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The good adhesion and interfacial interaction between the nanomaterial and the matrix show that the low content polymer
nanocomposite has better tribological and mechanical properties such as strength, modulus, fracture toughness, and fatigue
properties. This phenomenon has attracted the attention of many researchers in this field for the past two decades. Nanomaterials
are available in many forms, such as nanotubes, nanoclays, nanofibers, nanoparticles, and graphene depending on the shape. This
article summarizes the mechanical test results of different nanocomposite materials under various operating conditions. In
addition, the current research clearly describes various decisive factors that affect material properties, such as the dispersion of
nanoparticles, clay tactoids, processing conditions, agglomeration, and distribution status. The tribological properties and fatigue
resistance of nanocomposites are also discussed in this study. In addition, the article also discusses the related issues of in-
corporating nanomaterials into the matrix.

1. Introduction

Composite materials are used in various fields such as
aerospace, automobiles, structural elements, construction,
and sporting goods due to its high strength-to-weight ratio
[1]. The rapid development of nanoscience makes it possible
to clearly identify potential applications in many fields
through continuous research. The main research on nano-
composites is obviously limited to two-phase nano-
composites (contains polymers modified by nanofillers),
such as nanoclay/epoxy resin nanocomposites, but in some

cases, researchers are studying three-phase composites (fiber
reinforced with the nanofillers-modified polymers), such as
nanoclay/epoxy/glass fiber nanocomposites to improve
mechanical properties, as shown in Figure 1 [2].
Nowadays, some researchers have widely used various
nanofillers in their research to improve the performance of
composite materials as the performance of composite ma-
terials will increase significantly under low load on the
matrix. The nanofiller contains at least one of the three
external dimensions in the nanometer range of 1nm or
10~ um or 10" m [3, 4]. Different types of thermoplastic
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FIGURE 1: Scenario of property improvement by adding nanofillers
with polymer and fiber.

and thermosetting polymer matrix like polyetherimide,
polystyrene, polyester, epoxy, etc., are used to manufacture
polymer matrix nanocomposite (PMNC) materials [5-8].
However, epoxy resin is a polymer matrix that is often used
to make PMNC [9].

In general, depending upon the dimensions the nano-
fillers are classified as 1D (nanowires, nanorods, nanotubes,
nanofibers), 2D (nanofilms, nanoplates, nanocoatings), and
3D (nanoparticles) [10, 11]. It is understood that carbon
nanotubes (CNTs), halloysite nanotubes (HNTs), carbon
nanofibers (CNFs) are the examples of 1D fibrous materials
[8, 12-14]. Further, the 2D nanoclay contains a plate-like
structure that has four groups such as smectite, illite, ver-
miculite, and kaolin-serpentine, and contains a high aspect
ratio (30-1000) [6, 15]. Likewise, carbon black (CB), silica
particles, fullerene, silica oxide, and titanium oxide are
examples of 3D nanoparticles [12, 16].

Generally, the polymer matrix and the nanofiller are
appropriately mixed through various methods, such as in-
situ embedding polymerization, melt intercalation, polymer-
particle direct mixing, in-situ polymerization, and sol-gel
process [7, 17, 18]. However, among these various methods,
the common methods for preparing polymer/nanomaterial
mixtures are solution intercalation method, in-situ inter-
calation polymerization method, melt intercalation method,
and direct in-situ synthesis method [19-23].

Based on the type and size of nanofiller, surface, aspect
ratio, volume fraction, mixing method of polymer and
nanofillers, operating parameters of mixing method, and the
degree of mixing, researchers categorized four types of
dispersions, namely, (1) phase separated or tactoid, (2) in-
tercalated, (3) intercalated disordered, and (4) exfoliated
[7, 8, 18, 24, 25]. In fact, the functioning of nanocomposites
depends on the dispersion speed.

X-ray diffraction (XRD) and electron microscopy data
confirmed the structure of the dispersed nano-filled polymer
[8,26]. Various researchers have shown that poor dispersion
of the nanofiller/polymer mixture can cause agglomeration
or factors in the matrix during their morphological studies.
Using the method of nanocomposite materials, researchers
found that the performance of nanocomposite materials will
be reduced due to agglomeration. They also found that the
lump formed led to a low degree of cross-linking of the filler
matrix; however, with all the higher loads on the nano-
materials, agglomeration was inevitable [27-30].

The different varieties of agglomeration models were
suggested by many researchers. The initial micromechanics
model was developed by Shi et al. to study the waviness or
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curviness effect of carbon nanotubes [31]. Similarly, a lot of
models were suggested by various researchers, for instance,
the two-scale composite model and effective-medium theory
used to predict the impact of graphene on the percolation
threshold and overall conductivity [32, 33], micromechanics
model to ascertain the coefficients of nonlinear thermal
expansion of FRP laminates [34], a two-scale micro-
mechanical model used to know the impact of nanotube
collection and interface condition [35], Mori-Tanaka
micromechanics method used to find the effect of elastic
moduli [36], and Halpin-Tsai analytical models to find the
effect of nanofiller loading on the thermal conductivity
[37, 38].

In fact, the greater mechanical and thermal properties
[25, 28-30], enhanced tribological properties [16, 39], su-
perior morphological properties [7, 30], better dielectric
properties [8, 32], increased vibration properties [26, 40],
revised fatigue properties [41, 42], and commanding fracture
toughness [43, 44] were attained for nanocomposites at low
nanofiller loadings due to adhesion at the interface.
Moreover, the interlaminar shear strength (ILSS) also in-
creased greatly for the nanocomposites.

Mazumdar identified different manufacturing methods
of the composite laminates like wet lay-up technique, pul-
trusion technique, resin transfer molding (RTM) process,
vacuum-assisted resin transfer molding (VARTM) process,
autoclave method, resin film infusion (RFI) process, prepreg
technique, filament winding method, and fiber placement
technique. Further, the researcher addressed that the degree
of interaction between matrix and fiber is based upon the
manufacturing methods. However, each method has certain
disadvantages besides its advantages, for instance, void
presence in wet lay-up technique, material accumulation at
die in pultrusion technique, resin flow issue in RTM process,
presence of dry spots in VARTM process, and higher fab-
rication in autoclave technique [45].

The current review provides detailed information about
the effect of nanofiller reinforcements in nanocomposites on
processing techniques of nanofiller/polymer blends, struc-
ture formation, manufacturing technique, characterization
of nanocomposites, comparison of material properties with
neat composites, and processability issues of mnano-
composites. Moreover, this attempt would certainly attract
both academic and industrial researchers in the field of
nanocomposites.

2. Tribological Properties

Zhang et al. synthesized a nanocomposite with a Nomex
fabric mixture filled with Polyfluo 150 wax (PFW) and nano-
SiO,. Nomex fibers were initially coated with phenolic resin.
Tribological effects indicate that the inclusion of Polyfluo
150 wax and nanoparticles preferentially causes wear and
reduced coefficient of friction (COF) for laminates. This
development improved the tribological properties such as
anti-wear and friction-reducing capabilities of nano-
composites. Furthermore, the optimum content of nano-
SiO, in Nomex fabric composites revised the tribology
property considerably [46]. With the assist of the Hysitron
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Tribo Indenter system, Gu et al. performed the micro/
nanoscale indentation and scratch tests on epoxy/silica
nanocomposites coatings. The test results revealed that the
silica particles decreased the friction coeflicient and scratch
depth [47]. In an another friction and wear research, the
tribological properties of the nanocoatings were examined.
The coatings were constructed from the blend of hydrophilic
nano-silica particles and epoxy resin. From the test results, it
is clear that the nano-silica particle interestingly altered the
tribological properties. Additionally, the filler-loaded coat-
ings significantly improved the surface roughness and water
contact angle characteristics than the base epoxy coating
[48].

The study by Thakur and Chauhan [49] portrayed the
tribological properties of vinyl ester nanocomposites loaded
with three different equally sized micron and submicron
cenosphere particles with a diameter 400 nm, 900 nm, and
2 um. The research was carried out using the Taguchi design
technique as the design of experiments (DOE). The Taguchi
design was created with an L, (36) orthogonal array which
includes six factors and three different levels as shown below.
Finally, analysis of variance (ANOVA) was used in order to
evaluate the impact of parameters on the COF and sliding
wear resistance at the dry sliding conditions.

Factors and levels of variables in the DOE:

(A) Load (N) (level 1:10, level 2:40, level 3:70)

(B) Filler size (mm) (level 1:2, level 2:0.9, level 3:0.4)
(C) Filler content (%) (level 1:2, level 2:6, level 3:10)
(D) Roughness (mm) (level 1:0.02, level 2:0.2, level 3:0.7)

(E) Sliding speed (m/s) (level 1:1.3, level 2:3.2, level 3:
5.7)

(F) Sliding distance (m) (level 1:2000, level 2:4000, level
3:6000)

The tribological test found out that the wear properties of
the submicron size filler particles contribute notably by
21.18% and 11.58% better than that of the micro-sized
particles. The DOE corroborates the load, and particle
content had been the essential constraints among the other
factors which influenced the COF by 68.33% and 9.81% and
wear resistance by 63.89% and 13.39%. In general, the wear
properties of laminates had elevated with increasing content
of the cenosphere. Microscopic observations of the worn
surfaces demonstrated that the superior properties are
achieved to 400 nm cenosphere particles-filled vinyl ester
composite due to the uniform and robust adhesion to the
counterface. Further, the result portrayed that the significant
wear resistance occurred to the 6 wt.% nanoparticles-filled
composites. The major wear in the mechanism of panels is
exchanged from the hard abrasive wear to moderate abrasive
wear.

The research of Akil et al. targeted on finding the impact
of two different filler reinforcements: one is particulate (talc
particles of an average particle size less than 45 uym), and
another one is fiber (chopped strands E-glass fiber) com-
posites on the wear and friction properties. The panels
contain GUR 4120 grade ultra-high molecular weight

polyethylene (UHMWPE) modified with 100 nm size zinc
oxide (ZnO) nanofillers with 10 wt.%. The nanocomposite
was fabricated in the hot compression molding machine. The
entire tribological study was tested in a pin-on-disk testing
machine based on the response of the surface Box-Behnken
design (BBD) which is shown in Figure 2. The different input
variables were applied load, sliding speed, and sliding dis-
tance. Basically, BBD is an experimental design for response
surface methodology which does not include embedded
factorial or fractional factorial design. It requires three levels
of each factor. The design uses 12 middle edge positions and
three center positions [50].

The input variables were placed as shown below at one of
three equally spaced values, usually as —1, 0, and +1(min-
imum, center, and maximum), statistically generated by the
MINITAB 16 software. The impact of input variables on the
wear loss and the average COF of hybrid composites were
analyzed by the response surface methodology method. The
ANOVA was conducted with a confidence level of 95% on
each model. The mathematical models showcased that the
input variables significantly affect the tribological properties
of composites under the given range of variables. The
compounded effects of load and sliding distance greatly
influenced on the wear loss and COF for both hybrid
composites. The glass fiber-reinforced laminates have shown
superior wear properties and less severity of worn-out
surfaces than the talc-reinforced laminates.

Independent variables and variation levels of the BBD:

(X1) Applied load (N) (variation level —1: 9.81, variation
level 0: 19.62, variation level 1: 29.43)

(X2) Sliding speed (m/s) (variation level —1: 0.2094,
variation level 0: 0.4188, variation level 1: 0.6282)

(X3) Sliding distance (m) (variation level —1: 125.64,
variation level 0: 251.28, variation level 1: 376.92)

In another study, AKkil et al. investigated the tribological
performances of ZnO nanoparticles-reinforced UHMWPE
composite and demonstrated the response of filler loadings
from 5 to 20 wt.%. The wear test was carried out in dry
sliding situations with load varying between 5 and 35N, and
sliding speed varying between 0.209m/s to 0.419m/s in
opposition to the silicon carbide abrasive paper. Wear re-
sistance significantly stepped forward at 10 wt.% ZnO/
UHMWPE nanocomposite. The average coefficient of fric-
tion of the UHMWPE composite showed a downward
fashion while reinforcing with ZnO nanoparticles. Further,
the severity of wear of the worn surface was found to be
decreased due to the ZnO nanoparticle reinforcement [51].

Louis Winnubst et al. inspected the friction and wear
properties of nanocomposites, made up through the com-
pression molding consisting of silica (SiO,) particles of
nanometer-sized blended in the nylon-6 polymer. During
the test, in the pin-on-disk test, the flat pin made up of steel
was running toward a composite disk. Compared with pure
nylon 6, adding 2% by weight of SiO, particles can reduce
friction by 0.5-0.18. As a result, the low silica content re-
duced the wear rate by 140 times. The adhesion and
interlocking of material into metal asperities have developed
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a transfer film over the steel pin. In addition, the test revealed
two phenomena. First, the wear is based on the adhesion
between the transfer film and the contact surface. The second
is to use a transfer film to protect the polymer surface from
metal roughness [52]. Similarly, a wear resistance study on
the effect of SiC particles in laminated polyimide/SiC
laminates obtained by hot dynamic compaction method
confirmed that the abrasive and delamination were the
dominant factors in wear mechanisms. In addition, the wear
resistance of the samples filled with SiC nanoparticles de-
creases significantly with the increase in the number of SiC
particles [16].

3. Tensile Strength

Qi et al. evaluated the material changes of nanocomposites
that were prepared with the help of in-situ polymerization
technique by including four types of montmorillonite
(MMT) nanoclays, such as pristine (Na*), Cloisite 30B
(C30B), cetylpyridinium chloride (CPC), and Nanomer
I.30E (NL30E) in the base epoxy resin. The modulus of
elasticity and fracture toughness are significantly improved
[53]. In addition, as the load on the nanoclay increases, the
tensile strength and deformation decrease significantly, as
shown in Table 1. The declined trend could occur because of
the improper dispersion rate of nanofillers in the matrix,
which led to a high-stress concentration.

The researchers have dispersed different nanoclays in
both thermoset and thermoplastic resins, for instance,
Cloisite 15A, Cloisite 93A, and Cloisite Na dispersed with
vinyl ester matrix by using ultrasonicator and twin-screw
extruder [58], and Cloisite 30B and Cloisite 25A clays mixed
with three resins diglycidyl ether of bisphenol A (DGEBA),
hexanediol diglycidyl ether (HDE), and diglycidyl ether of
bisphenol F (DGEBF) with the help of ultrasonicator [59].
Similarly, Cloisite Na+ and Cloisite 30B nanoclay content in
epoxy [27] and Cloisite 25A nanoclay were dispersed with
the aid of mechanical stirrer in epoxy resin [60]. Murthy
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et al. had obtained the tensile properties in the order of
Cloisite 15A > Cloisite Na > Cloisite 93A [58]. Interestingly,
Dorigatoa and Pegorettia detected the amplified tensile
properties for smaller clay content [59]. Similarly, Basara
et al. got better tensile properties for Cloisite 30B nanoclay at
lower clay content than the Cloisite Na+ [27]. Contrarily, the
authors notified the improved tensile modulus for both the
nanoclays in increasing nanoclay content.

In another case, due to the presence of nanoclay, the
analyst realized a reduction in the thermomechanical value
[60]. The investigations of Panneerselvam and Daniel on
polypropylene/Cloisite 15A nanocomposites and polymer
matrix/spherical glass particle composites noticed a signif-
icant improvement in tensile strength for both materials
[61]. However, when compared with nanocomposite ma-
terials, composite laminates have a commanding improve-
ment in tensile strength.

Generally, carbon nanotubes (CNTs) are available in
various forms like cup-stacked carbon nanotubes (CSCNTs),
single-wall carbon nanotubes (SWCNTs), double-walled
carbon nanotubes (DWCNTs), and multi-walled carbon
nanotubes (MWCNTs). When CSCNT and MWCNT are
dispersed together with the matrix, the tensile strength
performance of the nanocomposite laminate has shown
significant development as in Table 1. The tensile properties
were enhanced commandingly when carbon fibers, basalt
fibers, and polyacrylonitrile-based T650 and IM-7 carbon
fibers were reinforced with the CNTs-functionalized matrix
[54, 55, 62]. Besides that, some researchers had used dif-
ferent nanoreinforcements to functionalize the epoxy resins
like Somasif ME-100 layered silicate [57] and nanocalcium
carbonate (nano-CaCOj;) [63]. Table 1 expresses the ex-
perimental results of Kornmann et al. that the 10 wt.%
nanocomposites were superior to the neat laminates. In a
similar way, carbon fibers and carbon nanofibers are used to
improve tensile properties by directly embedding them in a
pure matrix or a matrix loaded with nanofillers [63-65].

Interestingly, Baur et al. directly grew multi-walled carbon
nanotubes (MWCNTs) on two different polyacrylonitrile-
based carbon fibers during the thermal chemical vapor de-
position process [62]. As shown in Figure 3, the mixture of
ferrocene/xylene vapor, argon, and hydrogen is heated from
700°C to 800°C in a quartz glass tube. Finally, CNTs were grown
on the carbon fiber substrate inside the tube. The author
studied in detail the chemical vapor deposition (CVD) growth
conditions of individual fibers and the influence of MWCNT
morphology. The tensile strength of the hybrid fiber depends
on the type, size, or coating of the carbon fiber, temperature
and growth time, and atmospheric conditions in the tube. In
addition, the tensile strength of the sized carbon fiber decreases,
in the initial stage of the carbon nanotube growth process. This
phenomenon is due to the lack of organic materials at the
growth temperature, leading to mechanical defects.

4. Flexural Strength

Manfredi et al. produced three E-type glass fiber-reinforced
nanocomposites by adding 3 wt.% and 5 wt.% of Cloisite
30B, and 3 wt.% of Cloisite 10A nanoclays to the base matrix
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TaBLE 1: Tensile testing results of different nanocomposites.

Young’s modulus (GPa) Tensile strength (MPa) Ref.

Nanocomposites

Neat DGEBA epoxy 2.71£0.11
2 wt.% Na+/DGEBA epoxy 2.79 £0.07
5 wt.% Na+/DGEBA epoxy 2.92+0.17
10 wt.% Na+/DGEBA epoxy 3.44+0.29
2 wt.% C30B/DGEBA epoxy 3.11+0.09
5 wt.% C30B/DGEBA epoxy 3.10£0.08
10 wt.% C30B/DGEBA epoxy 312+0.23
2 wt.% NI.30E/DGEBA epoxy 2.68£0.26
5 wt.% NI.30E/DGEBA epoxy 2.82+0.12
10 wt.% NI.30E/DGEBA epoxy 3.04+0.11
2 wt.% CPC/DGEBA epoxy 2.57£0.15
5 wt.% CPC/DGEBA epoxy 2.79£0.08
Neat DGEBA epoxy/carbon fiber 46.5+0.6

5 wt.% CSCNT/DGEBA epoxy/carbon fiber 47.9+0.7

10 wt.% CSCNT/DGEBA epoxy/carbon fiber 483+1.7

Neat DGEBA epoxy/basalt fiber 27.65+0.41
0.5 wt.% raw MWCNT/DGEBA epoxy/basalt fiber 27.44+0.76
0.5 wt.% o-MWCNT/(acid treated)/DGEBA epoxy/basalt fiber 30.41+1.31
0.5 wt.% PGE-MWCNT(phenyl glycidyl ether added)/DGEBA epoxy/basalt fiber 29.92+0.83
1.5 wt.% raw MWCNT/DGEBA epoxy/basalt fiber 28.53+1.18
1.5 wt.% o-MWCNT/DGEBA epoxy/basalt fiber 36.4+0.97
1.5 wt.% PGE-MWCNT/DGEBA epoxy/basalt fiber 34.90+0.77
1.25 wt.% attapulgite clay(ATT)/DGEBA epoxy/basalt fiber 29.85+1.03
2.5 wt.% ATT/DGEBA epoxy/basalt fiber 28.06 £2.62
Neat poly(ethylene terephthalate) (PET) polyclear-machine direction (MD) 2.0+0.1

1 wt.% MWCNT/PET-MD 2.25+0.07
2 wt.% MWCNT/PET- MD 2.57+£0.08
4 wt.% MWCNT/PET- MD 2.80+0.32
Neat PET-transverse direction (TD) 1.93+£0.01
1 wt.% MWCNT/PET- TD 2.13+0.08
2 wt.% MWCNT/PET- TD 2.34+0.20
4 wt.% MWCNT/PET- TD 2.75+0.08
Neat DGEBA epoxy 3062 +47

10 wt.% Somasif M-100/DGEBA epoxy 4719 +130

72.06 £1.37
68.04 £ 4
57.2+2.22
57.68 £3.69
62.19£2.56
58.35+5.87
57.31£6.97
64.58 £6.56
59.94 +£9.01
58.23 £4.39
49.03+2.72
50.14 +2.80
848 +18.2
844 +£5.3
850 +40.0
584.7 £10.3
564.0 £31.0
635.7+33.8
608.8 £20.0
504.0 +42.0
627.7£25.5
615.1+19.7
530.9+43.4
465.4+£94.5
62.6+£0.7
66.9+0.8
72.5+0.2
89.1+4.2
59.0+1.2
65.4+0.7
68.2+1.0
76.5+0.8
80.3+0.8
51.5+1.4

(epoxy resin) [66]. The mechanical properties, ILSS, and
glass transition temperature were evaluated before and after
immersing the sample in water. The study exposed that the
higher flexural modulus and flexural strength have attained
at 3 wt.% Cloisite 10A and 5 wt.% Cloisite 10A loaded glass
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FIGURE 3: Schematic illustration for the development of CNT on the CF.

fiber-reinforced polymer (GFRP) laminates, respectively. ~ water than neat epoxy.

Through the water absorption test, the authors identified
that the Cloisite 10A nanocomposites hold the less hydro-
philic modifier, due to its superior flexural properties than
the others. Furthermore, it was found that the reduced cross-
linking density of the nanoclay results in absorbing more



Hossain et al. had prepared the E-glass fiber-reinforced
nanocomposites by VARTM machine by modifying the
polyester resin with carbon nanofibers [67]. The flexural test
on laminates revealed that commanding improvement on
flexural strength and modulus was attained in nano-
composites than glass fiber-reinforced conventional com-
posites. Karippal et al. had used Nanomer 1.30E nanoclay in
the range of 0-6 wt.% to prepare epoxy/glass/nanoclay hybrid
nanocomposite laminates through the use of the hand lay-up
technique [25]. Based on the experimental results, the re-
searchers concluded that the higher flexural properties were
attained because of the best dispersion of 5 wt.% nanoclay in
the base matrix. In the same manner, Sharma et al. synthe-
sized Cloisite 30B (1, 3, and 5 wt.%)/epoxy resin/E-glass
unidirectional fiber-reinforced nanocomposite laminates with
the aid of using the usage of the hand lay-up method. Authors
attained the commanding flexural strength for 5 wt.% clay
loading GFRP laminates [68]. Again, the same trend was
attained using 5 wt.% CNF-loaded carbon fiber/CNF/matrix
nanocomposites. This trend took place because of the lesser
open and closed porosity on the interface [69].

Alireza Ashori et al. analyzed the characteristics of wood-
plastic composite (WPC) panels made of medium-density fi-
berboard and Cloisite 15A nanoclay residue sanding dust (SD).
The polypropylene pellets, maleate-grafted polypropylene, SD,
and nanoclay blends are first added in different proportions,
and then the blends are directly fed into the counter-rotating
twin-screw extruder. All the extruded filaments were pelletized
by passing through a water bath, and finally, the pellets are
placed in a hot press and made into a laminate. The flexural test
shows that SD and nanoclay have achieved exceptional results
in the flexural properties of the WPCs. By adding 2 wt.% of
Cloisite 15A nanoclay to the matrix, the flexural strength is
significantly improved, but the flexural properties are signifi-
cantly reduced at 4% and 6% by weight. In contrast, due to the
reduced adhesion in the fiber-matrix interface, the flexural
properties of the laminate after the addition of SD are sig-
nificantly reduced [70]. The flexural strength of polyamide 66/
polypropylene (PA66/PP) mixture, graphite (Gr)-introduced
PA66/PP, nanoclay-introduced PA66/PP, and short carbon
fiber (SCF)-reinforced nanoclay-introduced PA66/PP lami-
nates were studied. All composite panels use twin-screw ex-
truder and injection molding. Experimental analysis shows that
the presence of 2 wt.% nanoclay and 10% SCF increases the
flexural strength and flexural modulus of the PA66/PP blend to
52 MPa and 1010 MPa, respectively [71].

In addition, electrospun polyether ketone nanofibers are
applied to carbon fabrics to improve the flexural property of
nanocomposites. In the course of their work, the researchers
found that thinner nanofibers have higher bending prop-
erties, but as the thickness of the interlayer of nanofibers
increases, these properties deteriorate [72]. Researchers
added a small amount (0.25 wt.%) of electrospun glass
nanofibers (EGNFs) to the epoxy resin/glass microfiber-
reinforced hybrid nanocomposite made by the VARTM
process, as shown in Figure 4, and achieved significant
improvement in flexural properties. Xu and Hoa used hot
melt lay-up and autoclave techniques to study the flexural
properties of carbon fiber/epoxy/clay nanocomposite
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laminates [73]. The composite material made of carbon fi-
ber-reinforced polymer (CFRP) has achieved a significant
increase in flexural strength with 2 phr nanoclay loaded.

5. Compression Strength

Carbon nanofiber-reinforced hierarchical nanocomposites
with multi-scale reinforcement fabrics have been synthe-
sized in two stages by Minai et al. First, a multi-scale
reinforced fabric (MRF) is synthesized by electrophoretic
deposition of carboxylic acid or amine-functionalized CNF
on the surface of a sized or unsized carbon fiber layer in an
aqueous medium. In the next step, the MRF is placed first,
and then the epoxy-amine resin mixture is poured into the
resulting preform using a vacuum-assisted resin transfer
molding machine. The superior compressive strength is
attained to the resulting hierarchical nanocomposites with
the amine-functionalized CNFs [74].

Uddin and Sun used nano-silica particles to modify
DGEBA epoxy resin and developed a nano-silica/unidirec-
tional glass fiber/epoxy laminate [75]. The uniform distri-
bution of nano-silica particles in the epoxy resin significantly
improves the longitudinal compressive strength. In addition,
by incorporating nano-silica particles into epoxy resin,
Manjunatha et al. [76] have achieved an equivalent increase in
compressive strength. In their research, the authors used GFR
nanocomposite laminates made by resin infusion under
flexible tooling. Further, the compression test was carried out
by Yokozeki et al. and proved evidence that there are no global
buckling and no visible damage. As seen, Table 2 highlights
the trend of increasing compressive strength of the CSCNT/
epoxy/carbon fiber nanocomposites with respect to growing
CNT content material due to commanding stiffness [51].

Arun and Sun used TEM instruments to observe the
introduction of resin between the gallery spaces of Nanomer
clay with a few exfoliated regions. In addition, the SEM
image shows the presence of double platelets in better clay
inclusion. This phenomenon will affect the longitudinal
compression strength (off-axis) of the higher clay-loaded
samples produced by the vacuum-assisted wet lay-up pro-
cess. The self-adjusting mechanism is used for off-axis
compression testing. During the test, the bending moment
was eliminated by the complete contact between the load
surface and the cemented carbide block. In the case of fiber
composites modified with nanoclay, the compressive
strength is increased by about 22%. The elastoplastic model
created by the researchers confirmed the same trend [77]. In
another study, Yutaka et al. performed static compression
tests on two-phase nanocomposites and three-phase
nanocomposites [78]. Cup-stack carbon nanofiber (CSNF)
and CSNT/carbon nanofibers/resin are added to the resin to
make two-phase and three-phase nanocomposites. The two-
phase specimens are compressed in between the two hy-
draulic grips of the testing machine as shown in Figure 5(a)
and the three-phase specimens were compressed by hy-
draulic grips as shown in Figure 5(b).

The authors found that the compressive properties of
two-phase and three-phase laminates have improved.
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FIGURE 5: The schematic diagram of compressive modulus test: (a) two-phase composite and (b) three-phase composite.

TABLE 2: Summary of compression experimental results.

0 wt.% 5 wt.% 10 wt.%

Compressive modulus (GPa) 42.9 (1.6) 43.2 (1.5) 45.1 (1.5)
Compressive strength (MPa) 488 (16.6) 501 (25.8) 539 (26.8)

However, they did not observe a monotonous relationship
between the CSNF filler content and the compression
properties of the three-phase composites. Surprisingly,
better nanofillers provide excellent two-phase bond strength
by weight. MWCNT/epoxy nanocomposite also has the
same trend. Regardless of the technical strategy used to
manufacture nanocomposites, higher concentrations of
reinforcing fillers can provide superior compressive strength
[79]. In contrast, the higher Nanomer 1.28 nanoclay content
in the matrix leads to a decrease in compressive strength due
to the subtle interfacial adhesion between the clay and the
base resin and the existence of nanovoids [80].

6. Fatigue Strength

Sumfleth et al. carried out each static and dynamic fatigue
test to discover the fatigue property of glass fiber-reinforced
(GFR) epoxy resin composites changed with a low quantity
of fumed silica particles and MWCNT [81]. The dynamic

fatigue test results confirmed that the inclusion of nano-
particles enhanced the inter-fiber fracture strength and leads
to improved fatigue properties in high cycle fatigue. Simi-
larly, Zhou et al. studied the fatigue performances of carbon
nanofiber/epoxy/carbon fiber laminates [82]. During the
investigation, the uniform mixture between the epoxy resin
and CNF was acquired with the aid of a high-intensity ul-
trasonic liquid processor and an excessive pace mechanical
agitator. The experimental results revealed that the 2 wt.%
CNF-filled matrix possessed the highest fatigue strength. The
researchers further fabricated the 2 wt.% CNF-modified
epoxy/satin carbon fabric-reinforced nanocomposite panels
in a VARTM machine. The fatigue test results of nanofiller-
filled CFRP laminates revealed a commanding development
than neat CFRP laminates.

Manjunatha et al. produced two kinds of GFRP com-
posites neat epoxy (GFRP-neat) and hybrid particle-modi-
fied epoxy (GFRP-hybrid) using resin infusion method
under flexible tooling setup. The hybrid particles which were
used to modify the resin contain 9 wt.% of carboxyl-ter-
minated butadiene-acrylonitrile (CTBN) rubber micropar-
ticles and 10 wt.% of silica nanoparticles [41, 42, 68, 83, 84].
The fatigue test was carried out according to the WISPERX
load sequence for both GFRP-neat and GFRP-hybrid lam-
inates. The test results seem to reflect the fatigue life of the



nanocomposite. Due to the suppression of matrix cracks and
the reduction in the growth rate of delamination, the fatigue
performance of the GFRP-hybrid laminate is 4 to 5 times
higher than that of the GFRP-neat laminate. For all stress
ratios of tension-tension, tension-compression, and com-
pression-compression sections, both the laminates achieve
constant amplitude fatigue life. In addition, it was found that
the fatigue life calculated from the WISPERX load spectrum
was significantly correlated with the experimental obser-
vations of both GRP laminates [41]. The author studied the
similar fatigue behavior of GFRP-neat and the GFRP-hy-
brid epoxy laminates with a stress coefficient of R=0.1. As
in the previous case, researchers attained 6 to 10 times
longer fatigue life for GFRP-hybrid epoxy composite
laminates. This is achieved by suppressed matrix cracking
and reduced cracking propagation in the particles-filled
epoxy. This phenomenon is caused by the mechanism of
cavitation, plastic deformation of rubber particles, and the
growth of plastic cavities due to the fragmentation of silica
particles [83]. The researchers studied the fatigue life of
GFRP-neat and the GFRP-hybrid epoxy laminates under
three different amplitude loading sequences, namely, three-
step increasing block, three-step decreasing block, and
random block load sequence. Due to the fracture of the
matrix and the decrease in stiffness, the fatigue life of the
GFRP-hybrid laminate is achieved in all load sequences
with variable amplitudes [84].

7. Fracture Toughness

Nowadays, in industries, the thermoset polymer is widely used
to create engineering components than the thermoplastic
polymer on account of its appreciable mechanical properties.
For the most part, the thermoset polymers are brittle in
nature and exposed to crack. But, this property can be
modified by including appropriate micro-sized or nano-
sized particles in the base matrix. The current review by Lee
et al. attempts to improve the fracture toughness of ther-
moset polymers by adding nano-sized conductive carbon
black particles and Cloisite 93A nanoclay in the epoxy resin
[85]. The procedure for mixing nanoparticles in the matrix
contains three steps. First, mix the nanofiller with the epoxy
resin by hand, and then mix it with a magnetic stirrer at 60°C
for 60 minutes. Second, the mixture is added to the three
rolls through the hopper for high shear mixing. Finally, use a
magnetic stirrer to thoroughly mix the slurry and hardener
under vacuum.

The fracture toughness test was performed at room
temperature and cryogenic temperature. The test revealed
that in room temperature the nanofillers notably improved
the toughness than in the cryogenic temperature. Phon-
thammachai et al. stepped forward the overall performance
of multilayer CFRP laminates with the aid of using un-
modified nanoclay in epoxy [54]. The addition of 0.6 vol.%
clay significantly improved the viscosity of the resin. The
improved properties of resin brought improved toughness of
cured nanocomposites. Martin-Martinez et al. [86] fabri-
cated the laminates by adding high-performance clay in
unsaturated polyester resin (UPR) coating on brown
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emperor natural stone and studied the fracture toughness
properties. At the end of the study, it had been ascertained
that the nanocomposites with a low clay content of 0.5 and 1
wt.% clay improved the fracture toughness significantly due
to decreased gel time and decreased shrinkage degree of the
UPR base matrix during curing. Kim et al. examined the
mode I interlaminar fracture behavior of carbon fiber/
nanoclay/epoxy matrix with the assist of a double cantilever
beam (DCB) test setup [87]. The dimensions and prelimi-
nary crack size with Teflon film of DCB specimen are
depicted in Figure 6. A good bonding was formed between
the toughness of the clay-filled matrix and carbon fiber.
Therefore, the fracture toughness property of laminates
improved with increasing clay content during initiation and
propagation stages. Especially, the propagation of crack was
almost doubled for 7 wt.% nanofiller loadings. Likewise, the
same trend was continued to nanocomposites which are
manufactured by the vacuum infusion method with woven
glass fabrics and clay-filled matrix [88].

The mode I (Gy.) and mode II (Gyy.) fracture toughness of
carbon fiber-reinforced laminates made of epoxy-filled nano-
silica particles was studied. The epoxy resin contains 10% and
20% by weight of nanoparticles. The Gy, improved when
nano-silica loadings in resins were increased. On the contrary,
Gy decreased with increasing nano-silica content. Similar
research was carried out in CNT/epoxy/carbon fiber lami-
nates. The Gy and Gj. decreased considerably to silica
nanoparticles-filled laminates than CNT-filled laminates.
Further, from the fractographic study, it was evident that
more interfacial failure happened between epoxy and CF
particularly at higher loading for nano-silica particles-loaded
laminates [89]. Davis and Whelan had conducted an ex-
perimental study on fracture toughness to CFRP laminates
made by using fluorine-functionalized carbon nanotubes (f-
CNTs)-modified epoxy. First, the {-CNT is applied to the
center plane of the carbon fiber fabric of the laminate, thereby
achieving a very good interlayer thickness enhancement.
Davis and Whelan used four-point end notch flexure (4ENF)
test setup to examine the critical strain energy release rate of
nanocomposites. Figure 7 shows the 4ENF sample loaded in
the four-point bend loading mode. Due to the strong covalent
bond between carbon fiber and polymer resin, the use of 0.5
wt.% f-CNTs-loaded fabric resulted in an unexpectedly sig-
nificant improvement in toughness. The covalent bond leads
to an increase in the interface resistance between the fiber and
the matrix [90]. In addition, Chan et al. studied the fracture
toughness properties of nanocomposites made of carbon fiber
reinforced by halloysite nanotubes in a hardened epoxy resin
matrix. The toughness properties of the panel were calculated
by using a double cantilever beam (DCB) test setup to
conduct mode I and mode II fracture toughness tests. The test
results show that due to the uniform distribution of HNT in
the matrix, the participation of HNT in the panels signifi-
cantly increases the fracture strength [91].

Kostopoulos et al. improved the toughness of CFRP by
modifying CNF resin with piezoelectric particles (PZT). The
experimental results show that when 1% by weight of CNF is
introduced together with the matrix, the effect of CNF and
resin leads to the bridging properties of the fiber, and a huge
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F1GURE 7: The schematic diagram of 4ENF specimen in a four-point
bend mode.

increase in the destruction energy of 100% is achieved. In
contrast, due to the brittleness of particle inclusions, the
addition of PZT particles results in lower fracture toughness
[92]. Yao et al. synthesized the SiO, matrix nanocomposite
using the sol-gel technique by magnetic force and ultra-
sonicator. The matrix contains a combination of three parts,
namely, diglycidyl ether of bisphenol F (DGEBF), poly(-
propylene glycol) diglycidyl ether (PPGDE), and dieth-
yltoluene diamine (DETD). The mixture ratio of A and B
parts is 1:1. The digital speckle correlation technique
addressed that the distribution of displacement field in
nanocomposites was happening at the initial edge crack tip.
The three-point bending test results depicted that at low
particle loading, the higher fracture toughness and larger
deformation opposing capability were attained [93]. Ye et al.
used 35 nm carbon black superconducting nanoparticles and
a small amount of copper chloride (CC) as nanofillers and
glass fibers for the manufacture of nanocomposites using
vacuum resin infusion (VARI) technology. The electrical
resistance tomography method was used to evaluate the
transverse impact damage of laminates. This method is used
to evaluate both damages such as in-plane and through-
thickness directions of conductive points of GFRP lami-
nates. This study investigated the improvement of Gy, and
Gy in laminates due to the presence of CB and CC
nanoparticles. At the end of the test, delamination growth is
characterized by changes in in-situ electrical resistance [94].

8. Impact Strength

The reason for this research was to ascertain the improve-
ment of impact strength of laminates which are fabricated by
polylactic acid filled with cellulose nanofiber and

TaBLe 3: Effect of clay content on impact strength for

nanocomposites.

Nanocomposites Impact strength (J/m)
Neat TPO resin 80.00
5%Na-MMT/TPO resin 96.00
5%C20A/TPO resin 127.86
5%C30B/TPO resin 121.2
5%C20A5%COM/TPO resin 3283
5%C30B5%COM/TPO resin 241.4

compatibilized with maleated PLA. The composite laminate
was originally made by melt blending 5 wt.% maleated PLA
and then using a twin-screw extruder to blend with two
different nanofiber fillers, viz. 3 and 5 wt.%. The impact test
shows that, compared with pure PLA, the addition of
nanocellulose without maleated PLA will not significantly
increase the impact strength of the laminate. Surprisingly,
the results show that the 5 wt.% cellulose nanofiber-added
nanocomposites have a significant increase in impact
strength of 131% compared to pure PLA. This improvement
is due to the uniform dispersion of CNF with the PLA matrix
in the presence of maleated PLA [14]. In addition, compared
with Cloisite Na + nanoclay, Basara et al. determined that
Cloisite 30B nanoclay has higher impact strength because of
the greater d-spacing at low clay content [27]. Similarly, due
to the improved resin viscosity and lower resin shrinkage at
curing, the commanding impact strength was achieved by
adding 0.5 and 1% by weight of unmodified nanoclay in base
matrix UPR [86].

Melt-extrusion nanocomposites contain three different
montmorillonite nanoclays as reinforcing elements, namely,
Cloisite Na-MMT, Cloisite 20A (C20A), and Cloisite 30B
(C30B). The matrix contains thermoplastic polyolefin (TPO)
resin and polypropylene grafted maleic anhydride (PP-g-
MA) compatibilizer. Nanoclay is added in an amount of
three percent, such as 3, 5, and 7 wt.% with the matrix. As
shown in Table 3, the 5 wt.% C20A composites with 5 wt.%
compatibilizer show better mechanical properties than other
nanocomposites. The table clearly portrayed the improve-
ment in impact strength of 5 wt.% C20A nanocomposites
when compared to Na-MMT nanocomposites as 33% for
C20A and 26% for C30B without compatibilizer due to the
insertion of polymeric chain inside the clay platelet. But
surprisingly, when adding 5% compatibilizer with the
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composite, the IS increased to 242% for C20A and 151% for
C30B due to the appreciable reinforcing effect made between
clay and polymer.

Lou et al. conducted a detailed study to determine the
impact strength (IS) of pure polyamide 6 (PA6) matrix and
melt-blended nanocomposites [95]. Researchers melt-
blended PA6 with Cloisite Na+, Cloisite 20A, and Cloisite
30B MMT nanoclays in a 30 mm twin-screw extruder and
injection molding machine. Initially, PA6/Cloisite 20A
MMT nanocomposites were manufactured at screw speeds
of 100, 140, and 180 rpm. Here, the laminates were called as
20A100, 20A140, and 20A180. At the same speed, the neat
PA6 matrices were melt-blended and the specimens were
referred to as PA6100, PA6140, and PA6180. Second, the
PA6/MMT nanocomposite was melt-blended with Cloisite
Na+, Cloisite 20A, and Cloisite 30B at a screw speed of
140 rpm. The nanocomposites were named as Na+ 140,
20A140, and 30B140, respectively. Surprisingly, the impact
strength of the PA6/Cloisite 20A nanocomposite is lower
than that of the pure matrix. This is because when fillers are
added to the polymer matrix, microvoids are formed be-
tween the interfaces. The first three cycles have no effect on
the impact strength of laminate 30B140. Similarly, the
number of melt cycles has almost no effect on impact
strength of Na+ 140.

9. Interlaminar Shear Strength

Lu et al. tested the impact of 20 nm nano-SiO, by including
in epoxy emulsifiers at the interfacial adhesion of carbon
fiber-reinforced composites. The size of the carbon fibers
used on this observation was approximately 7um and
polyacrylonitrile (PAN) based. The various tests confirmed
the interfacial interaction between carbon fiber and the
modified epoxy. This phenomenon brought about the re-
vised hydroxyl groups on the surface of carbon fibers after
treating with nano-SiO, changed sizing. Consequently, the
interlaminar shear strength of both unmodified and nano-
SiO,-modified sizing composite panels was superior to the
unsized panels. The morphology test was carried out at the
fractured surface of the ILSS specimen, and the outcomes
affirmed that the nano-SiO,-modified sizing shows excellent
compact than the unmodified sizing [96]. With the assist of
compression shear test, Santare et al. mentioned that 0.5
wt.% MWCNTs-loaded laminates yielded superior ILSS than
unfilled laminates. The ILSS results lead to an increase in the
shear strength of the matrix in a few instances or increased
the strength of the fiber-matrix interface. Both shear punch
and microdroplet tests absolutely concluded that the ILSS in
particular trusted the fiber-matrix interface and did not rely
on the shear strength of the matrix [97]. Likewise, the
improved ILSS was detected for the CFRP nanocomposites
with HNTs and CNFs toughened epoxy matrix by using a
short-beam shear test [57, 92].

Kamae and Drzal advised a brand new approach for the
motive of uniformly coating the CNTs to carbon fibers that
permit the scalable fabrication of CNT-stuffed carbon fiber/
epoxy nanocomposites [98]. The uniform coating between
CNTs and carbon fibers is attained by dipping CFs into
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CNT/water suspension. Due to the repulsive force and at-
tractive forces between CNTs and carbon fibers, an amazing
dispersion rate was achieved. With the assist of single fiber
fragmentation tests under shear loading, the shear strength
was calculated. The test results show that the noticed im-
provement in interfacial shear strength was attained due to
CNT-coated CFs. As shown in Table 4, the similar trend is
portrayed in Table 4 showing the ILSS property for various
nanofillers.

