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Nanocomposites are being studied for their mechanical, thermal, and water absorption capabilities. Polylactic acid/chitosan
blends have been studied extensively for their physical, mechanical, and morphological properties. Although the three materials
have been blended, no research has been done on the mechanical or morphological properties of PLA/CS/TiC NPs. PLA/CS
bonding is quite deprived, and thus researchers are trying to improve it by introducing TiC NPs; this would improve the
composites’ overall quality (mechanical and thermal characteristics as well as water absorption) by increasing the strength of the
bind between the two materials. +e impacts of TiC NPs on PLA/CS properties are studied using FTIR and XRD and thermal
(TGA) and mechanical investigations. Titanium carbide nanoparticles in the polylactic acid/chitosan matrix increase the me-
chanical characteristics of the materials. As an outcome, the TiC content in the sample rises to 4 wt % even though adding TiC NPs
increased the mechanical properties by up to 2%. +e findings of this study might be applied to the development of envi-
ronmentally friendly casings.

1. Introduction

Renewable bio-sourced components have become more
popular in recent years as a replacement for petroleum-
based goods [1]. To put it another way, a biomaterial is
anything that may be utilized for a long length of time to
cure, enhance, or replace an organ or tissue in the body
[2, 3]. A number of advantages of bio-composite materials
include the capacity for scientists and engineers to alter the

qualities of the material. Chitosan (CS) is a bio-based
polymer that has no genuine petrochemical equivalent since
its inherent qualities are so unique and important. +us, the
fundamental properties of CS allow it to be used for its own
sake. Biopolymers such as chitosan, a commercially available
polymer, have been proven to be useful in the immobili-
zation of certain biomolecules [4]. Hydrogels, films, fibers,
and sponges can also be made with CS. However, the CS
material’s stability is often poorer [5] due to its hydrophilic

Hindawi
Advances in Materials Science and Engineering
Volume 2022, Article ID 5176584, 8 pages
https://doi.org/10.1155/2022/5176584

mailto:venkatesanggg2011@gmail.com
https://orcid.org/0000-0002-9759-7522
https://orcid.org/0000-0002-0063-2978
https://orcid.org/0000-0001-7793-6737
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/5176584


RE
TR
AC
TE
D

nature, particularly its susceptibility to pH.+e introduction
of inorganic particles into CS has proven effective in con-
trolling its mechanical and chemical characteristics [6].
Owing to its biodegradability and excellent mechanical
qualities, PLA is a widely accessible, economically viable, and
environmentally acceptable polymer. Polylactic acid is a
biodegradable, non-toxic, and biocompatible substance that
may be utilized in a variety of applications [7]. As a result,
mugs and teabags may be made from CS because it is re-
newable, non-toxic, edible, and biodegradable. It may be
used to carry food, treat wounds, and more. CS’s water
sensitivity can be modified by mixing it in alternative bio-
degradable polymers, such as poly(-caprolactone) and PLC
[8]. +e hydrophobic characteristics of PLA make it an
appealing alternative for improving the stability of CS. Ti-
tanium carbide, a metal oxide, can be added to the composite
to fix the problem [9]. As a well-known and widely used
ecologically friendly and multifunctional inorganic additive,
titanium carbide nanoparticles (TiC NPs) might be viewed
as a nanofiller for different polymeric substances, giving
features including sterile action or intense UV absorption
[10]. Research on the morphological and mechanical aspects
of PLA/CS mixtures has been conducted extensively.
However, no one study has focused on the mechanical
characteristics and morphological characterization of PLA/
CS/TiC NP blends [11, 12]. Direct precipitation is employed
to create TiC NPs, which are then utilized to create polylactic
acid, chitosan, and titanium carbide nanoparticle com-
pounds bymixing the solution and casting with solvents. It is
widely used because of its wide range of qualities and uses
[13, 14]. Titanium carbide (TiC) rubber vulcanization is a
process in which the rubber reacts to generate mechanisms
that enhance the quality of the goods. In order to activate the
cure, stearic acid was combined with TiC, which also in-
creases flex fatigue and ageing resistance. Because of this,
TiC NPs are frequently referred to be “non-toxic.” A study
by Li et al. [15] found that zinc nitrate (TiC) NPs were
hazardous to E. coli, Staphylococcus aureus, and primary
human immune cells. Identical particles have had little effect
on the viability of primary human T cells at attentions
bactericidal to both gramme positive and negative patho-
gens, despite TiC NPs’ shown ability to suppress growth
[16, 17]. Toxic properties of TiC NPs have been established
for certain bacteria, which opens the door to potential bi-
ological and antibacterial uses. According on its intended
purpose, titanium carbide (TiC) NPs can either be regarded
an industrial chemical or a specialized semiconductor. As an
instance, its high refractile index (1.96–2.12) makes it ideal
for pigment applications. It is also possible to employ the
“active” grades in chemical plant desulfurization operations
because of their high specific surface area [18]. +e con-
trolled precipitation/sol-gel approach is utilized to synthe-
size TiC NPs in this research because it provides a
reproducible result. +e sol-gel technique is favoured due to
its ease of use, low cost, reliability, repeatability, and very
mild synthesis conditions that let to modify the surface of
TiC with certain organic molecules. It may be employed in a
variety of ways because of its ability to modify its features
[19]. A reducing agent is used to quickly and spontaneously

reduce a zinc salt solution in order to limit the formation of
particles of a particular size and then a precursor of titanium
carbide is precipitated from the solution [20, 21]. Next, the
precursor is heated and milled to eliminate any remaining
impurities. pH, temperature, and precipitation time are all
factors that influence the precipitation process [22, 23]. +e
literature survey revealed that tons of work were performed
on the PLA but despite the fact that the three materials have
been combined, no study on the mechanical or morpho-
logical characteristics of PLA/CS/TiC NPs has been done.
PLA/CS bonding is lacking, and thus an attempt was made
to increase it by including TiC NPs. +is would improve the
overall quality of the composites by boosting the strength of
the bind between the two materials.

2. Materials and Methods

Polymer composites are made using the generated TiC NPs.
Next, the compatibility and characteristics of the produced
TiC NPs and the generated polymer compounds are eval-
uated. +ere is a complete list of the TiC NP and compound
characterization tools, as well as the chemicals and proce-
dures used to manufacture them in this section. Experiments
were conducted using substance grade chemicals. Melt flow
index (MFI) is 15 grams per minute at 190°C with specific
gravity of 1.24 grams per cubic centimeter (2.16Kg). As a
reinforcing filler, this study makes use of practical grade 75%
DD chitosan (CS) from Sigma Aldrich. As part of the
synthesis process, water that has been deionized is used as
shown in Figure 1.

2.1. Preparation of Pure PLA, PLA/Chitosan, and Polylactic
Acid/Chitosan/Titanium Carbide NP Composites. To create
a pure PLA composite film, chloroform is used to dissolve
PLA pellets at 600°C in a water bath. Afterwards, the
polylactic acid solution is kept at ambient temperature for
24 hours to let the solvent drain. +e poured solution has
a 100 m thickness. Next, the film is pulled away from the
molding surface and removed. Chloroform solution is
used to combine 10% PLA pellets with 5% CS in order to
create the PLA/CS blend composite. +ere are no pellets
left after the solution is agitated in a water soaked at 60℉
for an hour. It is then dispensed into a Petri plate and kept
at room temperature for 24 hours so that the solvent may
evaporate. Afterwards, the casted solution has a thickness
of around 100 µm. +e film is then removed from the
molding substance. +e TiC NPs (1, 2, and 3wt %) are
dissolved in chloroform with PLA pellets (10wt %) and CS
(5wt %) to create composite materials comprising pol-
ylactic acid, chitosan, and titanium carbide nanoparticles.
+ere are no pellets left after the result is agitated in a
water bath at 60℉ for an hour. Finally, a Petri plate is
used to cast the solution of polylactic acid, chitosan, and
titanium carbide nanoparticles, which is allowed to dry. A
dial thickness gauge, model 7301, was used to measure the
film thickness. Measurements of thickness were made at
several sites. +e depth of all blended flicks was dis-
covered to be about 0.10mm [24]. After that, the casting
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surface is scraped clean of them. Mechanical, thermal,
and morphological aspects of composites are also
investigated.

2.2. Physical-Chemical Description

2.2.1. X-Ray Diffraction (XRD). +e 6000 X-ray machine
manufactured by GE was utilized with Ni clean CuKKα(λ �

1.542Å) energy to investigate the TiC NP’s structural fea-
tures. Nanoparticle crystallite sizes were calculated using
Scherrer’s relation.

+e following calculation was employed to evaluate the
crystallinity to amorphous ratio of various materials.

%Crstalinity �
Imax − Imin

Imax
􏼢 􏼣 × 100, (1)

where D is the crystalline size ( nm ), λ is the wavelength of
X-ray (λ � 1.542Å), β is the full width at half maximum
(FWHM-in radian) intensity, and θ is the Bragg diffraction
angle (∘).

+e XRD analysis scans at a rate of 2∘Cmin−1 at an angle
of 20 − 80∘C in 2θ ranges.

2.2.2. FTIR. A 1725 X spectrometer is utilized for FTIR
spectroscopy. Pellets are formed by distributing, mixing, and
rolling a TiCNP/KBr combination.+e spectral range of TiC
NPs is 4000–280 cm−1. Compound spectrum varied from
4000 cm−1 to 400 cm−1 for the tested materials.

2.3. Mechanical Test. Tensile characteristics of pure PLA and
mixed composite films are evaluated in accordance with ASTM
D882, which calls for a UTMwith a load volume of 10 kN.+e
strain rate was 10mm/min at atmosphere temperature, and the
findings were averaged over four experiments.

2.4. /ermogravimetric Analysis (TGA). +e thermal stabi-
lization of the specimen is evaluated by TGA and a heating
range of 10°C/min in nitrogen atmosphere. Analyzing
around 2mg of each specimen is used to determine the
sample’s weight loss.

