carbon powder filler. (b) 1.5 bar pressure and 7.5% micro carbon powder

filler. (c) 2 bar pressure and 7.5% micro carbon powder filler.

this work. Using an abrasive jet machine, the tribological
characteristics of the hybrid composite in terms of erosive
wear are also assessed.

2. Materials and Methodology

This study utilizes glass fibre reinforcement to explore the
impact of carbon in the matrix. The e-glass fibre is rein-
forced with epoxy resign. The composite material is pre-
processed by carbon prior to composite fabrication. The
composite is made up of carbon particles that are both nano
and micro in size. The SEM image of the fibre glass and
CNT employed with a carbon particle is shown in Figure 1.

Hand-layup is being used to produce the composite ma-
terial, which has a fibre to matrix weight distribution of 40:
60. The fibre matrix has a density of 2.56 g/cc and five
laminations in total. The weight percent of nanotubes
(CNT) and carbon particulates distributed in the prepared
material is shown in Table 1 with sample labelling. Me-
chanical stirring is employed to disperse CNTs and carbon
particles that are 10-20 microns in size in the epoxy. Using
a wooden mould box, the preprocessed epoxy resin and
fibre material are formed into a flat plate with dimensions
of 150 x 60 x 5mm”. The curing period for a hand-crafted
fibre and reinforcement materials using a hardener/catalyst
is of twenty-four hours.
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FIGURE 6: 5 layers glass fibre (a) 1 bar pressure and 10% micro carbon powder filler. (b) 1.5 bar pressure and 10% micro carbon powder filler.

(c) 2 bar pressure and 10% micro carbon powder filler.

3. Air Jet Erosion Test

A erosion test performed using sand particulates on the
material is used to investigate the erosion wear character-
istics of a neat GFRP and GFRP with CNTs. Erosive wear is
the process of metal removal caused by solid particles im-
pinging on the surface. As it can be seen in Figure 2 where
erosion is caused by gas jet impinging on the surface, if the
impingement is small, the wear is closely analogous to
abrasion. The essential erosion parameters will be investi-
gated on the following aspects: impact angle and velocity,
standoff distance, size of abrasive particles, test temperature,
diameter of the nozzle, and duration. The schematic solid
particle erosion test setup is as shown Figure 2. The ASTM

G76 standard is used for abrasive jet erosion investigation.
The erosive wear rate is computed by equation (1).

(1)

where “W,,” denotes the weight loss of the test sample (g),
which may be calculated by comparing the weight values of
the samples before and after each test and “W,” denotes the
mass of the erosion particles (g) that impacted the target
sample for 10 minutes (i.e., the test duration). This method
was repeated until the erosion rate reached a steady-state
value. The abrasive wear samples from the planned study are
also evaluated using an electron microscope.
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FIGURE 7: 5 layers glass fibre. (a) 1 bar pressure and 2.5% nanocarbon powder filler. (b) 1.5 bar pressure and 2.5% nanocarbon powder filler.

(c) 2 bar pressure and 2.5% nanocarbon powder filler.

The following process parameters of used in this present
work, that is, 50 um erodent size, 48 m/s, 70 m/s, 82m/s
velocity of erodent, 2 g/min flow rate of erodent, 10 mm
SOD, and 30°,45°, 60°, 90° angle of impingement [13]. Fig-
ure 2 shows abrasive jet erosive wear mechanism and erosion
test setup.

4. Results and Discussion

4.1. Erosion Test Results for Micro Carbon Filler-Added GFRP.
The important aspect of tribological studies is air jet erosion
which is one of the most crucial and desired parameters by
various industries especially in automobile and biomedical
applications. The air jet erosion tested samples are shown in
Figure 3. The results of the prepared samples air jet erosion
test are presented below.

Case 1. For pressure 1 bar and 5% Micro-carbon Powder
filler in 5 layers of Glass Epoxy.

Case 2. For pressure 1 bar and 10% micro carbon powder
filler in 5 layers of glass epoxy.

Case 3. For pressure 1 bar and 15% micro carbon powder
filler in 5 layers of glass epoxy.

From the graphs plotted in Figures 4-6, it is clearly
measurable that for jet angle 30°, 45°, 60°, and 90", for a
pressure of 1, 1.5, and 2 bars and to 5%, 7.5%, and 10% micro
carbon powder filler in 5 layers of glass epoxy, the erosion
rate is calculated. The test is performed consecutively
measuring the erosion rate for an interval of 2 minutes for
ten minutes. The results indicate that there is a substantial
growth in erosion rate for all the jet angles in common but
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FIGURE 8: 5 layers glass fibre. (a) 1 bar pressure and 5% nanocarbon powder filler. (b) 1.5 bar pressure and 5% nanocarbon powder filler. (c) 2

bar pressure and 5% nanocarbon powder filler.

the magnitude of trend gave a diverse ideology that 30° with
the lowest magnitude and 45° with the highest intensity of
magnitude is observed, thereafter the intensity of magnitude
decreased consistently until 90°.