10. X-Ray Diffraction

Fuet al. synthesized the aircraft-grade epoxy-clay nano-
composite laminates and further examined the dispersion
rate by using XRD. The nanofiller/polymer mixture was
made with the aid of using a high-pressure mixing tech-
nique. Authors initially dispersed the nanoclay thoroughly
in the acetone and later in the acetone epoxy solution. After
that, the basal spacing between each nanoclay plate was
tested by using the diffraction test. The test results revealed
that the basal spacing of the nanoclay has increased from
2.37 nm to 3.22 nm due to the application of high shear and
collision forces generated by mixing under high pressure.
This large space between the individual platelet allows easy
intercalation of acetone. As a result, the attractive force
between the nanoclay layers is reduced. Therefore, the epoxy
resins and curing agents easily entered into the nanoclay
[100]. Dean et al. studied the dispersion rate of nano-
composite laminates made of organo-clay. The test results
showed that with the increase of curing temperature and the
increase of interlayer spacing, intercalated morphology with
different interlayer gains was obtained. In addition, the
rheological test showed that intergallery diffusion before
curing has a decisive effect on the formation of exfoliation
[101].

Initially, Singh et al., 2006, used the high shear mixing to
obtain the uniform dispersion pattern between epoxy-
nanoclay mixtures. The XRD results of fabricated epoxy/
nanoclay laminates revealed that the complete exfoliation
was occurring even to higher nanoclay loadings. Further, no
outstanding peak appeared within the diffractograms for any
samples produced by high shear mixer, and hence, complete
exfoliation dispersion was ensured to all samples. But, a
noticeable peak was obtained for 4 wt.% nanoclay loading
samples dispersed by ultrasonication process [102].

Tolle and Anderson analyzed the role of preconditioning
of organically modified clay in thermoset polymer during
the fabrication process of laminates by using XRD and
identified the sensitivity of exfoliation based on material
conditions. The test results indicate the occurrence and
extent of exfoliation morphology with various silicate pre-
conditioning processes. In addition, due to the aging of the
epoxy resin/nanoclay mixture and pretreatment, the de-
lamination was obtained earlier and showed intercalation
dispersion [103]. Krikorian and Pochan used polylactic acid
resin (PLLA) and three organically modified MMTs, Cloisite
30B, Cloisite 25A, and Cloisite 15A, to synthesize nano-
composite laminates using an ultrasonicator, and then used
a dryer to evaporate the solvent. Studies have shown that the



Advances in Materials Science and Engineering 11
TaBLE 4: ILSS property for various nanofillers.

Nanofiller Dispersion status ILSS property comments Ref.

Cloisite 30B 1 wt.%, 3 wt.% . o -

RXG 7000 3 Wi% Greater enhancement attained for 3 wt.% Cloisite 30B [99]

10 wt.%, 20 wt.%
Unsized composites
Unmodified sizing composites
Nano-SiO,-modified sizing composites

Nano-silica

Nano-SiO,

9% enhancement for unmodified sizing composites; 14% enhancement

12% greater reduction for 20 wt.% nano-silica-modified epoxy laminate [89]

for nano-SiO,-modified sizing composites (56

0.5 wt.% unfunctionalized MWNT-
modified epoxy
0.5 wt.% amino-functionalized MWNT-
modified epoxy

MWNT

41% increase than neat epoxy/glass fiber composites

(97]

61% increase than neat epoxy/glass fiber composites

1, 3, 6, and 10% wt. of unmodified
Na+ MMT montmorillonite
clay 1, 3, 6, and 10% wt. of organo-modified
montmorillonite

ILSS reduced slightly and greater reduction for OMMT clay particles [88]

scattering pattern depends upon basal spacing. In addition,
due to the layered structure, the addition of nanoclay limits
the PLLA. They also pointed out that adding more clay to the
exposed matrix causes the material to become tougher [104].
However, Akbari and Bagheri achieved a combination of
intercalated and exfoliated dispersions in polymer-layered
silicate nanocomposites. Perform XRD testing to understand
the dispersion pattern of epoxy-clay. From the XRD pattern,
it was found that the significant improvement on dy)
spacing was attained to 5 wt.% MMT clay-epoxy matrix. The
study further concluded that the interaction of clay-epoxy
matrix decreases with the increasing clay content due to the
presence of microvoids created by the rapid increase in
viscosity. Therefore, the lower interaction of the mixture
leads to a decrease in tensile strength [105]. Alamri and Low
also based on the TEM test results of epoxy hybrid nano-
composites filled with cellulose fiber-reinforced clay platelets
confirmed the same tendency of intercalation dispersion
structure and exfoliation combination [106].

11. Chemical Analysis

Mansuri et al. made nanocomposites by grafting polystyrene
on to Cloisite 20A. Infrared spectroscopy, thermogravi-
metric analysis (TGA), and dynamic thermal analysis are
used to examine nanocomposite materials. Free radical
polymerization is carried out during the synthesis process to
form the homo-polymer into styrene, which results in the
chemical grafting of polystyrene to the surface of the MMT
clay and finally extraction from the grafted clay. The FTIR
spectrum confirms the chemical grafting of polystyrene to
the nanoclay surface. The test results show that polystyrene is
chemically grafted to clay with a lower clay content [107].

Muhammad Sarfraz produced nanocomposites based on
electroconductive structural polymers by adding carbon
nanotubes (CNTs) to a Polybond matrix using a melt
compounding method. In this research, Fourier transform
infrared (FTIR) spectroscopy was used to examine the
chemical structure of the nanocomposite. The results con-
firm the successful combination of CNT functional groups
and multiple linking chains. Compared with pure laminates,

nanocomposites have higher chemical resistance [108].
Similarly, You et al. used FTIR spectroscopy to chemically
analyze nanoclay and carbon microfiber-loaded composites
and to measure the chemical bonding of binders. During the
manufacturing process, four different nanoclays and micro-
modifiers are added to the asphalt binder, namely, Nanomer
1.44P, carbon micro-fiber, unmodified nanoclay, and poly-
mer-modified nanoclay. The test results show that the ad-
dition of modifiers further improves the chemical stability
and further delays the effects of aging and oxidation [109].

Ghorbel et al. used attenuated total reflectance/Fourier
transform infrared (ATR/FTIR) spectroscopy to do inter-
esting work on the chemical characterization of nano-
composite films. Nanocomposite films were produced using
nano-whiskers made of cellulose (CNW) and nano-fibril-
lated cellulose (NFC) as the reinforcing phase and natural
rubber latex as the matrix. In this research work, the ATR/
FTIR method was used to examine the chemical bonds of
natural rubber and the chemical bonds of nano-whiskers in
the spectral range of 4000-600cm™". The infrared spec-
troscopy test results witnessed that many vibrational modes
were identified while adding cellulose nanoparticles (CNW/
NFC) into the natural rubber matrix. Research also shows
that the interface adhesion of NFC/natural rubber nano-
composite film is higher than that of CNW/natural rubber,
due to the presence of residual lignin in NFC. It has also been
observed that when the filler content is increased from 1% to
10%, with a significant effect on the vibration behavior [110].

12. Thermal Analysis

Altan et al. produced three sets of laminates, such as pure
epoxy laminates, unfilled GFRP laminates, and Cloisite 25A-
filled GFRP laminates. Dynamic mechanical analysis showed
that the glass transition temperature of the nanoclay-filled
GRP nanocomposite laminate was significantly higher than
that of the other two laminates, due to the exfoliation
properties of the nanoclay-loaded matrix [111]. Philippe
et al. used a melting process to synthesize nanocomposite
laminates from plasticized PLA and four different nanoclays
(i.e., Cloisite Na +, Cloisite 25A, Cloisite 20A, and Cloisite
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TaBLE 5: Thermal properties of PI hybrid films (adapted from reference [113]).

FGS in PT (wt:%) HDA-GS AHB-GS
m wit. . .

’ L1C)  Tp*1C0)  wiy”P (%)  CTE (ppm/C) T, (C) Tp*1C)  wtr™ (%)  CTE(ppm/C)
0 (pure PI) 260 539 85 61 260 539 85 61
3 242 499 88 58 251 530 86 53
5 236 468 87 55 239 471 85 51
10 210 439 85 46 221 443 85 41

30B). Thermal analysis of laminates was performed using
differential scanning calorimetry and thermogravimetric
analysis in an air stream heated at 20 K/min from 25 to
600°C. The test results show that the clay modified with
bis(2-hydroxyethyl) methyl (hydrogenated tallow alkyl)
ammonium cation has higher thermal stability [112]. In
addition, it is also confirmed that as the clay content in-
creases, the thermal decomposition of the resin is found to
be delayed.

Tanoglu et al. described that the clay loading altered the
thermal behavior of GFR clay/epoxy laminates. In addition,
the study concluded that the addition of MMT clay sig-
nificantly improved the fire resistance of the composite
material [88]. Jin-Hae Chang’s research focuses on com-
bining polyimide with two different new functionalized
graphene sheets (FGSs), namely, hexadecylamine-graphene
sheets (HDA-GSs) and 4-amino-N-hexadecylbenzamide-
graphene sheets (AHB-GSs) to synthesize mixed films by the
solution intercalation method. The content of FGS filler in
the hybrid film solution varies from 0 to 10% by weight. He
then analyzed the effect of filler content material fabric on
the nanocomposite to determine thermal performance.
Extensive thermal studies have shown that adding a small
amount of filler can significantly increase the coefficient of
thermal expansion. Furthermore, as the filler content in-
creases, the glass transition temperature and initial de-
composition temperature of the hybrid film tend to decrease
as shown in Table 5. The AHB-GS hybrids had predominant
thermal properties than the HDA-GS nanocomposite films
[113]. Krishnaswami et al. discussed the thermal insulation
properties of aerogel/PA6 composites manufactured using a
twin-screw extruder at two different speeds (65rpm and
5rpm) and a compression molding machine. Thermal
analysis shows that low-speed laminates have the main
thermal conductivity compared to high-speed laminates;
however, the thermal conductivity of both nanocomposites
is inferior to the virgin polymer. Furthermore, the thermal
stability was improved for the polyamide 6/polypropylene
blend with the inclusion of both Na-MMT and OMMT
[114].

13. Conclusion

In recent years, nanocomposites have attracted many re-
searchers based on the reports from Toyota and Giannelis
research groups on improved performance. Nowadays,
nanocomposites are popular in many industries in the
manufacture of computer chips, food packaging, batteries,
engine components, fuel tanks, impellers, and oxygen gas

barriers. This overview outlines the impact of nanoparticles
in the basic matrix on the production of nanocomposites
and the factors that affect their performance.

Depending upon the diverse shapes, the nano-sized
substances are used as particles (e.g., nanoparticles), sheets
(e.g., nanoclay), fibers (e.g., carbon nanofibers), and tubes
(e.g., carbon nanotubes). The addition of small nanofiller
content material improved mechanical properties (like
strength, modulus), thermal stability, interlaminar proper-
ties (like ILSS, fracture toughness), tribology properties (like
the coeflicient of friction), dielectric properties, and
chemical resistance. Generally, the nanofillers contain a high
aspect ratio and high surface-to-volume ratio. From the
various researches carried out on different nanocomposites,
it is determined that the nanofillers are included in the range
of 0.5 to 10% by weight with the matrix. However, the
superior properties can be acquired at a low filler content
material of 0.5 wt.% to 5 wt.% dispersion with the base
matrix.

The review showed that the mixture is dispersed at a high
speed, and when using high-frequency dispersion equip-
ment such as ultrasonicator, the nanofillers are agglomer-
ated in high content loading due to the high aspect ratio and
high surface-to-volume ratio. This leads to the formation of
pores and weaker areas, and results in the formation and
propagation of cracks. It was also found in this review that
the viscosity of the clay matrix achieves the best improve-
ment at low content due to good interfacial adhesion. In
addition, improved viscosity leads to improved mechanical
properties and thermal stability.

The review work elucidated that the dispersion rate of
the clay matrix mixture can be divided into intercalation or
exfoliation according to the d-spacing between each clay
platelet. Generally, the d-spacing of nanoclay was increased
appreciably at low clay content due to easy dispersion with
matrix, so that enhanced surface binding was exhibited.
Additionally, this work further investigated the dispersion of
the curing agent into the nanoclay-epoxy blend and its
effects. The study corroborates that the dispersion promotes
the reaction with the matrix. Further, in some cases, the
treatment of MMT nanoclay with the coupling agent
brought a hydrophilic nature, which altered all properties
considerably. The interlayer spacing varies according to the
use of the swelling agent, whether it is a monomer or a
polymer. This change finally ends in the attainment of
intercalating or exfoliating smectite clay which inherently
altered the properties. In most of the cases, the review work
has analyzed the effect of nanofillers with the preparation
techniques of composite laminates. The overall review
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reveals that the inclusion of a less amount of nanofillers in
polymers will be becoming more perfect in the property
enhancement of composite materials.
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AISI O1 cold work steel is a hard-to-machine material as a reason of its good temperature resistance, superficial hardness, and lesser
response to wear. Hence, material removal from such hard materials is both cost- and time-consuming. Conventional cutting fluids
fail to lessen the hotness at the tool-work junction. This research work explores the effects of a uniquely prepared and eco-friendly
cutting fluid on the cutting performance of AISI O1 steel using tool inserts of three different materials. The prepared cutting fluid,
molybdenum disulfide nanoparticle (MoS2) blended in biodegradable vegetable oil (VO) was distributed into the cutting zone with
the help of the minimum quantity lubricant (MQL) technique. The integrated approach of Taguchi’s average normalized S/N ratio-
based RSM method was employed to model the parameters for better responses. The optimal condition predicted by the approach
(the type of insert - CBN, V¢ - 110.12 m/min, f - 0.08 mm/rev, and DOC - 0.20076 mm) was observed to produce noteworthy
improvements in tool wear and lessen the cutting force in addition to a good surface finish. The study will offer the required guidance

for tool and die industries handling AISI O1 steel and help researchers work towards sustainable machining.

1. Introduction

AISI O1 is a cold worked, low alloy steel with high demand
in industries manufacturing tools and dies [1]. It is an oil-
hardening tool steel with higher chromium and tungsten
content and hence an improved wear resistance. It has an
elevated hardness of 56-62 HRC because of its high carbon
content and high resistance to wear at moderate tempera-
tures (Navas et al. 2008). The machining of quenched steels is
accomplished by employing grinding wheels due to their
increased hardness [2]. High temperatures produced during
dry machining diminish the strength of cutting tools because
of plastic deformation [3]. An investigational trial on dry
machining of 17-4 PH stainless steel has detected more

cutter wear due to its higher temperature at the cutting zone
[4]. Heavy mechanical and thermal loading during dry
cutting results shows severe imperfections on the machined
surface, such as grooves creating microfracture and
smearing [5]. Hence, the heat evolved in the machining
region must be controlled effectively by an appropriate
selection of correct machining parameters with effective
cutting fluids (CFs) [6]. The CFs are not only used for the
lubrication process but also to provide good cooling and
clearing of chips from the machining zone. The tribological
features of CFs create a thin protective film layer over the
machining zone, reducing the friction and wear [7]. Con-
ventional CFs make a stringent environmental impact, af-
fecting employee health. The production cost is increased for
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separating the chips from CFs [8]. In the MQL technique,
also known as near-dry machining, a minor amount of
vegetable-based oil or biodegradable synthetic esters were
delivered along with compressed air to the site of machining
in the range of 10-100ml/hr [9]. It was found that the
approach has provided significant improvements in ma-
chined surfaces and the life of cutting tools [10]. The MQL
method minimized the cutter wear and promisingly aug-
mented the material removal rate in the turning of nickel-
chromium alloy [11]. MQL improves the cutting tool life and
decreases the cutting forces [12]. Response surface meth-
odology (RSM) was explored to investigate the parameter
effects in machining titanium alloy under the MQL envi-
ronment. The developed mathematical equations were ob-
served to predict the performance of turning characteristics
close to the investigational results [13]. Experimental in-
vestigations quantified that MQL can curtail together
manufacturing costs and ecological hazards hence an ef-
fective alternative to conventional flood cooling [14]. Bio-
degradable vegetable oils are used in the MQL technique to
induce sustainability during the machining process. Al-
though biodegradable oils have good lubricant qualities,
their low thermal properties limit their usage as CFs in the
machining industry [15]. Modern-day studies have revealed
that distinct nanoparticles are added to the CF to surge the
efficacy of the MQL system in the machining method [16].
The polymer polyether ether ketone with varying size and
concentration of solid lubricants (MoS2 and WS2) reduced
the friction up to 30%. The nano-sized solid lubricant
particles reduced the tool wear significantly by providing an
effective low friction tribofilm [17]. Greater nanoparticle
levels increase the thermal conductivity of nanofluids. MoS2
was found to be nonreactive [18]. The machining charac-
teristics of nano MoS2 in the MQL technique with various
base fluids such as palm oil, soyabean oil, rapeseed oil, and
paraffin oil were studied. Palm oil effectively decreases the
cutting forces and grinding energy, although soya bean oil
with a 6% concentration of nMoS2 particles provides more
cooling and lubrication than palm oil due to its higher
viscosity [19]. The inclusion of nanoparticles in the base CF
improves heat conductivity, lowering the cutting tempera-
ture [20]. Machining of AISI 1040 steel with nMoS2 with
vegetable oil under the MQL technique reduced the coef-
ficient of friction by 37% and cutting temperature by 21%
compared to dry machining [21]. RSM is perceived as an
interesting tool by many researchers for various applica-
tions. The prediction model for surface roughness was
formed using RSM to determine the surface quality in the
machining process [22]. RSM is a practical method for
modelling any industrial process for sustainable
manufacturing.

In this view, it was decided to realize the potential of
molybdenum disulfide nanoparticles blended with biode-
gradable vegetable oil on turning. Nanofluid was prepared
under laboratory conditions. Traditional dry turning, flood
cooling, and nanofluid expelled using the MQL system were
employed, and the results were compared. Machining pa-
rameters such as cutting speed (V¢), feed rate (f), and depth
of cut (DOC) were considered independent variables, and
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the effect of these parameters on surface roughness, tool
wear, and chip morphology has been investigated. In this
study, an integrated approach of principal component-based
RSM was used for designing, analyzing, and optimizing the
hard turning of AISI O1 cold work tool steel.

2. Experimental Procedure

2.1. Material and Tool. CNC lathe, Super Jobber 500 has
been used to carry out the turning operations on AISI O1
cold work tool steel. The 50 mm long workpiece is a round
bar of 30 mm diameter. Three different types of ISO-des-
ignated cutting inserts (PVD-TiAIN, ceramic, and CBN)
were used. The inserts were mechanically clamped on tool
holders (Teknik PCLNR 2525M12). The experimental setup
is shown in Figure 1. The chemical composition of the
workpiece is as follows: Fe — 95.4%, Mn - 1.35%, C - 0.90%,
Si - 0.37%, Cr - 0.56%, W - 0.47%, Ni - 0.29%, V - 0.30%,
Cu - 0.22%, P - 0.03%, and S - 0.03%. Table 1 shows the
process parameters of the experimental work.

2.2. Machining Environments. The nMQL was made by
dissolving 0.2 %wt. of nMoS2 in 100 ml of castor oil with a
mechanical stirrer. Castor oil has a viscosity of 0.535 Pas. At
an air pressure of 8 bar, the MQL system (KENCO brand)
was programmed to produce 50 ml/h (flow rate). The dis-
tance between the nozzle and tool-work interface was 15 mm
with the nozzle directed at a spray angle of 30°. Experiments
were conducted for the fixed ranges under controllable
process parameters.

2.3. Experimentation. The studies are created following
Taguchi’s design of experiments concept. Preliminary ex-
perimental trials are conducted to identify the most influ-
encing parameters and the range of their levels. The f, depth
of cut, and Vc are the most important turning factors, and
they can be modified at three levels. The L27 orthogonal
array (OA) was chosen to accommodate the turning pa-
rameters. The experiments were conducted according to the
designed OA at random experimental to avoid the extra-
neous effects of uncontrollable parameters, and two repli-
cations were performed at each condition. Surface roughness
(Ra), flank wear (Vb), temperature (T), and cutting force
(Fc) are considered as the outcomes influencing the ma-
chining performance. The output responses are displayed in
Table 2.

2.4. Measurement. A dynamometer was used to evaluate the
cutting force. Taylor Hobson Surtronic 3+ was used to
quantify the machined surface’s roughness. A video mea-
suring system was used to assess tool wear (VMS-1020F). An
HTC-IR noncontact thermometer with an accuracy level of
+1 was utilized to quantify the temperature during turning.
The surface topography, tool damage, and chip formation
were examined using a Hitachi scanning electron micro-
scope (SEM).
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‘Work material

Figure 1: Experimental setup.

TaBLE 1: Experimental parameters.

Workpiece

AISI O1 steel

Cutting insert

Insert model — TiAIN, ceramic, CBN

Axial DOC (mm) conditions, V¢ (m/min)

PVD - TiAIN, ceramic, CBN

TNMG 160408 TFTNGA160408T01020 TNMG 160408
0.2, 0.45, 0.7 nMQL 110, 140, 170

f (mm/rev) 0.02, 0.05, 0.08

Hardness (HRC) 62

Nose radius (mm) 0.8

TaBLE 2: Experimental condition and observed responses.
Parameters Responses
Surface .

Ex. No. Type of insert Ve f Depth of cut roughness, Ra Flank(n\;vre:)r, Vb Temjl? ?:‘ét)ure, forS;t;:g(N)
1 TiAIN 110 0.02 0.2 0.602 0.602 0.021 0.021 84 85 345 345
2 TiAIN 110 0.05 0.45 0.934 0.918 0.023 0.023 88 88 332 335
3 TiAIN 110 0.08 0.7 1.334 1.346 0.028 0.028 104 103 358 359
4 TiAIN 140 0.02 0.45 0.664 0.693 0.027 0.026 102 102 321 321
5 TiAIN 140 0.05 0.7 0.764 0.784 0.030 0.029 105 105 349 352
6 TiAIN 140 0.08 0.2 0.590 0.602 0.030 0.029 112 111 359 360
7 TiAIN 170 0.02 0.7 0.570 0.579 0.027 0.027 115 115 285 284
8 TiAIN 170 0.05 0.2 0.544 0.544 0.030 0.031 121 122 337 338
9 TiAIN 170 0.08 0.45 0.824 0.804 0.034 0.034 125 125 378 378
10 Ceramic 110 0.02 0.2 0.620 0.649 0.022 0.022 88 88 315 317
11 Ceramic 110 0.05 0.45 0.790 0.794 0.025 0.025 100 100 326 326
12 Ceramic 110 0.08 0.7 0.970 0.954 0.032 0.033 109 109 348 346
13 Ceramic 140 0.02 0.45 0.770 0.790 0.024 0.023 95 94 325 327
14 Ceramic 140 0.05 0.7 0.870 0.874 0.028 0.028 107 107 392 390
15 Ceramic 140 0.08 0.2 0.740 0.764 0.022 0.021 98 97 253 255
16 Ceramic 170 0.02 0.7 0.480 0.484 0.025 0.025 103 103 276 277
17 Ceramic 170 0.05 0.2 0.450 0.434 0.029 0.028 105 104 321 322
18 Ceramic 170 0.08 0.45 0.670 0.650 0.032 0.032 108 108 342 341
19 CBN 110 0.02 0.2 0.495 0.491 0.022 0.022 83 82 355 354
20 CBN 110 0.05 0.45 0.565 0.549 0.023 0.022 74 74 277 276
21 CBN 110 0.08 0.7 0.635 0.635 0.026 0.025 92 91 354 354
22 CBN 140 0.02 0.45 0.425 0.405 0.023 0.023 96 96 273 274
23 CBN 140 0.05 0.7 0.605 0.625 0.025 0.025 85 85 296 296
24 CBN 140 0.08 0.2 0.535 0.543 0.023 0.022 90 91 268 271
25 CBN 170 0.02 0.7 0.410 0.439 0.024 0.024 103 103 246 247
26 CBN 170 0.05 0.2 0.320 0.349 0.021 0.022 98 98 263 263
27 CBN 170 0.08 0.45 0.425 0.441 0.025 0.025 100 101 289 287




3. Average Normalized S/N Ratio-Based
RSM (ASN-RSM)

RSM is a statistical tool with a module on the modelling of
variables and optimization of multiple outcomes using the
desirability approach. RSM can illustrate the effect of turning
parameters via the response surface graphs [22]. When
multiples responses are involved in a problem, the RSM
technique generates individual polynomial models for each
response. For simultaneous optimization, the multiple re-
sponses are converted into a single quality index, which is
incorporated into necessary algorithms for predicting the
optimal condition. The single quality index is fed into the
RSM technique to predict the optimal condition of turning
parameters. The algorithm of an ASN-RSM is as follows:

Step 1: Estimate the value of the S/N ratio (7)) for each
response using a suitable formula based on its quality
characteristics. The S/N ratio condenses the observa-
tion with replications of a certain trial by considering
the mean and standard deviation of its replications. The
observed responses such as flank wear (Vb), temper-
ature (T), and cutting force (Fc) are the “smaller-the-
better” quality characteristics.

The goal point of smaller-the-better quality charac-
teristics is the attainment of value 0 (zero). The S/N
ratio (#;;) for such a characteristic is evaluated by means
of the following equation:

S_ . 1o,
NRath(qij) = -10. log, 2”’]” (1)
p
where r is the quantity of repetitions; i=1, 2, 3, ..., ;
j=1,2,3,...,m; mis the number of responses, and 7 is

the number of experimental trials.

Step 2: Compute the normalized S/N ratio (Z;) using
equation (2) to minimize the influence of the variability
of the S/N ratio among responses. The values of the
normalized S/N ratio vary between 0 and 1.

ij = min(q,—j,i =1,2,3... ,n)

Zij :max(ﬂij,i: 1,2,3...,n)—min(11ij,i: 1,2,3...,11)‘

(2)

Step 3: Analyze the average normalized S/N ratio (ASN)
value of each trial using the following equation:

ASN,; = L(ZJ) (3)
m

i

Step 4: Develop a polynomial regression model that
constructs a relationship between ASN and turning
parameters to depict the behavior of parameters in the
experimental domain.

Step 5: Perform the analysis of variance (ANOVA) with
ASN values to find the contribution and statistical
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significance of different turning parameters on the
responses.

Step 6: Make the 3D response surface plots to reveal the
effects of parameter levels on the ASN and find out the
near-optimal condition of turning parameters using the
desirability approach.

Step 7: Conduct the confirmation experiments for
authenticating the optimal parameter setting predicted
using RSM.

4. Results and Discussion

4.1. Implementation of ASN-RSM. As an initial step of the
proposed algorithm, the observed data is transformed as the
S/N ratio where the quality characteristics of responses were
converted into larger-the-better irrespective of the quality
characteristics of responses. The responses are transformed
as S/N ratio values of the smaller-the-better condition, and
the variability among the S/N ratio of responses is reduced
by the normalizing process. The calculated S/N ratio and
normalized S/N ratio (NSNR) are shown in Table 3. An
individual set of normalized S/N ratio values is obtained for
each response procedure, and the normalized S/N ratio
values are combined by calculating the average of them. For
ensuring the equal importance of responses, the average
normalized S/N ratio value is considered for further analysis
[23]. The calculated single quality index “average normalized
S/N ratio” (ASN) for each trial is presented in Table 3.

The ASN value of experiment number 26 appears high
among the set of ASN values, which indicates that the
corresponding turning condition is adjacent to the optimal
turning condition. The dispersion of ASN values for various
trials is plotted and shown in Figure 2. The variation of ASN
to the adjacent trial shows that there is minimal effect of
extraneous factors on the responses.

4.2. Development of Polynomial Model Using RSM. A
second-order polynomial equation was generated using the
software Design Expert V7.0 that constructs a relationship
between the parameters of the turning process and ASN. The
model was reduced by the backward elimination method in
which the elimination of insignificant model terms origi-
nates from its highest order. The mathematical models to
predict the ASN value using coded factors and models for
each level of categorical factor “type of insert” are presented
in equations (4)-(7), respectively. The pooled ANOVA was
established with significant model terms, and the model
coeflicient is shown in Table 4. The model fitness and model
terms are verified at the confident level of 99% and 95%,
respectively. The calculated F-ratio of the developed model
was 25.06, and p-value was less than 0.0001, displaying
model fitness and adequacy of model terms. The model
terms A, B, C, D, BC, BD, and CD were identified as sig-
nificant model terms.
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TasLE 3: Calculated S/N ratio, normalized S/N ratio, and ASN values.
S/N ratio Normalized S/N ratio (NSN)
Ex. No. ASN
Ra Vb T Fc Ra Vb T Fc
1 4.408 33.432 —38.486 -50.756 0.557 1.000 0.758 0.274 0.647
2 0.593 32.956 —38.890 -50.423 0.250 0.884 0.669 0.357 0.540
3 -2.503 30.964 —40.341 -51.078 0.000 0.400 0.351 0.195 0.236
4 3.557 31.437 —40.172 -50.130 0.489 0.515 0.388 0.429 0.455
5 2.338 30.516 —-40.424 —50.857 0.390 0.291 0.333 0.249 0.316
6 4.583 30.400 -40.984 —51.102 0.571 0.263 0.209 0.189 0.308
7 4.876 31.437 -41.214 —49.097 0.595 0.515 0.159 0.684 0.488
8 5.288 30.574 —41.656 —50.553 0.628 0.305 0.062 0.324 0.330
9 1.681 29.319 —41.938 —51.550 0.337 0.000 0.000 0.078 0.104
10 4,152 33.311 —38.890 —49.966 0.537 0.970 0.669 0.469 0.662
11 2.047 32.217 —40.000 -50.264 0.367 0.704 0.426 0.396 0.473
12 0.265 29.843 —40.749 -50.832 0.223 0.127 0.261 0.256 0.217
13 2.270 32.432 -39.554 -50.238 0.385 0.757 0.523 0.402 0.517
14 1.210 31.213 —40.588 —51.866 0.299 0.460 0.297 0.000 0.264
15 2.615 33.351 —39.825 —48.062 0.413 0.980 0.464 0.940 0.699
16 6.375 32.217 —40.257 —48.818 0.716 0.704 0.369 0.753 0.636
17 6.936 30.873 —-40.424 -50.130 0.761 0.378 0.333 0.429 0.475
18 3.479 29.924 —40.668 —50.681 0.482 0.147 0.279 0.293 0.300
19 6.108 33.073 —38.382 —51.005 0.694 0913 0.781 0.213 0.650
20 4.959 32.841 —-37.385 —48.850 0.602 0.856 1.000 0.745 0.801
21 3.945 31.869 -39.276 -50.980 0.520 0.620 0.585 0.219 0.493
22 7.432 32.803 —39.645 —48.723 0.801 0.847 0.504 0.776 0.732
23 4.365 32.217 -38.588 —49.426 0.554 0.704 0.736 0.603 0.654
24 5.433 32.728 —39.085 —48.563 0.640 0.829 0.627 0.816 0.728
25 7.744 32.324 —40.257 —47.819 0.826 0.730 0.369 1.000 0.745
26 9.897 33.432 —39.825 -48.399 1.000 1.000 0.464 0.857 0.830
27 7.432 31.938 —40.000 —49.218 0.801 0.637 0.426 0.654 0.636
1
Z
z
z
1 1 1 1 1 1 1 1 1 1 1
1 3 7 9 11 13 15 17 19 21 23 25 27
Trial Number
FiGure 2: Variation of ASN for different trials.
TABLE 4: Results of ANOVA on ASN.
Source Sum of squares Degrees of freedom Mean sum of square F-value p-value Remarks
Model 0.92 10 0.092 13.2 <0.0001 Significant
A - type of coating 0.48 2 0.24 34.02 <0.0001
B - V¢ 0.043 1 0.043 6.21 0.024
C-F 0.18 1 0.18 26.03 0.0001
D - depth of cut 0.091 1 0.091 13.03 0.0024
AB 0.053 2 0.026 3.76 0.0457
AC 0.038 2 0.019 2.69 0.0985
CD 0.082 1 0.082 11.78 0.0034
Residual 0.11 16 7.00E-03
Cor total 1.04 26




4.2.1. Final Equation in terms of Coded Factors

Advances in Materials Science and Engineering

ASN = +0.52 — 0.14 = A[1] — 0.045 * A[2] —0.062 %« B—0.10 %« C—0.071 * D — 0.074 = A[1]B
+0.020 = A[2]B - 0.056 * A[1]C + 9.844E — 004 * A[2]C - 0.10 = CD.

4.2.2. Final Equation in terms of Actual Factors
Insert — TIAIN
ASN = +1.09071 — 4.53446E — 003 * B + 1.05560 * C
+0.41437 « D — 13.98142 + C = D.
(5)
Insert - Ceramic
ASN = +0.64936 — 1.41701E - 003 * B + 2.97103 * C

+0.41437 % D — 13.98142 % C  D.
(6)

Insert - CBN

ASN = +0.62236 — 2.65526E — 004 * B + 4.78802 + C

+0.41437 + D — 13.98142 + C % D. @
The value of coefficient of determination (R?) was
computed as 0.8919, which is nearer to the value 1 and
assures the ability of the model in predicting the ASN
precisely. There was a closeness between the adjusted R-
squared value (0.8244) and the predicted R-squared value
(0.6712) that states that the contribution of insignificant
terms in arriving at the model fitness is minimum (Table 5).
The adequate precision is 13.858, which is greater than 4 that
evidences the adequate model discrimination. Moreover, the
values of predicted ASN values using the polynomial model
and actual ASN values of corresponding machining con-
dition were compared, and the predicted values of ASN fall
very closer to the actual values (Figure 3(a)). Figure 3(b)
displays the normal probability plot. It was found that the
residuals are spread along the straight line closely indicating
that normal distribution exists and no other pattern is
followed.

4.3. Effect of Parameters on ASN. The ASN value is the single
representative of all the responses (surface roughness (Ra),
flank wear (Vb), temperature (1), and cutting force (Fc)) and
is to be maximized in order to find the optimal cutting
condition. The types of inserts contributed to the ASN values
significantly. The variation of ASN with the levels of inserts is
plotted by varying the V¢ (Figure 4(a)). The ASN value was
minimum while using the TiAIN insert (0.2445), whereas it
appears maximum while using of the CBN insert (0.6884).
From Figure 4(a), there is an interaction between ceramic
and CBN while varying the V¢ (B). The influence of different
tool inserts on ASN was plotted for different f (C). It was
found that there is no interaction among the levels of tool

(4)

inserts and the performance of CBN insert (0.7416) was
improved at minimum f (Figure 4(b)). Hence, the infor-
mation from Figure 4 confirms that the insert - CBN
produces better values of responses at different cutting
conditions of the remaining parameters.

The predicted values of ASN at the V¢ of 140 m/min with
TiAIN insert were plotted as a 3D response surface graph
(Figure 5(a)) by varying the f (C) and DOC (D). The ASN
value (0.5718) was better at a lower level of fand higher DOC
at a constant Vc. From Figure 5(a), it was found that there is
a significant improvement in ASN, when the f is reduced
from 0.08 mm/rev to 0.02 mm/rev at a higher depth of cut.
There was no substantial improvement in ASN even when
the f is reduced at a lower level of DOC (Figure 5(a)). The
performance of the machining process was improved with
the decrease of DOC (D) at a constant f. The ASN value is
enhanced as 0.6047 at the lower level of f (C) and a higher
level of DOC (D) with a ceramic insert (Figure 5(b)). A
significant influence on ASN is identified with the variation
of £ (C) from a higher level to lower level at the maximum
DOC as well as with the change of DOC (D) at higher f (C)
while using ceramic insert (Figure 5(b)). The ASN value
reached a higher value (nearer to 0.8271) for the DOC values
from 0.7 mm to 0.2 mm, at a constant f of 0.08 mm/rev using
CBN insert (Figure 5(c)). The growth rate of ASN was more
extensive at a higher level than of lower-level f (C) when the
DOC is reduced.

The value of ASN appeared high at the lower level of
DOC and higher-level f, while the V¢ is maintained at a
constant level (Vc =140 m/min). It was identified that there
is a substantial change in ASN value while varying the DOC
at a higher level of f (Figure 5(c)). The improvement of the
ASN value describes the growth of all the responses, which
was maximized at lower DOC (Figure 5(c)).

4.4. Influence of Machining Parameters on Responses.
Improved response values are observed while using the CBN
insert for turning using nano coolant (Figure 6(a)). A sig-
nificant improvement was identified in surface roughness,
and it is reduced to Ra = 0.48 um from the value Ra=0.76 pm
obtained with TiAIN insert. The required cutting force is
reduced due to the high hardened nature of the CBN insert,
and heat generation is also minimal compared to other
inserts. The influence of V¢ on surface roughness, flank wear,
temperature, and cutting force are illustrated in Figure 6(b).
Even the higher Vc increases the rate of production, the
generation of heat and cutting force is observed to be high
due to high friction stress between tool and workpiece. The
temperature of the insert varied from 91.3°C to 108.67°C
when the Vcis increased from 110 m/min to 170 m/min. The
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FIGURE 4: Effect of tool inserts on (a) ASN with cutting speed and (b) ASN with feed rate.

flank wear is enhanced by the thermal softening of the
cutting tool due to the high temperature generated at the
machining interface. The flank wear is increased at high V¢
due to large size of built-up edge (BUE), and the unstable
BUE protects the flank face from further wear. An increase
in fincreased the surface roughness (Figure 6(c)). At higher
f, the gap between peel-off layers was maximum that left
ploughing marks and uncut materials on the machined
surfaces. Thereby, the surface roughness was measured high,
and the required cutting force was also more due to the
depth of penetration of the insert along the axis of rotation of
the workpiece at a higher f. The effect of DOC is shown in
Figure 6(d). The higher DOC produces the additional cut-
ting force, which increases the heat generation. At higher
temperatures, the responses include poor surface finish and
flank wear. Hence, the higher DOC reduces the productivity
of the cutting tool.

4.5. Desirability. The parameter setting possessing a higher
desirability index is chosen as the optimal setting. The ramp
functional graph of the optimal condition is shown in Fig-
ure 7. The red dot on each ramp indicates the optimal set of
parameters at the most desirable condition. The prediction of
ASN appears higher than that of experimental values. Table 6
shows the optimal condition and predicted value of ASN. The
predicted optimal condition includes the following: type of
insert - CBN, Vc - 110.12m/min, f - 0.079 mm/rev, and
DOC - 0.20076 mm. The predicted ASN value at the optimal
condition was observed as 0.8328. The expected value falls in
the range of 95% confidence interval.

4.6. Validation of Experiments. The confirmation trials were
performed with the parameter setting obtained using the
ASN-RSM algorithm to validate the efliciency of the
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TaBLE 6: Optimal machining condition.

Factor Name Optimal level Low level High level

A Type of insert CBN TiAIN CBN

B Ve 110.12 110 170

C F 0.079 0.02 0.08

D Depth of cut 0.20076 0.2 0.7

Response Prediction SE mean 95% CI low 95% CI high

ASN 0.8328 0.073 0.68 0.999
TaBLE 7: Comparison of the response values of ASN setting and confirmation experiment.

Responses ASN setting Confirmation experiment Improvement Improvement in percentage

ASN 0.8301 0.8328 0.0027 0.3253

Surface roughness, SR (um) 0.32 0.317 0.003 0.9375

Flank wear, FW (mm) 0.0213 0.0202 0.0011 5.1643

Temperature, T ("C) 98 22 22.4490

Cutting force, Fc (N) 289 259.2 29.8 10.3114

predicted optimal condition in improving the responses. The
combo of turning variables with the highest ASN (0.8301)
value, trial number 26 is used for comparison (Table 7).
While turning with the ideal condition forecasted by the
merged ASN-RSM method, there is a substantial im-
provement in the answers.

SEM images observed under the highest ASN setting
(experiment no. 26) and confirmation experiment are dis-
played in Figure 8. The surface roughness profile, SEM
images of machined surface, worn-out insert, and chips
observed at experiment no. 26 (Figure 8(a)) were analyzed
and compared with the confirmation experiment
(Figure 8(b)). The machined profile reveals a better surface
finish obtained during the confirmation experiment with the

same setting used in trial 26. The surface waviness is re-
stricted as well, and it is visualized in the P-profile graph. The
SEM images of the machined surface show minimal and
near-uniform machining marks in the surface obtained
using the same setting. As explained in the previous sections,
the cooling and lube nature of nMoS2 restrict the marks on
the machined face. Reduced flank wear was seen in the
confirmation experiment with the same setting and the
improvement was around 0.0011. The received setting
during the optimization has a positive effect on sustainable
manufacturing. Similar to roughness and flank wear, the
temperature and cutting force results are good with the same
setting of experiment no. 26. Under the ASN setting and
confirmation experiment, less jagged teeth were formed.
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the confirmation experiment.

5. Conclusions

The technique of MQL was observed to be effective in
improving the machining characteristics of AISI O1 steel.
An integrated approach of ASN-RSM was used to model the
parameter for better responses and the desirability-based
approach to arrive at the optimal parameter setting was
validated through confirmation experiments. The following
conclusions were drawn.

(i) The nMoS2 blended in biodegradable castor oil
employed for lubrication had ensured a consider-
able reduction in temperature at the tool-work
interface and hence could be a viable alternative to
the traditional cutting fluids.

(ii) The optimal parameter setting under MQL envi-
ronment is identified as follows: type of insert
- CBN, Vc¢ - 110.12 m/min, f - 0.079 mm/rev, and
DOC - 0.20076 mm.

(iii) The statistical supremacy of both Taguchi’s S/N
ratio concept and RSM are combined to arrive at the
optimal setting of parameters. The integration of the

two techniques can be realized as the multiple
variables are transformed into a single quality index
(ASN), which acts as the representative of the
various responses. The predicted polynomial model
was also observed to be fit and precise.

(iv) The surface finish and tool wear observed at the
optimal machining condition were significantly
lower than that obtained using the initial setting of
parameters. The work offers the necessary direction
to handle AISI O1 steel in tool and dies industries
under the MQL environment.
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A liquid metallurgical stir casting route was utilized for developing aluminium alloy (7075) matrix composites blended with
fluctuating wt% of silicon nitride (Si3Ny), tantalum carbide (TaC), and titanium (Ti) for sake of generating a profitable composite
with enhanced properties. The physical, microstructural, and mechanical characteristics such as density, high temperature tensile,
fatigue, and time-dependent creep experiments were conducted and evaluated. SEM microstructural examinations were per-
formed on the composite samples and proved that there was a good interfacial bonding and uniform dissemination among the
reinforcement particulates in the matrix. Physical characteristics were analysed and the outcomes showed that AA7075 blended
with 1 wt% TaC, 8 wt% SizN,, and 0.5 wt% Ti proved higher experimental and theoretical densities of 3.2464 g/cm” and 3.3038 g/
cm?, respectively, with maximum porosity of 1.7758%. At 30°C, the tensile properties of the developed MMCs showed improved
ultimate tensile strength (UTS) of 137.64 N/mm?. Beyond 100°C, AA7075 reinforced with 0.75 wt% TaC, 6 wt% Si3Ny, and 1 wt%
Ti proved to have a higher strength of 232.17 N/mm®. Fatigue properties of the developed MMCs discovered were found to be
reformed when proportionate to the base alloy by operating at 14 x 10° cycles at the stress of 42.72 MPa. Time-dependent creep

analysis of the developed MMCs found to be advanced due to the addition of tough ceramic particulates.