2.5. Water Absorption. For each distinct composite,
spherical specimens with a diameter of 6mm are manu-
factured in compliance with ASTM D570. In a desiccator,

the specimens are preserved by drying for one hour at 60°C
and then cooled. After cooling, the samples are weighed
and left in deionized water for 24 hours before being an-
alyzed. +e specimens are taken out, patted dry, and
weighed once they have been removed. Ten days after the
specimens were weighed, they were returned to the water
and weighed again. (2) shows the method for calculating
water absorption, which is given as a weight gain as a
percentage.

Water absorption(%) �
W2 − W1( 􏼁

W1 × 100%
, (2)

where W1 is the dry weight of the sample and W2 is the wet
weight of the sample.

+e findings of this test are based on an average of five
different test specimens.

3. Results and Discussion

3.1. Description of TiC Nanoparticles

3.1.1. XRD. TiC in its pure hexagonal phase has lattice
factors a� 3.2568 and c� 5.2125, which may be used to
determine the source of all these reflections. TiC powder
sample’s standard value and the intensity values observed in
Figure 2 are quite close to each other. It is easy to see that TiC
nanoparticles have great crystallinity because of their sharp
peaks. +e crystallite size is determined by using the plane.
According to Scherrer’s relation, the crystallinity of the
produced TiC NPs is about 87%.

3.1.2. FTIR. Titanium carbide nanoparticles that were
made in the range were 400 cm−1–4000 cm−1 analysed using
Fourier transfer infrared spectroscopy. +e group at
3379.54 cm−1 is caused by stretching atmospheres of the
O-H group in water, liquors, and hydroxybenzenes. Re-
mains of zinc acetate may be responsible for an absorption
peak at 1560.89 cm−1 that is associated with C=O group
carboxylic derivatives. According to [25], the carboxylate
group stretching vibrations at 1410.6 cm−1 were detected. Ti
tetrahedral coordination is responsible for the absorption
at 838.20, cm−1. +e E2 method of hexagonal TiC was
discovered to have a large ring of absorption at 366.72 cm−1

(Raman active). Other TiC NP researchers have reported a
similar outcome.

PLA + CS+TiC NPs
in chloroform

PLA/CS/TiC NPs
Water Bath Solution Casting on

Petri dish

PLA

Figure 1: Synthesis of polylactic acid/chitosan/titanium carbide nanoparticles.
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3.1.3. TGA. Images of the thermogram and its derivatives of
titanium carbide nanoparticles are displayed in Figures 3
and 4. +ermal breakdown of TiC NPs was shown to occur
in a single step by the results shown in Figure 3. While
heating from 175°C to 211°C, there was a little loss of TG
weight (2%). +e water that was physically absorbed by the
body is to blame for this small weight reduction. For up to
700°C, there is no more weight loss to be seen in the subjects.
+is showed that the breakdown product at 211°C completed
the production of TiC nanocrystalline.

3.2. Description of PLA,PLA/Chitosan, and
PLA/Chitosan/TiC Materials

3.2.1. FTIR. +e polymer phase behavior and intermolec-
ular interactions are studied using FTIR. In this work, the
FTIR spectroscopy is used to explore the polylactic acid,
chitosan, and TiC NPs interactions, as shown in Figure 5. On
the other hand, PLA/CS is shown in Figure 6 to demonstrate
the difference between the PLA/CS FTIR spectrum and the
FTIR spectrum with 2, 3, and 4wt % TiC NP loading. As
displayed in Figure 5, the typical absorption groups repre-
sented in the figure are those of OH twisting/elongating, CH
unequal stretching vibration, and C�O stretching vibration.
+ere was also an absorption group at 1450.89 cm−1 in PLA’s
FTIR spectra, which corresponded to the CH stretching in
CH3. But in contrast to this, the polylactic acid or chitosan
materials in Figure 5 revealed distinctive absorption groups
at 3511.62 cm−1 and 2986.32 cm−1, which are owing to
higher wave number stretching vibrations of the OH and CH
after the insertion of CS.+is change showed the presence of
PLA/CS composites that had interacted. +e band intensity
at 2978.25 cm−1 and 1749.72 cm−1 was likewise reduced by
the addition of chitosan.

It is possible that the PLA/CS composite was formed by
the diffusion of CS inside PLA. Figure 6 shows the FTIR
spectrum of polylactic acid, chitosan, and (2 wt %) titanium
carbide nanoparticles. When titanium carbide nanoparticles
are additional to the mixture, the characteristic absorption
groups at 3506.52 cm−1, 2979.77 cm−1, and 1748.82 cm−1,
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Figure 3: TGA of TiC NPs.
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which are induced by OH stretching and bending, CH ir-
regular stretching, and C�O elongating vibrations, are
pushed toward less wave numbers. Some interactions with a
surface resulted in PLA/CS/TiC NP composites. Compared
to polylactic acid or chitosan materials, the intensity of the
2979.77 cm−1 and 1748.82 cm−1 bands improved as well.+is
shows that strong intercomponent interactions and superior
distribution have affected the polymeric chain organization
which is then imitated in the peak intensity.

For PLA/CS/TiC NPs, the FTIR peak intensity coincided
with the intensity at its highest point of the polylactic acid and
chitosan compounds as shown in Figure 5. TiC nanoparticles
in PLA/CS/2 wt % composites enhanced the peak intensity of
the FTIR spectrum. +ere are no PLA or PLA/CS composite
spectra in Figure 7 to compare to the polylactic acid/chitosan
and pure polylactic acid/chitosan spectra.

3.2.2. Mechanical Test. +ese composites’ elongational
break, tensile strength, and tensile modulus all depend on
the optimal distribution and intercomponent interaction of
polylactic acid, chitosan, and titanium carbide nanoparticles.
Polymer matrix-filler interactions are said to improve me-
chanical and thermodynamic characteristics of composites
when highly compatible filler is dispersed in a homogeneous
manner. Tensile and modulus properties of pure PLA ma-
terial deteriorated when carbon fibers were added. Polylactic
acid and chitosan materials with TiC nanoparticles dem-
onstrated a rise in tensile strength and tensile modulus up to
specific loading amounts of TiC NPs. Polylactic acid, chi-
tosan, and titanium carbide nanoparticle compounds’
elongation at break increased steadily up to 3wt titanium
carbide nanoparticle loading.

Figure 8 depicts a typical reaction to stress curve for
PLA/CS compounds loaded with 2 wt % TiCNPs. In order to
determine strength of the compound materials, the ability of

strengthening to transmit stress effectively between the
matrix and filler is critical. +e TiC nanoparticles are also a
nano reinforcement, allowing the matrix and filler to
transmit strain more easily. As indicated in Figure 6(a), the
tensile properties of PLA/CS materials were less than those
of pure polylactic acid composites. PLA and chitosan created
hydrogen bonds between PLA’s C�0 body molecules and
NH3 molecules. +e tensile strength of the PLA/CS material
is a product of chitosan.

Polylactic acid/chitosan’s tensile strength reduced as the
PLA/CS ratio increased; this might be because intra-
molecular hydrogen bonds formed instead of intermolecular
hydrogen bonds, causing phase separation between the two
major components.

Titanium carbide nanoparticle incorporation into PLA/
CS composite outcome is higher in tensile strength of 34% to
46% at a loading of 2wt%. However, increasing the TiC NP
content to 4 weight % decreased the composite’s tensile
strength.

According to Figure 6(b), when pure PLA was combined
with carbon steel, it lost 14% in its modulus of tensile de-
formation. Incorporating titanium carbide nanoparticles
into the PLA/CS materials resulted in a dramatic increase in
tensile strength. PLA/CS/3wt% TiC NP composite’s mod-
ulus reduced. At 2wt % polylactic acid/CS/TiC NP com-
pounds, elongation at break was consistently enhanced in
Figure 6(c). Elongation at break of polylactic acid/chitosan/
3wt% titanium carbide nanoparticle material was reduced
considerably. Ring structures in the CS and PLA are to blame
for this.

As a result, the intermolecular hydrogen connections
among polylactic acid, chitosan, and titanium carbide
nanoparticles weaken, creating it simpler for the molecular
chain to rotate or move. Because of this, the composites’
tensile strength, tensile modulus, and elongational break are
considerably improved. TiC NPs, however, must be included
into the polylactic acid and CS matrix in the correct pro-
portion to improve its mechanical characteristics, since
excess TiC NPs caused the composite to become brittle.
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3.2.3. TGA. As can be seen in Table 1, various composites
have varying melting points, maximum degradation tem-
peratures, and breakdown percentages. Figures 9 and 10
display derivative thermogram of a variety of composite
materials.

Pure PLA composite began thermal degradation at
279.8°C with a decomposition percentage of 89.7%. In
contrast with the pure polylactic acid composite, PLA/
chitosan composite has better thermal stability with
thermal disintegration starting at 265.9°C and a decom-
position percentage of 101.6%. For one thing, the thermal
breakdown temperature is reduced by 12–17 % once the
TiC NPs are included in the PLA/CS matrix. +ermal
breakdown temperature of the polylactic acid/chitosan/3wt
% titanium carbide nanoparticle material is somewhat
higher than the 2 and 3wt% TiC loading, despite the re-
duced thermal stability of the polylactic acid/chitosan/ti-
tanium carbide nanoparticle compounds. +is shows that
adding more TiC NPs to the polylactic acid/chitosan/ti-
tanium carbide nanoparticle materials improves its thermal
stability.

3.2.4. Water Absorption. In Figure 11, the composites’ water
absorption patterns are clearly defined. As varying amounts
of water are absorbed by the composites, the samples’ water
absorption increases and falls unevenly during the test.
Figure 11 shows that the water absorption content of pure
PLA film ranged from 0% to 0.02% during the course of the
10 days of testing. Using PLA as a hydrophobic component
was validated by the results of the test, which showed that it
was water resistant enough. Modification of PLA hydro-
phobicity (e.g., plasma treatment) can be used to improve
their compatibility.