4.2. Erosion Test Results for Nanocarbon Filler-Added GFRP.
Similarly, an erosion test is performed on the nanocarbon
particle-based composite to verify the true facet of the
property enhancement at different scales. However, we have
observed a trend similar trend with microparticles, the same
testing conditions but with 2.5, 5, and 7.5wt% taken as
constituents.

Case 4. For 1 bar pressure and 2.5% Nano-carbon Powder
filler.

Case 5. For 1 bar pressure and 5% Nano-carbon Powder
filler.

Case 6. For 1 bar pressure and 7.5% Nano-carbon Powder
filler. It can be pursued Figures 7-9 that variation of erosion
rate is significantly enhanced thus indicating the dispersion of
nanoparticles also show similar behavior in comparison to the
micro carbon fillers but decrement at 7.5%. However, we can
observe there is little better enhancement observed with dis-
persed nanoparticles. This is attributed to the size of the particle
as we move towards continuum, the scattering of particles
reduced and no agglomeration can be sighed. As a result, we
have better enhancement at the nanoscale when compared to
the microscale. There is a substantial increment of the erosion
rate at 30° to 457; thereafter, it is observed to be reduced thus
indicating the effect of the impact angle also plays a vital role.
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FIGURE 9: 5 layers glass fibre. (a) 1 bar pressure and 7.5% nanocarbon powder filler. (b) 1.5 bar pressure and 7.5% nanocarbon powder filler.

(c) 2 bar pressure and 7.5% nanocarbon powder filler.

Herein, there is an intriguing observation in comparison to
micro and nano that has reflected similarity between them in
terms of trend and enhancement and declination of erosion
rate. Though the trend shows similarity, the variation in the
magnitude is attributed to the heterogeneity of the material
micromechanics [14, 15]. The indentation involves compres-
sive stress because micro carbons exhibit high micro bending;
as a result, local removal of resin material from the composite
can be observed. In transverse erosion, the tensile stresses from
the impact adjacent particles cause high interfacial stresses
hence fails easily in bending which gives visual confirmation on
Figure 10. Multiple matrix microcracking independent of fibres
and fillers, this phenomenon can be rarely observed in the
composites. This is a processing defect. The respective EDS is
given in (Figures 10-12).

Figures 10-12 depict the surface morphology of worn
surfaces at 30°, 45°, 60°, and 90° jet angles. The surface
roughness profiles illustrated in the above graphic dem-
onstrate that the surface features created by silica particles
vary with varied impact angles. In all of the cases, it can be
observed in common that the trend indicates the relatively
large craters for 45° and with lowest at 30°. This is generous to
say that most of the literature cited in the scientific com-
munity exhibit for general materials without inclusion of
CNTs exhibit larger depth craters at 60° when compared with
jet angles of 30" and 90°. Variations in surface morphologies
are linked to changes in the degree of plastic deformation
that occurs during erosion [16].

From Figure 13, it can be inferred that the erosion rates
increased with impingement velocity show semiductile
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F1GURE 10: EDS of solid jet abrasion test micro carbon powder-filled GFRP.
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Figure 11: EDS of solid jet abrasion test nanocarbon powder-filled GFRP.

erosion behavior and as a result maximum erosion rate  this is attributed to spackle of a brittle failure as the
was observed at 30°to 45°. The failure mechanism clearly  velocity was large enough [17-19]. This implicates loss of

indicates few micro-cuts and immediate cracking oc-  material though possessing better erosion resistance
curred until 45° after which it is implicative that localized ~ properties, however indicating that a little enhancement
deformation is observed in Figure 13(b) due to the in- from the current property can be achieved a lower ve-

crease in the impingement angle. But at peak velocities  locity. The continuous erosion by silica sand particles
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resulted in damage between fibres and resin. It is also
visible that there is a stack of epoxy based composites.

5. Conclusion

From the present investigation, the abrasive jet erosive wear
property analyzed with micro carbon powder-filled GFRP
composite and nanocarbon powder-filled GFRP composite
dispersion has been concluded with the following points:

(1) The erosion wear behaviour of the composite has
shown better results at jet angle of 30" and with 45
with a peak erosion rate. From the present result, it
can be well noted for various composites have better
erosion rate lying between 30° and 45".

(2) In present study, for 60° and 90° have shown de-
clining behaviour but more than that of 30" impact
angle and a pressure of 1 bar for 2 minutes interval
for over ten minutes.

(3) The SEM micrographs confirm that there was very
poor resistance offered by the fibres and matrix
against erosion for 60° and 90° angle.

(4) Erosion rates increased with impingement velocity
shown semiductile erosion behavior and as a result
maximum erosion rate was observed at 30°to 45°. The
failure mechanism clearly indicates few micro-cuts
and immediate cracking occurred until 45°

(5) The indentation involves compressive stress because
micro carbons exhibit high micro bending, and as a
result, local removal of resin material from the
composite can be observed.
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