1. Introduction

Human capabilities are the key to realizing the potential of
materials. Progression of materials is only possible through
the continuous improvement of human behaviour and
science [1]. The betterment of novel lightweight structural
composites with exceptional mechanical behaviour is a
productive methodology to improve the energy effectiveness
of components used in military, defence, aerospace, armor,
and automotive applications for enhancing reducing CO,
emissions and fuel efficiency through a reduction in weight
of interior and exterior components. These hard ceramic
materials gain importance in turbine and aircraft industries
and their components such as turbine blades, rivets, and
aircraft outer components that are exposed to elevated

atmospheric conditions [2]. Lightweight aluminium metal
matrix composites (MMCs) are of immense attention in the
present situation as a consequence of their high-level
electrical, thermal, and mechanical aspects [3]. Properties
such as exceptional toughness, higher stiffness and strength,
low specific gravity and coefficient of thermal expansion,
good wear and corrosion inheritance, high thermal con-
ductivity, and high dimensional accuracy shifted the re-
search from monolithic material to the composites [4]. The
MMCs are amalgamations of two or more distinct materials
with one being metal and the other being hard ceramics.
When not less than two or more than two reinforcements are
assimilated, then it is designated as hybrid composites [5].
MMCs are extensively used in various product development
such as camera domes, wheel covers, rivets, turbine blades,
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and so on in critical applications such as automobile, turbine
sectors, aerospace, defence, and military [6]. Recently, there
has been a spreading curiosity about using MMC:s for high-
temperature applications, especially under creep conditions,
in aircraft and automobile engines technologies [7]. Par-
ticulate blended MMCs have numerous benefits, and it was
manufactured certainly with minimal cost in comparison
with fibre-blended MMCs [8]. Aluminium-based MMCs can
be produced by liquid metallurgical stir casting methodol-
ogy. Thus, many researchers focus on the influence of
nanoparticles on the structure evolution in matrix alloy [9].
The procedure for fabricating the MMCs had a strong
dominance on the tribological and mechanical character-
istics of any material [10]. The mechanism of conventional
casting came into actuality in 1968 by Ray [11], when he
stirred the molten alloy of aluminium by encompassing
alumina ceramic particulates into the melt, and in this
process, the discontinuous reinforcement phases are in-
corporated into a matrix formed by a mechanical stirrer.
Jiang et al. [12] investigated the creep and morphological
aspects of high-pressure die-cast Mg-9Al-1Zn-1Sr alloy at
130 to 170°C and stresses from 30 to 80 MPa. The rate of
creep at 70 MPa enhanced, and thus, a tertiary stage was
noticed. The majority of the intermetallic regions were
proliferated on the eutectic zones so that they constituted a
continuous reticular region. The origin of the threshold
stress could be confederate with the Orowan strengthening
of y-Mg;,Al,, platelets that dynamically precipitated in the
magnesium. Dai et al. [13] synthesized in situ TiB,/
Al;,S14,Cu,NiMg (mentioned as “Al-12Si”) composite pro-
cessed by salt metal reaction methodology. The influence of
reinforcements in wt% and heat treatment on creep de-
formation was evaluated at 632 K under steady force in the
air. It was also noticed that the steady-state rate of creep was
minimal at 4 wt% TiB,/Al-12Si composite. The creep dis-
location of the 4 wt% TiB,/Al-12Si composite material was
influenced by the climb of dislocations in the matrix. Coyal
et al. [14] investigated various mechanical wear aspects of
AA6061 alloy blended with jute ash (50 um) and SiC (10 um)
reinforcements using conventional casting techniques. The
tensile behaviour of the developed hybrid MMC:s drastically
enhanced because of the strongly bonded ceramic material
in the matrix. Enhancement in microhardness can be at-
tributed to the dynamic process of recovery and recrystal-
lization. Wear resistance was mainly dependent on the
hardness of the material. Onoro et al. [15] estimated the
high-temperature mechanical properties such as hardness
and tensile of AA6061 and AA7075 reinforced with boron
carbide particles. All the composites were prepared by hot
extrusion. Microstructural analysis reveals that the chemical
reactions that occur may alter the interfacial characteristics
of AMCs. Diffusion mechanism was found to be influential
betwixt reinforcements and matrix. At 200 to 300°C, the
tensile performance reduces drastically due to the matrix
that loses the aging heat treatment by growing coherent
hardened precipitates with a subsequent softening. From
200 to 400°C, the mechanical aspects of the 7015 alloy di-
minish more drastically than those of the 6061 alloy. The
interaction betwixt the particulates and dislocations leads to
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an increment in strength, which is consorted with the
Orowan mechanism. Sethi et al. [16] synthesized and
characterized AA7075 reinforced with TiB, formed through
stir casting. It was noticed that TiB, particles were homo-
geneously disseminated in both intra- and intergranular
regions and an insignificant quantity of agglomeration was
seen at 9 and 12 wt%, respectively. Reduction in grain size
results in an increase in microhardness with an increment in
wt% of the reinforcements. Strength due to the tension was
found to be enhanced due to the restriction of cracks by
reinforcements due to its load bearing capacity.

The mechanical characteristics at ambient and elevated
temperatures of AA7075-based multihybrid MMCs blended
with hard ceramic particulates have been extensively ex-
amined. Therefore, in the present research paper, AA7075
matrix composites were fabricated through a low-cost
conventional stir casting technique by adding Si;Ny, TaC,
and Ti particles as reinforcement particles. Eventually, there
are several facts on the influence of wt%, shape, size, and
orientation of the reinforcements on the failure modes and
fracture approach. Moreover, literature represent minimal
information on the effects of SisNy, TaC, and Ti particulates
as blended MMCs at escalated temperatures. In our present
research work, tantalum carbide (TaC) is one of the primary
and most expensive ceramic reinforcement materials that
could serve the purpose of withstanding high temperatures.
Therefore, for low economy applications, this particular
reinforcement cannot be used. In order to enhance the
hardness above a particular limit, the material becomes more
brittle. Therefore, the material may not be suitable for ap-
plications such as heavy cutting tools due to its extreme
hardness. AA7075 reinforced hybrid MMCs can be utilized
for all other engineering applications related to high- and
low-temperature environmental conditions. Therefore, this
research article aims to attain the optimum combination of
the reinforcements in the AA7075 matrix material and es-
timate the influence of temperature on the mechanical
behaviour of AA7075 multihybrid MMCs blended with
distinct wt% of Si;N,/TaC and Ti particulates. Furthermore,
a detailed experimental study on microstructural, high
temperature tensile, creep, and low-cycle fatigue charac-
terization of fabricated MMCs (AA7075) was carried out for
the proposed hybrid MMCs.

2. Materials and Its Processing Technology

2.1. Material Preference. Aluminium-zinc alloy is also called
aluminium 7000 series alloy because of the utmost zinc
quantity proportion betwixt 5.1 and 6.1 percentages. In 1943,
these series were first confidentially evolved by the Japanese
company, Sumitomo  Metal, ultimately for the
manufacturing of the airframe in the Imperial Japanese Navy
[17]. In the present study, AA7075 grade has been utilized as
a base alloy for setting up aluminium-based hybrid MMCs
using the conventional stir casting technique. This material
was chosen as a matrix because of its high weight to strength
proportion, high strength, less density, minimal cost, and
exceptional material quality, which are generally encoun-
tered by the scientists for defence, military, armor, marine,
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and automobile applications [18]. Table 1 displays the de-
scription of the chemical configuration of the AA7075
matrix utilized in the fabrication of the hybrid MMCs. The
density of MMCs plays a crucial role in selecting the material
for functional and structural applications, particularly for
marine and automobile sectors.

Table 2 shows the various physical, mechanical, and
thermal properties of the selected matrix and reinforcement
materials. Ceramic reinforcement materials such as SizNy,
TaC, and Ti were chosen to improve various desired me-
chanical, fatigue, and creep characteristics of the proposed
MMCs. The selected reinforcement particles were acquired
from Saveer Matrix Nano Private Limited, Greater Noida,
Uttar Pradesh, India. Table 3 shows the various proportions
of matrix and reinforcements used for this research. Hard
ceramic particles such as SizN, act as solid lubricants that
enhance the tribological behaviour of materials and are a
good replacement for graphite. Si;N, was selected as rein-
forcement that provides sustainability at high temperatures
[19]. SizN, particulates of 99.9% fineness with 20 ym par-
ticulate size were chosen. TaC is an appealing material
among the transition metal carbide. The interest in TaC has
been growing in recent years due to its wide applications in
industry as cutting tools and hard coatings owing to its
chemical inertness, high hardness, and exceptional corro-
sion resistance and more essentially its ability to form solid
solutions [20]. TaC of 99.9% purity with 200-250 nm was
used for this research. Ti is very hard compared with alu-
minium, and more essentially, it does not have to fend for
any chemical reaction with aluminium to form any reactive
product. Due to the enhanced specific strength and corro-
sion resistance in aggressive media, certain aluminium alloys
can operate in corrosive environments without any strong
restrictions on their service life. This particular set of
characteristics makes aluminium alloys the material of se-
lection for the needs of the automobile industry in several
applications. The titanium of 99.9% purity with 70 pm
particulate size was utilized for this present study. The range
of reinforcements as shown in Table 3 was finalized based on
previous literature.

2.2. Preparation of Materials. In the present experimental
investigation, liquid metallurgical stir casting methodology
was utilized for fabricating MMCs. The uniform dissemi-
nation of added ceramic particles in the matrix was acquired
by the pertinent mechanical stirring route. In the induce-
ment, the predefined wt% of AA7075 was partitioned from
bar stock and heated to a molten state in the electric muffle
furnace. Table 4 shows the detailed and optimum process
parameters utilized [21] for developing the multihybrid
MMCs. Furthermore, Si3Ny, TaC, and Ti particles were
preheated to about 250 and 300°C accordingly before in-
clusion in the smelted metal. Once the metal reached the
semiliquid state, the preheated ceramic particulates of Si;Ny,
TaC, and Ti with distinct wt% were added to the matrix to
fabricate AA7075/Si3N,/TaC/Ti MMCs, respectively.

It is pivotal to observe that the mechanical mixing was
executed at a pace of 200 rpm every 2 to 3 minutes to validate

the homogeneous dispersion of Si;Ny, TaC, and Ti partic-
ulates in the AA7075 matrix. Once the blending of alloy in
the liquid form was completed, it was sluiced into the
preheated casting mould through a preheated run-away
channel and allowed it to solidify. A similar approach was
repeated with distinct wt% of SizN,, TaC, and Ti, and
multihybrid aluminium MMCs were prepared accordingly.
Once the composite mould was cooled at ambient tem-
perature, various testing specimens were adapted in ac-
cordance with ASTM standards.

3. Experimentation

3.1. Density and Porosity Examination. Density is a signif-
icant parameter that reflects the quality and desired char-
acteristics of the composite materials. Experimental and
theoretical densities were obtained to estimate the per-
centage porosity of the developed multihybrid MMCs.
Theoretical and experimental densities were evaluated using
the rule of mixtures and Archimedes’ principle. By com-
puting the mass and volume of the composite samples, the
densities can be quantified. With such a simple approach,
even the closed porosity will be considered into account.
Sample sizes of 20 x 10 x 10 mm” were utilized for examining
both experimentally and theoretically densities according to
the ASTM D792 standard.

3.2. Microstructural Analysis. The square samples with
10x10x10mm® were processed to inspect the micro-
structural of the manufactured hybrid MMCs according to
ASTM standards as shown in Figure 1. To polish the test
samples, distinct grades (400, 600, 1,000, and 1,200) of emery
papers were utilized. In continuation with that distinct grade
of diamond, paste was applied on the samples and polished
utilizing a twin-disc polisher machine to obtain a shiny
surface. Keller’s reagent was etched on the specimens to
disclose the grain boundaries and eliminate impurities. An
optical metallurgical microscope (Model: QS Metrology,
XJL-17) was utilized for examination as displayed in
Figure 2(a). As shown in Figure 2(b), scanning electron
microscope (SEM), X-ray diffraction (XRD), and energy-
dispersive X-ray spectroscopy (EDX) were performed to
confirm the homogeneous dissemination of reinforcements
and to observe the occurrence of morphology and structure
of reinforcement particulates in the AA7075 alloy.

3.3. High-Temperature Tensile Analysis. Tensile experiments
were conducted to evaluate the tensile nature (percentage
elongation, yield point, ultimate point, and breakpoint) of the
selected AA7075 and fabricated hybrid MMCs. High-temper-
ature tensile experiments have been conducted at ambient
conditions (30°C, 60°C, 90°C, and 120°C). For elevated-tem-
perature tensile analysis, an induction coil sort of heating
furnace with an attached temperature control arrangement was
developed and utilized for heating the tensile specimens. The
temperature was measured directly on samples that were heated
until their temperature stabilized at the required level. The
specimens were held at the set point temperature for half an
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TaBLE 1: Chemical arrangement of AA7075.
Particulars Si Fe Cu Mn Mg Cr Zn Ti Ni Zr Al
Minimum (wt% 1.2 2.1 0.18 51
Maximum ((Wt%)) 0.4 0.5 20 0.3 29 0.28 61 0.10 0.01 0.02 Balance
TABLE 2: Properties of matrix and reinforcing phase.
. Matrix Reinforcement materials
S. No. Properties . )
AA7075 SisNy TaC Ti
1 Density (g/cm3) 2.81 3.17 14.3 4.506
2 Melting point (°C) 700 1900 3900 1668
3 Hardness 60-150 BHN 13.5-20 HV 830-2340 HV 2,200 BHN
4 Elastic modulus (GPa) 70-80 28-46 537 106 psi
5 Tensile strength (MPa) 280 490 — 345
TasLe 3: Control factors - stir casting process. 3.4. Low-Cycle Fatigue Strength Analysis. Fatigue is an im-
. ' Quantity of portant characteristic of the material put through cyclic
S No  Quantity of matrix (wt%) reinforcements (wt%) loading failure used to achieve robust performance. Con-
AA7075 SN,  TaC Ti siderable plastic distortion and short lifetime corresponds to
Cl 100 0 0 0 low-cycle fatigue. Primarily in the loading region, the ma-
C2 95.75 N 0.25 5 terials suffer distortion in an undistinguishable manner. The
3 94 4 05 15 fatigue test samples as shown in Figure 5 were developed as
C4 92.25 6 0.75 1 per ASTM E606 with a gauge length of 40 mm. The fatigue
C5 90.5 8 1 0.5 test was conducted on a computerized fatigue testing ma-
chine (AVG Engineering Pvt. Ltd., Coimbatore, Tamilnadu,
India) as shown in Figure 6 with tension-compression cyclic
TasLE 4: Control factors - stir casting process. loading of 30 to 40 cycles/min and an uttermost force of 1
S. No. Processing conditions Values ton. The prepared fatigue test samples were equipped axially
] Time for stirring 5 minutes and clamped rigidly to the fixtures. The load was applied to
2 Stirring speed 200 rpm the specimens, and then the cycle to failure was established.
3 Temperature of melt 650°C The experiments were carried out at an ambient temperature
4 Temperature during stirring 670 to 700°C and prolonged till the final fracture. Fatigue life (Ny) was
4 Preheating temperature 250 to 300°C considered as the number of cycles to cause complete failure.
5 Crucible size/company 4/bell Based on the load applied and stress obtained, S-N curves
6 Maximum temperature of the 750°C were plotted for different weight fractions of hybrid MMCs.
furnace An average of five outcomes was examined as fatigue life
7 Type of fufnace Electric muffle furnz;ce ( Nf) of each sample.
8 Mould size 100 x 100 x 10 mm

hour for homogeneity before loading the actual experi-
ments. The operating temperature of the test samples was
perceived by thermocouples during experimentation. The
UTS of the matrix and developed MMCs were premed-
itated using a digitalized universal testing machine (UTM)
as displayed in Figure 3 with 50 kN of ultimate load. In
accordance with the ASTM E8 standard, the specimens as
shown in Figure 4 were shaped and clamped in the UTM
machine and pulled until deformation. During the
analysis, the load applied and the displacement together
with the sample deformation was recorded using a high-
temperature extensometer. Later, the load and displace-
ment plots were brought about on a computer that was
synchronized with the machine. Using load and area of
the tensile test samples, UTS was obtained at a distinct
temperature range. Experiments were performed five
times to ensure repeatability and average was considered.

3.5. Elevated Temperature Creep Analysis. Creep is stated as
the accelerating fracture of material under the action of a
steady force. Creep occurs as the result of prolonged ex-
posures to stresses that are below the yield strength of the
material. Since the mechanisms implicated in creep are
thermally stimulated, creep does not become considerable
until temperatures of the order of 0.3 T,, for pure metals and
0.4 T,, for alloys. Creep test samples were shaped as per
ASTM E139 as shown in Figure 7. Tensile creep analysis was
executed at 423.15K under constant applied stress in the
limit of 40 to 60 MPa on the time-dependent creep testing
equipment (AVG Engineering Pvt. Ltd., Coimbatore,
Tamilnadu, India) as displayed in Figure 8. Before clamping
the specimens into the creep test machine, all the specimens
were precisely polished to diminish the influence of ma-
chining deficiency. The temperature of the specimens was
quantified utilizing a separate thermocouple that was at-
tached exactly at the middle of the gauge length inside the
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FIGURE 3: Universal tensile testing machine attached with heating
chamber and temperature controller (Model: CUTM-50 kN).

heating furnace as shown in Figure 8. The strain was
measured using an extensometer, and the data acquisition
was formulated every 60 seconds during the entire experi-
ment. All specimens were kept steady at the target tem-
perature; the constant temperature was maintained for 10
minutes; and then the steady load was applied until failure.
The rupture time was recorded, and the strain was calcu-
lated. Creep plots (strain vs. creep time) for the developed
multihybrid MMCs at the different compositions of rein-
forcements was obtained experimentally.

4. Results and Discussion

4.1. Metallographic Aspects of AA7075/TaC/Ti/SisN, Hybrid
Composites. The SEM analysis was done to obtain good-

quality microstructural images on the surface of the base
alloy and the fabricated MMC specimens. Figure 9 shows the
SEM micrographs of various compositions of cast AA7075
reinforced with TaC/Ti/SisN, hybrid metal matrix com-
posites. There is good dissemination of TaC, Ti, and SizN,
ceramic particles over the AA7075 interface. This authen-
ticates to the effectiveness of the liquid metallurgical stir
casting route used in manufacturing the MMCs. Figure 9(a)
displays the micrographs of the cast AA7075 matrix; it was
evident that the entire grey region represents the matrix
without reinforcement. As the particulate of TaC/Ti/Si3Ny is
amalgamated into the melt pool of the molten metal
(AA7075), a whitish region was noticed that depicts the
occurrence of foreign ceramic particulates (TaC/Ti/Si3N,)
embedded in the matrix alloy shown in Figures 9(b) to 9(e).
It is justifiable to note that as the wt% of the particulate
enhances, the whitish region becomes heavy and well dis-
seminated homogeneously. From the SEM micrographs, it
was observed that there were no voids, and cracks were
identified on the matrix, which ensured the unblemished
bonding betwixt reinforcement and matrix. The strong in-
termetallic bonding, exceptional wettability betwixt the
discontinuous reinforcement phase and continuous metal
phase, and the homogeneous dissemination [22, 23] can be
endorsed as the optimum process parameters utilized
through the liquid metallurgical route.

Figure 10 shows the EDAX pattern of the AA7075 alloy and
the developed multihybrid composite material. The EDAX
pattern clearly reveals various elements present in the composite
material. Figure 10(a) clearly reveals the presence of Mg, Al, and
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FIGURE 4: Test samples for tensile strength analysis.
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FIGURE 5: Fatigue test samples as per ASTM.

FIGURE 6: Hydraulic universal fatigue and creep testing machine
(Model: AVJ-10T).

Zn as the primary alloying elements that provide additional
strength and enhanced characteristics of the material. Addi-
tionally, EDAX pattern of the developed multihybrid MMCs is
displayed in Figure 10(b), and various reinforcing elements such
as Ta, C, Zn, C, and Cu can be clearly seen. This EDAX
compositional analysis has been used to confirm the elemental
presence. Since magnesium and silicon are major alloying el-
ements, secondary precipitates such as Mg,Si can be observed
from the SEM analysis of the developed hybrid MMCs.
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4.2. Density and Porosity Analysis of AA7075/TaC/Ti/Si3N,
Hybrid Composites. The density of MMCs primarily reckons
on various attributes for instance nature, orientation, shape,
and size of the reinforcement particulates. In the current
exploration, the porosity of the manufactured MMCs has
been inspected both theoretically and experimentally. Fig-
ure 11 shows the combined variation in theoretical, ex-
perimental densities, and percentage porosity of the
developed AA7075/TaC/Ti/SisN, multihybrid composite
materials. The obtained results reveal that the selected re-
inforcement materials such as TaC, Si;Ny, and Ti have an
infinitesimal influence on the overall density of the devel-
oped multihybrid composite materials. Due to the hard
nature of the selected ceramic reinforcements, the overall
density of the developed composite materials was found to
be higher [24]. Since the density of the Si;N, is compara-
tively higher with 3.44 g/cm’® when compared to other re-
inforcements, it has a greater influence on the density of the
hybrid composites. The AA7075 base alloy showed the ex-
perimental and theoretical density of 2.80 g/cm” and 2.81 g/
cm®, respectively, and porosity of 0.3559%. When ceramic
reinforcement particulates were mixed with AA7075 base
alloy (2.80 g/cm?), the developed composite showed higher
density with a reasonable amount of porosity. From the
obtained experimental outcomes, it was observed that
AA7075 reinforced with 8 wt% Si;Ny, 1 wt% TaC, and 0.5 wt
% Ti (sample C5) enhanced the experimental and theoretical
densities up to 3.2464 g/cm’ and 3.3038 g/cm” with maxi-
mum porosity of 1.7758%. This clearly shows that the in-
crement in the density of the MMCs may be ascribed to the
high density of Si;N, than that of AA7075. This rise in
porosity may be due to the existence of impurities in both the
matrix material and reinforcement particulates. It can be
inferred that because of the increment in wt% of distinct
percentage compositions of hybrid MMCs, there has been an
enhancement in cohesive bonding betwixt the matrix and
the reinforcements. Also, because of the discrepancy in wt%
of the hard particulates by performing steady stirring, the
dispersoid concentration has been homogeneous with a
minimal amount of porosity, and no enormous clustering
has been noticed. It has been stated that [25] due to the
increment in weight percentage of the reinforcements, the
dissemination is more dependable with insignificant
porosity.

4.3. High-Temperature Tensile Behaviour of AA7075/TaC/Ti/
Si;N, Hybrid Composites. Figure 12 displays the deviation of
UTS of the developed composite materials concerning
various operating temperatures (30, 60, 90, and 120°C). The
outcomes are the average data depending on the indistin-
guishable tests. AA7075 matrix aluminium alloy is stronger,
with and without TaC, Ti, and Si3N, reinforced particles, at
every temperature. It can be concluded that at higher
temperatures, the UTS of the fabricated multihybrid MMCs
was more than that of the base metal, which means that the
ceramic reinforcements can withstand the temperature by
developing a strong bond between the matrix and rein-
forcements. At ambient temperature (30°C), the MMCs
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FIGURE 7: Creep test samples as per ASTM standard.
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FIGUure 8: Time-dependent creep experimental test equipment.

showed an improved tensile strength of 137.64 N/mm?.
Later, when the temperature enhances from 30°C to 60°C,
the composite material with 0.5 wt% TaC, 4 wt% SizNy, and
1.5 wt% Ti showed a higher tensile strength of 230.07 N/
mm?. When the temperature reached beyond 100°C, the
composite material with 0.75 wt% TaC, 6 wt% SizN,, and 1
wt% Ti proved to have a higher strength of 232.17 N/mm?®.
This shows that ceramic reinforcement has the capability of
operating at higher temperatures. The tension properties
enhance as anticipated, but the process is not homogeneous,
owing to the fact that several metallurgical phenomena are
embroiled synchronically [26]. At room temperature (30°C),
it was noticed that the tensile strength of the fabricated
MMCs enhanced; it implies that ductility has upgraded with
the introduction of reinforcements. This revamp in ductility
can be justified by proper dissemination and abutting
packing of the reinforcement particulates in the AA7075
alloy. Also, improved tensile strength was observed at ele-
vated temperatures. The selected ceramic reinforcement
particulates increase the mechanical characteristics of matrix
alloy over the consolidated temperature. The TaC, Ti, and
Si3N, particles improve the tensile properties at distinct
temperatures primarily by stress transference from the al-
uminjum ally to the reinforced ceramics [27]. The inter-
activity betwixt the dislocations and particulates culminates
in enhancement in strength, which is syndicated with the
Orowan strengthening procedure [28] by which a disloca-
tion bypasses impervious obstacles, where a dislocation
bows out tremendously to leave a dislocation loop around a
particulate.

4.4. Morphology of the Fractured Tensile Samples.
Figures 13(a) and 13(b) depict the SEM analysis of the
fractured AA7075 tensile samples reinforced with 1wt%TaC/

8wt%Si3N,/0.5wt%Ti at 30 and 120°C. Dispersed and pulled
out TaC/Si3N,/Ti ceramic particulates was observed on the
fracture sample of the developed composite material. At
ambient conditions, the composites exhibit uniform or
notched features, indicating the preferential ductile mech-
anism of MMCs. At escalated temperatures, bonding of
ceramic particulates can be observed from the fractured
tensile samples. As percentage elongation depicts the ductile
nature of the material, the composite with 1wt%TaC/8wt%
Si3N,/0.5wt%Ti reinforcement was more ductile in nature
without the decline in tensile behaviour of the developed
composite material.

4.5. Low-Cycle Fatigue Behaviour of AA7075/TaC/Ti/Si3N,
Hybrid Composites. Figure 14 displays the typical deviation of
low cycle fatigue stress versus a number of cycles. From the
obtained experimental outcomes, enhanced fatigue life was
observed from the developed hybrid MMCs by operating at
higher number of cycles. Especially, the addition of Si;N,
improved the fatigue life of the composites. This can be at-
tributed to the occurrence of hard ceramic particulates with
homogeneous distribution throughout the alloy material. The
MMCs with AA7075 reinforced with 0.5 wt% TaC, 4 wt% SizN.,
and 1.5 wt% Ti proved to operate at a higher number of cycles of
14x10° cycles with maximum elongation of 0.180 mm. This
inspection is in good agreement with the outcomes of Senthil
Kumar et al. [29] who disclosed the low-cycle fatigue charac-
teristics of AA2014-AL,0; hybrid MMCs. The above manifes-
tation can be validated to the dislocation slip-dominated
distortions on account of tension-compression distortion due to
the AA7075 matrix material whose structure is face-centred
cubic. This is an outcome of cyclic hardening of successive cycle
distortions. AA7075/TaC/Ti/SizN, MMCs display a balanced
plastic strain for the cyclic contortion. Reduction in porosity
and higher yield strength of the MMCs attributed to enhanced
fatigue life. In addition to this, the excellent bonding betwixt
matrix and reinforcement and finer grain size [30] is also a
crucial parameter, which inveigled the improved resistance to
fatigue of the manufactured MMCs.

4.6. Morphology of the Fractured Fatigue Samples.
Figure 15 displays the fractured fatigue sample of AA7075
and the developed multihybrid MMCs. All the fracture
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Figure 9: SEM morphology of the developed composites: (a) pure AA7075, (b) AA7075+ 0.25wt%TaC + 2wt%SizN, + 2wt%Ti, (c)
AAT7075 + 0.5wt%TaC + 4wt %Si3N4 + 1.5wt%Ti, (d) AA7075 +0.75wt%TaC + 6wt% SisN, + lwt%Ti, and (e) AA7075 + 1wt%TaC + 8wt%

Si3Ny + 0.5wt%Ti.
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Figure 10: EDAX pattern of (a) AA7075 and (b) AA7075 + 1wt%TaC + 8wt%SisN, + 0.5wt%Ti.

composite samples are composed mostly of dimples with the
TaC/Si3N, and Ti particle clusters inside. At lower exacer-
bation, the fractured creep sample of AA7075 alloy was
observed as displayed in Figure 15(a). Various morpho-
logical parameters such as crack instigation, near crack
instigation site, and fast fracture surface were evidently
noticed and evaluated. The occurrence of severe clusters has
caused irregular dimples with distinct sizes, demonstrating
the detrimental influence on the creep resilience. It is ob-
vious that the larger size of such a brittle phase is detrimental
to creep life. At last, the enhanced dislocation density at the
edges and corners of reinforcements may quicken the

breakdown of the brittle phase, which should reduce the
creep resistance of the AA7075/Si3N,/TaC/Ti hybrid com-
posite in this work. Also, it displays the occurrence of
fracture surfaces with limited dimple structure and more
reinforcement particles. It indicates the presence of a
stronger reinforcement and matrix interface. Figure 15(b)
shows the crack growth near the initiation site occurred
primarily in the matrix phase material. There is an excellent
particle and matrix interface cracking or reinforcements
cracking, and a fast fracture site was also evidently noticed. It
is also presumed that the dimple density of the MMCs was
more than that of the AA7075 alloy.
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FIGURE 11: Deviation of density and percentage porosity of the developed hybrid MMCs.
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FIGUure 12: Deviation of UTS versus temperatures of the developed MMCs.

4.7. Creep Deformation of AA7075/TaC/Ti/SisN, Hybrid
Composites. Figure 16 shows the change in displacement
with respect to time of rupture for various compositions of
aluminium-based MMCs. AA7075 alloy reinforced with 1 wt
% TaC, 8 wt% Si3Ny, and 0.5 wt% Ti operated at the higher
period of time of 33,558 seconds with a maximum dis-
placement of 2.61 mm. The higher weight fraction of SizN,
and TaC showed higher creep strength with a minimum
amount weight fraction of titanium. The creep strength of
the developed MMCs enhanced due to the homogeneous
dissemination of Si3N,/TaC/Ti particulates over the matrix
alloy. This shows that the secondary creep stage is more
lineated with the addition of SizN,/TaC/Ti. Sample C3 with
AA7075 reinforced with 0.5 wt% TaC, 4 wt% Si3Ny, and 1.5
wt% Ti operated at a minimum time period but elongated up
to 16.08 mm showed the ductile nature of the material. This
can be attributed to the advent of damage mechanisms [31]
within the matrix such as the prevalence of debonding at the
interfaces between the reinforcement and matrix.

4.8. Morphology of the Fractured Creep Composite Samples.
Figures 17(a) and 17(b) display the SEM microstructure of
the deformed creep samples of AA7075 and the developed
hybrid composites at constant stress and temperature. Ex-
ceptionally, for those on the prior austenite grain boundaries
and on the lath boundaries, the morphology of the fractured
samples discloses eminent coarsening of the precipitates.
The fractured morphology reveals cup and cone fractures as
shown in the microstructure. The justification for this ca-
tastrophe is that the creep deformation (or cracks) develops
inwards after instigating the outer layer of the sample. The
presence of many voids was noticed in the central equiaxed
regions. Figures 17(a) and 17(b) show few areas of small
pores filled with ceramic reinforcement particulates. The
AA7075/TaC/SizNy/Ti cyclic creep samples disclose regular
transgranular fracture ensuing from microvoid coalescence.
It was noticed that in the time-dependent creep analysis, all
of the ruptured specimens exhibit similar transgranular
fractures [32] regardless of the creep experimental
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F1GURE 13: SEM morphology of fractured AA7075/1wt%TaC/8wt%SizN,/0.5wt%Ti tensile sample: (a) 30°C and (b) 120°C.
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FIGURE 14: Deviation of cyclic stress with respect to the number of cycles.
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FIGURE 15: SEM analysis of fractured fatigue samples: (a) AA7075 and (b) AA7075/0.5wt%TaC/4wt% SizN,/1.5wt% Ti.

conditions. An increase in the coarsening kinetics was  temperature creep analysis with shorter rupture lives, the
notable with an increment in temperature, for extended  lath structure within the prior austenitic grain boundaries
creep exposures. However, in the case of elevated  did not display much change on a macroscale.
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FIGURE 16: Variation of strain with respect to time of rupture of MMCs.
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WD=99mm  Signal A= SE2
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(a)

FIGURE 17: SEM analysis of fractured creep samples: (a) AA7075

5. Conclusions

The traditional stir casting procedure was adopted in
sprouting AA7075 reinforced with TaC/Ti/Siz;N, hard
ceramic particulates. High-temperature tensile, fatigue,
and creep deformation were inspected experimentally.
The subsequent conclusions can be exploited.

(i) Microstructural study shows fairly homogeneous
dissemination of TaC/Ti/Si;N, in the AA7075 matrix
material. The SEM interpretations also exhibited a
ductile and brittle mode of terminations for pure
AA7075 alloy and fabricated MMCs, correlatively.

(ii) SEM morphology also reveals good wettability
and proper mixing. Strong interfacial bonding be-
tween the matrix and reinforcement material was
observed, and this proves the optimum process
parameters and the quality of the casting process.

(®)

and (b) AA7075/1wt%TaC/8wt% SisN,/0.5wt%Ti.

(iii) Experimental and theoretical densities of the de-
veloped AA7075 reinforced with 8 wt% SizNy, 1 wt%
TaC, and 0.5 wt% Ti (sample C5) MMCs were found to
be enhanced up to 3.2464g/cm’ and 3.3038 g/cm’,
respectively, with maximum porosity of 1.7758% be-
cause of the inclusion of hard particulates and excellent
cohesive bonding among the reinforcement and
matrix.

(iv) The tensile strength of the MMCs has been en-
hanced by the inclusion of hard ceramic particulates.
Higher content of TaC/Si;N4/Ti improves the tensile
nature of the MMCs at room temperature. Beyond
100°C, the MMCs with 0.75 wt% TaC, 6 wt% SizN,, and
1 wt% Ti proved to have a higher strength of 232.17 N/
mm?. At elevated temperatures beyond 100°C, the
material softening takes place beyond which the re-
inforcement enters the voids and pores thus restrict the
crack propagation. At 30°C, uniform dimple features of
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the composites indicates the preferentially ductile
mechanism of the composite. At elevated temperatures,
good bonding of ceramic particulates can be observed
from the fractured tensile samples.

(v) Increased wt% of Si;N,/TaC/Ti improves the fatigue
characteristics of the developed MMCs. AA7075
reinforced with 0.5 wt% TaC, 4 wt% Si;Ny, and 1.5 wt%
Ti proved to operate at a higher number of cycles of
14 x 107 cycles with maximum elongation of 0.180 mm.
Due to the continuous cyclic deformation, cyclic
hardening takes place. Reduction in porosity and
higher yield strength of the MMCs attributed to im-
proved fatigue life. The excellent bonding betwixt
matrix and reinforcement and finer grain size is also a
significant consideration, which influenced the im-
proved fatigue resistance.

(vi) Creep analysis reveals that AA7075 blended with 1
wt% TaC, 8 wt% SizNy, and 0.5 wt% Ti operated at the
higher period of time of 33,558 seconds with a maxi-
mum displacement of 2.61 mm. This shows that the
presence of reinforcement material proved sustain-
ability at higher temperatures and at higher stress
levels.
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The study aims in the development of functionally graded epoxy-based layered composites dispersed with B,C and lead particles.
The development route adopted for the composites is a novel route called layered molding and curing. Various compositions of
single and trilayered composites were prepared through the abovementioned route. The samples prepared were subjected to
mechanical and tribological studies, and the results were reported in this article. It is found that the mechanical properties of the
single-layered composites consisting of 20% lead and 20% B4C show superior characteristics than those of the samples with
increased addition of lead. However, the trilayered samples with lead core showcased excellent mechanical properties. On the
other hand, the wear rate and mass loss of the trilayered samples with B,C cladding show minimum wear rate than the samples
with lead cladding. Furthermore, the coefficient of friction of the samples also showcases the better performance of single-layered
samples with 20% lead. The worn surface analysis done through scanning electron microscopy and stereo zoom microscopy
reveals the reason for the low specific wear rate of 20% lead sample as the self-hindrance of wear debris evolved during the

wear study.

1. Introduction

There is an increasing need in material research to meet out
the demand of high-performance materials in the global
automotive, aerospace, structural, and other sophisticated
sectors. This led to the development of mechanically strong
and tribologically better composite materials. Composite
materials are even preferred for its multifunctionality, for its
life span, for its economical prices, or even its role in im-
proving the material aesthetically. Composite materials, the
product of mixing or stacking two or more materials, are a
promising attraction to researchers in replacing conven-
tional metallic materials. Although the problem of the
product lies in its weak matrix constituting polymers that
result in weak interlaminar shear strength, the best use of
composite is because of its high specific strength, stiffness,
fatigue behavior, and density [1-4]. There is a greater need

for a better material in order to transport and store the spent
nuclear fuel, since the conventional lead caskets are found to
be heavy and not safe due to its chemical characteristics.
Epoxy is proposed by several researchers for its greater
performance in mechanical and structural applications. It
possesses excellent hardness, fatigue resistance, and very
small contraction during curing that makes it more suitable
for mechanical applications. Similarly, the epoxy serves as an
excellent matrix material owing to the adhesion behavior to
varieties of reinforcements. Furthermore, it also possesses
excellent stability and resilience behavior when exposed to
neutrons which is also an obvious reason to use epoxy in
many sophisticated applications [5]. However, it lags in
antiwear and antiabrasive properties which are not up to the
mark. Nowadays, boron carbide (B,C), a ceramic material,
has created attention among the research groups owing to its
excellent mechanical, tribological, and structural properties.


mailto:winowlin@klu.ac.in
https://orcid.org/0000-0002-8368-6110
https://orcid.org/0000-0003-2247-4605
https://orcid.org/0000-0003-4014-9611
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/4029882

Moreover, the properties such as hardness and density make
it more suitable for some rugged applications like abrasives,
products with good wear resistance, and even in ballistics.
Similarly, B,C has good neutron absorption cross section for
catering the thermal neutrons and also possesses an atomic
number density of 0.11 A~, owing to which, it is nowadays
used in nuclear industries for effective shielding of ionizing
radiations [6]. Research studies support the development of
B,C reinforced epoxy composites for the improvement of
mechanical and tribological properties. Furthermore, the
reports suggest the improvement of wear resistance of the
B4C composites through increased particle addition by fa-
cilitating the anchoring mechanism. However, research
suggests the effective addition in the epoxy environment as
the increased addition of the same will detriment the me-
chanical properties [7]. Similarly, lead (Pb) is a widely used
potential radiation shielding material which can also be used
for packaging, storage, and transportation of radioactive
fuels. Pb finds a wide variety of applications particularly in
the field of radioactivity and shielding of radioactive envi-
ronment. In nuclear power industries, the storage of cooled
spent nuclear fuel plays an uncompromised role in terms of
safety of both biotic and abiotic species [8, 9]. Presently, lead
caskets serve the purpose of storing and transporting the
cooled spent nuclear fuel. However, because of its high
density leading to enormous weight and poor mechanical
and tribological properties, there is a profound need of a
suitable alternative material that can cater the above needs.
Hence, in this work, an attempt is made to develop high
mechanically and tribologically efficient B,C particles along
with lead (Pb) dispersed epoxy laminates. Furthermore, the
need of irradiation shielding can be ensured by incorpo-
rating lead (Pb) particles. Moreover, a storage container is
expected to have good mechanical and tribological prop-
erties, particularly wear resistance [10]. On the other hand,
owing to safety issues, the research on pure lead-based epoxy
laminates is almost a void. Hence, in this work, an attempt is
made to produce epoxy-based single- and trilayered com-
posites dispersed with varying composition of B,C and Pb
particles through layered molding and curing route for
industrial packaging and transportation caskets.

2. Materials and Methods

2.1. Materials. The matrix epoxy LY566 and its corre-
sponding hardener were procured from Vasavi Resins Pvt.
Ltd., Chennai. The powdered boron carbide (B,C) particles
(99.9%) with particle size 10 ym were procured from Neena
Metal Mart, New Delhi, and the powdered lead (Pb) particles
(99.9%) of particle size 10 um were procured from Alpha
Chemika, Mumbai. The metallic particles were subjected to
SEM to confirm the particle size.

2.2. Experimental Methods. The required composite material
using lead, boron carbide, and epoxy is made using the
layered molding and curing method as shown in Figure 1.
For this, powdered lead and boron carbide were mixed and
made into several composite samples in a mold with several
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FIGURE 1: Schematic of layered molding and curing route.
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TasLE 1: Composition of single-layered samples and the density of
the samples.

Composition of
single-layered

Samples composites Density (g/cm?)
B,C Pb

A 20 10 1.38

B 20 20 1.55

C 20 30 1.78

D 20 40 1.89

different propositions. Six samples were made of various
propositions with different processes. Few glass molds were
made for preparing the composites.

The dimension of the mold is 300 mm X 137 mm X 3 mm,
and all the samples were made with a thickness of 3 mm.
OHP sheets were placed over the molds for easy removal of
the material. Wax is applied to the mold and over the OHP
sheets before every sample is made, for easy removal of the
composite material after curing. After getting the molds
ready, 6 samples were made, each one had a different
proposition of lead, boron carbide, and epoxy. The mea-
surements of the powders and the development of the
composites were done with proper care using masks and
gloves and in an isolated chamber, respectively, to avoid the
contact of any lead or boron carbide powder, which when
contacted directly becomes hazardous. The details of the
samples prepared and the density are tabulated in Tables 1
and 2.

Thorough mixing is done through mechanical mixing
and ultrasonication process as well in order to avoid ag-
glomeration of the particles. The whole mixing process is
done at a slow pace to avoid any air bubble formation, which
might affect the material quality. After mixing the liquid
mixture for 45 mins, the mixture is poured in the glass mold
and made to spread uniformly. Similarly, layered samples
were made in a definite interval of 45 minutes after the
pouring of first and the subsequent layers. The samples were
allowed to cure for 24 hours before removing from the mold.
The schematic of the layered samples is depicted in Figure 2.

2.3. Mechanical Studies. The samples prepared were tested
for its tensile strength after carefully adhering to the ASTM
standard ASTM D638 (165x13x5mm?). The flexural
testing was carried out in accordance to the ASTM standard
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TaBLE 2: Composition of trilayered samples and the density of the samples.

Layer layout of the samples

Composition of the

Samples trilayered samples Density (g/cm3)
Layer 1 Layer 2 Layer 3 B,C Pb

E B,C Pb 20 20 1.58

F Pb B,C 20 20 1.88

Pb-B,C-Pb B4C - Pb-B,C

FIGURE 2: Schematic of the trilayered samples fabricated through
layered molding and curing.

of dimensions 127 x13 x5mm?’, and the impact test was
done in accordance with ASTM D256 with specifications
60 x 13 x 5 mm” using an Izod impact tester with a v-notch
cut in the samples. The fractography of the tested samples
were done by using a JEOL-JSM-5600LV scanning electron
microscope equipped with EDS.

2.4. Tribological Study. A pin-on-disc wear tester (Magnum
Engineers, Bengaluru, as per ASTM G-99 standard) was
used to carry out the friction and wear test for all the
samples. Five sets of tests were conducted on each sample for
a span of 30 min. The ambient temperature and the relative
humidity during the run were 23°C and 50 + 5%, respec-
tively. 'The specimen wused for the test was
10mm x 10 mm x 3 mm and was made in contact with a
hardened alloy steel (62 HRC and surface roughness
R,=0.54 ym) disc. The samples were kept in such a way that
the thickness of the sample was perpendicular to the counter
body that rotates. The samples were initially recorded for its
weight and also after the conduction of the test in order to
calculate the specific wear rate of the samples. The test
conditions of the wear studies are given in Table 3. The
specific wear rate was then calculated using the following
equation:

A 3
Ay m (1)

Ld Nm
where AV is the volume loss of the material during the wear
test, L is the load, and d is the distance of sliding or abrading
distance.

2.5. Scanning Electron Microscope and Stereo Zoom Micro-
scope Images. The tensile and flexural fractured samples and
the worn surface of the samples were scanned and analyzed
using a JEOL-JSM-6390 scanning electron microscope with
X250-X1000 magnification. Furthermore, the counterpart
surface was inspected using a Motic SMZ-168 stereo zoom

TaBLE 3: Wear test conditions.