However, PLA/chitosan material demonstrated an in-
crease in absorption of liquids 0.04 to 0.06% after blending
with CS. +e reason for this is because CS was extremely
sensitive to dampness. Pure CS film’s water sensitivity was
lowered by including PLA in an earlier experiment. Over the
course of the 10-day test period, the water absorption % of
polylactic acid/chitosan composite films including TiC NPs
with varying TiC NP compositions (2, 3, and 4 wt %) varied.
+e polylactic acid/chitosan/2 wt %titanium carbide NP
blend composite presented a greater increase in water

(a) (b)

(c)

Figure 8: Typical stress-strain curve for pure polylactic acid/chitosan composite.
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absorption content than the polylactic acid/CS composite,
with a range of 0.06 to 0.11%. PLA/CS with 2 weight % TiC
NPs had poor water barrier characteristics, as revealed by
this finding. Comparing the polylactic acid/chitosan/2 wt %
titanium carbide nanoparticle group material, there was a

decrease in water absorption content of between 0.03 and
0.05%. Titanium carbide nanoparticles were shown to en-
hance the water barrier qualities of polylactic acid/CS
composites by adding 2% TiC NPs to the mixture. Figure 11
exhibits an even lower water absorption drop compared to
the 0.01–0.03% decrease in water absorption and the in-
creased water barrier ability of the polylactic acid/chitosan/
3.0 wt % titanium carbide nanoparticle blend composite
(0.01–0.03%).

As a result, it can be inferred that the water barrier
capabilities of the PLA/chitosan/TiC NP materials are en-
hanced with increasing TiC NP loadings.

4. Conclusion

+is study examines the main properties of pure polylactic
acid and polylactic acid nanocomposite films. TiC NPs may
be produced via direct precipitation from a solution of
dihydrate and NaOH at room temperature. +ere are also
synthesized titanium carbide nanoparticles with a middling
particle size (105 nm) and thermal stability (2110°C). It is
utilized to create innovative PLA/chitosan/TiC NP-based
materials via solution mixing and film casting. It is evident
from the FTIR spectrum that the TiC NPs were well inte-
grated into the PLA/chitosan matrix, as shown by the
outstanding attraction and interaction between the PLA and
CS. +ese gains are attributed to better intercomponent
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Table 1: Onset temperature, maximal temperature, and % of decomposition of different composites.

Composites Onset temperature (°C) Maximal degradation temperature, Tmax % of decomposition

Polylactic acid 279.9 363.6 89
Polylactic acid/CS 266.8 366.2 102.6
Polylactic acid/CS/2 wt% TiC NPs 218.6 287.3 80
PLA/CS/3 wt% TiC NPs 208.1 281.2 85.3
PLA/CS/4 wt% TiCNPs 234.5 278.3 712.8
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Pollution is the primary ecological threat to nature and it also raises the temperature of the Earth. *e primary cause of air
pollution is exhaust emissions from the combustion chamber.*is study aims to focus on controlling emissions using an aqueous
nanoemulsion method and to analyze positive vibrations for the reduction of pollutants in diesel engines. In this study 3%NWED
(nano-based water emulsion diesel), 7%NWED, and 12%NWED emulsion blended diesel were mixed with Tween-20 as a solvent.
In addition, this work was accomplished with a multiuser remote control system for the continuous monitoring of emissions with
IoT technology applied to diesel engines. Experimental results have been measured with an IoT kit and five gas analyzers and
reported that emission of oxides of nitrogen and hydrocarbons can be reduced by using a 7% NWED blend when compared with
diesel. In addition, the experimental result also shows that the brake-specific fuel consumption is reduced with an improvement in
thermal efficiency at 7% NWED when compared with other blends.

1. Introduction

As the rate of fossil fuel depletion is increasing daily, there is
a need to fulfill the energy demand for alternative fuels [1].
Since the 1970s, the use of energy resources such as oil, gas,
coal, nuclear and hydro, has increased tremendously to meet
energy demand [2]. *e transport, industry, non-com-
posted, and building sectors depend mainly on petroleum
fuels [3]. Combustion emissions such as CO, CO2, HC,
NOx, and smoke are released into the atmosphere through
exhaust pipes [4]. *ese emissions generate chemical re-
actions in the atmosphere, creating a greenhouse effect [5].
Controlling pollution mixture formation in diesel engines

has been the prime objective of many researchers, who have
found alternative fuels that have not shown any modifica-
tions to the engine, by reducing emissions and improving
engine performance [6]. Biodiesel has been studied world-
wide as the dominant diesel fuel. To achieve better per-
formance and lower pollution, researchers have selected
different biodiesel feedstocks or varying engine parameters
such as injecting opening pressures (IOPs), fuel injection
timings, compression ratio (CR), and additives, such as
diethylether and antioxidants [7]. As a result that biodiesel
blends produced lower CO, HC, and smoke emissions than
diesel fuel, while combustion exhaust gas temperature, CO2,
and NOx emissions were higher [8]. Researchers based on
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several studies on diesel engines using alternative fuels have
claimed that NOx emissions have increased owing to the
high combustion and heat release rate inside the combustion
chamber [9].

In addition, several scholars have found that additives
such as nanoparticles and water emulsions in diesel offer
useful performance improvements by reducing the emis-
sions of a diesel engine. In most cases, additives such as
metal oxide particles are added to the base fuels to achieve
secondary atomization and improve thermal efficiency.
Additionally, these particles reduce unburnt hydrocarbon
and carbon monoxide emissions [10]. Graphene, carbon
nanotubes, cerium oxide, manganese, nickel oxide, and
other metal oxides have been studied extensively. *e
presence of these dissolved metal oxide nanoparticles en-
hances combustion by promoting cleaner combustion and
reducing ignition delay. Consequently, the engine-specific
consumption is reduced [11, 12].

Water and diesel are framed into emulsion mixtures by
using surfactants [13, 14]. O/W,W/O, andmultiple (O/W/O
and W/O/W) emulsion methods are used to stabilize water
and diesel [15]. W/O emulsion is a strong bonding for the
stabilization of water emulsions [16]. During the combustion
process, these suspended water particles absorb heat from
the cylinder walls and reduce the cylinder temperature,
resulting in a reduction in the oxides of nitrogen and
particulate matter [17]. Water emulsion leads to a longer
delay, resulting in potholed engine operation and a longer
ignition delay [18, 19].

Nanoparticles and Nanofluids act as a fuel additive to
enrich the combustion rate and reduce emissions [20]. *e
addition of a nanocatalyst to diesel fuel improves fuel ox-
idation and reduces the ignition delay period time [21]. *e
doping of nanoparticles and the thermal brake efficiency of
engine performance can be improved by reducing the
emissions of CO, HC, and NOx [22]. In diesel engines,
improved events in the heat transfer rate, and thermal
conductivity of nano fluid and diesel blends are helpful and
the blend preposition helps to form long-term stability and
good dielectric property. When using nanofluids, NOx rates
increase because of the high latent heat of vaporization [23].

*e Internet of *ings technology is the most efficient
system for continuous monitoring of emissions, but there
have beenmany techniques and precautions implemented in
order to control emissions. Internet of *ings (IoT) tech-
nology is a revolutionary, wireless health monitoring tool
that integrates embedded sensors, actuators, and RFID tags
to improve operations, enhance daily activities, and monitor
health care [24]. A wireless communication system is well
suited to measure and interpret urban environmental in-
dicators and natural resources. In the European Union,
smart IoT technology is currently being used to monitor and
update emission standards. Smart IoT systems continuously
collect and transmit data to detect natural threats. Using web
applications, it reports back to the user whether they are
threats. Intelligent mobility (e.g., route stability, smart metro
traffic, vehicle tracking, and Internet of vehicles), smart
living (e.g., healthcare, tourism, education, buildings, and
public safety), smart environment (e.g., monitoring of city

air quality, air pollution, trees, water quality, green spaces,
weather, waste collection, vehicles parking emission mon-
itoring, management, and energy efficiency), smart citizens,
smart government, smart economy, and smart architecture
and technologies all benefit from it [25]. IoT can be used in
various applications, such as monitoring and controlling
press shop assembly, weather forecasting, prediction of plant
leaf diseases, and food processing units [26, 27].

*e aforementioned literature concludes that a reduc-
tion of NOx for diesel engines has different methodologies.
Among that nanofluid was used as a fuel additive because
very rarely implemented in the engine literature studies for
the reduction of NOx. Furthermore, this study was carried
out to reduce emissions and continuously monitor the
emissions with IoT as a future scope in a different way.

*emain objective of this work is to focus on controlling
the emissions of oxides of nitrogen, hydrocarbons, and
carbon monoxide as well as improving combustion by
blending nanofluids in a diesel engine. *e secondary ob-
jective of this work is to develop specific IoT technology aids
for the continuous monitoring of emissions in diesel engines
at regular intervals of time.

2. Experimental Setup and Process

2.1. Emulsion Fuel Preparation. Water is a polar substance,
whereas diesel is nonpolar in nature. Both polar and non-
polar molecules are unbondable in nature. To obtain a
homogenous mixture, a process called emulsification was
implemented. Al2O3 nanoparticles dispersed in water
emulsions significantly improve the properties of thermo-
physical combustion. *e incorporation of nanoparticles
into a base fluid is a vital process. *erefore, special care was
required. *e prepared nanofluid must be an agglomerate-
free stable suspension for extended periods without
sedimentation.