Normal load (N) Sliding velocity (m/s) Sliding distance (m)

20 3.5 2000
20 4.5 2000
20 5.5 2000

microscope in order to identify the residues and debris
resulting from the wear studies.

3. Results and Discussion

3.1. Tensile, Flexural, and Impact Characteristics. The tensile
strength of the samples is depicted in Figures 3(a) and 3(b).
It is evident from the figures that the maximum tensile
strength of 49.5 MPa is obtained for the sample with 20% Pb.
It is further evident that the addition of Pb content beyond
20% reduces the tensile strength of the sample. It may be
attributed to the increase in brittleness of the sample beyond
the addition of 20%. Furthermore, it should be noted that
some research studies revealed the similar scenario of em-
brittlement upon the addition of B,C beyond 20%. Also, the
trilayered samples exhibit different nature of tensile prop-
erties which is evident from the figure shown above. The
sample E layered with 20% Pb as core and with B,C cladding
exhibited good tensile strength. On the other hand, the
sample F with Pb cladding was found to have poor tensile
strength.

Similarly, the elastic modulus of the samples decreased
with an increase in the addition of the particles. The re-
duction in elastic modulus is as evident from the stress-
strain diagram depicted in Figure 3(a) which further shows
the similar trend for the trilayered samples. It is well obvious
from the stress-strain curve that the embrittlement of the
material took place and the same behaved more like a brittle
material.

Figure 3(c) clearly depicts the trend of flexural strength
of the various samples. It is obvious from the figure that the
single-layered sample loaded with 20% of Pb and B,C
exhibited a good flexural strength of 50.4 MPa. Furthermore,
it is evident that the increase in the composition of lead
beyond 30% decreases the flexural strength. On the other
hand, the triple-layered sample with B,C core exhibits lower
flexural strength. However, the sample with B,C cladding
has witnessed the increase in flexural strength which may be
attributed to superior properties of B,C. It is evident from
Figure 3(d) that the impact performance of the samples
yields more at 20% of lead. As the composition of lead
increases, the energy absorbed by the specimen decreases,
and it decreases steeply with 40% addition of lead.
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FIGURE 3: (a) Stress-strain curve. (b) Tensile strength of the samples. (c) Flexural strength of the samples. (d) Impact energy absorbed.

3.2. Fractography Studies. The tensile fractography in
Figure 4(a) reveals the presence of agglomeration of the
particles which may also be a reason for failure due to
embrittlement. Furthermore, the chevron-like pattern in
Figure 4(b) indicates the fracture of the sample due to
brittleness [11-14]. On the other hand, the reason for the
above failure can be evident from the fractograph shown in
Figure 4(c). It shows the failure of the sample due to poor
adhesion at higher loadings particularly in the sample with
lead cladding. Figure 5 depicts the flexural fractograph, and
it is evident from the figure that the added particles while
loading tend to pullout from the epoxy matrix. This could be
the obvious reason behind the failure of the specimen. On
the other hand, the triple-layered sample with B,C core
exhibits lower flexural strength. However, the sample with
B,4C cladding has witnessed the increase in flexural strength
which may be attributed to superior properties of B,C.

The impact energy absorbed by the specimen showcased
superior results by the sample with 20% of lead, whereas the
impact performance reduced significantly as the addition of
lead is increased. This may be because of the poor particle
distribution in the matrix and is evident from the SEM
microscopy depicted in Figure 6. However, the trilayered
samples witnessed similar trend as that of the tensile and
flexural studies, that is, the sample with lead core absorbed
energy to a greater extent while compared with the sample
with B,C core. This could be attributed because of the
uniform dispersion of the lead particles and also because of
softer nature of lead.

3.3. Tribological Studies. Figure 7(a) shows the specific wear
rate of the samples and also the comparison with other
composites. It is evident from the graph that the samples
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(a) (b)

FIGURE 4: (a) SEM image depicting the agglomeration of dispersed particles. (b) SEM image depicting chevron pattern. (c) Delamination of
trilayered specimen.

FIGURE 6: Impact fracture SEM image depicting agglomeration of the particles.
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FIGURE 7: (a) Specific wear rate of the samples. (b) Coefficient of friction of the samples. (¢, d) SEM image depicting the wear surfaces.
(e-g) Stereo microscope images of the worn surface of the trilayered samples.

with increasing lead content reduce the wear performance of
the composites. The specific wear rate of the sample with
20% lead content showcases excellent wear resistance. This
may be owing to the strong bond existing between the epoxy
matrix and the boron carbide particles. However, the
scanning electron microscopic image depicted in
Figures 7(c) and 7(d) clearly shows the length trace of wear

path. This may be because of the inherent resistant behavior
of the wear debris from forming further wear in the surface
owing to its strong interfacial bonding with the matrix
[15-17]. This could be the reason that the wear debris itself
acts as an inhibitor to the wear. Furthermore, Figure 7(b)
elucidates the coefficient of friction of the various samples
under study. It clearly confirms that the sample with 20%
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lead possesses excellent wear resistance. Furthermore,
Figures 7(e)-7(g) clearly illustrate the worn surface of the
trilayered samples. The trilayered sample with Pb core
possesses excellent wear resistance which may be due to the
fact that boron carbide, being a very hard material, possesses
inherent wear resistance which acted as a protective layer.
This avoided the wear track to reach the inner core of the
sample and is clearly evident from Figure 7(e). At high
speeds, the samples showcased lower wear resistance owing
to the generation of frictional heat which makes the epoxy
matrix weaker [18-22]. On the other hand, the sample with
lead cladding had resulted poor wear resistance even at low
speeds which may be attributed to the softer nature of the
lead. Furthermore, it is evident from the SEM analysis that
the formation of surface fatigue, grooving, and crazing could
also be the reason for the poor wear resistance in the samples
with increased lead content [6, 22-26].

4. Conclusion

In this work, different layered composite samples of epoxy
matrix dispersed with boron carbide and lead were fabri-
cated through the layered molding and curing technique.
The samples were studied for the mechanical and tribo-
logical properties, and the conclusion is as follows:

(i) The tensile strength, flexural strength, and impact
energy of the single-layered sample with 20% B,C
and 20% Pb exhibited good performance owing to
the even particle distribution during the dispersion
process.

(ii) However, the mechanical properties were found to
decrease with an increase in addition of lead
content. This could be because of the softer nature
of lead and the agglomeration of the particle
around the B,C particles as well as around the
matrix.

(iii) The mechanical properties of the trilayered sample
exhibited different trend. The sample with B,C
cladding showcased better performance than the
sample with Pb cladding. It was because of the
softer core with a harder cladding. Furthermore,
the major phenomenon of the failure of the
specimen is brittle failure.

(iv) The trilayered sample with B4C cladding show-
cased poor mechanical properties which may be
because of the hard and brittle nature of B,C.

(v) On the other hand, all the samples exhibited good
specific wear properties. The single-layered com-
posites with 20% Pb and 20% B,C evidenced the
better wear performance compared to all the other
single-layered samples.

(vi) The reason for the wear performance could be the
self-hindering property of the wear debris which
was evident from the worn surface analysis. The
wear debris had followed deep and long tracks

which shows the strong interfacial bonding of the
particles around the matrix.

(vii) Furthermore, the trilayered samples with B,C
cladding exhibited good wear resistance as the
hard B,C cladding hindered the propagation of
wear tracks to the core.

(viii) On the other hand, the sample with Pb cladding
showcased poor wear resistance due to the soft
nature of the Pb cladding.

(ix) Moreover, from the wear surface analysis, it is
evident that the surface fatigue, grooving, and
crazing were the reasons of failure of the samples
due to wear.
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In this paper, the nickel-based superalloy SU718 is developed through the Direct Metal Laser Sintering (DMLS), an additive
manufacturing process. Further, the material has been focused to study the effect of heat treatment and abrasive particle erosion.
Two different heat treatment (HT) cycles are planed with ageing and annealing to enrich the metallurgical quality of the DMLS
processed SU718 alloy. The heat treatment is performed with two different combinations of temperatures for annealing/sol-
utionizing followed by ageing to improve the metallurgical properties. The influence of heat treatment on additively manufactured
IN718 is imparting variations in the hardness, microstructure, and erosion resistance. Vickers hardness for as built, HT 1, and HT
2 of DMLS alloy is 264.15, 385.55, and 352.43 Hv; which has been increased for 45% for HT 1 and 33% for HT 2 from the as built
DMLS alloy. After solutionizing, the grains are refined within the track boundary and the majority of the grains are homogenized.
The air jet erosion test arrangement is used to conduct the study at a velocity of 250 m/s and impact angle of 90° at room
temperature. The hardness of the treated samples has taken vital role to resist the erosion. The rate of erosion is higher for bare
DMLS alloy whereas HT 1 has low erosion rate when compared with HT 2 and bare DMLS alloy. The erosion morphology of the
samples was carried out by SEM images, and erosion mechanism is discussed. The ploughing and microcutting were found in all
the impact angles, whereas erodent impingement is found in the bare DMLS alloy in additional. The good erosion resistance is
observed for HT 1 DMLS alloy in all the impact angles.

1. Introduction

In the past decade, additive manufacturing is used to pro-
duce the prototype models, but nowadays researcher finds
interest to manufacture components by additive
manufacturing process due to its accuracy in dimension and
can produce complex shape. The additive manufactured
components are mainly used in the automobile, gas turbine,
space, marine, and power generation application [1]. The
additive manufacturing converts the three-dimensional
virtual model of CAD data into two-dimensional layer and

builds the object in the incremental form of layer by layer
[2]. Mang et.al investigated on the additive manufactured
IN718 and found that because of the highest cooling rate, the
columnar grains are produced and built along the build
direction. The samples fabricated by additive manufacturing
process have anisotropic property [3]. The IN718 specimens
fabricated by direct metal laser sintering (DMLS) were
evaluated. IN718 alloy is the nickel-based super alloy which
has good corrosion resistance and erosion resistance at high
temperature; it is broadly used in aviation, aeronautical
application, and marine and power generating application
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[4]. The IN718 can be altered by proper heat treatment, and
crystallographic changes can be made [5]. The alloy consists
in major phases of gamma prime ('), gamma double prime
(y”), and delta (8) phases and minor phases of laves and
carbides. The chemical composition of NizNb is in the form
of two structures, namely, tetragonal unit cell as y” phase
and orthorhombic unit cell as & phase. Therefore, if the &
phase is increased, there is a decrease in the y” phase which
reduces the strength of the alloy [6].

Surface degradation is due to the wear and corrosion in
gas turbine. The nickel-based super alloy used in the gas
turbine provides good erosion resistance [7]. The degra-
dation of the surface is caused due to the suspended particles
in the liquid or gases. This suspended particles are rough
irregular shapes and cause abrasion on the turbine blades.
Due to the abrasion, the degradation of surface takes place
and reduces the performance of the system. Also, it reduces
the life of the system [8]. With the increase in hardness, the
erosion resistance is increased [4]. Due to the solid particle
erosion of the material, the surface damage and micro-
structure development also took place. The development of
new microstructure on the eroded surface can change the
erosion mechanism of the material [9].

The erosion mechanism of IN718 manufactured by
DMLS process which is an additive manufacturing is not
reported in any literature. The main objective of this paper is
to understand the erosion mechanism of heat-treated IN718
manufactured by DMLS process with erodent velocity as
constant and varying the impingement angle. The erosion
scar is studied through macrograph of the sample.

2. Experimental Materials and Procedures

The IN718 powder of size of about 10-45um is used to
fabricate, and the chemical composition of IN718 powder is
shown in Table 1. The IN718 is fabricated with DMLS
process (Model: EOS M280). The IN718 powders used of
manufacturing are gas atomized with argon, and the grains
are in spherical in size. The samples are manufactured in the
horizontal orientation. The optimum parameter used for
manufacturing is shown in Table 2. The average surface
roughness of the fabricated samples is 2-3 um.

The samples prepared by the DMLS process were sub-
jected to different heat treatment. The heat treatment chart
of the above heat treatment is shown in Figure 1, and
corresponding details are furnished in Table 3. For HT 1,
samples are solutionized at a temperature of 980°C for one
hour followed by air cooling and double ageing at a tem-
perature of 720°C for eight hours, furnace cooling to 620°C at
the rate of 55°C/hr and maintained for eight hours, and
cooled to room temperature by furnace cooling. For HT 2,
the sample is homogenized at a temperature of 1100°C for
two hours followed by air cooling and ageing at a tem-
perature of 845°C for 24 hours and cooled to room tem-
perature by furnace cooling. To reveal the microstructure,
the samples are etched with solution composed of 16 ml H,O
+ 4g CuSO, + 1 ml H,SO,4 + 20 ml HCL.

In order to study the effect of heat treatment, the samples
are metallurgically polished to measure the surface hardness.
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Based on the surface hardness, the metallurgical changes are
predicted. To confirm the metallurgical changes, the samples
are further subjected to X-ray diffraction analysis to read the
changes in atomic level. The science of heat treatment with
the peaks of X-ray diffraction and respective surface hard-
ness is correlated. Subsequently, the air jet erosion testing
machine (TR-470, Ducom, Bangalore, India) was used to
investigate the erosion behavior of all test samples as per
ASTM G76 standards. The erodent mix compressed air
passes through the nozzle and strikes the sample which is
placed on the angle sample holder at particular angle. The
Alumina oxide particles size of 20-50 ym is widely used for
the erosion testing. Table 4 shows the erosion test parameter
used for evaluation. Therefore, the samples were cleaned
with acetone and dried and weighted before erosion test and
after erosion test in the electronic balance having an ac-
curacy of +0.01 mg. By using the change in mass, erodent
flow rate (Ef), and discharge time (f), the erosion rate (E,) of
each sample is calculated using the equation as follows:
erosion rate (E,) = (Winitai— Wiina)/ (Ef x t) where Wipigq is
the weight of the sample before erosion test in g, Wfinal is
the weight of the sample after erosion test in g, Ey is the
erodent flow rate in g/sec, and t is the discharge time of
erodent in sec.

The metallographic observation and crystallography of
bare and heat treated DMLS samples are obtained by optical
microscope and X-ray diffractometer (Bruker ECO D8
Advance), respectively. Scanning electron microscope
(Make: Zeiss-FE SEM) attached with energy dispersive
X-ray (EDAX) analysis is used to reveal the characterization
of the eroded samples.

3. Results and Discussion

The microstructure of the bare DMLS sample observed on
the building direction is shown in Figure 2(a). The laser
beam scanning path is observed throughout the sample. The
morphology of the metal pool appearance in the form of arc
shape was found throughout the sample. In the overlap
region, broad columnar grains are formed when it is seen in
the building direction. The columnar grains represent hatch
distance of the scanning path. This columnar region and
dendrites are formed along the build direction. These
dendrites in the DMLS samples make the sample anisotropy.
To eliminate these nonequilibrium phases, the samples are
repaired by suitable heat treatment process. After HT 1, the
grains are refined within the columnar grain which is shown
in Figure 2(b). Also, for HT 2, the grains are homogenized
within the layer which is clearly shown in Figure 2(c). After
heat treatment, the hardness is increased for 45% for HT 1
and 33% for HT 2 DMLS alloy. It is due to the repeated
melting of metal powder and rapid solidification. While
building a new layer, the reheating of existing layer may lead
to produce metal carbide and it may invary at the end of
DMLS process. It was observed that during solution treat-
ment, y” and y’ phases are dissolved and the enrichment in §
phase was revealed. Figure 3 shows the XRD peak of the heat
treated samples and the as built sample. After heat treating
the HT1 DMLS alloy, the improvement of y” phase is due to
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TaBLE 1: The chemical composition of IN718 used for fabrication.

Element C Si Co Cu W Al Ti Mo Nb Cr Fe Ni

Wt. % 0.05 0.13 0.16 0.23 0.23 0.59 1.11 3.38 4.77 17.13 19.78 Bal

TABLE 2: Parameter for manufacturing IN718 samples in DMLS machine.

Parameter Range
Power 285W
Scan rate 970 mm/s
Hatching distance 0.15mm
Layer thickness 40 um
Beam diameter 80 pm

Solutionizing @

1200 7 980 °C for 1 hr
1000 7 Cooling rate @ 55 °C/hr
Furnace Cooling
Air Cooling
o 800 A Furnjace
s Cooling
g
2
g 600 A
L
£
S 8 hr ageing @ 8 hr ageing @
400 1 720°C 620°C
200 A
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Time in hr
(@
1200 4 Annealing @
1100 °C for 2 hr
1000 - Air Cooling
Ageing @ 845 °C for 24 hr
Furnace
800 1 Cooling

5 °C/min ,_T
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o
S
IS
1
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TIME
(b)

FiGure 1: Heat treatment cycles for DMLS processed material: (a) HT 1 and (b) HT 2.

TaBLE 3: Heat treatment variant.

Plan Solutionizing Cooling Ageing Cooling

HT 1 980°C/1 hr Air cooling 720°C/8 hr and 620°C/8 hr Furnace cooling
HT 2 1100°C/2 hr Air cooling 845°C/24 hr Furnace cooling
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TaBLE 4: Erosion test parameter for the proposed investigation.
Parameters Range
Erodent material Alumina
Particle size 50 micron
Particle velocity 250 m/sec
Erodent feed rate 5 g/min
Impact angle 90°
Nozzle diameter 1.5mm
Test time 10 min

(c)

FIGURE 2: Optical microstructure of (a) as built, (b) HT 1, and (c) HT 2 DMLS alloy.

the segregation of Niobium elements in the form of BCT
structure and y’ is formed due to the segregation of titanium
and aluminum. In HT2 DMLS alloy, the & phase is formed
due to the segregation Niobium in the form of orthorhombic
crystal structure; therefore, the y” segregation is less which is
clearly identified in the XRD graph. The effect of heat
treatment on additive manufactured at 980°C has made
metallurgical transformation by liquifying laves phase and
releasing Nb atoms around the laves phase to improve the
hardness [10]. Due to the uneven heat distribution and rapid
cooling, the residual stress is caused. As a result of uneven
heating and cooling process, distraction in metallurgical

transformation may have an impact to pull down the
strength in HT2 and base metal [11]. The reduction in y” and
y' phase and formation of & phase lead to the reduction in
hardness of alloy. Furthermore, Laves phase contains plenty
of Mo, Ti, and Ni that may affect the strengthening of solid
solution and decrease the number of y” and y’ phase which
weakens the effect of precipitation. The presence of y”, y/,
and ¢ phase in the surface has increased the hardness with
the HT1 sample. The metallurgical transformation of nickel
alloy takes place at eutectic point (above 926°C), and it helps
to form delta phase and their precipitates. In this research, it
is evidently proved that the developed IN718 has completely
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FIGURe 3: XRD peaks for the heat-treated sample and as built
sample with phase diagram.

transformed into & solvus during heat treatment (at 1100°C)
and while ageing (at 845°C for 24 hours) the y/, y"/, and §
formation has taken place. In HT 1, the sample is double
aged at 720°C and 620°C at 8 hours each, and the corre-
sponding peak for the y' and y'' phase formation is strong.
Therefore, the hardness of the alloy increased after heat
treatment. The scale of Vickers hardness for bare, HT 1, and
HT 2 DMLS alloy is 264.15, 385.55, and 352.43 Hyv, re-
spectively. The strength of the IN718 alloy mainly depends
on the y" and y” of the alloy. The primary motive of the heat
treatment is to fully solutionize the alloy and neglect the lave
phase. During the fabrication process due to the rapid
cooling, there is a formation of lave phase in the alloy which
reduced the strength of the alloy. In HT 2 process, the
sample is heat treated to 1100°C for 2 hrs which completely
solutionized in the form of § phase. In HT 1 process, the
sample is heat treated to 980°C and double ageing at 720°C
and 620°C where the lave phase is transformed in the form of
y" and y” phase. Similar research in authentic phase
transformation of additive built material is available in the
literature for discussion [12].

Solid particle erosion test on metals mostly depends on
the erosion test parameters such as flow rate of the erodent,
velocity of the erodent, and impingement angle. In addition
to the input process parameter, the quality of the erodent has
also influenced over the erosion rate. Pure alumina is used an
erodent having multiedges for the erosion study. Figure 4
shows the electron image of the alumina (erodent used for
investigation) with similar dimensions and metallurgically
qualified. The jet pressure used with high impact velocity
strikes the surface of the DMLS processed alloy. Three
samples per material grade are used for erosion studies. For a
defined input process parameter, the erosion study is per-
formed and weight loss is measured. Using the erosion rate

formula for the recorded mass change, erosion rate is
measured. Calculated erosion rate for the bare and the heat-
treated DMLS alloy is given in Figure 5.

The sample tested at impact angle 90° exhibited the
lowest erosion rate when compared with other impact an-
gles. It is noted that the mass change in the erodent sample at
perpendicular impingement is very meager. The mass
change is in the range of 0.01 to 0.2g for individual ex-
periments. The bare DMLS sample exhibited the erosion rate
of 5.02x107* Ag/g. The HT 1 and HT 2 DMLS alloy
exhibited 3.81x10™* Ag/g and 4.61x10™* Ag/g rate of
erosion. Heat-treated sample has good resistance towards
erosion due to the metallurgical transformation. Presence of
", " and & phase in the post processed alloy has increased
bulk property. It has high strength to resist the erosion, and
the intensity varies with respect the presence of precipitates
(9", y, and & phase). The wear surface morphology and
mechanism involved during the erosion are discussed in
detail.

The erosion scar at the angle 90° for bare and heat-treated
DMLS alloy is shown in Figure 6. The differences in the wear
morphology due to impingement of the erodent over the
surface of DMLS alloy for as built-bare, HT 1, and HT 2
(Figure 6(a)-6(c)) are elaborated in detail. The erosion scar
diameter for the angle 90° impingement is very high for the
HT 1 DMLS alloy and low in case of HT 2 DMLS alloy. The
vertical force or normal force acts on the erodent which
strikes the sample surface. The erosion resistance mainly
depends on the hardness of the targeted surface, and the
presence of hard precipitates resists the erosion. The similar
results are obtained that the increase in hardness has in-
creased the wear resistance of the material. To discuss in
detail, the worn surface is investigated at higher
magnifications.

The surface morphology of the worn surface is
revealed with different wear mechanisms. Worn surface
topography of the DMLS processed Inconel718 observed
at higher magnification is given in Figure 7. The me-
chanical action of the solid particle erodent has impinged
the surface and initiated plastic deformation on the bare
DMLS alloy. Simultaneously, the repeated impingement
of the erodent may strain harden the bare alloy, and when
the strain hardening completed, the cracks are formed on
the surface. The lip formation, crater, and ploughing are
also observed on the surface of the heat-treated sample
which is shown in Figures 7(c)-7(f). Fundamentally, the
sliding of particle induces the surface to slide (shear) the
surface, and the perpendicular impingement causes
clinging effect. On the surface of heat-treated material, the
crater and lip formation are noticed due to the continuous
impact of erodent with multiedge which act as a spike
during experimentation.

The improvement in the hardness of the heat-treated
alloy improves the strain hardening of the sample and
provides good resistance to erosion wear. It is also confirmed
that the alumina solid particle after impingement found
adhering to the worn surface. On continuous strike, the
collision of alumina particle influences the erosion rate and
the particle adheres to the surface with lip formation.
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FIGURE 6: The diameter of erosion scar: (a) bare, (b) HT 1, and (c) HT 2 DMLS alloy.
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Therefore, the metallurgical transformation due to iso-
thermal heat treatment has highly influenced to increase the
surface hardness of the DMLS processed alloy. In extension,
the surface has high resistance towards erosion and con-
trolled the material deterioration from severity in me-
chanical action of solid particle impingement.

4. Conclusions

The IN718 alloy is developed through DMLS process and
followed by the different heat treatment plans. From in-
vestigation, following points found significant to justify the
research findings:

(i) The heat treated DMLS alloy has significant changes
in mechanical properties and metallurgical quali-
ties. The wear resistance found increased with re-
spect to increase in surface hardness. The built
DMLS alloy has 264.15 Hv and expressively in-
creased to 385.55 Hv for heat treated material.
Vickers hardness found increased from 264.15 Hv to
385.55 Hv.

(ii) Concurrently, the built tracks found dissolved
during heat treatment and the material revealed
with austenitic phase. The carbides/dendrites in the
built track reduced with annealing and complete
phase transformation occurred with solutionizing.



It shows the metallurgical phase with achieved
strength in change.

(iii) Indicating the erosion rate, annealed sample
revealed with less in erosion rate (0.38 Ag/g) due to
presence of partial carbide/dendrite structure. For
the solutionized sample, erosion rate is average
(0.46 Ag/g) compared with the as built DMLS alloy
(0.5 Ag/g).

(iv) The common wear mechanism is revealed with lip
formation and chipping due to hard particle im-
pingement at perpendicular axis. However, the
alumina particle striked on the surface found
clinging with the as built material.

Therefore, it is recommended that the DMLS processed
IN718 with annealing followed ageing has good mechanical
properties, metallurgical strength, and high erosion resis-
tance compared with solutionized sample and as built
sample.
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The titanium alloy is one of the prime materials for many engineering applications. It has been recommended for the components
in automotive engines, power sector, biomedical industries, and more applications. It is due to the unique properties of the
material with good strength and corrosion resistance. However, it is very challenging to handle Ti-based materials in
manufacturing sectors without damaging the metallurgical quality. Thus, an attempt made to study the deformability of the CP-Ti
material through ball-punch test to represent the stress, strain, and formability limit during mechanical loading and plastic
deformation. The experiments are conducted following the ASTM E643 standards to study the material behavior. The maximum
cupping reached to a height of 8.69 mm and got teared at the peak of doom. The separation has induced grain detachment due to
tensile loading. The same condition is used to simulate with PAM STAMP™ software and 8.48 mm is the maximum cupping
height achieved. The different is 0.21 mm. The results are interesting with similar observations and found acceptable to study

the deformation.

1. Introduction

In the last two decades, demand for titanium alloy and its
research are found increased in automobile components,
biomedical engineering, and food processing industries
[1-3]. These alloys are recommended for structural engi-
neering and load bearing systems and widely used as al-
ternate materials for biomedical components. The titanium
alloy offers best performance in automobile components
subjected to extreme load/suspension systems. Especially,
the structure component should have high corrosion re-
sistance, good formality, and high strength with low

modulus to sustain reliable service period of the structure
developed [4]. Literature is available to discuss about the
processing of titanium alloys [5]. In general, the titanium
alloys are widely used in aero jet engine components to make
compressor disc, fan doom, and fan blades. It should possess
high strength with less weight, less fatigue, and creep failures
[6]. Jiang and Huang investigated and reported the grain
replacement and effects on mechanical forming of Ti alloy.
While processing the material through mechanical loading,
the crystalline structure of alloy varies with respect to
process condition. The commercial pure titanium (CP Ti) is
HCP (hexagonal closely packed) structure below 800°C and
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BCC (body centered cubic) above 800°C temperatures [7].
The CP Ti exhibits low elastic modulus limited plastic sag
while deformation. While working with CP-Ti alloy, the
deformed structure reveals with twinning effect due to the
strength differential ratio with respect to direction of
forming [8]. However, the studies on deformability and its
process are yet to explore for titanium alloy. It has been
reported that the plastic deformation of titanium and its
alloys at room are found difficult [9]. The Ti and Ti-based
alloys are induced to produce work hardening (rapidly) and
strain leads to fajlure while cold working (mechanical
loading and deformation at room temperature) [9, 10].
Since, there is a need for detailed studies deformation and its
formability during mechanical processing.

In this study, the research has been focused on me-
chanical loading, plastic deformability, and structural
analysis of the commercially pure titanium (CP-Ti) alloy.
The ball-punch deformation test was performed on Cp-Ti
alloy to forecast the formability limits and its strain during
deep drawing. From the analysis the Erickson number, peak
load, deformability, FLD, and its strain are calculated
[11, 12]. In order to reduce the materials wastage, process
time, and cost factor, the experimentations are performed
through virtual systems, and the optimal results are verified
through real-time instruments. The PAM STAMP™ is the
commercially available simulation package used to study the
deformation of engineering materials [13, 14]. The form-
ability and deformability pressure of the material are the
main components of the cupping test. The validation of the
results from ball-punch analysis and FE simulation are
inspiring in recent research situations [15, 16]. The highlight
the research state of art is that there is no study to report on
mechanical deformation of Ti alloys through ball-punch
deformation test and simulated with PAM STAMP™
software. Therefore, an attempt is made to study the
deformability of commercially pure titanium alloy through
ball-punch deformation test and simulated with PAM
STAMP™ software.

2. Materials and Method

The commercially pure titanium (Cp-Ti) alloy is chosen as a
test material. The nomination composition and the physical
dimension of the test sample are given in Table 1. The
samples are cleaned with acetone to degrease and ensured
the samples are ready to investigate. Investigations are
performed in ball-punch (Erichsen Cupping) test (Sheet and
Strip Metal Testing Machine Model 111) following standard
procedure of ASTM E643 (equivalent to ISO 20482). The
deformability of CP-Ti alloy is studied using ball-punch
tester and the same was simulated with PAM STAMP™
simulation software. The pictorial representation of ball-
punch test and proposed research plan is shown in Figure 1.
The mechanical test parameters and the specifications for
ball-punch instrument are given in Table 2. Figure 2 shows
the detail sketch of ball-punch die arrangements following
ASTM standards.

The estimation of forming limit diagram depends on the
axial strain caused in major axis and minor axis. In addition,
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TaBLE 1: The nomination composition of Cp-Ti alloy and the
physical dimension.

Input factors Range
Thickness 1.20 mm

Size of sheet 90 mm X 90 mm (I x b)
Density 4.51g/cc
Brinell’s hardness 120 BHN

the dimension of the cup used for deformation is considered
as a factor. It is also based on the tensile test results generated
by testing the dog bone-shaped specimen and the details are
given in Table 3. The fundamental sketch of FLD with
different zones is shown in Figure 3.

Equation (1) represents the mathematical relation which
is used to study the yield/fracture point of the material under
cupping process [17]:

Flo, - o5la + Gloy — 0,la + H|o, — 0,]a = 1. (1)

It is assumed to be an anisotropy material having
standard constants. On substitution of standard details, the
relative equation is further given in

Rylo, — a3la + Ryylo; — 01la + RygRoloy — 051a = Rgg (1 + Ry) Xa,
c=K- (50 + sp)n.
(2)

The above equations are related to Krupkowsky law. It is
directly related to the stain components and its coefficient.

The mechanical boundary conditions for PAM STAMP
TM are obtained by fixing the blank holder and die is fixed
(all degrees of freedom); then, punch is allowed to indent on
the CP-Ti sheet in Z direction till the crack appears.

3. Results and Discussion

The deformability of CP-Ti alloy is performed as per the
ASTM standards and the results are discussed with reference
to macroscopic (visual) analysis, microscopic analysis,
simulated analysis, and FLD plots. The photo image of the
mechanical deformed CP-Ti sample is shown in Figure 4. At
the top of doom, the material deformed during cupping
found stretched and the thickness got reduced. That is, the
action of the metal atoms induced due to tensile loading and
separation occurs. It is an action of sliding of metal atoms
with respect to the mechanical force and so called as slip-
ping. On continuous loading, the slipping persuades the
metal thinning to cracking and the element cracking occurs.
For better illustration, the traction-separation of the metal is
illustrated in Figure 5. It is physically visible that the fracture
is in the form of typical linear traction-separation response.
The crack growth is analyzed over the fractured samples, and
it is under two conditions. The crack is initiated in the
perpendicular direction of the punch, and it depends on
specimen thickness and maximum principal stress criterion.
During continuous loading (in tensile loading), the con-
tinuous separation was noticed along the crack surface.
When the stiffness (8) of the material is greater than the
crack stiffness (J,), the traction occurs. The traction is a



Advances in Materials Science and Engineering 3
Ball - Punch Test
T
Y
Formability
& PAM-STAMP
e
FEA Simulation package
T e e T .
FIGUre 1: Work plan of the CP-Ti alloy formability study.
TaBLE 2: The standard parameters and specifications for the ball-punch tester.
SL. no. Description Value
1 Stroke of punch 5mm/min to 20 mm/min
2 Diameter of the punch (d1) 20 mm
3 Inside corner radius of die (R2) 0.75 mm
4 Outside corner radius of die (R1) 0.75 mm

plastic deformation of a material in all coordinate (multi-
direction) induced due to mechanical force. It has been
reported that the doom fracture and the crack propagation
depend on the materials properties [18].

Furthermore, the microstructural analysis is carried out
on the fractured samples. The microstructure of the CP-Ti
material before and after mechanical loading is recorded

under a high-end metallurgical microscope and displayed in
Figure 6. It is clear that the CP-Ti material used for the
mechanical loading (ball-punch deformation test) is having
an austenitic structure. At the same, on mechanical loading,
the CP-Ti material has been deformed and the crack is
initiated. The microstructure observed near to the separation
(crack) is identified with the deformed grain structure. It has
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FIGURE 2: Schematic representation of ball-punch (Erichsen cupping) test methodology.
TaBLE 3: Physical and mechanical properties of CP-Ti material.

Properties Range Units
Yield load kN 3.2
Max. load kN 4
Yield stress MPa 269
U.T.S MPa 336
% of elongation % 52.28
Poisson’s ratio — 0.37
Modulus of elasticity GPa 105
Coeflicient of linear expansion 8.4x107%/K
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FiGure 3: Fundamental representation sketch of forming limit
diagram representing strains and different regimes.

also caused mechanical detachment between the grain
traction. The rate of crack depends up on the ball-punch load
coatings and the material thickness. During the loading, the
material inclined to mechanical strain and further loading
will induce the material to cracking. This is called tearing due
to tension load and the deformed material with different
regimes.

In continuation to metallurgical and mechanical ob-
servations on CP-Ti deformation, finite element analysis is
carried out. To study the stress and strain rate on deformed

material, the deformability diagram predicted through PAM
STAMP™ numerical analysis software is used. With the
same load condition, the material is simulated for stress and
strain induced on ball-punch (cupping) test. The deform-
ability of the material will indicate the major issues such as
wrinkle, stretching, surface waviness, and insufficient
formability from the analysis. Figure 7 illustrates the FLD
graph plotted for strain developed from the simulation
results and to locate points on different regimes for better
understanding. The deformability rate of the material is
recorded from the analysis and it is reported with respect to
the axis coordinates. The results are as minor strain on
abscissa (x-coordinate) and major strain on vertical axis
(y-coordinate). From the cupping test, the fracture zone is
indicated with dark spots over the deformed zone. The
variations in the deformability is indicated with different
color marks. The deformation of the material is as visualized
in the photo image (Figures 4 and 5). Figure 8 shows the
simulated ball-punch deformed area and strain distributed
zone. It is clear to confirm that the center of the circular area
has maximum strain and the rate recorded in the FLD di-
agram. Inset shows the maximum cupping height produced
in the simulation. While comparing the results with standard
FLD boundaries, the CP-Ti material is prone to some strain
points above the Keeler line indicating material failure due
to tearing. There are no spots around the Wrinkling or Good
line regions. The test material has a major spot between the
safe and Keeler line indicating the subregions are under safe
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FIGURE 4: Photo image of the CP-Ti material after ball-punch mechanical deformation. (a) Back view. (b) Front view.
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FIGURE 6: Microstructural changes in CP-Ti sample before and after deformation. (a) Original microstructure. (b) Deformed
microstructure.
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FIGURE 8: Simulated results indicating the FLD strain zones recorded after ball-punch test.

conditions. As a result, the numerical analysis of the material
deformed and the tearing revealed to be similar with the
experimental data.

Inference made on strain development: the simulation is
also carried out to study the stress development during the
same process. Figure 9 shows the FLD diagram with stress
concentration of CP-Ti material during the ball-punch test.
The spots are identified very close to Keeler line indicating
the stress developed while material failure. During punch-
ing, the strain found more and continued to surface tear at
the top of doom. At the same region, the FLD diagram
indicates that the stress has been aggregated over the Keeler
line with dense spots. Figure 10 shows the stress distribution
on deformed area of ball-punch test sample results achieved

through PAM STAMP™ simulation software. Red color
indicates the maximum stress induced at the top of cup
doom and found reducing in adjunct area of the sample with
different colors of representation. As discussed above, the
traction cum separation during tensile shear observed on the
test sample is confirmed with the simulated results. From the
experimental analysis and simulation method, the cupping
height of the deformed material is measured for comparison.
Three sets of experiments were done under the same test
condition and simulation was carried out thrice for re-
peatability. The average results obtained for the analysis is
tabulated in Table 4. The average cupping height of the
deformed materials from the experiments and simulation
are as 8.69 mm and 8.48 mm, respectively. The difference in
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FIGURE 9: Graph to represent the stress developed on CP-Ti material induced while testing through formability limit diagram (FLD).
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FiGure 10: Simulated results indicating the stress distribution over the FLD zones recorded after the ball-punch test.

TaBLE 4: Cupping test results from experiments and simulation.

Materials Ball-punch test Exp value (mm) Sim value (mm) Difference (mm)
CP-Ti Cup height 8.69 8.48 0.21

cup height for experiments and simulation is 0.21 mm. It 4. Conclusions
specifies that the formability value is similar in both the tests.
Therefore, the same procedure can be used to study the The research presents the experimental investigation

deformation of the CP-Ti material with variation sections  through the ASTM E643 ball-punch deformation test on
and materials Composition. CP-Ti material. Furthermore, for inVeStigatiOn, the results



are compared with simulation of the same experiments
performed in PAM STAMP™ simulation software. It has
been confirmed that the CP-Ti alloy is perfect to deform
under mechanical loading. During loading, the maximum
height of the cupping found 8.69 mm in physical setups and
surface fracture at the top of doom. The difference in cup
height for experiments and simulation is 0.21 mm. The
fracture is noticed perpendicular to ball-punch axis creating
tensile load. The continuous tensile load has induced the
grains to detach from each other and cause the adjunct layer
to become vulnerable. The rate of stress and strain developed
during deformation was found to be aggregated over the top
of doom. The same has been confirmed from the simulation
package, and FLD diagram has been drawn. The results
achieved from mechanical and virtual analysis are similar to
compare. Therefore, the proposed technique can support to
study the behavior of the material using ball-punch defor-
mation for different sections and is quite informative to
report the quality of the material. [19].
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Aluminum is among the most preferred materials based on the desired properties. This investigation focused on to evaluate the wear rate
of the AA6066 aluminium alloy composite by using pin-on-disc apparatus. The composites were created with three materials such as
AA6066 alloy, high-speed steel, and copper which have a volume percentage variation of 92%, 5%, and 3%, respectively. These three
parameters were considered for the experimental results of the wear rate such as load applied, sliding speed, and sliding distance.
Experimental results of the composites were compared using an applied load of 20 N, a sliding velocity of 3.0 m/s and 1800 m of sliding
distance with AAHSSCu reinforced composites offering a minimum wear rate. Similarly, using a 40 N applied load, the minimum wear
rate is obtained. Further increasing the applied load to 60 N with 600 m of sliding distance provided a lower wear rate. The various
graphical representations such as three-dimensional surface plots, contour plots, and bar charts were used for the experimental results.
Wear rate consequences were expressed individually compared based on the considered parameters. Experimental results were having
the reliability of nearly ninety-one percentage with only wear rate being focused. Finally, an optimized wear rate is obtained at the sliding
distance of 1200 m with an applied load of 40N and a spindle speed of 3 m/s.

1. Introduction

In recent days, composites have made major contributions
in various regions of the world such as various industrial
applications, different home appliance-based products, and
different places of usage such as metal matrix composites,
reinforcement composites, and fiber composites. In auto-
mobile industries, as well as any other industry, the wear rate
properties are prepared in every material to increase their life
and enhance the wear rate. Revankar et al. [1] absolutely
explained about the augmentation of the wear resistance
property in the titanium alloy with the aluminium alloy by

using the process of ball burnishing. They use ANOVA and
ANOM methods for the result comparison with the three
different parameters. Various SEM images and comparative
images were used to explain the results.

Guleryuz and Cimenoglu [2] described the modification
of the surface for the wear resistance capacity with different
experimental and result-orientated plots. Borgioli et al. [3]
completely explained the various improvement techniques
based on the wear resistance through thermal oxidation in
the Ti-6Al-4V. Shibe and Chawla [4] undoubtedly reviewed,
with the help of different articles from different time periods,
about the enhancement of the wear rate through the hard
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facing method. They completely provided the details about
the different wear accruing reasons as a mechanism of the
different types of wear and the various advantages and
disadvantages based on their results. Bhushan and Gupta [5]
explained that wear is the removal of the materials when the
two different or the same materials are in solid contact
together. This material removal rate is also known as the
wear rate. There are so many factors that were considered for
the wear rate, but decreasing the wear rate leads to an in-
crease of the material life. High-speed steel and copper have
higher wear resistance when compared with the aluminium
alloy. So, some of the percentage of these materials were
added to the composite specimens. Mishra and Srivastava
[6] completely explained the wear property analysis in the Al
6061 aluminium alloy with the silicon carbide composites
with different percentages of weights of both particles
through the stir casting technique with the traditional
standards. They also discussed about the working on the pin-
on-disk wear tester with a neat sketch for the measurement
of the wear rate on the specimens.

Umanath et al. [7] flatteringly discussed about the hybrid
MMC participation in the recent reinforced MMC of various
materials or alloys to influence both the materials merits and
the desired properties of them in a greater manner. Das et al.
[8] and Mishra et al. [9] evidently pointed out, commencing
their investigation, that the distribution of the reinforcement
phase, fraction of volume, positioning, shape, and sizes of
composite elements have a considerable impact on the
achievable development in the characteristics. Deuis et al.
[10] reviewed a number of research articles on the com-
posites of aluminium based on wear with respect to dry
sliding in different ways. It gives a clear idea about the wear
testing and the methods used for the testing depend on the
composites and the various parameters and their influence
on the experimental outcomes. Das and Das [11] gave details
regarding the composite of the alumina reinforcement with
the copper alloy and sand of zircon. They only focused about
the abrasive wear-based parametric associate investigation
with various diagrammatic representations with the ex-
perimental results. Similarly, Yilmaz and Butoz [12] dis-
cussed about the abrasive wear with various graphical and
experimental results on the aluminium oxide reinforcement
with the aluminium alloy composites. Uyyuru et al. [13]
mainly focused regarding the wear behavior on the com-
posites of Al-Si-SiCp and the system of automobile pads in
the condition of dry sliding. They also expressed the impact
of the dry sliding on the composite properties. Acilar and
Gul [14] explained about the vacuum infiltration procedure
to produce the composite and the dry sliding method is used
for the experiments on the wear testing of the composites.
Umanath et al. [15] clearly expressed the mechanical
properties, specifically tensile strength, related investigations
were performed with the composites of the aluminium alloy
reinforcement by means of the silicon carbides in the same
way Singla et al. [16] focused about the wear rate on the same
composites. Panwar et al. [17] unobtrusively explained about
the importance and the influence of lubrication on the wear
testing in the reinforced aluminium alloy composites. Rao
and Das [18] expressed the reliability of the wear rate and

Advances in Materials Science and Engineering

coefficient by testing on machines for the composites of the
aluminium alloy. Sesharao et al. [19] focused on the impact
of the sliding distance on the wear rate response for the heat-
treated aluminium alloy composite materials by the casting
method. Wu et al. [20] explained about the impact of the
particle sizes used in the composites for the mechanical
behaviour. Natrayan et al. [21] reviewed and concluded from
the different research articles that stir casting is a suitable
method for the aluminium composite. The pin-on-disc is a
suitable testing method for the wear rate. The maximum
inputs considered for the wear rate testing were load applied,
sliding distance, and speed. Guler et al. [22] examined the
minimum wear loss by influencing the reinforcement
contents of 4 vol.% graphite and 4 vol.% alumina presents in
the nanocomposites. These reinforcement particles are
highly involved and dominant as the wear mechanism. Guler
et al. [23] revealed that the higher corrosion resistance is
achieved by using a 24 hour powder milling process. When
compared to unmilled and milled powder hybrid nano-
composites, the corrosion rate is obtained as 29.068 and
4.033 mpy, respectively.

Metal matrix composites are termed as reinforcement of
different materials into the base material for enhancing the
strength of the base material. Normally, the base material is
softer than the reinforcement material. This experimental
work considered the base material of AA6066 aluminium
alloy with reinforced particles of high-speed steel and
copper. The various compositions of the AA6066 aluminium
alloy with copper and high-speed steel were created. The
wear rate of the composite specimens was measured by a
wear tester such as the pin-on-disk method [24]. Similarly,
the wear rate of the pure AA6066 alloy specimens was
identified with the same experimental arrangement. Then,
the comparison with both pure alloy and composite spec-
imens was created to realize the impact of the composite and
suitable machining parameters for the desired wear rate.

2. Experimental Procedure

Al 6066 has the compositions of 0.9-1.8% of silicon, 0.8 to
1.4% of magnesium, 0.7-1.2% of copper, 0.6-1.1% of
manganese chromium have 0.4%, and the remaining was
accompanied by pure aluminium alloy [25]. The AA6066
aluminium alloy was used as the microparticles. Similarly,
the high-speed steel and the copper material were also used
as the microparticles from the market. The taken materials
were tested for the initial parameters of the material like
microscopic testing for the material confirmation. Then, the
particles were mixed in the propositions of volume as
ninety-two percentage of the pure aluminium alloy of
AA6066 with five percentage of high-speed steel and three
percentage of copper.

The stir casting process is considered for this exper-
imental work to prepare the hybrid composites. The base
material and the reinforced particles are taken at different
weight percentages (92% of AA6066, 5% of HSS, and 3% of
Cu) and preheated in the furnace. Furthermore, the
preheated reinforced particles are poured into the base
material and maintained at 400 rpm of stirring speed to
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achieve uniform mixing. Finally, the mixed molten ma-
terial is poured into the selected die and given some time
for cooling.

The specimen has a 20 mm diameter and a length of
110 mm. Similarly, the pure AA6066 alloy specimen was also
prepared using the same method and same dimensions of
the composite specimen preparation for the comparison
perseverance [26-28].

The specimens were collected and cleaned manually, and
then the specimens were visually inspected. The damaged
and cracked specimens were rejected, and the specimens
with a clear surface and without defects were selected for the
investigation [29-31]. Then, the prepared composite spec-
imen was named as AAHSS Cu based on the combinations
of all the materials used in the composite. The pure AA6066
aluminium alloy specimen was mentioned as AA based on
the material available on the composite. This flow of
specimen preparation and testing is mentioned in
Figure 1(a) as a flow chart. Then, the composite material and
the pure aluminium material were tested in the traditional
wear testing method as pin-on-disc, as referred to by the
various references with high accuracy [32].

Specifications of the pin-on-disc equipment used are
shown in Figure 1(b), in which the disc is 8 mm thick and
165 mm in diameter, 10 to 200 N of applied load range, 200
to 2000 rpm of rotation speed, and up to 2000 yum of wear
measurement range with the lever system for the load.
Initially, the AA6066 specimen is taken, and the weight is
measured before the starting the experiment. Then, the
specimen is fixed in the holder of the pin to strengthen the
disc. Then, the load is applied on the load pan. The sliding
distance is fixed by the adjustable sliding distance ar-
rangement in the middle of the equipment. The sliding speed
can be fixed using the digital meter. The time taken for the
setup is fixed at 360 seconds for all the experiments by the
timer.

There are three different parameters that were consid-
ered for the investigational comparison such as sliding
distance, load applied, and the speed of sliding, as mentioned
in Table 1. The applied load started from 20 N with a 20N
incremental value up to 60N, the sliding distance started
from 600 m with an incremental value of 600m up to
1800 m, and the speed of sliding started from 1.5 m/s with
1.5m/s incremental values. Then, the experiments were
conducted, and the corresponding results from the digital
output values such as wear rate were taken as per Table 1 and
is performed for the AA6066 specimens. Twenty-seven
specimens were created and tested under the conditions of
these three parameters.

Similarly, the composite specimens of the AAHSSCu
composite are taken in the pin holder and kept there to touch
the disc. Then, the load is applied on the load pan with
variations of 20N, 40 N, and 60 N. Also, the sliding distance
can be fixed at 600 m, 1200 m, and 1800 m by the adjustable
sliding distance arrangement on the equipment. At last, the
sliding speed is given as 1.5m/s, 3.0 m/s, and 4.5 m/s by the
digital input. The time taken for the testing is fixed at 360
seconds. Then, the wear rate of the AAHSSCu composites
was measured as per the conditions mentioned in Table 1.

3. Results and Discussion

The experimental results from the traditional pin-on-disc
method of wear rate were measured carefully and plotted for
easy understanding. Figure 2 mentions the bar chart for the
applied force of 20N for both pure AA specimens and
AAHSSCu composite specimens with respect to the three
different sliding speeds. Wear rate variations start from a
minimum range of 0.000003 mm’/Nm and a maximum
range of 0.00015 mm>/Nm for the sliding distance of 600 to
1800 m. Figure 3 shows the contour plot for the applied force
of 20N for the pure AA specimens and the AAHSSCu
composite specimens with respect to the three different
sliding distances of 600 to 1800 m. Wear rate variations start
from a minimum range of 0.000003 mm>/Nm and a max-
imum range of 0.00014 mm>/Nm for the sliding speeds from
1.5 m/s to 4.5 m/s. The maximum intensity of the wear rate is
achieved at the 4.5 m/s of spindle speed of the AA specimen
when compared to other conditions.

The measured wear rate can be represented as a bar chart
with respect to the sliding distance for the applied load of
20N for both AA specimens and AAHSSCu with three
different spindle speeds were clearly mentioned. The min-
imum wear rate was achieved at 1800 m of sliding distance,
at 1.5m/s of the sliding speed at 20N applied load of the
AAHSSCu composite specimen.

For the applied force of 40N for both pure AA speci-
mens and AAHSSCu composite specimens with respect to
the three diverse sliding speeds as shown in the bar chart in
Figure 4. Wear rate variations start from a minimum range
of 0.000002 mm>/Nm and a maximum range of 0.00016 to
0.00018 mm’/Nm for a sliding distance of 600 to 1800 m.
Figure 5 expresses both pure AA specimens and AAHSSCu
composite specimens’ contour plots for the applied force of
40 N concerning the three diverse sliding distances of 600 to
1800 m. Wear rate variations started from a minimum range
of 0.000003mm’/Nm and a maximum range of
0.00018 mm*/Nm for the sliding speeds from 1.5m/s to
4.5 m/s. The maximum intensity of the wear rate is achieved
for the AA specimen at 4.5 m/s of spindle speed.

For both AA specimens and AAHSSCu, with three
different spindle speed measured, the wear rate can be
represented as a bar chart regarding the sliding distance for
the applied load of 40N, as clearly mentioned in Figure 5.
The smallest wear rate was accomplished at a sliding distance
of 1800 m, at a sliding speed of 1.5 m/s at a 40 N applied load
of the AAHSSCu composite specimen.

Figure 6 demonstrates the bar chart for the applied
force of 60 N for both pure AA specimens and AAHSSCu
composite specimens with respect to the three different
sliding speeds. For the sliding distance of 600 to 1800 m
wear rate variations started from a minimum range of 0 to
0.000005 mm>/Nm and a maximum range of 0.00035 to
0.00040 mm*/Nm. For both pure AA specimens and
AAHSSCu composite specimens, with respect to the three
different sliding distances of 600 to 1800 m, is represented
by the contour plot in Figure 7 for the applied force of
60 N. Wear rate variations started from a minimum range
of 0.000003mm>/Nm and a maximum range of
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FiGURE 1: (a) Experimental methods for the comparison and (b) pin-on-disk wear tester.

TaBLE 1: Factors considered for the experiments.

Sliding speed

SL No. Sliding distance (m) Applied load (N) (m/s)

1 600 20 1.5
1200 40 3

3 1800 60 4.5

0.00010 mm>/Nm for the sliding speeds from 1.5m/s to
4.5m/s. The maximum intensity of the wear rate is
achieved at the 1.5m/s spindle speed of the AAHSSCu
composite specimen when compared to other conditions.
The smallest wear rate was obtained at the sliding distance
of 600 m, at a sliding speed of 1.5m/s at a 60N applied
load of the AAHSSCu composite specimen.

A minimum sliding speed of 1.5m/s and a maximum
sliding distance of 1800 m offered minimum wear rate. A
minimum wear rate was recorded by a homogeneous
mixture of base material and reinforced particles through the
casting process. In the casting process, the reinforced par-
ticles were highly melted and blended uniformly. Even under
the influence of the maximum level of load as well as sliding
distance, the minimum wear rate was recorded.

Wear rate comparison based on the sliding distances
with respect to the spindle speeds for the 20N of the

20N
0.00016 ~

0.00014 +

z 0.00012 +

0.00002 +

0.00000 -

600

1200
Sliding distance (m)
M 1.5 m/s (AA)
[ 3.0m/s (AA)
L 4.5 m/s (AA)

FIGURE 2: Wear rate (mm’/Nm) comparison for a 20N applied
load impact as a bar chart.

1800

M 1.5 m/s (AAHSSCu)
3.0 m/s (AAHSSCu)
] 4.5 m/s (AAHSSCu)

applied load, as shown in Figure 8. The maximum wear
rate is reached at 4.5m/s of spindle speed, and the min-
imum wear rate can be achieved at 1.5 m/s of spindle speed
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Water rate (mm?3/Nm)

1800 1.400E-4
1.288E-4
1.176E-4
1.064E-4
1200 9.520E-5

8.400E-5

Sliding Distance (m)

7.280E-5
6.160E-5

600 5.040E-5

1.5 3.0 4.5
Sliding speed (m/s)

FIGURE 3: Wear rate (mm’/Nm) comparison for a 20N applied
load impact as a contour plot.

40N
0.00020 7

0.00018 -
0.00016
0.00014
0.00012 -
0.00010
0.00008
0.00006
0.00004 -
0.00002 -
0.00000 -

Water rate (mm3/Nm)

600 1200 1800
Sliding distance (m)

B 1.5 m/s (AA)
I 3.0m/s (AA)
B 4.5 m/s (AA)

0 1.5m/s (AAHSSCu)
[ ] 3.0m/s (AAHSSCu)
B 4.5 m/s (AAHSSCu)

FIGURE 4: Wear rate (mm’/Nm) comparison for a 40N applied
load impact as a bar chart.

Water rate (mm?3/Nm)
1800 1.400E-4
1.288E-4
1.176E-4
1.064E-4
1200 9.520E-5

8.400E-5

Sliding Distance (m)

7.280E-5
6.160E-5

600 5.040E-5
1.5 3.0 4.5

Sliding speed (m/s)

FIGURE 5: Wear rate (mm’/Nm) comparison for a 40N applied
load impact as a contour plot.

60 N

0.00040 7
0.00038
0.00036
0.00034
0.00032 A
0.00030 A
0.00028
0.00026
0.00024
0.00022
0.00020
0.00018
0.00016
0.00014
0.00012
0.00010
0.00008 -
0.00006
0.00004 -
0.00002
0.00000 -

Water rate (mm3/Nm)

600 1200 1800
Sliding distance (m)

Il 1.5 m/s (AA)

I 3.0m/s (AA)

I 4.5 m/s (AA)

Bl 1.5 m/s (AAHSSCu)
[ 3.0 m/s (AAHSSCu)
4.5 m/s (AAHSSCu)

FIGURE 6: Wear rate (mm’/Nm) comparison for a 60 N applied
load impact as a bar chart.

Water rate (mm3/Nm)

1800 1.400E-4

1.288E-4
1.176E-4
1.064E-4
1200 9.520E-5

8.400E-5

Sliding Distance (m)

7.280E-5
6.160E-5
5.040E-5

600
1.5 3.0 4.5
Sliding speed (m/s)
FIGURE 7: Wear rate (mm’/Nm) comparison for a 60 N applied
load impact as a contour plot.

at a sliding distance of 1800 m at 20 N of the applied load.
The wear rate evaluation was constructed on the sliding
distances with respect to the spindle speeds for the 40 N of
the applied load mentioned in Figure 9. The supreme wear
rate is reached at 4.5m/s of spindle speed over 600 m of
sliding distance, and the slightest wear rate can be attained
atasliding distance of 1800 m with 1.5 m/s of spindle speed
at 40N of the applied load. For the 60N of the applied
load-based wear rate evaluation based on the sliding
distances with respect to the spindle speeds is plotted in
Figure 10. 4.5 m/s of spindle speed and 1800 m of sliding
distance reached the highest wear rate, and the smallest
amount of wear rate can be attained at a sliding distance of
600 m with 1.5 m/s of spindle speed at a 60 N of the applied
load. There is no separate comparison provided for the
spindle speed because the abovementioned comparisons
have the spindle speed relation included in the plot. All
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FiGure 8: Sliding distance comparison on a 20N applied load.

0.0002
0.00018
0.00016
0.00014
0.00012

0.0001
0.00008
0.00006
0.00004
0.00002

Wear rate (mm?3 / Nm)

0

0 1.5
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—#- 600 m SD of AAHSSCu

1200 m SD of AA

1200 m SD of AAHSSCu
—%— 1800 m SD of AA
—®— 1800 m SD of AAHSSCu

FiGgure 9: Sliding distance comparison on a 40N applied load.

these figures show the relation that the wear rate of the
composite has the greatest results when compared with the
pure aluminium alloy. As the sliding distance increased,
the coefficient of friction also increased uniformly.
Compared to the hybrid composites, the base alloys
possess a higher coeflicient of friction. By increasing of the
reinforcement percentage to the base material, the coef-
ficient of friction was reduced moderately.

Figure 11 illustrates the SEM image of the wear test
specimen under the load of 60 N. Figure 11(a) presents the
before wear test specimen, which clearly shows the rein-
forced particles distributed to the base material such as
aluminium alloy. Figure 11(b) shows after wear test speci-
men where some defects were present on the surface of the
specimen such as delamination, groove, and cavity under
involving of 60N loads.
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FiGure 10: Sliding distance comparison on a 60 N applied load.
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FiGure 11: SEM image of the worn out surface for wear specimen: (a) before the wear test specimen and (b) after the wear test on a 60 N
applied load.

4. Conclusions should be reduced to develop the life of the material

used product.
In this experimental study based on wear rate enhancement

on high-speed steel and copper, AA6066 aluminium alloy
composites were used, which produced the following results
as conclusions:

(ii) Aluminium alloy with HSS and Cu composite
produced the minimum wear rate when compared
with the pure aluminium specimens.

(iii) The aluminium alloy with HSS and Cu composite
(i) Enhancement of wear rate means reduction in the with a sliding distance of 1200 m and an applied
wear rate not augmentation in wear rate, because it load of 40N at a spindle speed of 3 m/s produced



the minimum wear rate, so preferable parameters
were studied from this investigation.

(iv) The maximum wear rate can be achieved at the
AA specimens with 1800 m of sliding distance at
4.5m/s of spindle speed at the applied load of
60 N.

(v) Wear rate variations are obtained from a minimum
0f0.000002 mm?>/Nm and a maximum of 0.00016 to
0.00018 mm>/Nm for the sliding distance of 600 to
1800 m under 20 N applied load.

(vi) In applied load, the 40 N wear rate was varied from
a minimum of 0.000002 mm>/Nm and a maximum
of 0.00016 to 0.00018 mm>/Nm for the sliding
distance of 600 to 1800 m.

(vii) From an applied load 60N and a sliding distance of
600 to 1800m, the wear rate was varied as a
minimum range of 0 to 0.000005 mm*/Nm and a
maximum range of 0.00035 to 0.00040 mm>/Nm.
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The aluminium metal matrix composites (AMMCs) are preferred in automotive and aerospace industries for higher strength,
weight ratio, good corrosion resistance, and also better tribological properties. This study proposed that the AA7075 alloy
methodology was enhanced by stir casting with titanium diboride (TiB,) particles at different percentages (5, 10, and 15 wt. %).
The preheated titanium diboride powder is spread to the molten state AA7075 at 870°C to provide good weight resistance and
delivery. The prepared composites are evaluated by wear analysis, tensile properties, hardness range, and microstructural behavior
studies. Pin-on-disk and Rockwell hardness tester were used to analyze the wear behaviour and hardness level. The tensile strength
and hardness have defined the strength of the proposed composite while the addition of TiB, particles improves the hardness and
tensile stress. The findings showed that adding TiB, particles in the Al7075 matrix strengthened all properties compared to the
Al7075 matrix. The scanning electron microscope and EDS were used to analyze the eroded surface and chemical composition

of composites.

1. Introduction

The AMMCs have higher usage in the automotive and
aerospace industries due to their enhanced strength and low
wear. Enhanced mechanical and tribological characteristics
of AMMC:s are provided by adding reinforcements such as
Al, O3, SiC, TiC, TiB,, ZrO,, and B,C [1]. The AMMCs were
made by the infiltration, powder metallurgy process, com-
pocasting, and stir-casting method [2]. Many researchers
used a stir-casting method to make AMMCs because of the
maximum metal yield range, lower particle damage, and
cost-efficiency. TiB, particles are highly stiff and hard and
had better thermal stability range among the different ce-
ramic strengthening particles.

The exothermic nature of the process, as well as the
reduced oxidation, makes it a good candidate for wear-

resistant composites [3]. Normally, the composites are made
with oxide particles, carbide particles, boride particles, and
nitride particles. While added, the ceramic particulate
matter in different aluminium matrices significantly in-
creased the matrix wear performance [4]. Matrix rein-
forcement fraction is the factor that influences the composite
mechanical properties. The wear has been observed to be
oxidative wear to a maximum of 800°C, and the oxidative
wear has been found to dominate the wearing rate at higher
temperatures. Certain scientists have found that the inho-
mogeneous distribution of reinforcement particles on a
molten matrix results in low weight and low surface tension
[5]. Preheating treatment is used to absorb gas and remove
humidity and utilize any sort of surface protection, and inert
gas-atmospheric alloying elements will improve the prop-
erties of the composites [6]. The particulate injection
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avoided or minimised agglomeration and particulate clus-
ters and enhanced the homogeneous atmosphere and dis-
tribution. A few researchers have prepared AA7075-TiB,
composite and evaluated the mechanical properties. The
AA7075-TiB, composites were synthesized by the stir-
casting method with different percentages of TiB, (5%, 10%,
and 15% wt.%), and then the quality of the composites was
inspected by tribological characteristics. This paper inves-
tigated the tribological properties such as wear and mi-
crostructural characteristics of compounds AA7075-TiB,
and investigated mechanical properties such as hardness.

2. Experimental Analysis

AA7075 alloy has been preferred as a matrix material in this
study, and the chemical composition is illustrated in Table 1.
An in situ reaction supported various amounts of TiB, (5, 10,
and 15 wt.%).

The small pieces of Al7075 alloy are used for the
composite’s synthesis process. The quantity of matrix to be
melted is measured with an additional 25% of slag. The
induction crucible furnace was used to melt the aluminium
alloy 7075 for 20 min with a temperature range of 850°C.

Meanwhile, TiB, was preheated up to 500 “C, and then, it
was added uniformly into the furnace for avoiding ag-
glomeration and clustering. The stirring process was carried
out with the four-blade stirrer for 10 minutes at 500 rpm.
Due to the stirring process, a vortex is formed [7].

The preheated TiB, particles have been fed into the
furnace at proper timing intervals through a hopper which is
shown in Figure 1. Approximately 750°C was regulated with
continuous stirring to produce a uniform mixture. The
molding mixture is formed by refreshing the mold at room
temperature into rods and plates as shown in Figure 2 [8].

Figure 3 shows the processing methodology for AMMC and
evaluation methods. The hardness and tensile tests were carried
out for prepared specimens based on the ASTM E384-11 and
ASTM EO08 standards [9]. In this paper, the ASTM G99
standard was used as shown in Table 2 followed by wear test
analysis of Al7075-TiB, composite. The surface morphological
characteristics and microstructural views are analyzed to in-
vestigate how reinforced particles are mixing with matrix
materials by using the scanning electron microscope (SEM) and
energy dispersive spectroscopy (EDS) [10].

The components’ weight was determined by density, and
the theoretical densities have been obtained by the rule of
mixture (ROM).

3. Results and Discussions

3.1. EDAX Testing. In Figures 4 to 6, the EDAX graph
showed the aluminium and titanium peak values showing
the particulate content of the composites made [11, 12]. The
EDAX graph of Al7075/5% TiB,, Al7075/10% TiB,, and
Al7075/15% TiB, composites shown in figures indicates the
presence of aluminium and titanium particles.

3.2. Impact of Reinforcement on Tensile Strength. The tensile
load is applied to create large internal tensions that can cause
the material to break if they exceed its strength [13].

Advances in Materials Science and Engineering

TaBLE 1: Chemical constitutions of Al7075 alloy.

Constituents Contribution
Al 90.60
Si 0.05
Fe 0.1
Cu 1.6
Mn 0.05
Mg 231
Cr 0.11
Zn 5.12
Ti 0.05
Ti+Zn 0.01

FiGure 1: Titanium diboride.

Stirrer

Furnace

!'cmtrnl panel

F1GURE 2: Bottom pouring stir casting.

Reinforcement particle bonding will be the major focus of
the internal stress distribution. The tensile strength of
Al7075 composites is enhanced when the percentage of TiB,
is increased, as shown in Figure 7.

Figure 7 shows that while adding TiB, particles, the
tensile strength increases proportionally, increasing
242 MPa with 5% TiB,. Therefore, it reached up to 250 MPa
for 10% TiB,. The tensile strength increases by 260 MPa at
15% TiB,. The percentage is due to the improved linkage
between the matrix TiB, and Al7075. The results show the
TiB, particles can increase the tensile stress level, but it may
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[ Preparatory materials are purchased j

Materials are measured according to
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Production of composite by Stir
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Hardness SEM &
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FIGURE 3: Processing methodology.

TaBLE 2: Sample preparation.

Sample no. Contribution Aluminium (g) TiB, (g)
1 Al7075 95% and TiB, 5% 120.73 10.22
2 Al7075 90% and TiB, 10% 114.38 20.44
3 Al7075 85% and TiB, 15% 108.02 30.66

0 2 4 6 8 10
[Full Scale 13603 cts Cursor: 0.000 keV

F1GURE 4: EDAX graph of Al 7075 95% and TiB, 5%.

0 2 4 6 8 10
[Full Scale 13603 cts Cursor: 0.000 keV

FiGure 5: EDAX graph of Al7075 90% and TiB, 10%.
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Spectrum 5

10
keV

FiGure 6: EDAX graph

300
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Al 95% & TiB2 5%

of Al7075 85% and TiB, 15%.

Tensile Stress

Al90% & TiB2 10% Al 85% & TiB2 15%

FiGURE 7: Tensile test report.

74

Al7075 100%

TiB2 5%

W HARDNESS

Al7075 95% &

HARDNESS

Al7075 90% &
TiB2 10%

Al7075 85% &
TiB2 15%

FiGure 8: Hardness value report.

affect the ductile-brittle nature of the composite. Based on
the problem mentioned above in this research, the TiB, was
added at the range of 5% to 15%.

3.3. Impact of Reinforcement on Hardness. In general,
hardness is defined as the resistance to indentation. Figure 8
depicts the Al7075 and TiB, composites. Figure 8 indicates a

major change in the prepared sample’s microhardness values
was an increase in 5% TiB,, 10% TiB,, and 15% TiB,. Table 3
shows the comparison of the pure Al7075 series and the
hardness values such as Rockwell hardness number (RHN)
enhanced with prepared samples.

TiB, particles are more resistant to plastic deformation
due to the Al7075 matrix; when integrated into the molten
matrix, the TiB, type preferred heterogeneous grain
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TaBLE 3: Hardness value for prepared samples.
Rockwell hardness (HR
S. no Specimen Intender Load (kgf) (HR) Mean
B C D E
1 Al7075 100% Ball 100 Bo4 Bo4 B65 B63 Bo4 Bo4
2 Al7075 95% and TiB, 5% Ball 100 B65 B66 B70 B68 B66 B67
3 Al7075 90% and TiB, 10% Ball 100 B69 B68 B72 B73 B70 B70.4
4 Al7075 85% and TiB, 15% Ball 100 B70 B70 B73 B71 B75 B72
wear rate vs Load for 200 rpm speed wear rate vs Load for 300 rpm speed
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FIGURE 9: Wear rate load.

nucleation sites. Similarly, many researchers reported
improving the value of Vickers hardness when TiB,
particles were added to a metallic matrix in situ process

[14].

3.4. Impact of Reinforcement on Wear Properties. As a
function of the TiB, weight percentage, load, and speed,
Figure 9 indicates Al7075 composite wear. Table 4 shows the
wear rate at a constant sliding speed of different percentages
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TABLE 4: Wear rate for prepared samples.

Wear rate (mm>/min)

Speed (rpm) Load (kg) - 10% 15%
2 2.61 2.42 2.4

200 3 3.28 3.12 2.86
4 3.43 3.27 3.17

2 3.27 2.93 2.87

300 3 3.72 3.38 3.19
4 3.92 3.55 3.33

2 3.42 3.19 3.13

400 3 3.84 3.49 3.31
4 3.97 3.72 3.59

SEM HV: 20.0 kV ‘ WD:1148mm

Viewfield: 573ym | Det:SE
SEMMAG: 241x | Date(midyy): 032717

VEGA3 TESCAN

100 pm
NATIONAL COLLEGE ,TRICHY

F1GURE 10: SEM image of Al7075 95% and TiB, 5%.

of TiB, refurbishments in the Al7075 matrix; therefore, the
wear rate generally increases with the rising load. The wear
loss of pure Al 7075 alloy is greater than that of other
composites. When the amount of TiB, reinforcements in the
Al7075 matrix was increased, the wear rate values began to
drop. For all sliding speeds, the same trend was observed as
shown in Table 4. As seen on the base alloy diagram, the wear
rate gap is 30-35%, and the inclusion of both loads is 15%
TiB,.

The graph of wear rates is not aligned with the increase in
TiB, strengthening due to the diverse wearing processes as
shown in Figure 9. The wear rate at various loads at 200 rpm
shows lower wear than that at the higher load. The wear rate is
influenced by the reinforcement between the counterfeit and
matrix. The adhesive phenomena are produced by contact
asperity between the hard face (disk) and the soft surface (pin).

Such touch is deformed by the effects of cold welding and is
called adherence. This process leads to a loss of metal as sliding
removes asperities from the surface, called adhesive wear. This is
based on the applied load function, and TiB, particles have a
constant sliding speed for 20 minutes.

Figure 9 indicates that the effect of TiB, on wear re-
sistance at lower loads is high, and the wear resistance
decreases as the load applied increases to 4 kg. The resulting
graph is not linear, as improvements in adhesion and
processing characteristics affect composite wear resistance.

As specified in the Archard wear equation act, “hardness
is directly proportionate to the composite’s volumetric wear
resistance” [15]. The TiB,% was similar, with a substantial
increase in the applied load of 2 kg, but the resistance fell to
3 kg. Due to their major changes in intensity, the proportion
of particulate strengthening TiB, is important to wear study.
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SEM HV: 20.0 kV ‘ WD: 11.18 mm

e a

SEMHe200kv | worttoomm |y 000000 VEGAS TESCAN
View field: 958 pm Det: SE 200 pm
SEM MAG: 145 x Date{mvdly): 0327117 NATIONAL COLLEGE ,TRICHY

FIGURE 12: SEM image of Al7075 85% and TiB, 15%.



An analysis of the worn surface and surface morphology is
important to better understand the nonlinear graphs found
in these specimens.

Figure 10 to 12 show the SEM image of the TiB,
strengthened alliance Al7075 worn base, the specimen
samples. The samples are fed on the different 2, 3, and 4 kg
loads at room temperature. At first, chemical acetone was
used to clean up the specimens and remove loose particles
and dirt [16, 17]. The wear mechanism demonstrates the
plastic surface’s deformation due to relative contact motion,
tension, asperities, and floor projections.

The wear rate inspection indicates that the grooves,
scales, asperities, and ridges run in the sliding direction
on the surface in parallel, as shown in Figure 12. The
aggression of the grooves grows as the functional factor
increases, becoming higher and lower than the regular
arming grooves created on the low TiB2 strengthening
matrix, which are greater than the 15% TiB, adding
grooves. The vicinity of wear paths of a thin oxide film
indicates the oxide waste surface layers [18]. The large
craters were formed in the specimen, and the TiB, re-
inforcement particles adhered to the greater scrap due to
the sliding conditions of larger scrap.

4. Conclusion

The stirring process was carried out with different per-
centages of TiB, enhancements applied to Al7075. The
tensile stress, hardness range, and tribological characteristics
were investigated in this research work; based on the in-
vestigation, the following findings have been reported:

(1) Upon melting, the preheating of the TiB, particles
has a significant effect. The porosity is that indicating
that the bonding is much better.

(2) When the inclusion of TiB, particles in the Al7075
matrix increases, microhardness values increase.

(3) The 2kg load and 200rpm sample processing with
additional reinforcement of 15% at a rate of 200 rpm
ensure optimum resistance to wear and minimum wear.

(4) Adding 15% of TiB, with Al7075 leads to an increase
in wear behavior.

(5) In the tribological view, the high load sliding distance
and reinforcement percentage of TiB, increase the
wear rate.
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The welding of different materials with an acceptable quality range is an emerging study area; engineers and scientists
worldwide have long been concerned with dissimilar welding materials. This study focuses on determining the friction stir
welding of different aluminuim alloys; an experimental investigation was conducted (AA7475-T651 and AA2219-0). It also
describes the FSW process parameters and response measurement for defining weld quality and the procedure for measuring
them. Taguchi L27, orthogonal array method, is preferred for optimizing FSW parameters such as shoulder diameter, tool
rotational speed, and traverse speed. The effect of welding parameters is investigated through the ANOVA table and graphs.
The SEM analysis investigates the fracture and micrographic analysis in the heat-affected zone and thermo-mechanically

affected zone.

1. Introduction

Dissimilar welding materials are vital for various goods used
in automotive, shipbuilding, aerospace, and other industries.
This can be such a difficult task that it is sometimes im-
possible to acquire a joint. In particular, this difficulty is
caused by variations in the mechanical characteristics of the
connected components (physical, chemical, and metallur-
gical). Even during welding, there may be failures at the
weldments because of differences in melting point and
thermal expansion coeflicient. Aluminium alloys are used
for structural components because of their fracture tough-
ness, good corrosion resistance, and fatigue strength. Alu-
minium alloys are lightweight materials that minimize
vehicle bulk, therefore reducing fuel consumption and
hazardous emissions. As lightweight materials, many alu-
minium alloys meet the needs of the aircraft sector [1].
AA7475 outperforms numerous commercially available
high-strength aircraft aluminium alloys such as AA7075 and
AA7050 [2]. For connecting 6 mm AA6351-T6 and AA5083-

H111, reseachers used HCHCr steel [3]. For connecting 8 mm
different aluminium alloys, researchers employed H13 steel
(AA7075-T6 and AA6082-T6) [4]. Khan et al. [5] utilised an
HCHCr steel threaded pin tool to link 2.5 mm AA7475-T761
and AA2219-O.

There are some examples of aluminium alloys being
joined, such as a ship’s 5xxx aluminium alloy being joined to
6xxx aluminium and an aircraft’s 2xx being joined to a 7xxx
series aluminium alloy, due to extreme plastic deformation
and low heat input [6]. This results in more minor pre-
welding processing benefits and increased joint strength. To
create the sound welded connection, FSW employs heat
generated by friction between the tool and base material
(BM), which softens materials that form the joint and causes
plastic deformation of the base material, as shown in Fig-
ure 1. Al-A2219 and Al-7475 are frequently used in aircraft.
It follows that research on connecting such alloys might be of
both scholarly and industrial use. Conventional fusion
welding methods are unable to fuse the aerospace alu-
minium alloys AA2219 and AA7475 adequately. As a result,
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Weld

FIGURE 1: Steps of friction stir welding process.

joining such alloys requires the use of a different welding
technique. Welding different aluminium alloys with FSW is
a suitable option [7].

Three microstructural zones are visible in welded FS
joints (Figure 2). Recrystallized grains appear in the stir zone
(SZ). Plastically deformed grains appear in thermo-
mechanically affected zone (TMAZ) [8]. Die Region SZ, in
which dynamic recrystallization produced by the stirring
action of the tool results in refined grains, is subjected to
high deformation and high heat input. Plastic deformation
occurs up to a lower level in the region next to SZ (TMAZ),
which leads to partial dynamic recrystallization. The HAZ is
exclusively subjected to a temperature influence [9].

2. Material Selection

This paper presents the methodology of dissimilar welding
in aluminjum alloys (2xxx and 7xxx) with prospective ap-
plications in important areas [10]. AA2219-O with AA7475-
T761 (a combination usually utilised in aircraft construc-
tion) was FSW, and its microstructure and mechanical
characteristics were studied and presented in this paper.

BMs used in the present research were hot rolled
AA7475-T651 and AA2219-O plates of thickness 2.5 mm.
The plates were sheared to nominal dimensions of
50 mm x 180 mm so that the grains aligned in the direction
of the joint line. The experiments were performed on the
plates in the rolling direction [11-13]. Figure 3 shows the
geometric layout representation of HC steel for FSW. Table 1
lists the composition of BM alloys and the tool material HC
steel. It is shown in Table 2 that BMs have mechanical and
thermal characteristics.

In high-strength aluminium alloys, friction stir welding has
shown to be a formidable welding method. An R. V. machine
tools’ limited friction stir welding machine was used for the
tests (Figure 4). Two motors control the friction stir welding
process: the spindle motor and feed motor. These motors are
connected to driving controllers through a wire. Its spindle

FIGURE 2: Microstructural welding zones of friction stir-welded
aluminium alloy.

FiGURE 3: HC steel FSP tool and its geometric layout.

motor has a power rating of 22 kW, while its feed bed motor
has a power rating of 1.5kW. Motors with mechanical gear-
boxes are used in both cases to enhance torque at the output
shaft. The spindle rotation is provided by a primary spindle
motor, while the feed bed motor provides power for the bed’s
three-axis motions. With 24V electromagnetic clutches, the
different axes of the bed (X, Y, and Z) are locked into place. PCI
boards are connected to limit switches and emergency stop
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TaBLE 1: AA7475, AA2219, and HC steel: chemical properties (wt. %).

Elements Al Cu Mg Sn Mn Fe Si Ti Cr Zn Ni Zr C \4

AA2219 9196 6.91 — 0.016 032  0.101 0.06 0.02 0.17 538 0.002 0.007 — —

AA7475 9099 134 193 0.016 032 0156 0.044 0.06 — 0.06 0.034 0.293 — 0.147

HC steel (tool) — 0.10 — — 1.39 9543 0.53 — 0.433 — 0.084 — 0.88 —

TaBLE 2: AA7475 and AA2219: mechanical and thermal characteristics.

Material thermal
conductivity (W/mK)

Incipient melting liquids’
temperature ("C)

Materials UTS (MPa) Yield strength (MPa) Percentage of elongation (%)
AA7475-T651 460-470 425-435
AA 2219-O 290-295 215-230

12-15
14-16

535-635
545-645

162-165
115-125

FIGURE 4: Friction stir welding.

buttons [14, 15]. Figure 4 shows the fixture set up on the FSW
machine. By securing the plates to be stir-welded, all degrees of
freedom are prevented, resulting in high-quality welding.

3. Taguchi Analysis

Many trail experiments were performed at different pa-
rameter combinations by varying process parameters to
determine the feasible range of the selected parameters.
Table 3 shows the FSW process parameter window with the
specified parameters’ minimum and maximum values.

The experiment plan shows the number of experiments
and the order in which each experiment is required to be
conducted. Three process parameters are selected in the
present research along with three levels of each parameter,
and 27 experiments are performed according to Taguchi’s L27
orthogonal array (OA) [16]. Taguchi’s L9 OA can also be used
with the selected factors and levels, but this design does not
allow the experimenter to investigate the effects of the in-
teraction of the process parameters on the response variables.
In order to investigate the effect of main factors and their
interactions on the response variables, Taguchi’s L27 OA was
selected to perform the experiments, as shown in Table 4. The
experimental plan based on Taguchi’s L27 OA is presented
with randomized order and date of experiment in Table 5.

3.1. Microstructural Investigation. In order to determine the
location of internal flaws and defects, examine causes for
poor strength, and comprehend the process of material

TaBLE 3: FSW process parameter window.

Levels

FSW process parameters
Level I Level II Level III

Parameter 1: rotational speed (A) 710 900 1120

(rpm)

Pa.rameter 2: traverse speed (mm/ 160 200 250
min) (B)

?g;ameter 3: shoulder diameter (mm) 10 12 14

flow, friction stir-welded samples were subjected to mi-
crostructural analysis. Optical microscopy was used to
analyze microconstituent and grain structures and mor-
phology, and advanced examination was done using
scanning electron microscopes (SEM) [17].

4. Results and Discussion

4.1. Traverse Force. Table 4 shows the experimentally
measured traverse force data. Standard statistical software
Minitab-17 was used to analyze experimental data. Traverse
force was determined based on a “lower is better” (mini-
mization) criterion because a lower value results in reduced
tool wear (Figure 4), less load on the machine spindle and
work fixture, etc. Table 4 shows the results of an analysis of
the mean (ANOM) to identify the optimal parameter
combination.

The impact of FSW parameters and their interplay on
traverse force was assessed using ANOVA. Before executing
an ANOVA, a diagnostic test is necessary to validate the
assumptions stated in the ANOVA. The Minitab-17 pro-
gram generated a normal probability plot (Figure 5). In
Figure 5, it can be observed that the points (residuals) either
lie on or are extremely close to the straight line. Thus, the
residuals are normally distributed, and it validates the
ANOVA assumption.

Figure 6 shows the normal probability plot for the
values of traverse force. Furthermore, the results of
ANOVA also indicate the significance of factors and their
interactions defined in terms of percent contribution.
Percent contribution gives the order of importance for
each parameter and interaction affecting the traverse
force in Table 6. Shoulder diameter (C) is identified as the
most influencing factor because it directly affects the



TABLE 4: Response table for mean (traverse force).

FSW parameters Level 1 Level 2 Level 3 Difference Rank
Parameter 1 71.09 57.60  56.34 14.74 3
Parameter 1 49.43 62.06 73.54 24.11 2
Parameter 1 53.33 50.89  80.81 29.92 1

TasLE 5: Taguchi L27 OA showing 27 experiments.

Factors and their levels

Ex. no
Parameter 1 Parameter 2 Parameter 3
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 1
5 2 2 2
6 2 3 3
7 3 1 1
8 3 2 2
9 3 3 3
10 1 1 2
11 1 2 3
12 1 3 1
13 2 1 2
14 2 2 3
15 2 3 1
16 3 1 2
17 3 2 3
18 3 3 1
19 1 1 3
20 1 2 1
21 1 3 2
22 2 1 3
23 2 2 1
24 2 3 2
25 3 1 3
26 3 2 1
27 3 3 2
Main Effects Plot for Means Data Means
A B C
85
80
§ 75
2 7
]
= 65
b4
= 60
55
50

FIGURE 5: Main effect plot for the mean (traverse force).

traverse force with a higher percentage contribution of
32.45%, followed by interaction AxC with 18.72%
contribution, traverse speed (B) with 17.22% contribu-
tion, interaction A x B with 13.82% contribution, inter-
action BxC with 7.13% contribution, and rotational
speed with 6.90% contribution.

Advances in Materials Science and Engineering

Transverse Force,,, = 1 - 0.020A + 0.883B - 12.1C

- 0.000990A * B+ 0.0155A«C (1)
+0.0237 B = C.

Equation (1) gives the following formula for predicting
the traverse force in terms of factors.

The coefficient of determination is derived by the
combinations of welding parameters and traverse force, i.e.,
R2. For the relationship shown in equation (1), a very high
value of R2=96.2% is obtained, which indicates that 96.2%
variation in the value of traverse force is explained by
variation in the values of the FSW parameters and only a
very small (3.8%) variation in the value of traverse force is
not explained by variation in the values of the FSW
parameters.

4.2. Effect of Rotational Speed on Traverse Force. Factor A
variations affect traverse force, as seen in Figure 7 (i.e.,
rotational speed). When shown in Figure 7, the traverse
force decreases sharply as the rotational speed increases
from level 1 to 2. On the contrary, the traverse force de-
creases significantly less with an increase in rotational speed
from level 2 to level 3.

This is because friction heat and strain rate are increased
when rotational speed increases. An increase in frictional
heat reduces the traverse force, while the increase in strain
rate causes an increase in traverse force. An increase in
rotational speed might significantly enhance the frictional
heat compared to the strain rate. Thus, the effect of frictional
heat takes over the effect of strain rate on traverse force,
thereby reducing traverse force.

4.3. Effect of Traverse Speed on Traverse Force. Figure 8 shows
the influence of traverse speed, or factor B, on traverse force.
Level II traverse speed results in greater forces. When tra-
verse speed is increased from level II to level III, the traverse
force increases again. During welding, the traverse speed has
a major impact on the distribution of the heat generated.
Weld zone temperature rises with slower traverse speed,
reducing flow stress. Higher traverse speed causes high flow
stresses which increase the traverse force. Higher traverse
speed increases the strain rate and decreases the weld
temperature. Increased flow stress and increased traversal
force are both enhanced by higher strain and lower
temperature.

4.4. Effect of Shoulder Diameter on Traverse Force. The tra-
versing force is reduced when the flow stress is low.
However, an increase in shoulder diameter will result in
more material being pushed under the shoulder, reducing
tool travel and resulting in a greater force. As a result, when
frictional heat is dominant, the shoulder diameter is in-
creased the traverse force is reduced. When the moving
material’s resisting force is dominant, the shoulder diameter
increases and the traverse force also increases (Figure 9).
This may be expected that the effect of resisting force applied
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TaBLE 6: The ANOVA table for traverse force.

Source Sum of squares DF Mean square F value Prob>F % contribution
A 20.14 2 10.07 7.35 0.015 6.90
B 50.20 2 25.10 18.31 0.001 17.22
C 94.59 2 47.29 34.50 0.000 32.45
AXB 40.28 4 10.07 7.35 0.009 13.82
AxC 54.56 4 13.64 9.95 0.003 18.72
BxC 20.78 4 5.19 3.79 0.052 713
Residual 10.97 8 1.37 3.76
Total 291.51 26
Normal Probability Plot Main effect plot of Shoulder diameter
(response is Traverse force) < 85
99 s}
:é 80
95 § 75
90 £ 70
. 7 £ 65
g % g 60
i
20 @
10 § 45
54 - = 40 ; : . \
. ° 1 2 3
_;;0 _3'0 _2'0 _1'0 0 1'0 2'0 3'0 4'0 Levels of shoulder diameter

Residual

FiGure 6: Normal probability plot for the values of traverse force.

Main effect plot of Rotational speed
75

70
65
60

55
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50

w 4

2
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—_ o

FiGURrE 7: Main effect plot of rotational speed for means (traverse
force).

Main effect plot of Traverse speed
80

75
70
65
60
55
50
45
40

Maens of mean (Traverse force)

1 2 3
Levels of traverse speed

FIGURE 8: Main effect plot of traverse speed for means (traverse
force).