Generally, for the preparation of nanofluids, the two-step
method is optimistic, easy, and less expensive. *e steps
involved in preparing the nanofluid were as follows: a specific
amount of c-Al2O3 nanoparticles, Tween-20, and distilled
water. Distilled water was poured into a beaker and nano-
particles and Tween-20 were slowly poured and stirred with a
magnetic stirrer. Water and Al2O3 were thoroughly mixed
using an ultrasonicator for at least one hour to obtain a
nanofluid. Figure 1 shows a flow diagram for the preparation
of the nano-fluid using a two-step method. Figure 2 shows
SEM and TEM Images of the aluminum nanoparticles.

After the preparation of the nanofluid based on the
blending ratio, the aqueous nanofluids were titrated with
diesel fuel. A 3% NWED, 7% NWED, and 12% NWED
emulsion blended ratio was prepared for experimentation.
*e properties of the diesel and emulsion blend are shown in
Table 1.

2.2. Experimental Equipment Specification. *e investigation
was conducted on a single cylinder naturally aspirated vertical
water-cooled diesel engine with a rated power of 5.12 kW at
1500 rpm and a compression ratio of 17.5 :1. Figure 3 shows a
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detailed view of the diesel engine and explains the details of
the engine that had been used for experimentation. *e
specifications and model names of the emission analyzers are
also mentioned in detail in Tables 2 and 3.

(i) Diesel engine specification
(ii) Five gas analyzers

2.3. Statistical Analysis

(a) Brake-specific fuel consumption

Bsfc �
Fuel f low in(kg/Hr)
Brake power(kW)

X 100. (1)

Base Fluid

Nanoparticles

Nanoparticles
Suspensions

Nanofluids

Dispersant

Magnetic
Stirring

Ultrasonic
Vibration

Figure 1: Procedure to prepare nanofluids using the two-step method.

(a) (b)

Figure 2: SEM and TEM image of Alumina nanoparticle.

Table 1: Properties of fuel.

Test description
Reference Diesel Al2O3 water emulsion blend

Unit Limit B0 3% NWED 7% NWED 12% NWED
Density Gm/cc 0.800–0.900 0.832 0.833 0.846 0.854
Calorific value MJ/kg 34–45 42.70 41.85 39.33 38.89

Figure 3: Photographic views of diesel engine.
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(b) Brake thermal efficiency

BTE �
Brake Power(kW)X 3600

FuelFlow(Kg/Hr)XCalorif icValue(KJ/Kg)
X100.

(2)

*e aforementioned equations were used for statistical
analysis of brake-specific fuel consumption and brake
thermal efficiency.

2.4. IoT Emission Setup. *e Internet of *ings is the ability
to transmit data over a network, without the need for a
computer, for humans or a human, provided by inter-
connected computing devices, mechanical and digital ma-
chines, objects, animals, or unique identifiers to each other.
Initial deigning of the IoT kit used, *inker CAD helps in
executing the weather the algorithm suits the program.
Figure 4 shows the circuit diagram for multiple gas sensors
connected to the emission monitoring device layout. Finally,
using the Arduino board all emission sensors are connected,
and the code is uploaded to the board which executes the
program easily. Figure 5 shows the IoTsetup of the emission
monitor device.

IoT requires a cloud for storing and sharing the data
obtained from the kit. *ingSpeak is an open-source server
that helps to transmit live emission data stored in the cloud
and to visualize and analyze diesel emission results for
analysts.

2.5. Uncertainty Analysis. *ere was no error-free experi-
mental setup. Errors may occur owing to the inaccuracy of
devices or instruments, inaccurate calibration, and lack of
humanity; therefore, before starting any experimental work,
uncertainty analysis is mandatory. To obtain the uncer-
tainties of the independent and performance characteristics,
a sequential perturbation technique was employed. *ese
include the air flow rate (1.1%), engine load (0.1%), fuel flow
rate (0.1%), and engine speed (1.3%). As a result, the

calculated accuracy of the performance and combustion
study for both nano-based water emulsion and diesel-run
engines were found to be within ±3.6. However, the emission
accuracy was within ±2.1%. Generally, the uncertainty
calculation value is obtained using the following equation:

R � 􏽘 X
2
i , (3)

where R � root mean square value of the uncertainty and
Xi � parameter’s uncertainty values.

*e standard deviation formula is given as follows:

σ �

�������������

􏽐
n
i�1 xi − x

−
( 􏼁

2

N

􏽳

, (4)

where σ � standard deviation, xi � terms given in the data,
x �mean, and N� total number of terms.

*e standard error formula is given as follows:

SE �
σ
��
N

√ , (5)

where SE � standard error, σ � standard deviation, and
N� total number of terms.

Table 4shows the error chart for brake thermal efficiency,
brake-specific fuel consumption and emissions at regular
intervals of time operation.

3. Results and Discussion

3.1. Performance Analysis. *e brake-specific fuel con-
sumption (BSFC) of the engine using diesel and the three
types of nano-W/D under different load conditions with
constant speed are illustrated in Figure 6. As shown in the

Table 2: Engine model: Kirloskar engine TV 1.

Type Four stroke, single cylinder vertical
water-cooled diesel engine

Rated power 5.12 kW
Rated speed 1500 rpm
Bore dia (D) 87.5mm
Stroke (L) 110mm
Compression ratio 17.5 :1

Dynamometer Eddy current dynamometer make:
Techno mech Model: TMEC-10

Table 3: Details of five gas analyzer.

Model AVL DI GAS 444N
Measurement data Resolution
Co-0–15% vol 0.0001% vol
HC-0-20000 ppm vol 1 ppm/10 ppm
NOx 0–6000 ppm vol 1 ppm vol

Arduino UNO
ESP8266

Resistors

potentiometer

LCD Display

MQ2 MQ7 MQ135

Figure 4: *e circuit diagram for multiple gas sensors connected
emission monitor device.

Figure 5: Emission monitors device IoT setup.
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graph, all three nano-W/D ratios show that BSFC at initial
loads is high owing to the lower heating value in the presence
of nano-based water emulsion and gradually reduces when
the load is increasing, which indicates that the fuel burns in
the engine effectively at higher engine loads. While running
the engine with nano-W/D no identities are found in
misfiring or unusual behavior. *e potential benefit of water
in diesel nanoemulsion fuels are as follows: (i) *e overall
impact of the secondary atomization and microexplosion
phenomenon, resulting in strong evaporation and better
mixing of air and changes in improving the combustion
reactions inside the engine cylinders, (ii) Improved air-
penetration in the spray due to increased spray momentum,
(iii) Better-premixed combustion due to ignition delay, (iv)
Increase in excess air ratio due to the presence of water in the
emulsion, (v) Reduction of cooling loss due to a decrease in
combustion temperature, (vi) Quash of thermal dissociation
as a result of dropping in combustion temperature, and (vii)
*e presence of Al2O3 nanofluid in diesel emulsion that

triggers less combustion gas release. Both 7% and 12%
NWED blends show better fuel consumption, and it was
observed that 7% NWED showed better load conditions. If
the percentage of emulsion increases, the cylinder temper-
ature decreases owing to the water percentage and its effect
on combustion and emissions.

Figure 7 shows the variations in brake thermal effi-
ciency of c-Al2O3 with water and diesel test fuels under
different engine loads. Compared with diesel and nano-
based water emulsion blends, the blends showed an im-
provement in performance at higher loads. *is is due to
the addition of c-Al2O3 in water and diesel at high tem-
peratures; these mixtures turn into hydro-liquid fuel and
emit high energy in the combustion process. Figure 8
clearly shows that the brake thermal efficiency increased
at different concentrations of aqueous nanofluid emulsion
on diesel engines with different loads. *e percentage of
aqueous nanofluid increased the brake thermal efficiency at
higher loads.

Table 4: Error chart.

Brake
power

Brake thermal
efficiency

Brake-specific fuel
consumption

Carbon
monoxide

Hydro
carbons

Oxide of
nitrogen Smoke Time of

operation
(kW) (%) (kg\kWh) (%) (Ppm) (Ppm) (%) (min)
2.61 27.73 0.31 0.025 27 991 14.7 30
2.61 27.73 0.32 0.026 25 990 14.6 60
2.61 27.74 0.29 0.025 27 991 14.7 90
2.61 27.73 0.31 0.025 27 992 14.7 120
2.61 27.74 0.31 0.024 26 991 14.8 180

Mean 2.61 27.73 0.31 0.025 26.4 991 14.7
Standard
deviation 0 0.005 0.011 0.0007 0.89 0.71 0.07

Standard error 0 0.002 0.005 0.0003 0.4 0.32 0.03
Upper control
limit 2.61 27.745 0.343 0.0271 29.67 992.13 14.91

Lower control
limit 2.61 27.724 0.295 0.024 25 990 14.6
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3.2. Combustion Analysis. Figure 9 shows the crank vs.
cylinder pressure at full load with diesel, 3%, 7%, and 12%
aqueous c-Al2O3 emulsion blends. *e peak pressures at
full load on diesel are 71.99 bar, 71.82 bar, 72.17 bar, and
71.75 bar at 23°. BTDC injection timing. In addition, the
cylinder pressure is improved owing to the better atom-
ization of air and nano-W/D fuel particles during ignition,
which helps to improve the heat release rate inside the
engine cylinder.

Figure 10 shows the rate of heat released inside the
combustion chamber with different fuel blends under full
load conditions in diesel engines. *e addition of c-Al2O3
with water and diesel at the time of surface flame for-
mation causes, water and nanoparticles to penetrate and
convert water into hydrogen gas, and c-Al2O3 procures a
sufficient amount of oxygen for better atomization to
improve the combustion rate. When compared with
aqueous blends, the 7% NWED blend showed the best
results.

3.3. Emission Analysis. According to Zeldovich’s approach,
the formation of nitrogen oxides depends on oxygen density,
the time required for formation, and temperature. In water
with high oxygen content, the water content within the inner
phase absorbs the calorific heat charge of the emulsion.
Consequently, this reduces the burning gasoline tempera-
ture during the combustion and consequently restricts the
generation of NOx. At the time of combustion, the aqueous
solution vaporized and tended to reduce the flame tem-
perature. Figure 11 shows the variation between NOx and
the load. Compared with diesel, the emulsion blends showed
little difference in the graph. *is is because c-Al2O3 re-
duces the cylinder wall temperature inside the engine
chamber, thus restricting the NOx formation. An increase in
the percentage of aqueous emulsions reduced the NOx level.
*e average reduction of 3%, 7%, and 12% NWED for every
load were 31.46%, 38.76%, and 45.48%, respectively.

Figure 12 shows the CO formation at various loads. *e
formation of CO depends on the air-fuel ratio. *e lean
mixture led to the low CO formation in the CI engines. By
the addition of c-Al2O3 in water emulsion diesel formation
of OH levels, leads to a clean and high combustion rate and
clearly shows that incomplete combustion is reduced. When
the percentage of aqueous c-Al2O3 increased, it enhanced
the rate of combustion, and the nanoparticles provided a
sufficient amount of oxygen to help reduce CO and HC
emissions. Figure 13 shows HC versus load. In the 7%
NWED blend, the diesel engine showed a reduction in HC
and CO emissions compared with diesel. Nanoparticles
provide a surplus of oxygen molecules at a higher load to
complete the combustion process.
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Figure 8: Load vs. CO.
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3.4. Emission Analysis with IoT. Emissions are monitored
with the help of AVL DI GAS 444 N. AVL compulsorily
needs a human presence for collecting the emission data
and it is an expensive process. In the 20th century Internet
of things (IoT), there are tremendous changes in the
usage of mechanical equipment and the monitoring
system. With the help of IoT and the arrangement of its
auxiliary components without the presence of human
need emissions would be recorded and sent to the server.
By comparing the IoT kit and AVL gas analyzer the
emission values are aqua-rated. Figure 14 shows the
emission monitoring data visualized in the system. *e
comparison of HC, CO, and NOx with both analyzers
shows that the variations vary around ±0.2 as shown in
Figures 8, 15, 16.

3.4.1. Carbon Monoxide (CO). A comparison of CO emis-
sions with the five gas emission analyzer and IoTemission kit
is shown in Figure 8. Carbon monoxide is produced during
incomplete combustion. Anything that leads to incomplete
combustion increases CO production. In other words, as the
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load increases, CO emissions increase, as a lower com-
bustion temperature results in higher CO emissions.

3.4.2. Hydrocarbons (HC). In an engine, there is a small
amount of fuel oil, rich in hydrocarbons, which pass through
unburnt, while other hydrocarbons are produced during
combustion. As a result, hydrocarbons are mainly particles
of unburned or partially burned fuels. Additionally, lubri-
cation oil emits hydrocarbons.*e variation in hydrocarbon
emissions with load is shown in Figure 15.

3.4.3. Oxide of Nitrogen (NOx). At high temperatures,
combining oxygen with nitrogen results in nitrogen oxides
(NOx) released into the atmosphere. *e two types of

emission analyzers are shown in Figure 16 to illustrate the
variation in NOx emissions.

4. Conclusion

In this study, emphasis was placed on the impact of an
aqueous nanofluid diesel emulsion on diesel engine per-
formance, combustion, and emission characteristic in
comparison with diesel. Based on the results and investi-
gation, the following conclusions were drawn:

(1) It has been observed that the brake-specific fuel
consumption is reduced to 4.2% when compared
with diesel on the addition of c-Al2O3 in water
emulsion. However, the engine brake thermal effi-
ciency slightly improved when compared with
aqueous nanofluids diesel emulsion, and diesel fuel.

(2) With the addition of aqueous c-Al2O3 to diesel, the
combustion rate, and cylinder pressure exhibited
almost the same peaks. Further, increases the blend
percentage of aqueous c-Al2O3 it affects in-cylinder
temperature.

(3) In the combustion process, the addition of aqueous
c-Al2O3 to diesel produces a surplus amount of
oxygen atoms to complete the effective combustion
inside a diesel engine, which helps to reduce HC,
NOx, and CO.

(4) *e IoT emission monitoring kit helps for contin-
uous monitoring of emission data.

Nomenclature/Abbreviations

Al2O3: Aluminum oxide
BSFC: Brake-specific fuel consumption
BTDC: Before top dead center
BTHE: Brake thermal efficiency
B0: Pure diesel
CAD: Computer-aided design
CO: Carbon monoxide
CO2: Carbon dioxide
HC: Hydrocarbons
Gm/cc: Gram per cubic centimeter
IOPs: Injecting opening pressures
IoT: Internet of *ings
Kg\kWh: Kilogram/kilowatt-hour
KW: Kilo Watt
Mj/kg: Mega joules per kilogram
Mm: Millimeter
Min: Minute
NWED: Nano-based water emulsion Diesel
NOx: Nitrogen oxides
OH: Hydroxyl radical
O/W: Oil-in-water
O/W/O: Oil-in-water-in-oil
Ppm: Parts per million
RFID: Radio-frequency identification
Rpm: Revolutions per minute
SEM: Scanning electron microscope
TEM: Transmission electron microscope
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Design of Experiment-Response surface methodology approach is adopted to obtain the optimal flexural moment of ferrocement
composites comprising galvanised square weld mesh with weight fraction of fine aggregate by steel slag. To get the optimal
combination of progression variables on a flexural moment of ferrocement composites, the central composite design of response
surface methodology was adopted. Regressionmodels for responses were justified using analysis of variance and the Pareto chart.+e
test results show that a maximum ultimate load of 3.30 kN and moment capacity of 220 kNm was obtained for ferrocement with a
volume fraction of 2.733% and steel slag of 25% replacement. From the analysis of variance, it is evident that the p value is less than
0.005, the predictedR2 and the adjustableR2 are less than 20%, and the predicted values go in handwith the experimental result which
indicates that the proposed models are highly suitable. Moreover, the volume fraction of galvanised square weld mesh has a higher
significance on a flexural moment of ferrocement composites. Surface plot, Pareto chart, and regression analysis outcomes show that
the most substantial and influential factor for a flexural moment is the volume fraction of galvanised square weld mesh.

1. Introduction

Ferrocement is a special form of composite with 90% of its
total volume occupied by cement mortar and the rest by
galvanised weld mesh or chicken mesh etc. +e composites
may contain discontinuous fibres also [1, 2]. As it contains
uniform mesh reinforcement spread throughout its surface,
the crack arresting mechanism of ferrocement is high when
compared to concrete structures [3]. Ferrocement reinforced

with galvanised square weld mesh shows higher load car-
rying capacity and moment capacity when compared with
ferrocement with GI mesh. Increase in the volume fraction
of mesh reinforcement increases the moment capacity [4].
+e ultimate moment capacity of ferrocement prediction by
group method of data handling (GMDH) has higher ac-
curacy when compared to other models [5]. Ferrocement
with a chicken mesh having a volume fraction of 3.77% and
30% partial replacement of fine aggregate by steel slag has a
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greater first crack load and ultimate load when related to
other specimens [6]. Predicted moment capacity of fer-
rocement with self-evolving network model has higher ac-
curacy when compared with plastic analysis and mechanism
approach method [7]. Ferrocement with 2 and 4 layers of
weld mesh increases axial stress by 61% and 31%, respec-
tively, with rich mortar containing silica fumes and meta-
kaolin [8]. To learn the influence of the autonomous
variables on the outcomes with the least experiments, sta-
tistical and mathematical method of Design of Experiments
(DOE) preferably Response Surface Methodology can be
adopted [9–12]. +e test variables can be optimised with
DOE which provides a relationship between the empirical
model and independent variables and finally delivers opti-
mal response for experimental data [13]. +e predicted
moment capacity of ferrocement composites with artificial
neural network has more accuracy when compared to other
methods like GMDH and ANFIs [14]. Ferrocement lami-
nates characterised using digital image correlation reveal
that as mesh volume fraction increases, flexural capacity,
ductility index, energy absorption, and number of cracks by
length increase, whereas the width of the crack decreases
[15]. Ferrocement slabs reinforced with chicken mesh
having skeleton reinforcement with bamboo andmortar mix
of 1 : 3 have higher mechanical properties, and predicted
theoretical results support the experimental results [16].
Ferrocement with 2 and 4 layers of weld mesh increases axial
stress by 61% and 31%, respectively, with rich mortar
containing silica fumes and metakaolin [8]. When the
number of layers of wire mesh increased in ferrocement for
strengthening of reinforced concrete better yield loads, ul-
timate loads and stiffnesses are obtained [17].

In the current study, an effort was made to improve the
load carrying capacity and moment capacity of ferrocement
with galvanised square weld mesh and steel slag. Design of
experiment (DOE) is used to design the experiments.+e effect
of autonomous parameters on experimental results can be
studied with the help of the DOE technique. To get the optimal
combination of independent variables (volume fraction and
steel slag) and to study the influence of independent variables
on ultimate load and moment capacity, central composite
method (CCM) statistical analysis was accomplished.

2. Methodology

+e present experimental programme is designed by using
the response surface methodology which evaluates the effect
and interaction of multiple variables on a dependent vari-
able. +e experimental data were obtained from the flexural
behaviour of ferrocement laminates under flexure. +e
appropriate regression model is chosen by the most ap-
propriate transform due to lack of fit or by removing the
extra or insignificant factors due to overfitting. +e final
model is obtained when the linear regression assumptions
are satisfied. Optimization is done for the combined effect of
volume fraction and steel slag replacement for fine aggregate
to achieve maximum ultimate load and moment capacity.
+e step-by-step procedure to achieve response models and
optimisation is shown in Figure 1.