F1GURE 9: Main effect plot of shoulder diameter for means (traverse
force).

by the moving material under the tool shoulder dominates
over the effect of frictional heat and the effect is an increase
in the traverse force on increasing shoulder diameter. Fig-
ure 10 denotes the interaction between rotational speed and
traverse speed (A x B) on average traverse force, and Fig-
ure 11 represents the interaction between rotational speed
and shoulder diameter (A x C) on average traverse force.

4.5. SEM Analysis. Figure 12 shows very few precipitates at
RS, whereas a high density of precipitates is observed at AS
of SZ. It might be due to sufficient temperature generated at
SZ and dissolved strengthening precipitates at RS. While AS
material was used in annealed conditions, and precipitates
shown in SZ might be undissolvable Al,Cu precipitates due
to the presence of higher content of Cu in the Al matrix.
To achieve the desired shape and microstructure, the
FSW process uses strain and heat. During FSW, many
phenomena such as recovery, recrystallization, and grain
growth occur depending on the kind of material, operating
temperature, and degree of deformation. In FS welded
materials, dynamic recovery and recrystallization occur, and
these processes are responsible for grain refinement. The
strain rate and available temperature dictate the degree of
grain refining. With a higher strain rate and a lower tem-
perature, grain size shrinks. FSW variables such as tool
rotation speed, traverse speed, and tool shoulder diameter
affect temperature and strain rate. Although tool rotational
speed, traverse speed, and shoulder diameter are all linearly
connected, temperature in the weld zone rises as tool ro-
tational speed rises but declines as traverse speed grows.
Increased shoulder diameter enhances the tool’s heat-
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Interaction Plot for Means

Data Means

FiGgure 10: Effect of interaction between rotational speed and traverse speed (A x B) on average traverse force.
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Figure 11: Effect of interaction between rotational speed and
shoulder diameter (A x C) on average traverse force.

carrying capability while also increasing frictional heat. As a
result, the impact of shoulder diameter on temperature is
influenced by the interactions of other factors. Increased
traversal speed raises the strain rate and lowers the tem-
perature in the SZ, resulting in fine grain structure. After
enduring intense plastic deformation and reaching higher
temperatures, SZ may suffer dynamic recovery and dynamic
recrystallization.

The grain structure of TMAZ is different depending
upon the process parameter combination. Dark regions were
found to be present at AS of the weld, as shown in Figure 13.

When examining broken specimens under a microscope,
a variety of dimple characteristics can be seen. Some joints
include a combination of shallow and deep dimples that are

100 pm EMT = 2000 &V Signal A = NTS BSD
WD = 10.0 mm Mag = 300X

FIGURE 12: Micrograph for experiment no. 12 at SZ interface (RS on
the right-hand side).

FIGURE 13: Micrograph of TMAZ in AS of the weld showing Cu-
rich dark regions.

less densely packed, as seen in Figure 14. Here, large, deep
dimples formed due to void development, indicating that
more energy was used before fracture. We find deep dimples
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FIGURE 14: SEM micrograph of fractured specimen for exp nos. (a) 4 and (b) 17.
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FiGure 15: EDS spectrum of fractured specimen for exp no. 2.

that are densely populated, consistent with a typical ductile
form of fracture.

The joint was fractured at the TMAZ is shown in Fig-
ure 14. The shallow dimples in the fractured sample are
evidence of AS caused by cracking of the coagulated Al2Cu
precipitates. Figure 15 shows the EDS of the fractured
sample for exp. no. 2, showing the presence of ALCu
precipitates. Fe content in the EDS analysis might be due to
fine Fe-rich precipitates present under the coagulated bigger
ALCu precipitates.

5. Conclusion

The weld joint quality and traverse force measurements were
used to determine the efficacy of the proposed work fixture.
Conclusions derived from many experiments done on
dissimilar aluminium alloys include

(1) An FSW tool with a threaded cylindrical pin made of
high-carbon steel can be used to manufacture joints
free of defects and to obtain good mechanical and
metallurgical weld on aluminium alloys.

(2) After a high initial rise in traversal force, the curve
drops to a lower value and stabilizes. Continued tool
movement generates a steady increase in the curve,
stabilizing at a higher traverse force value after some
distance.

(3) After experiencing a sharp increase in traverse force,
the curve lowers to a lower value and stabilizes.
Continued tool movement generates a steady in-
crease in the curve, stabilizing at a higher traverse
force value after some distance.

(4) For the smallest traverse force, the optimal combi-
nation of the FSW parameters is A3B1Cl, which
corresponds to the rotating speed of 1120 rpm, the
travel speed of 160 mm/min, and shoulder diameter
(C) of 10 mm.

(5) Shoulder diameter C (with 32.45 percent contribu-
tion), interaction A x C (with 18.72 percent contri-
bution), traverse speed B (with 17.22 percent
contribution), interaction A x B (with 13.82 percent
contribution), interaction Bx C (with 7.13 percent
contribution), and rotational speed B (with 7.13



percent contribution) are the factors and their in-
teractions in order of importance for traverse force
(with 6.90 percent contribution).

(6) On investigation of the microstructure, grain re-
finement occurs in the stir and thermo-mechanically
affected zones due to the dynamic recrystallization.
The process parameters’ effect is shown on the size of
recrystallized grains. In SZ, partial dissolution occurs
and reprecipitations occur in some welds.
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Most mechanical systems (in particular, gear transmission system) undergo relative motion which results in increased friction
phenomenon (friction coefficient, stresses, and wear rate) and thereby results in loss of efficiency. Mechanical parts undergo
relative motion in different geometry configurations and orientations that induce a different state of stress as a result of friction.
Till date, attempts are being made to minimize the friction with full sphere pin geometry configuration. The present work focused
to reduce the frictional and wear rate, and experiments are conducted with tribo-pairs. i.e., nickel-coated pin surface slide against
Al6061 alloy disc. The friction studies are carried out at different loads and geometries of pin surfaces (sphere and hemisphere
configured at different orientations such as full sphere and hemisphere configured at 0°, 45°, and 90°) to induce different stress
states with reference to sliding directions. Change in the geometry of EN8 pin material and their orientation with reference to
sliding direction resulted in a different state of stress. The resulting stress levels were examined under the scanning electron
microscope, which revealed the mechanisms of adhesion, abrasion, and extrusion. At a lower magnitude of orientation and load,
the extent of asperity breaking lessens and material removal from pin surface decreases. Abrasion wear mechanism was observed
corresponding to full sphere configuration on Al 6061 disc, whereas adhesive wear mechanisms are seen with hemisphere pins.
The amount of aluminum transfer on pin surface with a hemisphere pin is comparatively more than that of full sphere con-
figuration. At a lower magnitude of state of stress, the mechanism of sliding was dominated by the adhesion effect. At a higher level
of state of stress, the mechanism of sliding was dominated by abrasion and extrusion.

1. Introduction

Interface quality in moving parts is of practical significance
to ensure proper function in the mechanical system [1, 2].
The drag and frictional forces are minimized due to their
longitudinal ribs of shark, and tree frogs grip even on the
smooth surface at wet environment due to their surface

features (hexagonal cell separated by gaps observed in mi-
crostructure) [3, 4]. These observations ensure the study of
surface properties, and their design for better performance
in moving parts is of industrial relevance [5, 6].

Al alloys are extensively used in many industrial and
household applications [7, 8]. Owing to excellent properties
(high corrosion rate, good formability, and mechanical
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properties) [9], Al 6061 finds major applications in auto-
motive and marine applications [10]. Several attempts are
being made to widespread the applications of Al6061 alloy by
improving wear resistance with the addition of reinforce-
ment materials [9-11]. The effect of reinforcement to Al6061
affects the machinability and formability and needs signif-
icant attention to bring back to optimal functioning con-
ditions [12, 13]. Experimental study reveals that Al6061
composites exhibited better mechanical (tensile strength)
and tribological (wear resistance) properties over Al7075
(high strength and high toughness) composites [10, 14].
Attempts are being made to enhance the tribological
characteristics of two forge, and customary gear materials
are evaluated [15]. Tests are conducted to examine the
performance (friction coefficient, friction force, and wear
rate) of planetary gear transmission (made of EN 24)-based
CNC bending machine [16]. The tribological characteristic
examination was performed on the pin-on-disc test rig
against the different shaft materials (EN8 and EN24) with Al
6061 alloy under dry and wet conditions (SAE 20W50) [17].
The minimum coefficient of friction was observed with EN8-
Al6061 tribo-pair [18]. It was observed that different geo-
metric configuration (i.e., pin geometry: sphere-sphere,
sphere-plane, block on ring, and piston ring-cylinder liner)
induces different tribological characteristics (i.e., friction
coeflicient and wear rate) [18, 19]. Therefore, EN8-Al6061
tribo-pairs possess better tribological properties and require
in-depth analysis (in terms of the state of stresses and
friction developed, plastic deformation, and so on) at the
different geometric configurations for further enhancement
and widespread use of applications in industries.

A frictional phenomenon in moving parts brings loss in
efficiency of the machine [20]. For example, spur gear ef-
ficiency was significantly affected by different frictional
coeflicients, load, velocity, and tooth profile [21]. Frictional
parts subjected to periodic loading result in wear out of parts
that causes increased clearances and losses of dimensional
stability [22]. To minimize the frictional effects among
moving parts, a series of experiments are conducted by
distinguished researchers with material pairs, which are
unlubricated, lubricated, and coatings [23, 24]. These
techniques are basically employed to alter the displacement
and velocity discontinuity across the contacting material
pair [25, 26]. Therefore, significant attention is thus required
to know the state of stress developed on sliding phenomenon
for different tribo-pairs. The state of stress either a uniform
or nonuniform is dependent on contacting surfaces (i.e.,
smooth surface results in steady state, whereas rough surface
could result in the nonuniform state of stress) and load
transfer between the mating element pairs [27]. It was
confirmed that studying the different state of stress as a result
of mating pairs are of practical significance. In spur gear
applications, increased contact stresses are attributed to
excessive load, which alter the gear tooth profile that causes
wear on gear tooth [28, 29]. The contact stress can be
minimized by altering the geometric parameters [30]. Excess
wear on the tooth profile results in noise and vibration,
which in turn reduces the efficiency [31, 32]. These phe-
nomena are more common in mechanical transmission

Advances in Materials Science and Engineering

applications [28]. The effect of geometric parameters (gauge,
gauge deficiency, cross-level, and longitudinal slope) on the
wear phenomenon (lateral or vertical) of railway track was
investigated [33]. It was observed that minimized wear with
the right choice of geometric parametric conditions resulted
in increased ride performance at reduced maintenance cost
[34]. Creating artificial textures on the geometry of the
cutting tools could help to minimize friction and wear [35].
These textures could help for better lubrication during the
cutting phenomenon, thereby enhances the tool life and
reduces workpiece surface roughness and power con-
sumptions [20, 36]. Microtextures in the form of grooves,
circle, rectangle, and hemisphere reduce the cutting tem-
perature, friction, and wear that could enhance the tool life
[37, 38]. The effect of pin geometries (flat and spherical) on
the wear rate of low carbon steel material was investigated
[39]. The results showed that the wear rate that corresponds
to a flat pin is more than that of a spherical pin for a low load,
whereas at higher loads, spherical pin quickly wears out. It
was ascertained from the above literature review that
changes in geometric parameters introduce different state of
stress and help to control friction and wear. Therefore, the
study of wear and friction phenomena as a result of geo-
metric parameters and their orientations is of relative
significance.

Coatings applied to substrate materials tend to improve
the surface characteristics without affecting the properties of
the parent material [40]. The application of coatings im-
proves the hardness and surface integrity and reduces
friction, wear, and corrosion [41-44]. Experiments are
performed with EN8 carbon steel mating pair with ductile
material Al6061 to know the wear phenomenon [45]. The
magnetron deposition method was employed to coat alu-
minum oxide (Al,O;) on the aluminum substrate [46].
Compared to aluminum substrate, the coated samples
resulted in reduced friction coefficient with enhanced
strength and hardness were obtained. The friction and wear
behaviors of hot-dip Al-Si and electroplated Zn-Ni alloy-
coated steel blanks were investigated [47]. The coated Zn-Ni
alloy resulted in better wear resistance at a reduced friction
coefficient. The physical vapor deposition (PVD) technique
was applied to coat the iron (Fe) nanoparticles on the flat
surface of the pin on EN8 pin material, and the results are
tested at room- and high-temperature applications [48]. The
hard oxide layers are formed after sliding against pin ma-
terial, which could help to sustain higher loads at elevated
temperatures. Experiments are performed with Ni-P/bio-
composite coating applied on EN 8 steel, which was sub-
jected to friction and wear studies [49]. The coated samples
resulted in a lower friction coeflicient and wear rate than
bare substrate material. The Mo-Ni-Cr coatings are applied
on super-duplex stainless steel that resulted in better wear
resistance and higher hardness than uncoated substrate
material [43]. Nickel coatings are applied to H13 steel with
the laser cladding technique that resulted in enhanced wear
resistance and thermal fatigue characteristics [50]. The re-
sistance to wear and corrosion, ductility, and microstructure
characteristics are improved with nickel-based coatings
[51, 52]. Nickel coatings find potential applications in
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biomedical implants and automotive parts [53, 54]. Al-
though coating technology improves the surface properties,
the selection of the right choice of coating methods is often
difficult as each technique possesses its own advantages and
limitations. Electroplating is treated as a cost-effective
technique compared to chemical vapor deposition and
sputtering [55, 56]. In addition, electroplating coats mate-
rials in a single processing step (with faster, repeatable,
control over the thickness of coating deposits and offers
coating over a large surface area), which do not require
costly equipment, materials, and nonhazardous method to
deposit material on the substrates [57, 58]. There exists a
significant scope to study the impact of electrodeposited
nickel coatings on the substrate material for automotive
applications. Most of the parts (prosthetic joint, crankshaft,
connecting rod, brake pads, steering, chassis, axle housing,
etc.) undergo either an individual or in the combination of
sliding, reciprocating, and rotary actions [59-61]. Further-
more, tool wear occurred on die surface possessing sharp
edges may not yield appropriate results with spherical or flat
pin surfaces sliding against discs [39]. It was confirmed from
the above literature review that applications of coatings
increase the wear resistance. The said applications undergo
wear with a different state of stress based on their contact
movements and edge effects. Furthermore, not much re-
search efforts have been made to examine worn surface
morphology with different pin geometric configurations at
different angles and applied loads to detail the insights of
surface morphologies (plastic deformation and wear
mechanism, i.e., adhesion, abrasion, and extrusion) rela-
tionship with friction and wear phenomenon.

To date, no studies have yet reported to study the field
condition, which is arbitrary in terms of the state of stress
concern. In this study, a cost-effective electrodeposited
coating technique (widely employed with a growth rate of
15% per annum compared to other methods) [62] was used
to apply nickel coating on the EN 8 steel pin. Nickel coatings
are selected based on their properties, wide range of ap-
plications, and ability to withstand reduced wear loss both in
oxidizing and nonoxidizing environments. The geometric
parameters (spherical and hemispherical) of pin tip surface
oriented at different angles are investigated to know the wear
behavior and state of stress induced. Therefore, this study
gives detailed insight into a different state of stress devel-
oped, friction induced, worn-surface morphologies (in
terms of plastic deformation, abrasion, abrasive, and ex-
trusion), and wear rate caused by different geometries and
angle of orientation of pin surfaces with and without
coatings.

Thickness of coating =

2. Materials and Methods

EN 8 steel used in many mechanical parts due to better
strength and toughness characteristics resulted in distin-
guished applications (connecting rod, spindles, axles, and so
on) of automotive parts [63, 64]. Al 6061 alloy is used in
commercial engineering and automotive applications due to
better mechanical properties and ductility [9, 65]. The
chemical composition of Al 6061 alloy disc and EN8 steel pin
is presented in Table 1.

2.1. Electrodeposition Coatings. Nickel coatings based on
electrodeposition technique were applied on the substrate
material, i.e., EN8 steel. The dimensions of the pin specimens
were equal to 9mm x35mm (diameter and height), sub-
jected to a nickel sulfate bath solution for coating applica-
tions as depicted in Figure 1. Prior to coating applications,
the pins are cleaned (to remove the organic matter, present if
any) after immersing in a dilute HCL acid bath solution. This
process is referred to as the pickling process. After the acid
pickling process, the pins are dipped in dilute sulfuric acid so
as to improve the microroughness. This could help in better
adhesion characteristics of coating on the substrate material.
Note that, nickel coating was carried out by holding the pin
as cathode and pure nickel as anode material in nickel sulfate
solutions. The thickness of the coatings is about 100 ym and
is decided after adjusting the duration of coating.

Pure nickel was selected to coat the substrate EN8
material due to their distinguished properties such as low
friction and higher hardness with reduced wear and cor-
rosion resistance properties [62]. Nickel electrodeposits are
carried out, wherein nickel ion concentrations are varied
subjected to 50-250 g/L, after maintaining Na,SO, and boric
acid fixed at 80 g/L and 10g/L in the bath solution. It was
observed that the bright deposits (without burnt) are at-
tributed that correspond to the current density maintained
equal to 3 Adm ™2 Note that during experimentation, the
bath solution was maintained fixed that correspond to the
potential of hydrogen equal to 3. Prior to electrodeposits, the
solutions are subjected to agitation (say 500rpm) for
24 hours at room temperature. From trial experimentations,
it was clear that there is no presence of burnt appearance and
uncoated regions when the pH value was maintained equal
to 3. DC power source was used, and the depositions are
carried out on substrate at the stagnant condition of bath
solution. Schematic representation of electrodeposition
technique used for coating nickel on EN8 substrate material
is presented in Figures 2 and 3. Theoretically, the coating
thickness was determined according to equations derived
from the practical experiments.

mass of deposit

cross sectional area x density of coating material

(1)
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TaBLE 1: Chemical composition of EN8 steel and Al6061 alloy.

ENS8 material C Si Mn Cr Mo Ni P S Fe
wt. (%) 0.45 0.19 0.79 0.007 0.002 0.009 0.026 0.015 Balance
Al 6061 alloy Mg Si Fe Ca Cu Mn Zn Ti Al
wt. (%) 0.92 0.6 0.33 0.20 0.18 0.06 0.03 0.02 Balance

35 35

I I
R4.5
R4.5
(a) (®)

F1Gurk 1: Tipped EN8 pin surface with different configurations: (a) half-spherical shape and (b) spherical shape (all dimensions in mm).
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FIGURE 3: Schematic representation of electrodeposition coating.
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2.1.1. XRD Characterization of Pin and Disc Materials.
The XRD patterns of Al6061 are shown in Figure 4(a). The
Al6061 XRD data show strong peaks at 20 = ~38.13°, ~44.37",
followed by weaker peaks at ~64.74" and ~77.88°, and ~82.11°
due to the inherent Al content [66]. For Al 6061, the XRD
pattern peak intensity is matched with JCPDS file card
number 96-901-2004. In the case of Figure 4(b), i.e., EN8
steel pin (Peak 1), XRD data reveal sharp peaks at
20=~44.70". Also, at 20 = ~65.09° and ~82.45° dimmer peaks
were detected owing to the intrinsic Fe content [66]. For
ENBS steel pin, the XRD pattern peak intensity is matched
with JCPDS file card number 96-900-6596. In the case of
Figure 4(b), i.e., EN8 steel pin—Ni coated (Peak 2), the XRD
data reveal sharp peaks at 260 =~ 44.20°. The XRD pattern
peak intensity of Ni-coated EN8 Pin is matched with JCPDS
file card number no. 96-900-0658 and 96-901-2996. Simi-
larly, at 260 =~64.97" and ~82.28" dimmer peaks were de-
tected owing to the intrinsic Fe content. Also, the cause of a
high broad peak at ~44.20° may be due to Ni-P coating
[67, 68].

2.2. Experimental Details. The kinematic pair is treated as
the building block in any mechanical system. The aluminum
alloys are lightweight and possess excellent aesthetic qual-
ities in any environment for a prolonged duration. Hot and
cold extrusions are treated as the secondary route for
processing aluminum parts. Tribo-phenomenon (i.e., me-
chanical interaction among stock and die) is of practical
significance, as it decides the quality of parts. In the efforts of
this research, understanding the tribo-phenomenon be-
tween die and aluminum stock is proposed to conduct
laboratory experiments using a pin-on-disc test rig. The Al
6061 disc was used to simulate the stock in extrusion
equipment. Electrodeposition of nickel material was per-
formed to coat ENS steel pin to a thickness of 100 ym.
The spherical (half and full) pin surface held at different
angles against the rotating Al6061 disc could help to alter
changes in the state of stress. The mating pair element in the
disc form was precipitate hardened Al6061 alloy. Turning
followed by facing operations ensures the dimensions of pin
specimen possessing diameter and height equal to 9 and
35 mm, respectively. During experimentation (before and
after), the pin and disc surfaces are ultrasonically cleaned
with acetone. Figure 5 shows the pin-on-disc wear test rig,
wherein the nickel-coated pin surfaces are subjected to three
test loads (0.5, 3, and 5kg or 4.9, 29.4, and 49.1 N). The wear
tests are conducted at room temperature. Mechanical parts,
namely, bearings, rotate smoothly at the speed of
100-250 rpm [69], wherein bearing supports gear parts,
shafts, and so on. The test loads (0.5-5kg) are selected in
accordance with gear applications carried out earlier by
authors [70, 71]. The wear parameters considered for ex-
amination on friction coefficient and wear rate are presented
in Table 2. Three samples are separately prepared for each
loading condition (0.5, 3, and 9kg), and average values of
three wear rate and coefficient of frictions are recorded to
conduct analysis. The specimens are held on an aluminum
disc, which is oriented at different configured stress state

(full sphere and hemisphere configured at 0°, 45°, and 90°)
with reference to sliding directions subjected to wear pa-
rameters (Figure 6). This could result in a different state of
stress. Note that, after performing wear examination the
surface topography of, namely, Al6061 and nickel-coated EN
8 steel is captured. SEM was performed to know the insight
of wear mechanisms. The dimensions corresponding to Al
6061 disc are presented in Figure 7. Prior to wear exami-
nation, the pin and disc samples are examined for surface
roughness and hardness. The surface roughness that cor-
responds to the uncoated pin, nickel-coated pin, and disc
surface was maintained equal to 0.2 ym. The hardness values
that correspond to uncoated pin, nickel-coated pin, and disc
surfaces were found equal to 217.7 HV, 261.5 HV, and 98.1
HV.

3. Results and Discussion

The results of velocity discontinuity and state of stress caused
by the sliding pair contact surfaces are discussed based on
sliding mechanics. The EN8 pin surfaces coated with nickel
for altering velocity discontinuity against the Al 6061 disc
were also discussed. The state of stress altered by different
pin tip-shaped surfaces (i.e., spherical and half-spherical)
configured pin at different angles with reference to sliding
direction. The state of stress as a result of different normal
loads is discussed. Wear behavior and its mechanisms are
examined with the help of scanning electron microscopic
images.

3.1. Full Sphere Coated with Nickel Sliding against Al 6061 Disc.
Figure 8 shows the coefficient of friction obtained for different
loads with reference to time constraints. At 0.5kg load, the
friction coefficient increases from 0 to 0.18 for the duration of
5 seconds, and thereafter, a steady increase was observed till
110 seconds. Increased coefficient of friction with load might
occur due to the plowing effect as a result of increased dis-
location density, plastic deformation, and penetration depth
[72]. Similarly, the coefficient of friction value tends to in-
crease from 0 to ~0.5 till 10 seconds for 3 kg and 0 to ~0.56 till
8seconds for 5kg. The coeflicient of friction remains at an
almost steady state after crossing 10 seconds of duration. It
was noted that at all loads the friction coeflicient curves
showed a similar trend, wherein the transient state was seen
during the initial stage followed by a steady state (refer to
Figure 8). The rate of increase in friction coefficient values was
found to be of lesser magnitude after 10 seconds at all loads,
compared to the time period of 0-5 seconds. This occurs
because at the beginning of the experiments or sliding
phenomenon, the soft disc (i.e., Al 6061 alloy) was plowed by
the hard asperities of coating surfaces that resulted in the
highest friction peaks. Similar observations are seen on
friction performance of phosphate-coated brake materials
[73]. A steady state with friction coefficient curves became
flattened with the increased number of revolutions or time
duration against sliding tests. As sliding continues, the hard
asperities of coated pin surfaces slowly covered with accu-
mulated transferred material (i.e., plowing mechanisms of
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FIGURE 5: Schematic representations of pin-on-disc wear test rig with its line diagram.
TaBLE 2: Experimental parameters for tribo-pairs: Al disc on EN8 steel pin (uncoated and coated).
S/No Parameters Aluminum disc on ENB8 steel pin
1 Load (kg) 0.5, 3, and 5kg
2 Track diameter (mm) 110 mm
3 Sliding time (seconds) 120 seconds
4 Speed (rpm) 250 rpm

hard asperities reduce, and in turn, friction coeflicient be-
comes steady state), which was later deformed, and curves
became flattened. The observations are similar to the friction
behavior studies of titanium nickel coatings [74]. The average
coefficient of friction tested at different loading conditions is
presented in Table 3. The minimum and maximum friction
coeflicients were found equal to 0.3 for 0.5 kg and 0.48 for 3 kg
loads, respectively. Interesting to note that, negligible change
in friction coefficient values was attained after crossing the
load from 3kg to 5kg. This is because more plastic defor-
mation occurs at the sliding pairs as a result of compressive
and shear forces [75].

3.2. Pin with Tip of the Hemisphere Coated with Nickel
Configured 90° to the Sliding Directions against the Aluminum
Disc. Figures 9(a)-9(c) show the variations of coefficient of
friction for nickel-coated half-sphere configured at different
orientations (0°, 45°, and 90°) sliding against Al6061 disc at
different loads. For 0.5kg load, the coefficient of friction
rapidly increases from 0 to 0.33 up to 15seconds at 90°
orientation, 0 to 0.37 up to 35 seconds at 45° orientation, and
0 to 0.43 up to 8seconds at 45° orientation, respectively.
Similarly for 3 kg load, the coefficient of friction was found
equal to 0.54 for 0°, 45°, and 90" orientations, respectively.
However, for 5kg load, the coefficient of friction steadily
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FIGURE 6: Schematic of aluminum disc with different orientations. (a) Full sphere pin orientation on disc; (b) hemisphere 0° configured
stress state, (c) hemisphere 45° configured stress state, and (d) hemisphere 90° configured stress state.
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FIGURE 7: Schematic representations of Al6061disc.

increases to 0.6 for 0° and 45°, whereas 0.63 for 90° orien-
tation of pin sample. It was clearly noted that comparatively
stabilized friction curves were observed for 45° orientation
than largest scatter (this occurrence might be due to stick-
slip phenomenon) in friction values for 0° and 90°. It was
clearly noticed from the friction curves that a rapid increase
in friction at the initial stage of sliding due to soft aluminum
disc was plowed by hard asperities of coatings. Thereafter,
the surfaces are significantly altered such that original to-
pographical orientation features (smooth surface ensures
friction equalized to similar influenced values) possess
minor variations showing that the friction curves remain

flattened or steady for all orientations tested against different
loads. Hard asperities of coatings tend to repeatedly indent
the soft aluminum disc surfaces under stick-slip conditions,
which results in increased sliding forces above the steady-
state value during the beginning of experiments at all loads
and orientations [76]. From Figures 9(a)-9(c), it was clear
that the load at which both stick slips at start and amplitude
oscillations are lower for 45° orientation than 0° and 90°. The
average friction coefficients tested at different loads (0.5, 3,
and 5kg) against different pin configurations (0°, 45°, and
90°) are presented in Table 4. The coeflicient of friction that
increases with increasing load was clearly observed.
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(a) 90°, (b) 45°, and (c) 0°.

TaBLE 4: Average coeflicient of friction for different load conditions.

Coating samples: coefficient of friction, y

Load, kg Pin configured at  Pin configured at

Pin configured at

Uncoated samples: coefficient of friction, u

Pin configured at  Pin configured at  Pin configured at

90 45° 0 90° 45 0
0.5 0.37 £0.025 0.33+0.022 0.37+£0.028 0.61 £0.022 0.60+0.012 0.62 +0.021
3.0 0.49 +0.045 0.51£0.035 0.52+0.031 0.68 £0.032 0.71+£0.025 0.71 £ 0.034
5.0 0.52£0.052 0.50+0.037 0.52£0.028 0.71+0.023 0.70 £ 0.017 0.72 £ 0.025

The surface topography orientation did not influence
much on friction average friction coefficient for 0° and 90°,
whereas comparatively lesser friction values were observed at
45° orientations. The plane strain conditions cause more
amplitude of oscillations with higher frictions in the curves for
0° and 90° orientations. The reduced friction at 45° orientation
is attributed to less continuous contact surface area. The
behavior of pin geometry (full sphere and hemisphere) on
frictional curves is presented in Figures 8 and 9. The mean
values of coefficient of friction for spherical and hemispherical
pins possess approximately similar magnitude values, with
comparatively less friction for spherical pin surfaces (refer to
Tables 3 and 4). The hemispherical pin friction curves showed
that more fluctuations might be due to the damage that
occurred at sliding or tribo-pairs, wherein the accumulated
debris released from surface layers causes highly scattered
variation in friction coefficients [77, 78]. However, full
spherical pin surfaces are often smooth, which resulted in
more stable friction. Similar observations are reported with
different geometries of pin surfaces [79, 80]. Tables 3 and 4
clearly show that the nickel-coated pins resulted in a lesser
coeflicient of friction compared with uncoated or bare
specimens. Increased hardness with nickel coating led to
reducing the coefficient of friction values due to coating

imparts, better oxide protection, and hot hardness properties.
These observations are in good agreement with published
literature [81].

3.3. Worn Surface Analysis of Al6061 Disc. Figure 10 depicts
the wear surface morphology of Al6061 disc surfaces at dif-
ferent loads and orientations. From Figures 10(a)-10(h), the
arrow mark represents sliding direction and the numbering 1,
2, and 3 represent flecks, slender abrasive furrows, and dense
abrasive furrows, respectively. Figures 10(a)-10(b) show the
SEM micrographs of track surface subjected to a load of 0.5 and
5 kg that correspond to the geometry of pin surface made of a
full sphere. The track surface of a full sphere subjected to 5kg
load showed more abrasion than with 0.5kg of load by pin
material. Also, it is observed that a lesser extent of adhesions is
observed on the track surfaces. Figures 10(c)-10(d) show the
SEM micrographs and show the track of the hemispherical pin
configured at 90° against sliding direction subjected to different
loading conditions. Both figures showed more adhesion effects
than that of abrasion. It can also be observed that the abrasion
effects are comparatively larger than that obtained for
Figure 9(a). Figure 9(c) shows more pronounced adhesion for
0.5 kg load compared to that obtained for 5kg of load.
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Figure 10: SEM wear tracks of Al6061 disc surfaces for different load conditions and orientations.

Figure 10(d) clearly shows that there exists a larger extent
of extrusion compared to the micrographs of Figures 10(a)-
10(c). Figure 10(e) shows the track surface that corresponds
to a pin configured to 45° against sliding direction subjected
to different loads. The said figures clearly show that there is
an extrusion phenomenon coupled with traces of abrasion.
Figure 10(g) shows the small extent of abrasion, and the
amount of extrusion was more pronounced for 5kg normal
load than that obtained for 0.5 kg against sliding direction.
Under dry sliding conditions, there is a significant level of
iron layer transfer from the EN8 steel pins to the surface of
the aluminum disc plate. The amount of transferred layer
was also found to increase load from 0.5kg to 5kg. Anal-
ogous remarks were made by quite a few researchers
[76, 80, 82].

3.4. Worn Surface Analysis of the Nickel-Coated Pin.
Figure 11 depicts the wear surface morphology of EN8 steel
pin coated with nickel at different loads and orientations.
From Figures 11(a)-11(h), the arrow mark represents cracks
and the numbering 1, 2, and 3 represent slender abrasive
furrows, material transfer area, and dense abrasive furrows,
respectively. Figure 11(a) shows the SEM micrograph of pin
surface for the full sphere at 0.5 kg load depicting the transfer
of aluminum layer on the pin surface at a leading edge.
Figure 11(b) presents the hemispherical pin configured to
90° that showed the aluminum layer transferred on the pin
surface at the leading edge. Interesting to note that, the
amount of aluminum transfer on the pin surface is com-
paratively more than that of the full sphere configuration
seen in Figure 11(a). Similar observations were recorded for
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FIGURE 11: SEM micrograph of nickel-coated pin surfaces for different load conditions and orientations.

a hemispherical pin configured to 45° and 0" as shown in
Figures 11(c) and 11(d). Figures 11(e)-11(h) show the pin
surface for all configurations at 5kg load depicting alumi-
num transfer layer at the leading edge. Compared to 0.5 kg,
the amount of aluminum transfer is quite large at 5kg.
Furthermore, as the steel pins slid across the aluminum
plate, a few of the relatively weak asperities with poorer Al
plate areas will indeed crack and then abide by the steel pin.
The level of severity is such that these weaken the crack and
relocate to the steel pin surface that is determined by

oriented angle. While EN8 steel is slid tangential to the
abrasion track rather than parallel to the sliding direction,
the chances of breakdown of plate severities will surge. This
is due to the asperities being aligned across the sliding di-
rection when the oriented angle is 90° but along the sliding
direction when the oriented angle is 0°. As the oriented angle
and load are reduced, the extent of asperity breaking lessens,
and thus, the extent of iron removal from the pin also
decreases. Similar observations were made by several re-
searchers [45, 76, 80, 83].
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Figure 12: EDAX analysis of nickel-coated pin surfaces for different locations.

3.5. EDAX Analysis of the Nickel-Coated Pin. EDAX studies
have been conducted for identifying elements present in
worn surface and debris of nickel-coated spherical tipped
pin surface at a load of 5kg at different selected areas. The
elemental analysis on transferred aluminum on pin surface
was carried out at different locations and is shown in
Figures 12(a)-12(c), respectively. From Figure 12(a), it was
revealed that aluminum is 94.19 in weight percentage and
the transfer layer is aluminum. Figure 12(b) reveals that
nickel is 87.31 in weight percentage. The nickel coating is
found to be intact. Figure 12(a) reveals that nickel is 76.32 in
weight percentage. The nickel coating is found to be intact.
From Figures 12(a)-12(c), the commonly observed elements
were Al, Fe, Ni, and O. The occurrence of Fe implies that Fe
has been transferred from the pin (EN8) to the disc surface,
confirming the formation of an oxide layer on the disc,
which protects the disc. The existence of thick oxides aids in
the formation of wear protective layers.

4. Conclusions

The friction and wear behavior of tribo-pairs such as nickel-
coated EN8 steel pin and Al6061 alloy disc was investigated
at different loads and pin surface that configured to different
geometries and orientations. The following conclusions that
are drawn from this study are discussed in the following:

(1) Electrodeposition technique was applied to coat the
nickel material onto the EN8 steel pin surfaces to a
thickness of 100 ym. To induce a different state of
stress, the geometry of pin surfaces is configured to
full sphere and hemisphere with a different orien-
tation (0°, 45°, and 90°) and load (0.5, 3, and 5kg
load).

(2) In full sphere configuration, the minimum and
maximum friction coefficients were found equal to
0.3 for 0.5kg, 0.48 for 3 kg loads, and 0.47 for 5kg,
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respectively. The plastic deformation that occurs at
sliding pairs initiates at 3kg load (as a result of
compressive and shear forces), which resulted in a
negligible change in friction coefficient values.

(3) The hemispherical pin friction curves showed that
more fluctuations might be due to the damage that
occurred at sliding or tribo-pairs, wherein the ac-
cumulated debris released from surface layers causes
highly scattered variation in friction coefficients.
However, full spherical pin surfaces are often
smooth, which resulted in more stable friction.

(4) At higher load (say 5kg), the abrasion and extrusion
were more pronounced than 0.5kg against sliding
direction on the wear tracks of Al6061 disc surfaces.

(5) The amount of aluminum transfer on the hemi-
sphere pin surface is comparatively more than that of
full sphere configuration. As the oriented angle and
load are reduced, the extent of asperity breaking
lessens, and thus, the extent of iron removal from the
pin also decreases.

(6) From COF vs. time plot, the coating studies are
described by the transient state seen during the initial
stage, followed by a steady state at all loads.

(7) Hard asperities of coatings tend to repeatedly indent
the soft aluminum disc surfaces under stick-slip
conditions, which results in increased sliding forces
above the steady-state value during the beginning of
experiments at all loads and orientations.

(8) From the wear surface morphology and surfaces at
different loads and orientations, it is observed that a
lesser extent of adhesion effects is observed than that
of abrasion on the track surface effects [84].
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from the corresponding author upon request.
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This study aimed to determine the effects of various lasers on dental implants’ surface characteristics. Nine explanted dental
implants were included. Two implants were randomly allocated to four intervention groups, namely, diode (2 W, 810 nm, 105s),
CO, (2 W, 10600 nm, 10s), Er: YAG (200 m]/20 Hz, 2940 nm, 105s), and Er, Cr: YSGG (200 mJ/20 Hz, 2780 nm, 10's) groups and
one control group. After laser irradiation, all implants were imaged with scanning electron microscopy. Qualitative changes on the
surface of implants were evaluated. Quantitative surface changes at the threads and between the threads were assessed by software
using depression and prominence plots. The paired t-test was used for statistical analysis. Diode laser irradiation showed the least
surface changes while the Er: YAG group showed the greatest surface changes. Furthermore, CO, and Er: YAG laser irradiation
significantly altered the mean profile area at the threads (p < 0.05), while CO, and Er, Cr: YSGG laser irradiation significantly
altered the mean profile area between the threads (p <0.05). Diode laser irradiation does not alter the implant surface char-
acteristics. However, the use of CO2, Er: YAG, and Er, Cr: YSGG lasers on titanium implant surfaces is discouraged as they
damage the titanium implant surfaces.

1. Introduction

Peri-implantitis is defined as the inflammation of the tis-
sues surrounding the dental implant, including soft tissues
and bone, which results in progressive peri-implant bone
loss [1]. It has been reported that this condition may affect
8-25% of the population which may subsequently lead to
the intentional explanation of 10% of the implants [2-7].

Various nonsurgical and surgical treatment methods have
been proposed for peri-implantitis treatment. However,
due to differences in study designs such as patient criteria,
length of follow-up, disease severity in the studied groups
[8], lack of high-quality evidence [9], and long-term ran-
domized controlled trials [10], no specific therapy has ever
been described as the most effective for this condition.
Recently, laser therapy has shown promising results in
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reducing peri-implant inflammation compared to other
nonsurgical methods [11].

The aim of therapy for peri-implantitis is complete and
thorough removal of microbial biofilm and calculus from the
implant surface and the inner pocket epithelium. Besides,
modern dental implants possess numerous morphological
and topographical characteristics which can complicate
complete surface detoxification by conventional methods
[12-17]. Also, conventional nonsurgical therapy may also
damage the implant surface [18, 19] which can further
complicate subsequent epithelial attachment and may also
lead to increased bacterial aggregation [20-25]. Laser
therapy, with its bactericidal action, may well enhance de-
bridement and may also prevent implant surface alteration
due to its selective action [26]. However, the effects of
various laser types and settings on implant surface topog-
raphy have also been controversial.

While the literature supports the use of diode [27, 28]
and CO, [28, 29] lasers on implant surface without sig-
nificant topographical compromise, conflicting results have
been obtained for Er: YAG(12, 28, 30) and Nd : YAG [27, 29]
lasers. Additionally, to the best of our knowledge, we only
found one study which had described the effects of Er, Cr:
YSGG laser on implant surfaces [30]. While the conflicting
results may be attributed to different implant systems used,
laser energy settings, in vivo or in vitro laser applications,
overall different study designs, and direct comparisons of the
aforementioned lasers in identical settings are scarce
throughout the literature [31]. Additionally, recent reviews
on the effects of various lasers on implant surface decon-
tamination have been inconclusive [31, 32]. Thus, in order to
determine which laser type can better preserve the surface
characteristics of dental implants, we aimed to investigate
the effects of diode, CO,, Er: YAG, and Er, Cr: YSGG lasers
on the surface topography of dental implants via an ex vivo
experimental study.

2. Materials and Methods

2.1. Design the Experimental. In this ex vivo experimental
study, nine explanted titanium dental implants (Bio-
horizons®, Birmingham, AL, USA) with surfaces prepared
with resorbable blasting media (RBM) and possessed Laser-
Lok microchannels which had failed due to peri-implantitis
were included. Peri-implantitis was diagnosed by observing
recurrent gingival bleeding from the affected site, bleeding
on probing, suppuration, and increasing pocket depth since
insertion [33]. This diagnosis was also confirmed by ra-
diographic examination by observing bone loss around the
implant shoulder and the presence of radiolucencies around
the implant. All dental implants were previously inserted by
one surgeon. For explantation procedures, the same surgeon
used the method described by Shibli et al. [34] which
consisted of the removal of the implants under local anes-
thesia. Steel forceps were used to grab the implants by the
cover screw and remove them from the bone. Subsequently,
each implant was copiously irrigated with saline solution
(DarouPakhsh Pharmaceutical, Tehran, Iran) until no visible
organic remnants such as blood or saliva remained on the
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implant surface. Additionally, titanium tweezers were used
to remove any possible soft tissue remnants on the implant
surface. Thereafter, each implant was placed in a separate
previously sterilized plastic bag. Based on the acquired data
from the pilot study, a number of two implants per group
would be necessary in order to conduct statistical analysis as
later described in this section. Out of nine implants, eight of
them were allocated to four groups, namely, diode, CO,, Er:
YAG, and Er, Cr: YSGG groups. The one remaining implant
was determined as the control group. Sample size calculation
was based on a pilot study which had been conducted before
the actual study was conducted. The aim and design of the
study and the surgical procedure were thoroughly explained
to patients, and a written informed consent was obtained
from all participants.

2.2. Preparing the Groups. In order to prepare the samples
for laser treatment, every implant’s surface was painted with
an oil ink while leaving two 4 x 3 mm rectangular windows
on the implant surface unpainted. The windows on all
implants began from the second thread and ended on the
sixth thread. One of the windows would serve as the laser
treatment group while the other would serve as the untreated
surface which was also protected by an aluminum foil
covering. Each implant was carefully handled in this process
so as not to contaminate the implant surface. Subsequently,
each implant was mounted on an acrylic resin jig for sub-
sequent procedures. The implants were randomly allocated
to five groups which consisted of four intervention groups
and one control group. Each group received different laser
treatments.

In the first group, the specified window was irradiated
using diode laser (2W, 810nm) (FOX IV, A.R.C Laser,
Nuremberg, Germany) using a 400 pym sized tip with a
sweeping motion in a continuous wave [35] mode from a
one-millimeter distance with a 90-degree angulation with
the implant surface for 10 seconds.

In the second group, the specified window was irradiated
using CO, laser (2W, 10600nm) (Smart US-20, Deka,
Florence, Italy) using a 400 ym-sized tip with a sweeping
motion in the CW mode from a one-millimeter distance
with a 90-degree angulation with the implant surface for
10 seconds.

In the third group, the specified window was irradiated
using Er: YAG laser (200 m]J/20 Hz, 2940 nm) (Key3, KaVo,
Biberach, Germany) using a 400um-sized tip with a
sweeping motion in the pulsed mode from a one-millimeter
distance with a 90-degree angulation with the implant
surface for 10seconds. The spray was set at 50% of the
maximum and saline solution was used for the spray.

In the fourth group, the specified window was irradiated
using Er, Cr:YSGG laser (200mJ/20Hz, 2780nm)
(WATERLASE IPLUS®, BIOLASE Inc., Irvine, CA, USA)
using a 400 ym-sized tip with a sweeping motion in the
pulsed mode from a one-millimeter distance with a 90-
degree angulation with the implant surface for 10 seconds.
The spray was set at 50% of the maximum, and saline so-
lution was used for the spray.
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The fifth group served as the control group. No laser
interventions were conducted on this group so as to exclude
any irradiation effects such as transmission.