3. Response Surface Method

+e Response Methodology is a mathematical and statistical
tool helpful in designing, enhancing, and developing issues
where outcomes are influenced by many influencing factors
[18]. In RSM, central composite design is used to determine
the relationship between outcome variables and indepen-
dent variables [19]. In DOE of RSM, autonomous variables,
factors, and levels of variables are to be provided as shown in
Table 1 for considered two responses. +e required number
of experiments is obtained by

N � 2k
+ 2k + n, (1)

where k is the number of factors, and n is the number of
centre points [20]. To obtain the optimum response, fol-
lowing the quadratic model or second order polynomial (2)
was used:

Y � β0 + 􏽘
n

i−1
βi xi + 􏽘

n

i�1
βii x

2
i + 􏽘

n

i−1
􏽘

n

i�n

βij xixj; (i≠ j), (2)

where β0 is a constant; and βii and βijare the linear coeffi-
cient, quadratic coefficient, and interactive coefficient,
respectively.

4. Materials and Testing

OPC 53 having a specific gravity of 3.15, an initial setting
time of 35 minutes as per IS: 4031-1988 and IS: 12269-1987
was used for this investigation [21, 22]. River sand passing
through 2.36mm having a specific gravity of 2.68 as per IS:
383-1970 and ACI 549 1R-93, 1999 is used for ferrocement
[23, 24]. Steel slag an effective substitute material is used as a
partial replacement for river sand [25]. Steel slag passing
through 2.36mm with a specific gravity of 2.95 was used as
per the recommendations of IS 228, 1987 [26] and ACI 233
R-03, 200 [27]. Galvanized square weld mesh having a yield
strength of 660N/mm2 was used. Ferrocement of size
150mm× 25mm× 500mm were cast as per the specifica-
tions in Table 2. +e ferrocement composites are tested
under flexure with a simply supported span of 400mm.

5. Results and Discussion

5.1. Experimental Investigation:. From Figure 2, it is evident
that an ultimate moment of 2.80 kN is obtained for fer-
rocement laminates with a volume fraction of 1.425% with
25% weight fraction of steel slag and 2.35% volume fraction
with 0% steel slag. Similarly, a maximum ultimate load of
3.30 kN was obtained for ferrocement laminates with 2.73%
of volume fraction and 25% of steel slag substitution for fine
aggregate. It is observed that ultimate load reduces for
specimens with 0.5% volume fraction and 50% of steel slag
replacement. Moreover, it is evident that ultimate load re-
duces with reduce in volume fraction and an increase in steel
slag substitution [28].

Similarly, from Figure 3 it is observed that maximum
moment capacity is obtained for ferrocement laminates with
a volume fraction of 2.73% with 25% of steel slag for fine
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aggregate. It is evident that for the lower volume fraction of
galvanised square weld mesh, ultimate load and moment
capacity reduces. On the other hand, for higher volume
fraction, ultimate load and moment capacity increases. It is
clear from the graph that for the increase in volume fraction
moment capacity increases because of increased moment
arm distance and increased passive confining pressure.
Moreover, the diameter of weld mesh and mesh opening
provides good anchorage between cement matrix and weld
mesh which indirectly increases moment carrying capacity
[29, 30]. +e galvanised square weld mesh wires were found
to be more effective in increasing the ultimate load.

5.2. RSM Modelling: Observations and Discussions. In this
study, central composite design (CCD) is used to know the
impact of independent parameters of volume fraction and
steel slag on the ultimate load and moment capacity of
ferrocement laminates. As shown in Table 3 experiments
were considered to determine the response on ultimate load
and moment capacity. +e estimated responses are given in
(3) and (4):

ULFC � 0.203 + 1.865 X1( 􏼁 + 0.0516 X2( 􏼁 − 0.320 X1( 􏼁
∗

X1( 􏼁 − 0.000879 X2( 􏼁
∗

X2( 􏼁 − 0.00486 X2( 􏼁
∗

X2( 􏼁, (3)

Moment capacity � 13.5 + 124.3 X1( 􏼁 + 3.44 X2( 􏼁 − 21.33 X1( 􏼁
∗

X1( 􏼁 − 0.0586 X2( 􏼁
∗

X2( 􏼁 − 0.324 X1( 􏼁
∗

X2( 􏼁. (4)

+e normal probability of ultimate load and moment
capacity responses are shown in Figure 4. From the figure, it
is clear that all the responses fall near the straight line, which

confirms that errors are evenly distributed. Analysis of
variance is useful to know the relationship between au-
tonomous variables and responses to a collection of

YES

YES
NO

Overfitting

NO

YES

Lack of fit 

Flexural test on ferrocement laminates 

Response Surface Methodology approach to predict the Flexural Moment of 
Ferrocement composites with weld mesh and steel slag as partial replacement

for fine aggregate 

Choosing the appropriate regression 

Removing the extra /insignificant

The linear regression 
assumptions 

Final 

Choosing the most 
appropriate transform

Optimal combination of independent variable to 
predict Moment capacity of ferrocement composites 

Figure 1: Step-by-step approach to achieve response models and optimisation.

Table 1: Levels of variables.

Variables Low level (−1) Intermediate level (0) High level (+1)
Ferrocement volume fraction ≤ 0.01 1.425 2.35
Steel slag ≤ 0.01 25 50

Advances in Materials Science and Engineering 3
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statistical models and it is arrayed in Table 4. From Table 4, it
is evident that p value is less than 0.005 which indicates that
models are highly suitable. From Table 5, it is seen that
variation of predicted R2 and the adjustable R2 are less than
20%. Moreover, the R2 value of ultimate load and moment
capacity is 93.14%. From Figures 5 and 6, it is clear that the
model arrived can be used to predict the ultimate load and
moment capacity of ferrocement laminates as the predicted
values go in hand with experimental results. Moreover, the
models can be validated based on the F value.

5.3. Pareto Analysis and Lack of Fit (p Value). +e inde-
pendent variables can be considered as important and ex-
tremely important if the p value of the progression variable is
< 0.005 and < 0.001, respectively. If the p value of the in-
dependent variable is more than 0.005, then it is considered
as insignificant. FromANNOVATable 4, it is clear that the p

value of the linear and quadraticX1 is less than 0.005, but the
p values of the linear and quadratic X2were higher than
0.005. So, it clearly indicates that volume fraction is highly
significant for ultimate load and moment capacity. More-
over, as steel slag is higher than 0.005, the significance of
steel slag is less for volume fraction and moment capacity.
From the Pareto chart as shown in Figures 7(a) and 7(b), the
value of linear (A) was higher when compared to linear AA,
AB, and BB which shows that volume fraction is more
significant than steel slag for ultimate load and moment
capacity. Similarly, from ANOVA Table 4 the p value of
linear X1is higher when compared to X2, which means the
volume fraction is the most substantial factor in evaluating
the ultimate load and moment capacity. +e observations
agree with previous literature which clearly states that
volume fraction may enhance the ultimate load andmoment
capacity significantly.

5.4. Surface Plot Analysis, Contour Plot Analysis, and Opti-
misation of Progression Variables. +ree-dimensional (3D)
surface plots were plotted in Figures 8(a) and 8(b) to com-
prehend the effect of independent variables on the responses.
In the surface plot, the independent variables volume fraction
and steel slag were plotted in the “x” and “y” direction and the
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Figure 2: Ultimate load for different steel slag replacement and
volume fraction of weld mesh ferrocement laminates.
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Figure 3: Moment capacity for different steel slag replacement and
volume fraction of weld mesh ferrocement laminates.

Table 3: Comparison of experimental and predicted results.

Designation
Ultimate load

(kN)
Moment capacity

(kNm)
Exp RSM Exp RSM

FCWM01 2.50 2.25 166.67 147.31
FCWM02 2.80 2.81 186.67 185.15
FCWM03 2.80 2.92 186.67 187.81
FCWM04 2.80 2.81 186.67 185.15
FCWM05 2.55 2.73 170.00 175.24
FCWM06 2.55 2.81 170.00 185.15
FCWM07 1.60 1.14 106.67 76.07
FCWM08 2.00 1.74 133.34 113.60
FCWM09 2.80 2.81 186.67 185.15
FCWM10 0.90 1.32 60.00 87.72
FCWM11 0.70 1.06 46.67 70.32
FCWM12 3.30 3.45 220.00 221.13
FCWM13 2.80 2.81 186.67 185.15

Table 2: Details of test specimen with galvanised square weld mesh
for flexure test.

Designation Volume fraction (X1) Steel slag(X2)

FCWM01 1.425 0.0000
FCWM02 1.425 25.0000
FCWM03 2.350 0.0000
FCWM04 1.425 25.0000
FCWM05 2.350 50.0000
FCWM06 1.425 25.0000
FCWM07 0.116 25.0000
FCWM08 1.425 60.3553
FCWM09 1.425 25.0000
FCWM10 0.500 50.0000
FCWM11 0.500 0.0000
FCWM12 2.733 25.0000
FCWM13 1.425 25.0000
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response ultimate load and moment capacity were plotted in
the “z” axis. From Figures 8(a) and 8(b), it is understood that
the increase in volume fraction from 0.5% to 2.35% increases
the ultimate load and moment capacity for the ferrocement
laminates, which clearly depicts volume fraction has a high
significance in ultimate load and moment capacity. Although
the volume fraction is the significant factor for ultimate load
and moment capacity, the addition of steel slag also increases

the load carrying capacity up to 25% replacement of fine
aggregate by steel slag, beyond which ultimate load and
moment capacity reduces. From the surface plot, it is un-
derstood that maximum ultimate load and moment capacity
was obtained for the volume fraction of 2.73% and steel slag of
25% by weight of fine aggregate. From Figures 9(a) and 9(b),
the contour plot which is plotted for independent variables
volume fraction and steel slag shows the range of distribution
of ultimate load and moment capacity. +e response of the
graph confirms with results obtained from 3D surface plots.
+e optimised ultimate load and moment capacity of fer-
rocement laminates are shown in Figures 9(a) and 9(b). +e
notations “y” and “d” plotted in Figure 9 refer to the max-
imum ultimate load andmoment capacity value and appeal of
the independent variables from zero to one, where zero in-
dicates the undesirable variable and one represents the de-
sirable variable. From Figures 10(a) and 10(b), it can be seen
that to attain the maximum ultimate load and moment ca-
pacity, the optimal value of volume fraction and steel slag was
found to be 2.73% and 21.95% of weight fraction, respectively.
+e validation test was executed to confirm the outcomes as
shown in Table 6.
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Figure 4: Normality graph of (a) ultimate load; (b) moment capacity.

Table 4: ANOVA for ultimate load and moment capacity.

Source
Ultimate load Moment capacity

DF F-value p value DF F value p value
Model 5 12.81 0.002 5 12.81 0.002
Linear 2 22.39 0.001 2 22.39 0.001
X1 1 44.76 ≤ 0.01 1 44.76 ≤ 0.01
X2 1 0.02 0.887 1 0.02 0.887
Square 2 9.08 0.011 2 9.08 0.011
X2

1 1 5.00 0.060 1 5.00 0.060
X2

2 1 13.83 0.007 1 13.83 0.007
Two-way interaction 1 0.48 0.511 1 0.48 0.511
X1 ∗X2 1 0.48 0.511 1 0.48 0.511

Table 5: proportion of variance (R2) of the regression model.

Responses R2 (%) Adjusted R2 (%) Predicted R2 (%) Difference between adjusted R2 and predicted R2 (%)
Ultimate load 93.14 90.10 87.23 2.87
Moment capacity 93.14 90.10 87.23 2.87
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Figure 5: Predicted and actual values of ultimate load.
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Figure 10: Response optimisation plots: (a) ultimate load; (b) moment capacity.

Table 6: Confirmation of Test results.

Properties Volume fraction Steel slag Predicted result RSM Confirmation results
Ultimate load 2.73 21.95 3.46 3.31
Moment capacity 2.73 21.95 221.73 220.56
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6. Conclusions

In this present study, optimisation of ultimate load and
moment capacity of ferrocement composites with different
volume fractions and steel slag using the central composites
method of RSM is made and the conclusions arrived are
given below:

(i) +e addition of steel slag has moderately enhanced
the ultimate load and moment capacity of fer-
rocement laminates. But for higher levels of steel
slag content the ultimate load and moment capacity
reduces.

(ii) Ferrocement with volume fraction of 2.73% and
25% of steel slag by weight fraction of fine aggregate
has improved the ultimate load and moment ca-
pacity of ferrocement laminates

(iii) A total of two responses ultimate load and moment
capacity were considered in the central composite
method of RSM examination, the influences and the
level of each outcome were 2 and 2, respectively.

(iv) +e ANNOVA results show that the most con-
tributing factor for ultimate load and moment ca-
pacity is the volume fraction of mesh reinforcement.

(v) +e model established using regression analysis to
predict ultimate load and moment capacity shows
that forecast values go in hand with the experi-
mental results.

(vi) +e ANOVA and Pareto chart examination showed
that the regression models for ultimate load and
moment capacity are highly significant. +e
mathematical outputs of the models are of high
precision as the p value of the models was less than
0.005. +e most substantial factor for ultimate load
and moment capacity was found to be volume
fraction(X1).
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�e hypoeutectic aluminum alloy (AlSi10Mg) is a well-known candidate material used predominantly for its processability and
inherent characteristics in metal-based additive manufacturing. Besides, transition metal carbide, such as niobium carbide (NbC),
is added to the AlSi10Mg, enhancing its mechanical properties and preferably its wear resistance to the matrix. However, in
additive manufacturing, the mixed powder’s �owability is a prerequisite for determining the �nal properties of the specimens. In
this study, mixed powder �owability analysis was carried out through the regular mixing of AlSi10Mg with a varying weight
percentage of NbC conducted in the planetary ball mill with di�erent time, speed, and NbC composition following the Central
Composite Design (CCD), with a total of 20 experiments. Here, regular mixing was preferred to retain the morphology of the
AlSi10Mg (spherical shape) instead of ball milling, which contributes to the degradation of the powder’s shape and size. Finally,
based on the combined analysis of apparent density (AD), tapped density (TD), and static angle of repose (SAoR), the �owability
characteristics of the mixed powders (AlSi10Mg + X % NbC) were evaluated. �e optimum combination (AlSi10Mg+X% NbC)
was attained based on the composite desirability criteria.

1. Introduction

Metal-based additive manufacturing is an emerging tech-
nology that produces components within the stipulated
period and achieves high dimensional accuracy [1]. Gen-
erally, this technology employs only a speci�ed powder
category, such as atomized particles, depending on the
manufacturer’s speci�cation. �e atomized powder prop-
erties must be addressed based on the processability crite-
rion to ensure the component’s print quality [2]. �e
properties of the powder comprise the �owability, the

density of the powder (apparent density and tapped density),
particle shape (morphology), the powder synthesis process,
and the particle size distribution (PSD) that a�ect the
building of the powder layer on the platform.�e �owability
of the powder should be adequate for an e�ective additive
manufacturing process [3]. In processing aluminum alloys
by additive manufacturing, the powder’s morphology and
size distribution play a decisive role in ensuring the mate-
rial’s packing density [4]. �e particle shape signi�cantly
in�uences good �owability than the size distribution [5]. Ball
milling is widely preferred for aluminum-based matrix
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composites to mix/blend the two different sizes and shapes
of powders (matrix + reinforcement) in varying volumes or
weight percentages following other optimization techniques.

Moreover, the ball mill’s input parameters substantially
affect the blended powder flow properties [6–14]. For the
application of greater hardness, niobium carbide (NbC) is
preferred among other transition metal carbides (TMC) due
to its higher bulk modulus and incorporating an irregular-
shaped carbide as reinforcement improves the wear resis-
tance of the matrix element [15, 16]. 'e mixing of two
different powders (metals as matrix and ceramic as rein-
forcement) with various morphologies was possible to
process through casting [17] and powder metallurgy [18]
routes for powder preparation. Compared to the previous
routes, ceramic reinforcements (other TMCs) in the Al-
based matrix showed remarkable mechanical properties
such as high hardness and high wear resistance [19] when
compared to the base alloy through the selective laser
melting (SLM) process and are suitable for tribological
applications. Furthermore, compared to traditional ap-
proaches such as casting and powder metallurgy, composite
fabrication via additive manufacturing has benefits in terms
of design, freedom, and the ability to manufacture com-
plicated designs [20]. However, it is challenging because of
the additive manufacturing processability [21].

From a critical review of the literature, it was noted that
the optimization of powder flow characteristics in the
combination of hypoeutectic aluminum alloy (AlSi10Mg)
and group VB transition metal carbide (NbC) was not ex-
plored much in the scope of additive manufacturing.
'erefore, evaluating the mixed powder characteristics of
AlSi10Mg (spherical) and NbC (aggregate irregular) with
varying weight percentages is required before being fed into
the processing window of additive manufacturing. 'e
objective of the work is to investigate the powder flowability
characteristics of AlSi10Mg with the addition of NbC based
on apparent density (AD), tapped density (TD), and static
angle of repose (SAoR) values through regular mixing in a
planetary ball mill following the central composite design
approach. At the same time, the Hausner’s Ratio (HR) and
the Carr Index (CI) values resulted from the apparent and
tapped densities of the mixed powder.

2. Materials and Methods

'e AlSi10Mg powder (Si–10; Mg–0.35; Al-Balance; Sup-
plier: Carpenter Additive, UK) of a mean particle size of
41.79 microns and NbC powder (99% Pure; Supplier: Alfa
Aesar, UK) of a mean particle size of 12.05 microns were
used. 'e AlSi10Mg was considered a matrix element in the
experimental study, whereas the NbC was taken as partic-
ulate ceramic reinforcement. 'e morphology of procured
AlSi10Mg with a spherical shape and NbC with an aggregate
irregular shape was observed using a scanning electron
microscope (Vega3 TESCAN) analysis, as shown in
Figures 1(a) and 1(b). 'e X-ray photoelectron spectroscope
('ermo Fisher) analysis was carried out for procured
powders, as shown in Figure 2, and no impurities were
identified in either of the powder samples. Two powders

were regularly mixed using a planetary ball mill with a single
jar holder (VB Ceramic Consultants, India). For main-
taining the spherical shape of the AlSi10Mg, the balls are not
used during regular mixing. Using MINITAB (Version-
18.0), the central composite design (CCD) was preferred in
this investigation to analyze and optimize the planetary ball
mill’s input parameters to ensure the effects of extreme levels
of factors involved. 'e three main input parameters for
regular mixing using a planetary ball mill are time (hours),
speed (RPM), and NbC composition (% weight), which play
a vital role in predicting powder flowability. 'e input
parameters and levels are shown in Table 1. Based on the
three input factors and five levels of each factor, 20 sets of
experiments were designed and included in Table 2. 'e
scanning electron microscope (SEM) samples examined the
morphology change of the master alloy and ensured the
distribution of reinforcement in the matrix.'e powder flow
characteristics study was performed based on apparent
density: ASTM B 212, tapped density: ASTM B 527 [22],
static angle of repose: ASTM B213 [23], Hausner’s Ratio:
ASTM D7481-09, and Carr Index: ASTM D6393-14 [24].