2.3. Scanning Electron Microscope (SEM) Analysis. The
specimens were subsequently prepared for scanning electron
microscope (SEM) evaluation. Firstly, the specimens were
fixed in 2% paraformaldehyde solution (Sorenchem,
Mashhad, Iran) and then subjected to progressive dehy-
dration in increasing concentrations of ethanol (Kimiaal-
coholzanjan, Tehran, Iran). Then, the specimens were
sputter-coated with a 50 nm layer of gold due to the higher
backscattering coeflicient of gold than other elements which
prevents microscope beam damage. This thin layer of gold
does not alter the topographical characteristics of the
specimens. Thereafter, the specimens were placed in a
vacuum container and SEM images were subsequently
obtained (SEM; S-4700, Hitachi, Japan). The SEM images
were qualitatively evaluated for signs of damage by two
blinded assessors. For quantitative analyses, images with
equal magnification were selected and imported into Image]J
software (National Institutes of Health, Bethesda, MD) by a
blinded assessor [22, 36]. Six segments with the length of 100
pixels were drawn on the implant threads and also between
the implant threads. Analyses of the surface characteristics at
the threads and between the threads were conducted sep-
arately. Subsequently, the profile area plugin was used to
develop the depression and prominence plot based on the
numerical value of each grey shade of every pixel. The grey
values ranged from 0 to 1000, i.e., completely white pixels
were assigned a value of 1000, while completely black pixels
were assigned a value of 0. Subsequently, the area under the
curve of each profile area was calculated and the means of all
the six segments were obtained. The values obtained for each
profile area was used to determine quantitative surface
changes before and after laser irradiation. Analysis was
carried out by one experienced oral and maxillofacial ra-
diologist. All assessments were carried out by one experi-
enced and blinded operator.

We used the paired t-test for the quantitative surface
changes’ analyses using a software package (SPSS 11.0, SPSS
Inc., and Chicago, IL, USA). A p-value of less than 0.05 was
considered as statistically significant in all analyses.

3. Results

3.1. Qualitative Changes. This study was done to determine
the effects of various lasers on the surface topography of
titanium dental implants which were explanted because they
were affected by peri-implantitis. The resultant changes
could be classified as qualitative and quantitative. Figure 1
shows the SEM image of the control group (Figure 1).
Figures 2-5 are the SEM images of the laser groups. The least
amount of surface changes were observed in the diode laser
group, while the highest amount of surface changes were
observed in the Er: YAG laser group. The diode laser SEM
images exhibited the least amount of surface alterations
between the threads (Figure 2). Likewise, CO, laser

irradiation melted both the threads and surfaces between the
threads. Additionally, this laser also increases the surface
roughness (Figure 3). It was shown that the Er: YAG laser
completely alters the implant surface topography both at the
thread level and between the threads (Figure 4). Er, Cr:
YSGG laser irradiation increased the surface roughness both
at the thread level and between the threads. Additionally, it
also melted the implant surface between the threads and
changes the surface topography at the thread level (Figure 5).

3.2. Quantitative Changes. Table 1 summarizes the mean
profile area before and after laser irradiation at the thread
level (Table 1). Table 2 summarizes the same values before
and after laser irradiation for the surfaces located between
the threads (Table 2). Er: YAG and CO, lasers significantly
changed the mean profile area at the threads. Er, Cr: YSGG
and CO, lasers significantly changed the mean profile area
between the threads.

4. Discussion

This ex vivo experimental study aimed to evaluate the effects
of various laser wavelengths’ irradiation on titanium im-
plants’ surface topographies. It was found that diode laser
irradiation produced the least amount of surface changes,
while CO,, Er: YAG, and Er, Cr:YSGG lasers produced
significant surface alterations. As mentioned before, one of
the main limitations of the previous studies on implant
surface decontamination strategies has been their limited
comparability. Factors such as power output, operation
mode, irradiation time, and distance from the specimens,
irradiation angles, specimen types, and preparation can
confound the results of these strategies’ comparisons
[31, 34]. This study provided a setting in which the com-
parison of the four types of lasers became feasible.

In order to replicate the clinical situation as much as
possible, we used explanted implants from human subjects
as opposed to titanium disks [27, 28, 30, 35] or unused
implants [37-39]. This approach helps simulate the clinical
situation as much as possible where the chemical compo-
sition of the implant surface may be altered due to depo-
sition of human or bacterial remnants which may alter the
titanium dissolution rate due to blockage of oxygen cathodic
reaction [34]. Furthermore, the power settings for each of
the lasers used were based on the works of previous studies
with regards to temperature elevations due to laser irradi-
ation so that the results of our study would not be con-
founded by excessive temperature rises, i.e., more than 10
degrees Celsius [40] within the specimens [27, 35, 38]. Thus,
excessive temperature increases in the implant body was
ruled out as a confounding factor.

According to the qualitative and quantitative results, the
Er:YAG and Er, Cr: YSGG groups demonstrated significant
surface alterations which are also in line with the results of
previous studies [28, 38, 39]. These alterations may be due to
microexplosions associated with the effect of these lasers on
the water which was sprayed during irrigation, thus dam-
aging the nearby surface in addition to irradiation
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FIGURE 1: Scanning electron micrograph of the control group. (a) Thread surface (x200). (b) Between thread surfaces (x200).
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FIGURE 2: SEM image of the diode laser group. (a) Thread surface before laser irradiation (x200). (b) Thread surface after laser irradiation
(x200). (c) Between thread surfaces before laser irradiation (x200). (d) Between thread surfaces after laser irradiation (x200).

absorption at the implant surface. Additionally, CO, laser
application also altered the implant surfaces. We only found
one study which supported our results about CO, irradia-
tion-related damage [41]. The diode laser did not show any
significant surface changes. This finding was also in line with
the results of the previous studies [27, 28, 42].

It has been stated in the literature that, due to the higher
spectral reflectance values of titanium for lower wavelengths,
lasers with longer wavelengths can produce lesser damage,
while lasers with shorter wavelengths can produce more
damage [43]. Although CO, laser damage was lower

compared to Er:YAG laser, it still did inflict significant
damage to the implant surface. This shows that although
CO, laser irradiation is reflected off the implant surface to a
higher degree, surface alterations by CO, laser irradiation
are still possible. As previously stated, the chemical com-
position of the implant surface might have been altered.
Thus, CO; laser irradiation might not have been so readily
reflected as previously thought.

Inevitably, this study also had some limitations. In order to
minimize the confounding effects of beam angulation on the
amount of energy transfer to the specimens, we opted for an
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FIGURE 3: SEM image of the CO, laser group. (a) Thread surface before laser irradiation (x200). (b) Thread surface after laser irradiation
(x200). (c) Between thread surfaces before laser irradiation (x200). (d) Between thread surfaces after laser irradiation (x200).
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FIGURE 4: SEM image of the Er: YAG laser group. (a) Thread surface before laser irradiation (x200). (b) Thread surface after laser irradiation
(x200). (c) Between thread surfaces before laser irradiation (x200). (D) Between thread surfaces after laser irradiation (x200).
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FiGUure 5: SEM image of the Er, Cr: YSGG laser group. (a) Thread surface before laser irradiation (x200). (b) Thread surface after laser
irradiation (x200). (c) Between thread surfaces before laser irradiation (x200). (d) Between thread surfaces after laser irradiation (x200).

TaBLE 1: Mean profile area before and after laser irradiation at the thread level.

Laser type Mean profile area before laser irradiation Mean profile area after laser irradiation p value
Diode 3749/20 + 840/36 3196/96 + 450/59 0.186
CO, 2802/47 + 328/55 4832/45+1095/37 0.001
Er:YAG 2495/75 + 522/48 920/73 +189/27 p<0.001
Er,Cr: YSGG 2842/93 +579/52 3342/10 + 1314/93 0.415
TABLE 2: Mean profile area before and after laser irradiation between threads.

Laser type Mean profile area before laser irradiation Mean profile area after laser irradiation p value
Diode 3154/24 + 620/93 3226/47 +378/21 0.813
CO, 2227/90 + 484/65 3673/34 + 1241/76 0.024
Er:YAG 2431/21 +475/10 3072/03 + 565/78 0.060
Er,Cr: YSGG 5089/38 + 1627/58 4493/25 + 679/92 0.042

approximate 90-degree angle of irradiation in all intervention
groups using a free-hand technique. This angulation can readily
be achieved in clinical situations such as open flap debridement
but may not be possible when conducting nonsurgical peri-
odontal therapy. Nonsurgical therapy may require a more
parallel irradiation angle, the effects of which should be in-
vestigated in future studies. Furthermore, successful implant
surface decontamination must also ensure suitable chemical
composition and biocompatibility of the irradiated surface
which should also be evaluated in future studies.

5. Conclusions

Diode laser irradiation does not change the implant surface
characteristics and can therefore be a safe option for implant
surface decontamination. However, the use of CO,, Er:
YAG, and Er, Cr:YSGG lasers can damage the surface
properties of titanium implants, and therefore, they should
be used with caution. Moreover, further studies regarding
different lasers’ setting and other confounding factors are
suggested by this article.
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In this work, we synthesize Al/TiB, metal matrix composites (MMC) based on the effect of cooling rate in the melt while pouring
into the permanent mold condition. The objective of this paper is to achieve the desired distribution pattern and increased TiB,
particles’ size in the Al/TiB, MMC ingot. Two halide salts, viz., potassium hexafluorotitanate (K,TiFs) and potassium tetra-
fluoroborate (KBE,), are procured and measured. The two salts were mixed with the aluminium melt in the crucible, and it is
stirred manually with help of a graphite rod. Because of the exothermic reaction, the melt reacts very quickly and that is what
dropped the salts slowly. The salt particles were synthesized because of the exothermic reaction, and it will allow the particles to
grow. The size and distribution of particles differ at different place in the MMC. An FEA tool ProCAST was used to analyze the
cooling rate of the melt, and SEM is used to study the microstructure of the ingot at different places. The microstructures helped to
identify the size of reinforcement in the MMC. The TiB, particles are distributed more at this location at 810°C, and the TiB,
particles formed various clusters in this zone as 70%-80%. Also, the tribological characteristics are analyzed with the help of
the results.

1. Introduction

The cast aluminium components are used in automotive
industries due to its more strength-weight ratio, outstanding
castability, and corrosion resistance [1, 2]. The ex situ
method is involved for the fabrication of particulate matter
reinforced metal matrix composites (PRMMCs) by con-
ventional ex situ method due to its isotropic properties, ease
of fabrication, and the lower cost. The reinforcement is
added directly to fabricate the ex situ composites [3, 4]. In in
situ method, a chemical reaction of reinforcements inside
the composites takes place to synthesize the composites. To
identify the behavior of in situ particles, a small work was
carried out in the aluminium matrix composites [5].

The in situ metal matrix composites have a good at-
traction characteristic because of their good bonding
strength and well distribution of fine reinforcement [6, 7]. It
was found that the study was concentrated on fabrication
and the mechanical properties of the reinforcement such as
SiC, AlL,O;, TiC, and B4C. Various researchers have per-
formed high-performance applications focusing on TiB2 as
the reinforcement as of its high elastic modulus and high
thermal conductivity [8, 9]. Also, it does not react with the
molten aluminium. The casting defects such as oxide films,
porosity, and other inclusions will strongly disturb the
mechanical behavior of the cast aluminium alloys [10, 11].
However, because of the stiffness, hardness, and improved
tensile strength, the aluminium-based MMCs are preferred
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compared to the base matrix alloy [12-14]. The fabrication of
aluminium-based MMCs is done by addition of SiC, AL, O3,
TiC, CBN, and TiB,. Out of these ceramic-based reinforced
particles, TiB, is used mostly because they possess hardness,
maximum tensile strength, and compressive strength
[15, 16].

Because of the very clean and size of particles in the
interface of the in situ method, the fabrication of Al/TiB,
MMCs is preferred. Also, the increased tensile strength and
fatigue strength is due to the very fine particles [17].

In the in situ fabrication method, two salt powders such
as K, TiFs and KBF, were used as reinforcement. They were
mixed in measured proportion and then poured to the al-
uminium melt slowly. The mixture was stirred manually to
endorse the reaction between salts with the help of a manual
graphite rod. The floron gas was inserted in the melt to avoid
formation of gases which will create the casting defects such
as blow holes [18, 19]. Later, the melt was kept in hold to
synthesize TiB, particles that grow in size with holding time
[20, 21].

The Al/TiB, melt was poured into the mould, so the
falling elevation will be the possible turbulence that occurs
during filling. The fragmented TiB, particles are created due
to the turbulence, and also a variation in distribution oc-
curred at different locations. It occurs because the cooling
rate and turbulence were attributed and also due to the
influence of melt fluidity [22, 23]. The above parameters
were analyzed, and their effects are understood clearly from
the SEM micrographs captured from the cast ingot at six
different locations.

2. Experimental Work

An in situ method was used to fabricate Al/TiB, MMCs
through salt metal reaction. Three different melt tem-
peratures were maintained, such as 750°C, 780°C, and
810°C. Also, three dissimilar holding times were main-
tained after mixing of entire salt such as ten minutes,
twenty minutes, and thirty minutes before pouring into
the permanent molds. Through the same procedure, to-
tally nine ingots were fabricated with different combi-
nations, pouring temperature, and holding time [24]. The
size of the reinforced particle is not the same as in the melt
because of the parameters’ fluidness and disorder at
different places of the ingot and the local cooling rate of
the casting [25].

Figure 1(a) shows the twenty-four various locations in
cast ingots from top to bottom, and based on variation of
local conditions of ingot, six locations were selected from
twenty-four various locations. The distribution of TiB,
particles and size were compared for all nine ingots through
the SEM micrographs; Figures 1(b)-1(d) show the SEM
micrographs.

2.1. Finite Element Analysis. Figure 2(a) shows the simula-
tion model, and Figure 2(b) describes the mesh diagrams of
ingot. The temperature vs. time curves were generated at
twenty-four different locations of each ingot by using the
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FEA tool. Out of the twenty-four different locations, selected
six locations were shortlisted for simulation. From the
simulation, a drastic variation occurred in the melt due to
the turbulence of melt, cooling rate, and fluidness.

Figures 3(a)-3(f) show the temperature vs. time curves
at selected six different locations.

3. Results and Discussions

At location 23, the temperature-time curve indicates max-
imum cooling rate and turbulence during filling out of
twenty-four different locations. Also, it was found that the
fluidness reaches its maximum range at the maximum
pouring temperature.

Also, here we discuss the effect of cooling rate at location
23. This location is marked in the bottom surface of the
ingot, and the cooling rate and the fluidity are maximum at
this location at 810°C pouring temperature. Additionally, the
falling height of the melt during the filling process is con-
sidered to be maximum. Because of the abovementioned
reasons, at location 23, the turbulence will be maximum.
Because of these reasons, the circulation will be maximum at
810°C, and it will cause the TiB, particles to fragment. Hence,
the TiB, particles get entrapped quickly because of maxi-
mum cooling rate, and the casting at this location is freezed
[26].

Moreover, more TiB, particles are distributed at this
location at 810°C and the TiB, particles formed various
clusters in this zone as 70%-80%.

Here, we discuss the effect of cooling rate at location 21.
This location is marked in the middle surface of the ingot;
the cooling rate and the fluidity are modest at this location at
810°C pouring temperature. Additionally, the falling height
of the melt during the filling process is considered to be
average. Because of the abovementioned reasons, at location
21, the turbulence will be average. Because of these reasons,
the circulation will be maximum at 810°C, and it will cause
the TiB, particles to fragment. Hence, the TiB, particles get
entrapped quickly because of maximum cooling rate, and
the casting at this location is freezed [27, 28].

Moreover, more TiB, particles are distributed at this
location at 810°C and the TiB, particles formed various
clusters in this zone as 60%-70%.

In this paragraph, we discuss the effect of cooling rate at
location 19. This location is marked in the top surface of the
ingot; the cooling rate and the fluidity are very low at this
location at 810°C pouring temperature. Additionally, the
falling height of the melt during the filling process is con-
sidered to be very less. Because of the abovementioned
reasons, at location 19, the turbulence will be average. Be-
cause of these reasons, the circulation will be maximum at
810°C, and it will cause the TiB, particles to fragment. Hence,
the TiB, particles get entrapped quickly because of very
minimum cooling rate, and the casting at this location is
freezed. Most of the TiB, particles were trapped at locations
23 and 21 already. Hence, very small particles settled down in
this particular location.

Analyzing at location 1, the falling height and the cooling
rate were minimum. Due to the effect, most of the particles
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TasLE 1: TiB2% of different places in micrographs.

Percentage area of TiB,

Location Pouring temperature (in degree Celsius) ) . .
10 min 20 min 30 min
750 10-20 30-40 35-40
1 780 20-30 30-40 35-40
810 20-30 30-40 40-50
750 30-35 30-35 35-40
4 780 20-30 25-35 30-40
810 25-30 30-35 40-50
750 10-20 30-40 25-35
7 780 20-30 35-45 40-50
810 20-30 40-50 60-70
750 20-30 20-30 30-40
19 780 20-30 40-50 40-50
810 20-30 50-60 50-60
750 30-40 20-30 40-50
21 780 10-20 30-40 30-40
810 30-40 50-60 60-70
750 30-35 35-40 40-50
23 780 35-40 45-50 50-60
810 40-50 60-70 70-80
were trapped at the bottom of the ingot at location 1, which was The friction between the aluminium matrix and TiB2

found to have fewer TiB2 particles through SEM micrographs. ~ particles was analyzed. The tribological characteristics
Also, it covers 40%-50% area in the SEM micrograph. showed better performance than conventional material.
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TaBLE 2: TiB2% particle size for holding time.

Particle size for holding time (um)

- Temperature
Position o . 20 30
Q) 10 minutes . .
minutes minutes
750 1-1.5 1-1.5 2-2.5
1 780 1-1.5 1.5-2 2-2.5
810 1.5-2 2-2.5 2.5-3
1-1.5
750 15 D-1 1.5-2 2.5-3
4 780 1-1.5 1-1.5 2-3
2-2.5
810 1-1.5 1-1.5 [-12, D-1
750 1-1.5 1.5-2 2.5-3
780 1.5-2 2-2.5 2-2.5
7 1-1.5
810 1.8, D-15 1-1.5 2-2.5
750 1-1.5 1-1.5 1.5-2
19 780 1-1.5 1.5-2 2-2.5
810 1-1.5 1-1.5 2-2.5
750 1-1.5 1.5-2 2-2.5
780 1-1.5 1-1.5 1.5-2
21 1-1.5
810 L-10, 1-1.5 2-2.5
D-15
750 1.5-2 2-2.5 2-2.5
23 780 1-1.5 1.5-2 gji
810 1-1.5 1-1.5 L5, D-1

L =length of needle-shaped TiB, particles. D = diameter of needle-shaped
TiB, particles.

Also, the distribution of TiB, particles at different lo-
cations for less holding times and pouring temperatures was
found to be low, which is tabulated in Tables 1 and 2.

4. Conclusions

The TiB, particles were found to be more at location 23
because of the very high cooling rate.

The TiB, particles were found more at locations 23 and
21 due to the very high turbulence. When the circulation of
the fluid is more, the fluidity is also more.

Also, the tribological characteristics showed significant
improvement on the basis of hardness. However, the
reinforced particles get trapped quickly when the cooling
rate was very high at these locations.
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In this research, an attempt is made to investigate the abrasive and erosion wear resistance of aquatic waste plant water hyacinth
converted fibre-reinforced polymer composites. From a novel approach, the new fibre extraction machine is designed to extract
the hyacinth fibre from the parent plant and reinforce it to the epoxy matrix material to produce a natural fibre composite for
frictional applications. The extracted fibre is dried in the open sunlight area for 22 to 35 days to remove moisture and external dust
particles. Then, different weight percentages (15, 20, 25, 30, and 35) of composite samples are produced with the help of the hot
press compression moulding technique. Improved hyacinth composite tribology properties are tested by utilizing the pin on the
disk machine. This setup included various processing parameters like load (10, 20, and 30 N), velocities (1, 2, and 3 m/s), speed
(160, 320, and 479 rpm), and constant sliding distance condition, and the erosion setup also influences the essential parameters
like impact angle (30, 45, and 60°), erodent velocity (1, 2.5, and 3.3 m/s), and discharge rate (28, 41, and 72 g/m). The factorial
techniques are used to identify the important design factors. The final results represent the weight loss, volume loss, and erosion
rate of hyacinth fibre composite. By utilizing the SEM (scanning electron microscope), the worn surface morphology of different
weight percentages of hyacinth fibre samples are analysed. To upgrade the usage of hyacinth reinforced composites for different
industrial applications, wear and erosion studies are conducted with different parameter conditions.

1. Introduction

In recent years, researchers are focusing on recycling of
material concepts in the aspect of global impact because of
environmental problems. Previously, in polymer composite
fields, the synthetic fibres glass, carbon, and some of the
other fibres were used. But all synthetic fibres have some
disadvantages like being non-recyclable and non-degradable
and having higher cost and high amount of energy con-
sumption aspects. Nowadays, the demand for biodegradable
materials is increasing [1]. Normally, the usage of natural

fibres in the polymer composite material field has enor-
mously increased and created a huge impact. All over the
world, so many researchers and industrial experts used
natural fibre as a reinforcement material because of so many
positive advantages and applications compared to synthetic
fibres. Generally, natural fibres have low cost and are bio-
degradable, very cheap, easily available, and ecofriendly. The
natural fibre reinforced composites have very good me-
chanical strength and good thermal stability [2]. The sisal,
coir, banana, hemp, jute, flax, and kenaf fibres are used as a
reinforcement in the conventional polymer composites. The
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aspect of tribology behaviour in natural composites has not
been properly covered and elaborated. These composite
materials are used in building materials, commercial ap-
plications, and automotive and construction industries.
Main disadvantage of natural fibre is the presence of external
dust particles on the fibre surfaces, poor primary and sec-
ondary phase adhesions like reinforcement and matrix
material phase, and dimensional stability [3]. However,
composite developed with fibres and fillers as reinforcement
in the matrix is the good combination for product devel-
opment. Both natural and synthetic fibres have serious
disadvantages [4]. Conventionally, fibres’ primary phase and
matrix material phase bonding is the main reason to increase
and decrease the sample properties. But few surface treat-
ments to the fibres slightly increase the bond between the
reinforcement and matrix phase and this bonding surely
expands the strength of the materials. From the interlocking
bonding aspect, alkali treatment is one of the effective
methods [5]. Based on the chemical structure and effect of
the alkaline solutions, it dissolves the cellulose and hemi-
cellulose contents on the surface of the fibre. This treatment
increases the fibrillation process to remove the outer layer of
the fibre. At the same time, the seawater treatment also
improves the interfacial bonding of fibre composites. It leads
to improving the mechanical property. In terms of tribology
behaviours, most of the literature surveys cover the synthetic
composite majorly. Fewer kinds of literature are only
available to give the details in tribology behaviour of natural
fibre composites. Generally, the BOR machine (block on
ring) is used for the dry sliding test of the composite. The
final results indicate the natural fibre’s composite wear
behaviour. Some of the authors studied and evaluated the
natural fibre composite wear and erosion behaviours like
sisal, coir, and palm fibre reinforced composite.

Mechanical degradation refers to solid particle erosion
with the usage of different erodents [6]. Many industries
reported material damages because of this erosion behav-
iour. Solid particle erosion is the conventional process to
find out the progressive loss of a material’s solid particles.
Very few literature surveys are conducted in the aspect of
natural fibre composite erosion studies. Mostly, the erosion
rate of fibre composites is higher than that of the metals. The
erosion behaviour is related to the velocity, impact angle,
erodent type, and particle size parameters [7].

In this work, water hyacinth natural fibre is extracted
from the parent plant and then the fibre is reinforced with
epoxy matrix materials with different weight percentages,
and a hyacinth fibre composite sample is produced with the
help of a hot press compression moulding machine. Water
hyacinth is a free-floating aquatic plant, mainly available in a
local water body especially in a tropical and subtropical
region [8]. Temperature plays a very important role in water
hyacinth plant growth life. 15°C is the minimum, 20-28°C is
an optimum level, and above 36°C is the maximum tem-
perature of the water hyacinth plant [9]. The water hyacinth
has a good character that it can grow fast over surface of any
water bodies. So, even the Sun’s rays will not penetrate below
the water. The behaviour of the hyacinth plant is a serious
threat to the entire environment [10]. All the countries
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invested huge amounts of money to remove hyacinth plants
from the water bodies. Present work will encourage the
researchers to use natural (waste) material as a useful ma-
terial for effective utilization.

2. Materials

The water hyacinth plants are found in the water bodies of
Trichy District, Tamil Nadu, India. After cultivating the
plant, the separation process is done. The plant stem is
separated from the parent plant. Normally, all the aquatic
plant fibres are extracted by retting. Water hyacinth plant
fibre cannot be effectively extracted from retting. By utilizing
the mechanical way of the extraction process, hyacinth plant
fibres are extracted. To remove the impurities and external
dust particles, hyacinth fibres are cleaned by running water
and distilled water. Then, the fibres are dried in the open
sunlight area for 3 days until their colour turned from green
to dark brown. This drying process is commonly used to
remove the moisture content of the fibres. Epoxy resin is
used as a matrix material with a combination of hardeners
on a particular standard like LY556 and HY951 with a
mixing ratio of 10:1 [11]. Table 1 explains the essential
properties of hyacinth fibre and epoxy matrix materials. In a
natural fibre composite, epoxy resin, which has high thermal
stability, is mostly used as a matrix material to withstand the
high temperature and enhance the mechanical properties of
the reinforcement. These matrix materials were purchased
from Covai Seenu & Company, Coimbatore, Tamil Nadu,
India. Figure 1 clearly describes the extraction process of
water hyacinth plant fibres.

2.1. Fabrication of Composites. After the fibre extraction
process is completed, different weight percentages of the
composite sample are prepared (15, 20, 25, 30, and 35%).
Different weight percentages of fibre reinforcement are
mixed with epoxy matrix material by using the compression
moulding machine. In the hot press compression moulding
machine, the upper plate temperature is set to 110°C and the
lower plate temperature is 120°C. Individual plate temper-
ature is used to reducing the curing time of the composite
sample. After the particular temperature is fixed on both
plates, 1500PSI hydraulic pressure is applied to both the top
and bottom plates. The time for curing and compression
loading, for a proposed 300 x 125 x 3 mm composite plate, is
fixed as 30 minutes. Figure 2 clearly explains the fabrication
process of hyacinth reinforced fibre composites.

2.2. Wear Test Apparatus. The pin on disc (POD) testing
machine is used to examine the water hyacinth fibre com-
posite’s dry sliding behaviour [12]. Easy availability, low cost,
and quick handling methods are the reasons to use this
apparatus commonly in the polymer matrix composites for
wear applications. Initial verifications and surface prepa-
ration on disc material are carried out in advance to the
experimentation [13]. Very thin and sharp brushes are used
to clean the composite samples before and after the tests.
Figure 3 shows the pin on disc apparatus.
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TaBLE 1: Mechanical properties of epoxy resin and water hyacinth plant fibre.

Properties

Epoxy resin

Water hyacinth fibre

Density (g/cm?)
Tensile strength (MPa)
Tensile modulus (GPa)
Elongation (%)

1.12 1.02
34 3.15
34 1.8
2.24 3.7

FIGURE 2: Fabrication process of water hyacinth plant fibre composite.

Once the wear test is finished, the average roughness of
the sample is calculated with a different region. Volume loss
of the natural fibre composite wear specimen is the measure
before and after testing by utilizing an electronic weight
balance machine [14, 15]. The initial weight is assigned as
W1, the final weight is assigned as W2, then the volume loss
is measured,, and five readings are taken in each samples for
confirmation. Volume loss is calculated by using the fol-
lowing equation:

Vw
VL = —.
p

1

2.3. Erosion Apparatus and Experimental Procedure.
Water hyacinth natural fibre composite sample is tested with
the DUCOM TR470 model erosion wear tester with a nozzle
diameter of 1.5 mm. 20-35 ym alumina powder is used as the
erodent material. The composite test samples are cut as per
ASTM standards (G76 (2013)) with the dimension of
25x25x 3 mm [16]. Figure 4 shows the air jet erosion test
apparatus.

Before conducting the experiment, the sample is fully
cleaned by pressurised air and dry cloth. The output re-
sponse is measured in g/min. The erodent rate is governed by
following equation:

w,-WwW
Er=—0t '@

; (2)

Impinged surface hardness is measured by utilizing the
micro Vickers hardness test. From the different impact regions,
the five observations are taken for the calculations [17]. Density
of the natural fibre composite is tested with the help of the
Archimedes principle. The composite samples’ theoretical
density and experimental density are also measured [18].

2.4. Experimental Design. The combination of the output
result process of dry sliding wear and erosive wear is deter-
mined by utilizing the design of the experiment method [19].
Normally, the full factorial technique is used to find the effect of
different factors with n levels. This experiment method was
used as sequence operation to find out the minimum amount
of wear and erosion of the sample. In a full factorial method, the
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FIGURE 4: Air jet erosion test apparatus.

output response is involved in all combinations of the factor
levels [20]. In dry sliding wear, the three factors applied load
(A), sliding time (B), and sliding speed (C) are in control.
Similarly, impact angle (A), particle velocity (B), and erodent
discharge rate (C) are the factors used to design the erosion
experiments. Tables 2 indicates the control factors and level for
dry sliding wear used in water hyacinth composite material.
Table 3 indicates the control factors and level for erosive wear
used in water hyacinth composite material.

2.5. Morphological Analysis. The morphological studies in
worn surface of the composite is revealed with scanning
electron microscope. Ziess SEM is used to capture high-
resolution images following standard working conditions.

3. Result and Discussion

3.1. Volume Loss. When using natural fibre as a reinforce-
ment of the polymer matrix composites, the tribology
properties are increased. This work briefly discussed the
most influencing process parameters to get the minimum
amount of wear like weight loss and volume loss. Increase in
load at a maximum has highly influenced the material to
reach maximum wear rate, and the same has been proved
with existing literatures. The Taguchi orthogonal array ex-
periments are based on the full factorial technique. By using
the factorial technique, sliding speed, load, and influencing
time parameters are determined. In this dry sliding exper-
iment, the above three parameters are the most effective
parameters. A dry sliding technique is used to determine the
main effect, interaction effects, and their plots. Wear re-
sistance of the water hyacinth-based composite is improved
in some conditioning parameters. Epoxy matrix material
resin easily penetrates the hyacinth fibre reinforcement, and
it leads to strong interlocking. This dry sliding experiment
decreased the interlocking property of the reinforcement
and matrix material of the composite sample. Tables 4 and 5
describe the experimental design and its observation made
through analysis of variance [21].

The expoxy material plays a vital role in increasing the
mechanical strength and bonding of natural (bio) fibre. But a
higher amount of fibre content decreases the mechanical
property and internal bonding of the two states. Based on the
experimentation, the wear rate varies with respect to increase in
fibre weight percentage. Therefore, it has been confirmed that
30% (wt.) has good wear resistance compared to other com-
bination. Conventionally, when a higher load acts for a long
time, it leads to wear because a particular amount of heat is
generated at the surface of the matrix and fibre reinforced
sample. Figure 5 shows the main effect plots of the dry sliding
output means and SN ratios of the hyacinth fibre sample.

However, the material removal rate is higher, and it leads to
the weight loss and volume loss of the composite sample. From
the literature surveys, compared to the other natural fibres,
water hyacinth fibre with epoxy-based composite gives a
positive effect on the test samples. Figure 6 clearly shows the
residual plots for the dry siding output with respect to the
frequency and standard residual.

3.2. Wear Mechanism. In general, the wear process takes place
on the counter-face of the disc and the mating surface of the pin.
Several types of plateaus have been formed. Generally speaking,
plateaus are divided into two phases: dusty plateaus and rough
plateaus. In the tribology system, the friction film affects the
tribology performance. In the initial sliding process of the epoxy
polymer composites reinforced with hyacinth natural fibres,
debris in the form of fibre-matrix bulk found removed from the
composite due to sliding friction following the pullout mech-
anism. There is evidence of fibre trapping near the sliding
surface of the disc and in the friction layer. A dry sliding wear
system’s frictional layer is the layer that is most affected by the
tribology performance of the pin on the disc. The frictional layer
detaches from the machine surface when the load parameters
are high. There is a high rate of material removal from the final
debris and fragments, which attach to the disc with a friction
layer. Due to the high friction, the film transferred smoothly
during the test. It is apparent from this smooth transfer that the
material has the least friction. A high volume loss at the test site
is also one of the reasons for the loss.
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TaBLE 2: Control factors and levels for dry sliding wear test.
Levels

Factors

I II III
Load (N) 10 20 30
Time (s) 20 10 7
Speed (rpm) 160 320 479

TaBLE 3: Control factors and levels for air jet erosion test.
Machining parameters Symbol Levels Time
Impact angle (degree) IA 30 45 60 10
Discharge (g/min) EV 1 2.5 3.3 10
Erodent velocity (m/s) DR 28 41 72 10
TaBLE 4: Experimental observation for dry sliding wear test.

S. No. Load (N) Time (t) Speed (rpm) Output
1 10 20 160 0.00160
2 10 20 320 0.00220
3 10 20 479 0.00280
4 10 10 160 0.00150
5 10 10 320 0.00290
6 10 10 479 0.00340
7 10 7 160 0.00170
8 10 7 320 0.00260
9 10 7 479 0.00370
10 20 20 160 0.00150
11 20 20 320 0.00240
12 20 20 479 0.00450
13 20 10 160 0.00250
14 20 10 320 0.00340
15 20 10 479 0.00520
16 20 7 160 0.00360
17 20 7 320 0.00420
18 20 7 479 0.00640
19 30 20 160 0.00624
20 30 20 320 0.00790
21 30 20 479 0.00856
22 30 10 160 0.00290
23 30 10 320 0.00370
24 30 10 479 0.00460
25 30 7 160 0.00290
26 30 7 320 0.00260
27 30 7 479 0.00340

3.3. Erosive Wear. From the air jet erosion, the responses on
the individual process parameters are discussed in detail. To
recognize the effect of individual parameters, the graph is
prepared by one parameter that is constant over another.
Increasing the discharge rate (DR) leads to a higher erosion
of the test samples [22]. At a 90-degree angle, the erodent
strikes the surface of the material with respect to impact
velocity. After impingement, the behaviour particle varies
with respect to counter material. On the soft matrix, the
material clings, and hard surface erodes fracture. This reacts
with the responses on the surface. In addition, the erodent

velocity will influence the response of wear rate. Tables 6 and
7 explain the experimental and analysis of variance obser-
vation of WH sample erosion test. Figure 7 indicates the
mean effect plots of output and SN ratios on WH composite
erosion test.

At 45 degrees, the particle slides at a maximum velocity,
and shear rate increases. It has maximum material removal
compared to other impact angle [23]. Figure 8 clearly in-
dicates the normal probability plots and histogram plots of
the hyacinth fibre composite erosion test with respect to the
frequency and standard residual.
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TABLE 5: Analysis of variance observation.
Source DF Seq SS Adj SS Ads MS F P Contribution (%)
Load 2 0.000045 0.000045 0.0000015 12.37 0.002 26.33
Time 2 0.000023 0.000023 0.000023 1.79 0.194 3.83
Speed 2 0.000003 0.000003 0.000003 9.73 0.005 20.76
Error 20 0.000043 0.000043 0.000002
Total 26 0.000088
Main Effects Plot for Means
Data Means
Load Time Speed
0.0050 A
0.0045 A
é 0.0040 -
Q
=
S
§ 0.0035
=
0.0030
0.0025 A
T T T T T T T T T
10 20 30 7 10 20 160 320 479
Main Effects Plot for SN ratios
Data Means
Load Time Speed

531

524

514

50

49 A

Mean of SN ratios

48 1

47 1

T T T T
10 20 30 7
Signal-to-noise: Smaller is better

10 20 160 320 479

FIGURE 5: Main effect plots for means and SN ratios.

3.4. Erosive Wear Mechanism. Water hyacinth composite
samples are evaluated through erosive wear with an air jet
erosion machine. There is a high rate of wax discharge,
which leads to erosive wear. It is the double erosion rate
that takes up half of the erodent velocity increment. Our
work focuses on determining the erosion rate of the
hyacinth composite sample based on erosion rate pa-
rameters such as erodent velocity, impact angle, and
discharge rate. In addition to a range of impact angles

(30°, 45°, and 60°), erodent velocity varies (28, 41, and 72)
and the discharge rate lies in the range of (1, 2.5, and 3.3).

3.5. Surface Morphological Studies. The wear morphology of
the worn surface is studied with scanning electron micro-
scope for different process parameters. It is clear to confirm
that the common wear mechanism such as pullouts, fibre
buckling, fracture in matrix material, phase debonding, and
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FIGURE 6: Residual plot output on dry sliding wear test.
TABLE 6: Experimental observation for air jet erosion test.
S. No. IA (degree) EV (m/s) DR (g/min) E, 107° (g/min)
1 30 28 1 8.214
2 30 28 2.5 6.324
3 30 28 3.3 3.625
4 30 41 1 11.452
5 30 41 2.5 9.625
6 30 41 3.3 8.540
7 30 72 1 16.420
8 30 72 25 13.480
9 30 72 33 10.980
10 45 28 1 6.470
11 45 28 2.5 5.780
12 45 28 33 4.162
13 45 41 1 9.320
14 45 41 2.5 7.520
15 45 41 33 5.300
16 45 72 1 13.490
17 45 72 2.5 11.460
18 45 72 3.3 9.640
19 60 28 1 7.870
20 60 28 2.5 3.640
21 60 28 33 3.410
22 60 41 1 8.590
23 60 41 2.5 7.625
24 60 41 33 6.320
25 60 72 1 9.650
26 60 72 2.5 9.640
27 60 72 3.3 8.140
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TABLE 7: Analysis of variance observation.

Source DF Seq SS Adj SS Ads MS F Contribution (%)
1A 2 31.535 0.108 0.1077 0.11 11.79

EV 2 153.258 26.330 26.3297 27.89 57.32

DR 2 53.292 7.191 7.1911 7.62 19.93
IAXEV 4 8.796 8.716 8.7165 9.23 3.26

IA x DR 4 1.691 1.691 1.6911 1.79 0.63

EV x DR 4 0.007 0.007 0.0065 0.01 0.00

Error 8 18.878 18.878

Total 26 267.377

Main Effects Plot for Means
Data Means

Impact angle Erodent Velocity Discharge

12 1

Mean of Means

30 45 60 28 41 72 1.0 2.5 3.3
Main Effects Plot for SN ratios
Data Means
Impact angle Erodent Velocity Discharge
14 4
-15 4
-16 4
g
g -17 |
Z
w
B 18
S -18
S
=
19 |
-20
-21

30 45 60 28 41 72 1.0 2.5 3.3
Signal-to-noise: Smaller is better

FIGURE 7: Main effect plots for means and SN ratios.
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FIGURE 8: Residual plot output on dry sliding wear test.
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(©

FI1GURE 9: Electron image of water hyacinth composite material worn surface observed on the samples tested at different process conditions.
(@) L=10N, T=20m, and N=479rpm. (b) L=20N, T=20m, and N=479rpm. (c) L=30N, T=20m, and N=479 rpm.

transformation due to sliding particles are noticed [24].
From the observation of the wear experiment, the good
interfacial locking between the fibre and matrix phase has led
to the good wear performance of the natural composites.
Wear surface of the test samples is shown in Figure 9.
Figure 9(a) displays a very close view of the scanning
electron microscope images and the fibres pulled out during
the matrix phase by showing so many holes. In Figure 9(b),
the epoxy resin matrix phase bonding is clearly visible. There
is strong interfacial bonding between fibre and epoxy resin
matrix because of this. Composite performance was greatly

affected by this bonding property. Figures 9(a)-9(c) illus-
trate that a load of 30 N applied over a period of 20 minutes
has higher friction than a load of 10 N applied over the same
period. As the speeds decrease, the friction on the surfaces
increases. Due to applied load, the materials are prone to
high shear and led to a maximum surface damage [25-28].
Figures 10(a)-10(d) show the different impact angles (30°,
45°, and 60°) as well as the erodent velocity and discharge
rate along with each crack, cleavage pattern, angle im-
pingement, and weave pattern on a crater surface with
appropriate angles of impact.
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FIGURE 10: Surface images of the erosion sample at various working conditions. (a) IA =30; EV =28; DR=2.5. (b) IA=45; EV =28; DR =2.5.

(c) TA=60; EV =28; DR=2.5. (d) Crater surface.

4. Conclusion

Compression moulding is used to prepare both dry sliding
and erosion test specimens. The following conclusions are
drawn from the wear test and erosion test of water hyacinth
plant fibre composites:

(i) Water hyacinth natural fibre enhances the fibre-
matrix interfacial bonding with the respective
percentage: 30 >35> 25>20 > 15.

(ii) The volume loss of the hyacinth composite is re-
duced by 26%.

(iii) When the nozzle angle is decreased simultaneously,
the wear rate is increased.

(iv) From the analysis of variance, the influence of indi-
vidual parameters is identified. Air jet erosion particle

velocity has a maximum contribution of 58% towards
surface wear followed by erodent discharge (20%) and
impact angle (11%). Similarly, in sliding wear, the
applied load has a maximum contribution followed by
sliding velocity and sliding duration.

(v) The surface defect of the erosion test is to find out
45°, and the wear sample is highly affected at 30N
with 479 rpm speed.

(vi) Fibre pullouts and surface fracture are the common
failure observed through the scanning electron
microscope.
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No data were used to support this study.
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1. Introduction

Copyright © 2021 Anbuchezhian Nattappan 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.

One of the different and pioneering solid-state techniques, friction stir processing (FSP), is employed for the production of surface
composites. In this research, the matrix selected was copper-nickel (CuNi) with hard boron carbide particle as reinforcement. The
objective of the current research work is to produce reinforced 90/10 copper-nickel surface composites reinforced with B,C
fabricated via FSP. The influence of tool rotational speed on macrostructure, microstructure, grain size analysis, microhardness,
and wear studies of friction stir processed (FSPed) CuNi/B,C surface composites was assessed. For high rotational speed
(1400 rpm) of stir tool, the modified surface area found is a maximum of 44.4 mm? with uniform dispersion of hard particle
reinforcement. The presence of hard particle in the surface area is revealed through the electron imaging and the spectroscopic
results. Spectra mapping shows the uniform distribution of hard particle over the FSPed area, and the evidence is obtained with
XRD analysis. From the experimentation, it is interesting to report that the reinforcements have decreased the surface hardness for
an increased rotational speed of stir tool. The hardness recorded for minimum rotational speed is 223 HV which has gradually
decreased to 178 HV for 1300 rpm. It has directly influenced the wear rate of modified FSPed, as hardness is directly proportional
to wear behavior. The worn surface and fractured morphology of the CuNi/B,C surface composites were also studied using Field
Emission Scanning Electron Microscope (FESEM).

materials possess a unique combination of properties such
as high strength, high toughness, lightweight, low cost,

The evolution of modern material science and techniques
of material synthesis has developed the production of
composite materials with enhanced performance for use in
aerospace and other demanding industrial applications.
Composite materials are one of the essential and versatile
engineering materials. The development in the field of
material science and technology has made the production
of advanced composite materials possible. Composite

good damping capacity, wear resistance, corrosion resis-
tance, hardness, conductivity, creep strength, fatigue
strength, negative thermal expansion coefficient, and un-
usual combinations of electrical and magnetic properties
depending on their alloying elements and processing
techniques.

Cupronickel (CuNi) alloy is extensively used for high
temperature and corrosion resistance applications. The
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typical applications are in marine and petrochemical sectors
including components for ship and boat hulls, desalination
plants, and heat exchangers, as well as multicore cabled tubes
for hydraulic and pneumatic lines. It has been selected for
the superior properties of the materials [1]. However, this
alloy is extremely susceptible to mechanical failure before its
predicted lifetime [2], due to harsh and demanding tribo-
logical conditions. To meet such demanding mechanical and
surface property requirements, this alloy can be subjected to
surface processing techniques.

Friction stir processing (FSP) has emerged as a dis-
tinctive and pioneering solid-state technique to produce
surface composites. FSP was developed based on the prin-
ciples of Friction Stir Welding (FSW) [3-5]. FSP is a green
and energy efficient technology because, during FS process,
heat is produced from friction and plastic deformation
without any noise or gaseous emission, as in conventional
welding processes. FS processing results in a defect-free
recrystallized zone with fine-grained microstructure. FS
processing produces significant changes in regions close to
the processed zone, without affecting the base metal [6]. Due
to the frictional force and heat produced, the substrate metal
is extruded and forged behind the tool forming a surface
coating over the surface of the substrate metal. The type of
tool material selected, its size, and tool profile play a key role
in determining the quality of the weld. Mahmoud et al. [7]
employed FSP to disperse SiC particles uniformly onto the
surface of A1050-H24 aluminium alloy. Microstructural
characterization of the developed surface composites indi-
cated that SiC particles were dispersed uniformly onto the
aluminium surface with the aid of square profile tools when
compared to other profiles. Outstanding hardness, high
melting point, high resistance to chemical agents, and high
neutron absorption pave the way to the boron carbide (B,C)
being acceptable in the fields of nuclear applications,
lightweight armors, and fast breeders [8]. Nuclear industries
use boron carbide extensively due to its high neutron ab-
sorption [9].

From the comprehensive literature survey, it was found
that difficulties involved in liquid phase technique have led
to the evolution of solid-state processing approach. Most of
the researchers’ studies on FSP are related to aluminium
alloy, copper, stainless steel, and magnesium alloy com-
pacted with and without carbide, nitrides, and oxide par-
ticles. It was found that there is no work related to
fabrication and characterization of cupronickel (90% Cu and
10% Ni) (CuNi) alloy based surface composite processed
through FSP. The proposed research explores the micro-
structural properties, mechanical properties, and dry sliding
wear behavior of CuNi surface composite reinforced with
B,C processed using green and energy efficient FSP
technique.

2. Experimental Procedure

Commercially ~ available =~ CuNi  sheet  of  size
100 mm x 50 mm x 6 mm was selected as matrix material in
the current study. From the results of optical emission
spectroscopy analysis, nickel (11.43 wt%) is the major
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alloying element together with 0.03 wt% Zn, 0.79 wt% Mn,
and 1.20 wt% Fe, and the rest is copper. As received, CuNi
matrix and the reinforcement (B,C) are shown in Figure 1.
The square groove of 100 mm length, 2.5mm depth, and
0.7mm width was made at the center of each plate
employing wire EDM for adding the B,C ceramic particles.
Two-stage friction stir processing of the plates was carried
over employing primitive made FSW. Initially, tungsten
carbide pinless tool helps to close the groove so as to avoid
B,4C ceramic particles spilling out during FSP. In the sub-
sequent stage, a FSP tool made of the same WC material,
with shoulder diameter of 25 mm and taper pin profile with
pin tip diameter of 3 mm and pin root diameter of 5mm to a
span of 3mm, was used. The FSP procedure to produce
surface composite is schematically shown in Figure 2.

The FSPed specimen of size 10 mm x 50 mm X 6 mm was
prepared from FSP plates by sectioning. The FSPed samples
were polished and etched with several emery papers. The two
types of etchants used in the friction stir zone are (i) Kalling’s
reagent (an optimized composition of CuCl, HCI, and
ethanol, with the soaking time being 30 seconds) and (ii) a
combination of FeCls, ethanol, and HCI which was exposed
for 40 seconds. Macrostructure analysis was exposed using
digital image scanner, and an image analyzer was used to
measure the surface area of the composite. The micro-
structures of the FSPed samples were studied using optical
microscope and FESEM. The microhardness of the devel-
oped surface composites was studied at different areas like
thermomechanically affected region, heat affected region,
and stir region. The parameters used for microhardness tests
are load of 300 g and dwell time of 20 seconds. Dry sliding
wear test was performed with ASTM G99-04 standard to
study the friction, and wear of the developed surface
composites under the condition of 30 N was applied. The
other parameters considered for the dry sliding wear tests are
sliding velocity and sliding distance of 1.5m/s and 2500 m.

3. Results and Discussion

The rotating tool consists of a pin of required diameter and
length, and a concentric outsized diameter shoulder. Both
the pin and shoulder control the penetration depth along the
plate. When the pin tool contacts the matrix metal, the
shoulder of the tool decides the depth of the pin. The contact
between the shoulder and the matrix metal causes a forging
force that leads to generation of localized fractional heat to
soften the parent material and mixes the hard particles with
the help of pin protrusion. During FSP, the tool is rotated at
the required speed, and the plate to be processed moves
(traverse speed) against the rotating tool to complete a pass
in the selected area. While transporting the parent metal
from the advancing side to the retreating side, hot working
action takes place due to the tool rotation.

To study the influence of stir tool rotational speed on
CuNi/B4C surface composite, probable trials were done with
several varying speeds. The optimized rotational speed is
from 1000 rpm to 1400 rpm (with an increment of 200 rpm),
while fixing the other parameters (traverse speed = 30 mm/
min, groove width=0.7mm, axial load=6kN, carbide
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FIGURE 2: Friction stir processing and different stages: (a)
preparation of groove; (b) charging the groove with ceramic
particles; (c) processing via tool without pin; (d) processing via
tool with pin; (e) processed plate.

particle content B,C). Some of the defects like tool dragging
insufficient plastic flow and cracks were also found during
trials as shown in Figure 3. The attainment in the FSP is the
formation of smooth crown appearance, which is achieved
through the above set of parameters.

Based on the stir tool geometry and selected process pa-
rameters, the level of quality can be measured. During pro-
cessing, the bulk material was subjected to severe plastic
deformation and hardened due to repeated cycle. Figure 4
shows the level of distribution of heat generated during the
process (using FLIR T1K infrared (IR) camera). It indicates that
the maximum heat generated at stir zone while processing is
approximately 734°C and down to a minimum of 166°C. The
phase transformation of CuNi alloy starts from 1100°C, and
thus the change in surface of the material is a mechanical fusion.
It leads to surface hardening and strain hardening through
plastic deformation with reference to stir tool plunge area.

3.1. Macrostructure of CuNi/B4C Surface Composites. The
variation of the stirred area with reference to various tool
rotational speed is shown in Figures 5(a)-5(e). The

FIGURE 3: Defects that occurred during FSP trial: (a) tunnel defect;
(b) tool dragging; (c) crack formation.

582.9°C

MAX MIN
734.0 il g

FIGURE 4: Thermal image of the stir zone during surface processing
of CuNi with a reinforcement of B,C particle at 1200 rpm.

parameters like tool plunge shoulder, groove width, and
traverse speed of the process were kept constant. The
movement of tool shoulder on the CuNi substrate results in
the formation of frictional heat. The total frictional heat
produced during the FSP depends upon the tool rotational
speed. When the tool rotational speed was low, the formation
of surface on advancing side and retreating side was found to
be the same as shown in Figure 5(a). When the spindle speed
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FIGURE 5: Macro images of CuNi/B,C surface composite at tool rotational speed of (a) 1000 rpm, (b) 1100 rpm, (c) 1200 rpm, (d) 1300 rpm,

and (e) 1400 rpm.

was increased, there was a maximum drag force on the ad-
vancing side which stretched along the retreating side. When
the tool rotational speed was raised, the stir surface area
started to diverge as shown in Figures 5(b)-5(e). The effect of
the whirling speed was pronounced at the top side of the
groove, and it was neutral at the bottom of the groove. This
can be confirmed by the macro images in Figures 5(b)-5(e).
The amount of plasticized material and the flow of the ma-
terial directed towards the stir area depend upon the
movement of the FSP tool and the heat generated during the
process. The FSP tool progress and frictional heat generated
rely upon the process parameters such as FSP spindle (tool
rotational) speed, traverse speed, and groove width. The
above-selected process parameters produced defect-free CuNi
reinforced B,C surface composite.

The frictional stir area produced with respect to various
tool rotational speeds at constant traverse speed, groove
width (S=30mm/min, W=0.7mm), and B,C particles is
shown in Figure 6. It can also be concluded that the frictional
area was increased when the tool rotation speed was in-
creased. There was an increase in plasticized CuNi at the FSP
area as shown in Figures 5(a)-5(e) which is due to the high
frictional heat generation resulting from the increase in the
tool rotation speed. From the above observations, it can be
concluded that there was an increase in FSP area when the
tool rotation speed was increased, which matches the results
suggested by [10].

3.2. Microstructure Analysis. The optical microscopic studies
of different tool rotation speeds were carried out for studying
the presence and distribution of carbide particulates in CuNi
matrix as shown in Figures 7(a)-7(e). Onion ring-like
structure formation is a prominent feature of FSP which is
because of the generation of frictional heat produced during
the spindle rotation, and the forward motion of tool forces
the matrix material around the retreating side of tool. Woo
et al. and Chaitanya et al. [11, 12] concluded that the onion
ring structure formation is mainly due to proper selection of
process parameters during the FSP. During the FSP of CuNi/

44 1 S =30 mm/min
W =0.7 mm
C=B,C
42 4
):
g
S 40 -
-
<
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w
=~
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FIGURE 6: Variations in stir area of CuNi/B,C surface composites as
a function of tool rotational speed.

B,C surface composite, the presence of onion ring-like
structure can be clearly seen when the tool rotational speed is
1200 rpm at 30 mm/min traverse speed for a groove width of
0.7 mm. During the stir process, carbide particles are uni-
formly distributed within the base metal in various zones
including dynamically plasticized stir zone. The FSPed
samples were further investigated by spectroscopic analysis
(multipoint and mapping), and the results are shown in
Figures 8 and 9. The XRD spectra are shown in Figure 10,
which confirms the absence of oxides on the FSPed area. The
lack of formation of third phase at the stir zone indicates that
FSP is a useful technique for the fabrication of CuNi/B,C
surface composite.

3.3. Grain Size Analysis. The grain refinement zone in the
FSPed zone was studied using OM and FESEM micrographs,
and it is shown in Figures 11 and 12. The presence of particle
distribution and the bonding of the bulk material can be
visibly seen. The composite layer was bonded well with CuNi
alloy substrate, and no defects like diffusion crack or lack-of-
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FI1GURE 7: Optical microscopic images of stir zone at various tool rotational speeds of (a) 1000 rpm, (b) 1100 rpm, (c) 1200 rpm, (d) 1300 rpm, and
(e) 1400 rpm.
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Figure 8: EDS (multipoint) analysis of FSP sample indicating reinforcement of B,C particle in CuNi alloy.
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FIGURE 9: Electron image mapping of FSP sample indicating reinforcement of B,C particle in CuNi alloy.
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FiGure 10: XRD analysis of FSP sample indicating the dominating FiGure 11: Optical micrograph showing interface zone between
peaks of reinforced carbide particle and base material. CuNi alloy substrate and CuNi/B,C surface composite layer.
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FIGURE 12: FESEM micrograph showing interface zone between
CuNi alloy substrate and CuNi/B,C surface composite layer.

penetration are visible. Figure 13 shows that B,C particles
appeared at the grain boundary junction (triple point),
which confirms the pinning effect along the grain bound-
aries. The parent material shows a fine grain structure with
grain size of ~60um, and it gets significantly reduced to
~5 ym at stir zone, which results in good bonding between
the particulate and the parent material. When the tool ro-
tates at the stir area, there is a change in metallurgical
properties. Figures 14 and 15 show the optical micrographs
of the interface between the SZ and TMAZ. Due to the
generation of the frictional heat during the FSP, the strain
induced plastic deformation of the material which is caused
by the tool movement in the soft region, which results in the
formation of elongated grain structure in TMAZ zone. The
above phenomenon is due to the temperature gradient at
different regimes during the FSP [13, 14]. Plastic defor-
mation of the grains resulted in the formation of high-
density subgrain boundaries. Due to the generation of the
frictional heat between the matrix, reinforcement, and stir
tool, the adjacent region undergoes extensive changes in
grain structure, which is described as TMAZ and HAZ as
depicted in Figures 14 and 15. The thickness of each zone
varies according to the tool rotational speed.

3.4. Microhardness Survey of FSPed Composites. The
microhardness of the FSPed composites is shown in Fig-
ure 16. The result of hardness clearly indicates that the fine
dispersion of carbide particles resulted in increase of
hardness value. When the amount of carbide particles was
reinforced at low level, the microhardness of the composite
decreased. Thus, an optimum friction stir process at tool
rotational speed of 1200rpm resulted in better micro-
hardness properties. When the tool rotation speed was at
maximum level (1400 rpm), a minor increment of hardness
was observed which is due to the increased fragmentation of
particulates.

3.5. Wear Rate Evaluation. Sliding wear behavior of FSPed
samples was investigated using pin-on-disc machine. The

Ficure 13: FESEM micrograph showing good interfacial bonding
between parent metal and carbide particulates in the stir region.

FIGURE 14: Optical micrograph representing stir zone/TMAZ
interface.

FIGURE 15: Optical micrograph representing HAZ/base metal
interface.

pin material selected was FSPed material, and High Chro-
mium High Carbon (HCHC) steel was used as disc. Wear
rate of the FSP composite was based on the height change of
the specimen prior to and after the test. It was found that the
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FIGURE 17: Variations in the wear rate of CuNi/B,C surface composite as a function of tool rotational speed.

distribution of hard particle in CuNi matrix material had
influenced the trend to increase the wear rate with respect to
stir speed. The concentration of hard particle at surface
modified region will increase the hardness of the composite,
and simultaneously wear rate will be decreased as depicted in
Figure 17. However, at higher speed, the particles are par-
tially clustered and induce the matrix material to worn out in
the form of abrasion. The pin material gets ploughed during
the wear process, and the debris formed were found ad-
hering to the disc. Due to this, three-body wear mechanism
started operating, and friction increased over the proposed
experimental design. To study the wear mechanism, worn
surface morphology was carried out, and the FESEM images
are shown in Figures 18(a)-18(c). After wear studies, FSP
pin debris were collected during the wear, and the same was
observed under FESEM to identify the wear mechanism.
At 1000 rpm, the distribution of particle reinforcement
was nonuniform when compared to 1200 and 1400 rpm. It is
clear that the matrix material can hold limited amount of

particle at confined zone (over onion ring) and another
region is left free. Figure 18(a) shows the matrix after wear
studies indication of less wear scars. Figure 18(b) shows
slight wear scars along with abrasive grooves while
Figure 18(c) shows severe wear over the track of the pin
drive. Figure 19 shows that the real morphology of the
worn pin was mapped with the support of spectroscopic
analysis. The matrix material with particle reinforcement
was clearly seen with naked eyes. The dark blue colour
shows the distribution of B4C, and mixed red/green shows
the presence of matrix material at a tool speed of
1400 rpm.

Microscopic images of the wear debris collected for (a)
1000 rpm, (b) 1200 rpm, and (c) 1400 rpm are shown in
Figures 20(a)-20(c). When tool rotational speed increases,
interparticle distance also increases, which can be attributed
to severe plastic deformation of the base metal. The matrix
material removed from the pin is found adhering over the
disc surface, and on continued processing, the adhesive
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FIGURE 19: Spectroscopic image (mapping) showing the worn out surface of CuNi/B,C surface composite at rotational speed of 1400 rpm.

debris were sliced out in the form of flakes. These flakes were
CuNi matrix material in the form of thin film-like structure

which has been detached from the surface du

e to heat

generation as a result of friction developed. Adhering debris

over the disc has highly influenced the wear-friction relation.
Thus, the mechanism involved during the pin on disc sliding
wear is of abrasive nature resulting in ploughing of matrix
material.
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F1GURE 20: FESEM images of the wear debris collected for (a) 1000 rpm, (b) 1200 rpm, and (c) 1400 rpm.

4. Conclusions

In the current study, CuNi/B,C surface modified composites
were fabricated via FSP, and the influence of tool rotational
speed on macrostructure, microstructure, grain size analysis,
microhardness, UTS, and wear studies was investigated. The
following conclusions can be drawn:

(i) The maximum heat generated at stir zone was found

concentration of hard particle reinforcement is
found dispersed over the larges, and the hardness is
found to drop from 223 HV to 178 HV gradually.

(iv) The wear rate of CuNi/B,C surface composites

decreased with the increase in tool rotational speed.
The worn surface morphology shows the presence of
tiny size of wear debris at higher tool rotational
speed up to optimized value of 1200 rpm. There was

to be 734°C, and the change in surface of parent
metal is a mechanical fusion. Optical and FESEM
micrographs, EDS, and XRD pattern clearly reveal
the presence and the distribution of B,C hard
particles over CuNi parent metal.

(ii) With respect to rotational speed, the variation in the

FSPed area has been noticed. For a maximum ro-
tation speed of FSP tool (1400 rpm), the mechanical
action of the material found is severe, and the stir/
modified area is found to increase (43 mm?). Sub-
sequently, for minimum rotational speed
(1000 rpm), the surface area is found to reduce to
36.6 43 mm”. This is due to the whirling effect and
the mechanical strain on the FSP area.

(iii) The microhardness of CuNi/B,C surface composites

is decreased when the tool rotational speed in-
creases, which is due to the interparticle distance. As
the FSP rotational speed increases, the

an increase in size of the wear debris when the tool
rotational speed increased to 1400 rpm.
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Thermal-sprayed coatings are widely used in various oil and gas industries for wear and corrosion applications. However,
increasing performance and requirements make conventional coatings inadequate for future needs. Furthermore, the heat
conductivity of bulk materials cannot be minimized easily. Therefore, the use of low porous coating with nanocomposite doping is
an effective way to produce coatings with reduced thermal conductivity. Plasma-sprayed Al,O;-TiO, coatings are found in a wide
range of applications recently in many industries because of their exceptional properties including low expenses and ease of
availability. In this work, the wear-resistant and low porous coatings of Al,O3 + 3 wt%TiO, and respective carbon nanotube (CNT)
doped coatings are prepared and characterized. The coatings are deposited on the AISI 1020 steel substrate using air plasma
spraying. The impact of CNTs reinforcement on the percentage of pores and wear performance of coatings is investigated. Also,
wear tracks morphology is investigated to determine the wear mechanism that is responsible for the wear of coatings. From the
analysis, it is observed that the formation of cracks as well as micropores is decreased by the addition of carbon nanotubes.
Moreover, uniform CNT distribution and good adhesion of coatings with the substrate are the major factors that improve the wear

performance of the coated surface.

1. Introduction

Surface engineering plays a vital role in the reduction of wear
as well as corrosion-induced damages in hi-tech industries
[1, 2]. Material degradation in the service span of thermal
engineering is not only disruptive but also inexpedient to the
economy of production. To overcome these issues, re-
searchers have developed a protective shield for covering the
material of engineering components with feasible ceramic
powder coatings. It will prolong the lifespan of a material
when the coating is proved to be mechanical (high toughness
and high hardness) and resistant to wear damages [3].
Various studies on ceramic coatings have been conducted to
determine the mechanical properties as well as the wear
resistance on the material surface. These investigations
revealed that the wear resistance is greatly influenced by the

factors such as hardness, the grain size of powder, binder
phase content, phase distribution, toughness, and the
coating microstructure [4]. However, because of its excellent
chemical strength, ceramic materials are also extensively
used in different structural applications. The main key at-
tribute of ceramic coatings is to provide wear resistance in
order to achieve high hardness strength. As a result, ceramics
have been increasingly utilized in the form of coatings on
metallic surfaces to attain stable material characteristics
[5-7]. Ceramic coatings are deposited on the surface of the
metal substrates through deposition techniques. Of these,
plasma-based thermal spraying (i.e., air plasma spraying,
APS) is the most popular method adopted for coating de-
position under high temperatures and harsh environments.

Thermal barrier coatings (TBCs) are significantly used
nowadays to defend the hot section components of aircraft
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engines from wear, erosion, pores, and other severe thermal
degradations. An average temperature range of about 80°C
and hot-spot temperature of 170°C have been reduced in the
turbine blades with 250 ym thickness thermal-sprayed coat-
ing [8]. Plasma-sprayed TBCs are typically applied to increase
the resistance of heat engines against wear and corrosion at a
room/high temperature. The most frequently used plasma-
sprayed feedstock powders in thermal barrier application are
alumina-titania (Al,05-TiO,) and yttria-stabilized zirconia
(YSZ). In recent decades, alumina-titania feedstock con-
taining 3, 13, and 40 wt% compositions of titania are com-
monly used rather than plain alumina-titania powders.
During spraying, these composites are heated up to 4,000°C
and accelerated to several hundred m/s in a chemical dynamic
environment of plasma-making gases and the surrounding
atmosphere [9]. At this condition, the feedstock experiences a
high thermal load, in addition to high mechanical load upon
reaching the substrate. These extreme conditions can lead to
substantial variations in the chemical and microstructural
composition of coatings as compared to the feedstock
powders and contribute to changes in coatings microstructure
[10]. Additionally, alumina-titania coatings are popular due to
their sliding wear resistance owing to their excellent me-
chanical properties. As wear undergoes aggressive corrosion
at higher temperatures, the coating should be prepared in
such a manner as to withstand wear and corrosion at the same
time. On the other hand, TBC characteristics are mainly
affected by the pores formed in the microstructure of coatings
during spraying. Hence, several experiments are performed to
identify the relationship between processing methods, po-
rosity, and microstructure, resulting in properties including
heat conductivity, thermal shock resistance, microhardness,
fracture toughness, and so on [11, 12].

Porosity is identified as an important feature for cor-
rosion and wear that influences the life span of hot com-
partments. The presence of pores in the coating is required
not only for thermal conductivity reduction but also for the
compensation of stress resulting from expansion because of
temperature variations and heat effects [13, 14]. Neverthe-
less, in some cases, pores cause air penetration and gas
combustion, which in turn create metal corrosion inside the
parts of turbine engines [15]. Therefore, porous optimization
on the top coat is significant to enhance the thermal
properties for the entire lifetime of the product. The study in
[16] indicated that the residual stress of coatings steadily
upsurges from 60 MPa compressive stress to 40 MPa tensile
stress along with the rise of porosity from 14% to 17%. Also,
the authors of [17] investigated the impact of both thermal
conductivity and porosity in coated surfaces. It is found that
increasing the porosity could block the heat transfer between
coating layers. However, low porosity would eliminate the
resistance towards corrosion. The study in [18] pointed out
that the reduction in thermal conductivity is possibly due to
interlamellar pores occurring in the coated regions. Fur-
thermore, it also occurs because of the limited character-
ization of porous shape and size, total porosity, and
distribution of pores in thermal coatings.

The thickness of thermal-sprayed coatings normally
ranges between 300 and 400 yum. Numerous studies revealed
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that within a certain limit, the thick coatings maintain better
wear resistance as well as porosity compared to thin coat-
ings, which extends the product lifetime accordingly [19, 20].
However, thick coatings may create micropores, delami-
nation, cracks, and improper mechanical bonding [21, 22].
Likewise, larger internal stress and other aspects will make
the thick coating peel off from the coated surface [23]. Thus,
thick coatings are usually difficult to be applied in practice.
Wear-out failure is another main damage formed in the
layers of the material substrate. Moreover, the microstruc-
ture characteristics and the wear resistance layer look un-
even due to the granularity of ceramic powders. To
overcome these drawbacks, the coating powder is mixed
with reinforcement components that withstand wear and
corrosion. In this research, Al,O;+3wt%TiO, ceramic
powder is reinforced with CNT nanocomposite for im-
proving the overall wear resistance and reducing the po-
rosity of coatings [24, 25]. The addition of carbon nanotubes
is an effective way of improving the mechanical properties
and tribological performance of ceramic coatings. Due to
their excellent mechanical, electrical, and chemical prop-
erties, CNTs possess high tensile strength and stiffness [26].
So, CNTs applied as an additive to increase the performance
of a ceramic coating in high-level industries.

Thermal barrier coatings are frequently used in heavy-
duty, high-speed industrial applications for equipment
protection. An integral part of TBC in a metallic substrate is
to prevent the formation of large pores to reduce heat
insulation and thermal stresses. However, accurate pre-
diction of porosity is highly complex because of the
challenging porous structure and the ultrathin thickness of
the coating. In this paper, a conventional ceramic powder
ALO3 + 3 wt%TiO, along with 1%, 3%, and 5% CNT-doped
combination of Al,O; + 3 wt%TiO, ceramics was prepared
and fabricated on the sample steel substrate via air plasma
spraying deposition technique. The mechanical and wear
characteristics of the coated substrate using these powders
are studied and investigated. The main objective of this
research is to analyze the wear response and porosity of
coatings prepared with conventional ceramic and carbon
nanotube mixed powders. Moreover, it investigates the
influence of ceramic as well as CNTs reinforced ceramic
coatings deposited on the substrate. The microstructure
and tribological properties of thermal-sprayed coatings are
also systematically analysed, and the wear mechanism has
been determined.

2. Experimental Methodology

2.1. Materials. The coatings are deposited on the AISI 1020
steel substrate of dimension 65 x 55 x 5mm. This is a me-
dium-carbon steel substrate composed of 0.25-0.50% car-
bon, 0.60-1.65% manganese, 0.4% (maximal) phosphorous,
and 0.5% (maximal) sulphur. Carbon steels are extensively
used for large industrial applications. AlL,O;+ 3 wt%TiO,
powder with a particle size distribution of about 18-56 ym is
taken for coating deposition. This feedstock powder is ob-
tained from Metallizing Equipment Co. Pvt. Ltd, Jodhpur,
India. In a typical thermal barrier coating system, two layers
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are applied on the surface of the substrate, namely the bond
coat and the top coat. Therefore, AL,O3 + 3 wt%TiO, ceramic
powder is taken for deposition of the top coat, and Ni-5%Al
or Ni-5%Cr ceramic powders are taken as bond coat ma-
terial. The substrates are coated with both conventional
ceramics as well as nanocomposite incorporated ceramics.
For nanocomposite incorporated powder preparation,
multiwalled carbon nanotubes (MWCNTSs) are obtained
from United Nanotech Innovations Pvt. Ltd., Bangalore,
India. The physical properties of MWCNTSs include 25 ym
outer diameter, 10 microns length, >98% purity, 220 m*/g
specific surface area, and 0.14 g/cm’ bulk density. The blend
of alumina-titania feedstock is subsequently mixed with 1%,
3%, and 5% MWCNTs of approximate diameter 25 ym and
length 10 microns for 8 hours at 100 rpm speed to produce
the reinforced ceramic composite powder. Agglomeration of
powders during blending is avoided using hardened steel
balls in the ball milling chamber. It has been learned that up
to 5wt% SiO,-MgO-coated MWCNTs were added with
polymer for coating purposes [27].

2.2. Substrate Preparation. The AISI 1020 steel substrate is
cut from a steel bar of width 55mm and thickness 5 mm
using a power saw. A surface grinder Alex NH 500 is used to
remove the oxide from the top and bottom surfaces of the
substrate and produce 0.1 ym roughness to the surfaces. The
top surface of the substrate is grit blasted inside a suction-
type cabinet of the grit-blasting machine with alumina grits
of mesh size 24 at 100 psi air pressure, and a stand-off
distance of 125 mm. This will provide a surface roughness of
5um thick, which is essential for achieving superior me-
chanical anchorage between the substrate and the bond coat.
The oxide layers formed during the time gap between surface
grinding and grit blasting processes are removed at the final
stage of grit blasting. The grit blasted surface is then sub-
jected to ultrasonic cleaning in the isopropanol bath for 10
minutes in order to remove the unwanted dirt particles from
the surface. Before bond coat deposition, the wet substrate is
then thermally preheated for 150-200°C using a plasma gun
with argon/nitrogen as the plasma gas. This will remove oil,
grease, water vapour, and foreign particles and present a
clean and nascent substrate surface for the bond coat de-
position. The temperature variations throughout preheating
are monitored via a noncontact instrument called an optical
pyrometer.

2.3. Plasma Spraying. The conventional ceramic powder of
AL O3 +3wt%TiO, and its corresponding CNT-doped
mixtures are deposited as the top coat on the steel substrate
using the plasma spraying technique. The schematic diagram
of plasma-sprayed coating is depicted in Figure 1. Before the
top coat deposition, the substrate is coated with an inter-
mediate adhesion layer called a bond coat. Ni-5%Al or Ni-
5%Cr composites are applied as the bond coat onto the
substrate material. The coatings are deposited onto the
substrate using a Sulzer Metco 3MB plasma gun fixed on a
CNC X-Y table. The plasma gun uses argon and hydrogen as
the primary and secondary gases, respectively. The process

parameters of the coating deposition influence the output
voltage and arc power per unit hydrogen gas flow rate. A
spray angle of 90° is maintained for coating all types of
powder composition. Two auxiliary air jets are placed
parallel to the plasma flame to cool the substrate during
deposition and remove the weakly bonded and unmelted
powder particles. The bond coat and the top coat are de-
posited with a thickness of about 100-150um and
250-350 ym, respectively.

2.4. Microstructural Characterization. Cross-sectional sam-
ples of dimension 10x5x5mm are cut from the coated
sample using a low-speed diamond saw (150 low-speed dia-
mond saw, MTI Corporation) for examining the mechanical
properties and microstructural characteristics of coatings. The
surface characterization of samples is analysed using two
microscopes, namely Zeiss Supra 40 field emission scanning
electron microscope (FE-SEM) and Zeiss scanning electron
microscope (SEM). Before taking SEM, the cross-sectional
sample inserts are subjected to thermoplastic cold mount with
Geosyn cold mounting compound powder and liquid pro-
cured from Geologists Syndicate Private Limited, Kolkata,
India. The cold mounted sample inserts are then allowed for
surface polishing with three different substances such as SiC
abrasive paper (220, 400, 600, 800, and 1,000 grades), diamond
paste polishing (grade range 8, 6, 3, and 1 micron), and velvet
cloth fixed auto polisher (Struers, LaboPol-21).

2.5. Porosity Measurement. Thermal-sprayed coatings are
vulnerable to porosity formation because of the improper
fusion between spray substances or gaseous expansion gen-
erated on spraying. Therefore, porosity determination is es-
sential in order to observe the effects of variable spray
parameters and the appropriateness of coating for its intended
purpose. Based on the type of application, low volume or none
of the porosity might be endurable. The porosity measurement
in this work is carried out as per [29] procedure.

2.6. Wear Characterization. Wear tests have been per-
formed on as-sprayed coatings using Ducom tribometer
(wear and friction monitor: TR-20-M24) under different
loading conditions (0.5-1.5kgf) with sliding velocities
(0.17-0.5m/s) for a constant sliding distance of 300 m.
Tungsten carbide balls of 6 mm diameter are used as the
counter bodies for all tests. The weight loss in the coatings
after the wear test is assessed by comparing the weight of
samples before and after the wear test with an electronic
balance (Mettler Toledo Classic Plus, AB265-s/Fact). The
debris formed on the samples during the wear test is
manually removed by blowing air while measuring the
sample weight after the wear test. The wear test is con-
ducted three times for each load and speed condition to
confirm the consistency of results. Furthermore, average
weight loss and standard deviation are calculated. It is to be
noted that the wear tests are performed in compliance with
ASTM G99-05 standards.



PLASMA SPRAY PROCESS

[+
n
‘ | Arc
. Anode
- +
Cathode
Water Ar,H, Water

Advances in Materials Science and Engineering

Substrate

» M(:lteniPartiae.

FiGure 1: Schematic diagram of plasma spraying technique [28].

3. Results and Discussion

3.1. Coating Thickness. The cross-sectional micrographs of
CNTs reinforced Al,O;+3wt%TiO, coatings showing
coatings thickness are shown in Figure 2. It can be seen from
Figure 2 that the coating thickness of the top coat and bond
coat are quite different. The average thickness of the top coat
is varying in the range of 474-505 um (Figures 2(a)-2(c)),
and the bond coat is obtained with a thickness ranging from
42 to 49 ym. It can also be observed that the adhesion be-
tween the coatings and the substrate is very good, and no
cracks were noticed. The EDX analysis of AlL,Oz+3wt%
TiO, + 5% CNTs reinforced coating is shown in Figure 3, and
the presence of Ti, C, Al, and so on can be seen in the coating
microstructure. Also, the white flakes in the microstructure
represent alpha-alumina whereas the sharp edge portions
represent titania (Figure 3).

3.2. Phase Analysis. The X-ray diffraction (XRD) patterns for
AL O3 +3wt%TiO, composite coatings obtained with and
without CNTs reinforcement are shown in Figure 4, and the
presence of Al,O; and TiO, phases and CNTs can be seen
clearly. Through EDX and XRD analysis, the presence of
these phases in the coating microstructure has been con-
firmed. It is to be noted that the alpha-alumina present in the
coating resists high-temperature intrusion, and the titania is
present in the form of rutile titania. It can be observed that
the intensity of peaks in the XRD pattern representing TiO,
and CNTs is very small as their percentage composition is
very less. It can also be seen that the presence of CNTs
cannot be seen in the 1% CNTs reinforced coatings due to
the smaller volume proportion. It can be observed from the
intensity of the phases that the phase distribution is similar
in all four types of coatings with slight variation in their
quantity.

3.3. Porosity Measurement. Figure 5(a) shows the micro-
structure of Al,O;+3wt%TiO, coating without adding
CNTs, and Figures 5(b)-5(d) show the microstructure of

coatings obtained after the addition of CNTs in 1 wt%, 3 wt
%, and 5 wt%, respectively. It is observed from Figures 5(a)-
5(d) that micropores are present in the coating micro-
structure with different sizes. The size of the pores and the
number of pores per square millimeter were analysed using
MetImage LX software and shown in Figures 5 and 6. It was
found that the addition of CNTs reduced the porosity level in
the coatings, and this is due to the fact that CNTs are oc-
cupying the micropores and resulting in the reduction of the
overall porosity percentage.

The variation in porosity in all the coatings is shown in
Figure 6. The presence of micropores in size ranges
(0-10pym) occurred more on all coated samples, and
gradually, pore volume decreased with an increase in pores
size. It can be observed that the 1% CNTs reinforced coating
exhibited fewer pores formation than the other coatings,
whereas the 3% CNTs reinforced coatings have more pores
per square millimeter (see Figure 6). Furthermore, in 5%
CNTs reinforced coatings, the number of pores per square
millimeter have been decreased. The coating microstructures
and Metlmage analyzer results indicate that 1% CNTs re-
inforcement is sufficient for a homogeneous distribution in
AlL,O3+ 3 wt%TiO, coating, and this can reduce the for-
mation of pores in the coating microstructure effectively.
The nonuniform melting and distribution of CNTs in the
coating increase the percentage porosity in the coatings. The
agglomerates of CNTs in the coating may cause nonuniform
CNTs melting and thus resulting in a higher percentage of
porosity. It has been observed in previous works also that
just the nominal addition of CNTs has supported the alu-
mina to retain the liquid state for along time and develop the
good distribution of alumina in CNTs reinforced alumina-
titania composite coatings [30]. It can also be observed that
the higher coating thickness has resulted in a higher number
of pores formed in the coating microstructure.

3.4. Wear Characteristics. The wear tests are conducted at
three different load and speed conditions with a constant
sliding distance of 300 m using a steel ball at room tem-
perature. The wear characteristics of the coatings are shown
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FiGUure 2: SEM micrograph of cross section showing coating thickness of (a) Al,O3;+ 3 wt%TiO,+ 1%CNTs reinforced coating, (b)
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FIGURE 3: SEM micrograph of AlL,O; + 3 wt%TiO, + 5% CNTs reinforced composite coating surface with EDX.

in Figure 7. At 0.17 m/s sliding speed, it can be observed 3.6 mg (Figure 7(a)), whereas for CNTs reinforced coatings,
that the weight loss of alumina-titania composite coating  the weight loss is changing from 2.5 to 3.4 mg. It can also be
without CNTs reinforcement is ranging in between 3.1 and  seen that in all the coatings, the weight loss is gradually
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FIGURE 5: Optical micrographs of (a) Al,O3+ 3 wt%TiO, composite coating without CNTs reinforcement, (b) AL,O3+ 3 wt%TiO, + 1%
CNTs reinforced coating, (¢) Al,O3 + 3 wt%TiO, + 3% CNTs reinforced coating, and (d) Al,O3 + 3 wt%TiO, + 5% CNTs reinforced coating.
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FIGURE 6: Porosity variation in alumina-titania coatings obtained with and without CNTs reinforcement.

increased with the increase of load except a small decrease
at 1 kgf load in the case of coatings obtained without CNTs
reinforcement.

The wear characteristics obtained at 0.33 m/s sliding
speed are shown in Figure 7(b). At this sliding speed also
the trend of the variation in weight loss with respect to the
load is almost similar. For coatings obtained without
CNTs reinforcement, the weight loss is changing from 3.5
to 4.2mg, whereas for the coatings with CNTs rein-
forcement, the weight loss is in the range of 2.6-4.3 mg. It
can also be observed that there is a short decrease in
weight loss at 1 kgf load in the case of 3% CNTs reinforced
coatings (Figure 7(b)). Figure 7(c) shows the wear
characteristics of coatings at 0.5 m/s sliding speed. At this
highest speed, weight loss is in the range of 3.8-4.2 mg for
the coatings obtained without CNTs reinforcement, and it
shows that wear rate is very much higher at the highest
sliding speed. For CNTs reinforced coatings also, the

weight loss is more, and it is in the range of 2.8-3.9 mg.
Furthermore, there is a short drop in the weight loss at
1kg load in the case of 3% CNTs reinforced coatings
(Figure 8).

However, it can be clearly seen that the weight loss is
increased with the increase in load and sliding velocity. Also,
it can be observed that 1wt% CNTs reinforced coatings
exhibited good adhesion of coating with the substrate and
resulted in lesser weight loss and thereby higher wear re-
sistance. The factors such as hardness, porosity, and fracture
strength might play a significant role in the wear resistance
of coatings. It can also be seen that the weight loss in the case
of 3wt% CNTs reinforced coatings and coatings without
CNTs reinforcement is almost nearer at all load and speed
conditions. Lastly, it can be observed that the weight loss is
more in the coatings without CNTs reinforcement, and the
weight loss is minimum in the case of 1% CNTs reinforced
coatings at all the conditions.
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FIGURE 7: Mass loss measured during the experimentation with Al,O; + TiO, coating for different rotational speeds: (a) Al,O5 + TiO, + 1%

CNT, (b) A1203 + T102 +3% CNT, and (C) A1203 + T102 +5% CNT.

The wear resistance is directly proportional to the
hardness of the sliding surface. For a rotating ball, the
hardness is 85 HRC, and for the Al,O;+ TiO,, it is 65 HRC.
Both the materials are rich in hardness compared to the
substrate material. During sliding experimentation, in addi-
tion to the influence of surface hardness, the frictional energy
generated will highly influence to cause wear. In this research,
the reinforcement of CNT in the the Al,O;+ TiO, has si-
multaneously increased, but in 5%, CNT reinforcement is
maintaining the medium value of surface hardness because of
more ceramic in the specimen. The behavior of CNT in
AlL,O3+TiO, reveals the performance of diamond during
sliding analysis. The maximum wear resistance of 5,800 Nm/

mm?® is recorded for 3% of CNT in ALOs+ TiO,. Wear re-
sistance is also influenced by the process condition such as
applied load and sliding velocity or speed.

3.5. Wear Mechanism. Figure 9 shows the SEM micrographs
of wear track obtained on the worn-out surface of
AlL,O3+ 3 wt%TiO, coatings reinforced with different per-
centage proportions of CNTs. Microcracks and fragments of
coating are observed on the wear track surface (Figures 9(a)
and 9(c)), and more fragments of coating material that came
out and fallen on the nearby coating can be seen in
Figure 9(b). Also, the deep scratch can be noticed, and no
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cracks are observed (Figure 9(b)). The higher fragmentation
of coating and crack formation can be attributed to the poor
adhesion strength and low ductility of the coating. However,
the higher coating thickness and lower percentage porosity
reduced the wear loss of these coatings. However, the 3 wt%
CNT addition has reduced the formation of microcracks and
also the fragmentation of coating, and this can be attributed
to the formation of CNTs bridges in the coating micro-
structure. Similar types of coating fragments were also
noticed on the worn surface by [31].

The SEM micrograph of wear track morphology on the
worn-out coating surface is shown in Figure 10. It can be
observed that there are many microcracks on the worn
surface due to cyclic stresses during the wear tests. The debris

formed in the coating also can be seen (Figure 10(b)). The
uniform mixing of CNT particles melted partially in the
coating could improve the wear resistance of coatings. The
wetting of the CNTs might be one reason for the good
dispersion observed. Therefore, the nanotubes that are
dispersed in the slurry appear relatively uniformly distrib-
uted over the AL,O; + 3 wt%TiO, particle surface. The 1 wt%
CNTs reinforced Al O3+ 3 wt%TiO, coatings are showing
the lower porosity minimizing the defects in the worn
surface as shown in Figure 10(a). It can also be observed that
the wear track width has been increased at a higher load. The
wear debris is seen clearly in the 3% reinforced coatings
(Figure 10(b)), and the cavities formed in the worn surface
are due to the pull-out of coating material. In 5wt% CNTs
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FiGure 10: SEM micrograph of wear track morphology on the worn-out surface obtained at 0.17 m/s sliding speed and 1.5 kgf normal load
for (a) ALLO3 + 3 wt%TiO, + 1 wt% CNT reinforced coating, (b) Al,O3 + 3 wt%TiO, + 3 wt% CNT reinforced coating, and (c) A,O; +3 wt%

TiO, + 5wt% CNT reinforced coating.

reinforced coatings, the cracks can be observed on the worn-
out surface because of higher load and lesser sliding speed,
which resulted in more cyclic stresses in the coating material
(Figure 10(c)).

4. Concluding Remarks

In this work, the characteristics of the plasma-sprayed
coatings obtained with and without CNTs reinforcement are
evaluated and compared. Particularly, the percentage po-
rosity and tribological characteristics of the coatings have
been investigated thoroughly. The following conclusions can
be drawn from this investigation:

(1) In all the coatings investigated, the micropores are
present in their microstructure, and the percentage
porosity is decreased with the increase of the per-
centage of CNTs. This is due to the metallurgical
fusion and surface reaction of CNT with
ALO5 + TiO,. As a result, the metallurgical reaction
between the elements has simultaneously increased
the surface hardness.

(2) The presence of micropores in 1% and 5% CNTs
reinforced Al,O3 + 3 wt%TiO, coatings is minimum,
and it has been noticed that the homogeneous dis-
tribution of CNTs and formation of CNTs bridges in
these coatings have reduced the percentage porosity.

(3) It is also found that the weight loss in the coatings is
more at higher loads and higher sliding speeds due to
more cyclic stresses induced in the coating during
the wear tests.

(4) It is observed that the weight loss is gradually re-
duced with the increase of CNTs reinforcement
between 1 and 5 wt%.

(5) The good adhesion of coating that resulted in lesser
weight loss has been observed in the case of 1% CNTs
reinforced alumina-titania coatings, whereas in other
coatings, very poor adhesion resulting in the for-
mation of cracks has been observed.

(6) However, it can be clearly seen that the addition of
CNTs to the alumina-titania coatings will improve
their wear resistance and make them suitable for
critical tribological applications.
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