3. Results and Discussion

3.1.AnalysisofCCDExperiments. 'eCCDwas employed to
predict the influence of the extreme limits of the input
parameters such as time, speed, and composition on the
output responses. Also, CCD was used for developing the
mathematical model for the responses such as apparent
density, tapped density, and static angle of repose. 'e
apparent density and tapped density values were obtained by
the Hall flowmeter method and mechanical tapping 50
times, respectively, conforming to the ASTM standards.
Generally, the lower values of apparent and tapped densities
exhibit the poor flowability of the powders. For the flow-
ability indication of mixed powder, the HR and CI values
were attained using (1) and (2). For better flowability, the
lower Hausner’s Ratio and Carr Index values were preferred.
'e static angle of repose of the mixed powder was attained
using (3) based on the piling diameter and height, followed
by the fixed cone height approach. 'e static angle of repose
was used to assess the mixed powder’s internal condition,
such as cohesiveness or friction between the particles. More
cohesiveness leads to an increased static angle of repose and
affects the flow of the mixed powder. Table 3 shows the data
of output responses based on the CCD experiments. In
experimental analysis, the CCD experiments were classified
into three categories, namely , center-based (E5, E6, E11,
E18, E19, and E20), extreme-based (E3, E4, E9, E13, E16, and
E17), and factor-based (E1, E2, E7, E8, E10, E12, E14, and
E15). From Table 3, it was noted that experiments E4 and E9
show the worst flow characteristics based on the results of
the output responses due to the mixing in extreme condi-
tions like a more extended time (6.02 hours) and higher NbC
composition (11.043% weight) under the rotational speed of
150 RPM.

Conversely, E8, E10, E12, E13, E14, and E15 show good
flowability of mixed powders based on the lower HR, CI,
and SAoR. 'e remaining experiments, E1, E2, E3, E5, E6,
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E7, E11, E16, E17, E18, E19, and E20, exhibit fair flow
characteristics. From the observations, irrespective of
varying NbC composition, it was clear that the factor-based
experiments yielded a good flow for the mixed powders

owing to the proper set of input parameters, except for E1,
E2, and E7.'ese experiments also exhibit good HR and CI,
but the angle of repose is high due to the nonuniform
dispersion of NbC particles, affecting the flow and inducing
a frictional effect between the reinforcement and matrix.
Moreover, the center-based and extreme-based experi-
ments do not yield satisfactory results, except for experi-
ment E13, because the mixing occurs at a higher speed of
234.05 RPM.

(a) (b)

Figure 1: Morphology of (a) AlSi10Mg and (b) NbC.
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Figure 2: XPS spectra of AlSi10Mg and NbC.

Table 1: Input parameters and their levels for regular mixing.

Input parameters
Levels

−α −1 0 1 +α
Time (hours): A 0.98 2 3.5 5 6.02
Speed (RPM): B 65.95 100 150 200 234.05
NbC composition (% weight): C 0.957 3 6 9 11.043

Table 2: CCD experiment design with factors.

Experiment no. A B C
E1 2 200 3
E2 5 200 9
E3 0.98 150 6
E4 3.5 150 11.043
E5 3.5 150 6
E6 3.5 150 6
E7 5 200 3
E8 2 100 3
E9 6.02 150 6
E10 5 100 9
E11 3.5 150 6
E12 5 100 3
E13 3.5 234.05 6
E14 2 200 9
E15 2 100 9
E16 3.5 65.95 6
E17 3.5 150 0.957
E18 3.5 150 6
E19 3.5 150 6
E20 3.5 150 6
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Hausner′s Ratio(HR) �
TappedDensity
ApparantDensity

, (1)

Carr Index(CI) �
TappedDensity − ApparantDensity

TappedDensity
× 100, (2)

Static Angle of Repose(SAoR), tan θ �
2 × Height of the Piling (H in mm)

BaseDiameter of the Piling (D in mm)
. (3)

'e center-based, extreme-based, and factor-based
scanning electron microscope (SEM) images are shown in
Figures 3–5, respectively. 'e SEM images of the mixed
powder under various input parameters were used to ensure
the morphology of the AlSi10Mg with NbC and the dis-
tribution of the reinforcement (NbC) in the matrix
(AlSi10Mg). Figures 3–5 depict that the AlSi10Mg mor-
phology is not modified, and NbC particles’ presence was
observed. Here, the yellow circle is used to indicate the
presence of NbC particles in the matrix.

3.2. Percentage Contribution of Input Parameters for
Responses. Table 4shows the statistical values based on
the full quadratic model. 'e values depict that the model
is adequate for analysis and further experimentation. If
the p value and F-value are less than 0.05 and greater than
4, respectively, at a 95 percent confidence level, the
proposed model is significant, and the corresponding
input parameter is taken into account for the output
response. 'e model’s R square value for all responses
was greater than 90 percent, which reveals that the model
could explore 90 percent of the possible changes in the

output responses. 'e model can significantly predict the
process if the R square and adjusted R square values are
greater than 80 percent. 'e input parameters, such as
speed and NbC composition, contribute more substan-
tially to the responses, such as apparent density and
tapped density. 'e most vital input parameter affecting
the static angle of repose is speed. Also, the interaction of
time and NbC composition contributes to the static angle
of repose.

3.3. Validation of Regression Equation. 'e regression
equations (4)–(6) were used to predict output responses
such as apparent density, tapped density, and static angle of
repose by including quadratic terms of linear, square, and
two-way interaction of input parameters. 'e residual value
was obtained from the difference between experimented and
predicted data. If the residual values are small, the proposed
regression equations are accurate. Table 5 shows the residual
values for the responses, depicting that the fitted data are
close to the experimented data. So, the proposed regression
equations have verified the adequacy of the full quadratic
model.

Table 3: Output responses based on CCD-based experiments.

Experiment no. Apparent density (g/cc) Tapped density (g/cc) Static angle of repose (Radian) Hausner’s Ratio (no unit)> Carr Index (%)
E1 1.140 1.359 0.547 1.19 16.14
E2 1.270 1.529 0.567 1.20 16.94
E3 1.258 1.522 0.531 1.21 17.33
E4 1.284 1.608 0.597 1.25 20.15
E5 1.251 1.545 0.510 1.23 19.02
E6 1.251 1.545 0.540 1.23 19.02
E7 1.161 1.375 0.516 1.18 15.58
E8 1.234 1.470 0.479 1.19 16.05
E9 1.242 1.603 0.597 1.29 22.53
E10 1.292 1.531 0.486 1.18 15.59
E11 1.251 1.555 0.528 1.24 19.52
E12 1.276 1.507 0.440 1.18 15.33
E13 1.187 1.334 0.489 1.12 11.04
E14 1.280 1.486 0.488 1.16 13.89
E15 1.333 1.537 0.448 1.15 13.28
E16 1.310 1.601 0.389 1.22 18.18
E17 1.153 1.409 0.542 1.22 18.17
E18 1.251 1.545 0.528 1.23 19.02
E19 1.251 1.545 0.528 1.23 19.02
E20 1.251 1.545 0.528 1.23 19.02
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Figure 3: SEM images of center-based experiments.

Figure 4: SEM images of extreme-based experiments.
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Figure 5: SEM images of factor-based experiments.

Table 4: Analysis of variance and contribution of input parameters.

Source

Input parameters: time (A); speed (B); NbC composition (C)
Responses: apparent density (R1); tapped density (R2); static angle of repose (R3)

Adjusted sum of squares p value F-value
% contribution to input
parameters (calculation

error: ±1%)
R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

Model 0.048 0.109 0.044 ≤0.001 0.001 ≤0.001 57.26 10.07 10.91
Linear 0.043 0.081 0.016 ≤0.001 ≤0.001 0.001 152.7 22.49 11.95
A 0.000 0.004 0.002 0.694 0.107 0.074 0.16 3.13 3.99 0.03 3.11 3.69
B 0.018 0.041 0.014 ≤0.001 ≤0.001 ≤0.001 190.4 33.90 30.23 36.26 33.68 27.94
C 0.025 0.037 0.001 ≤0.001 ≤0.001 0.231 267.7 30.44 1.63 50.96 30.24 1.50
Square 0.001 0.023 0.023 0.021 0.011 ≤0.001 5.14 6.44 17.31
A∗A 0.000 0.000 0.001 0.528 0.819 0.232 0.43 0.06 1.62 0.08 0.05 1.50
B∗B 0.000 0.019 0.020 0.706 0.003 ≤0.001 0.15 15.42 43.70 0.03 15.32 40.38
C∗C 0.001 0.006 0.001 0.004 0.042 0.137 13.90 5.40 2.61 2.65 5.37 2.42
2-way interaction 0.004 0.005 0.005 0.001 0.331 0.058 13.86 1.29 3.49
A∗B 0.000 0.000 0.000 0.717 0.781 0.436 0.14 0.08 0.66 0.03 0.08 0.61
A∗C 0.002 0.000 0.004 0.002 0.869 0.011 17.34 0.03 9.65 3.30 0.03 8.91
B∗C 0.002 0.005 0.000 0.001 0.081 0.706 24.10 3.76 0.15 4.59 3.74 0.14
Error 0.001 0.012 0.005 1.90 9.94 9.24
Total 0.049 0.121 0.049
R square 98.10% 90.06% 90.76%
R square (adj.) 96.38% 81.12% 82.45%
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Figure 6: Surface plots for apparent density.

Table 5: Validation of regression equation.

Run order
Predicted (P) vs. experimented (E)

Apparent density (g/cc) Tapped density (g/cc) Static angle of repose (radian)
p E Residue p E Residue p E Residue

E1 1.134 1.140 0.006 1.337 1.359 0.022 0.540 0.547 0.007
E2 1.254 1.270 0.016 1.528 1.529 0.001 0.584 0.567 −0.017
E3 1.258 1.258 0.000 1.514 1.522 0.008 0.529 0.531 0.002
E4 1.296 1.284 −0.012 1.575 1.608 0.033 0.566 0.597 0.031
E5 1.251 1.251 0.000 1.548 1.545 −0.003 0.528 0.510 −0.018
E6 1.251 1.251 0.000 1.548 1.545 −0.003 0.528 0.540 0.012
E7 1.163 1.161 −0.002 1.381 1.375 −0.006 0.529 0.516 −0.013
E8 1.242 1.234 −0.008 1.500 1.470 −0.030 0.483 0.479 −0.004
E9 1.254 1.242 −0.012 1.570 1.603 0.033 0.568 0.597 0.029
E10 1.290 1.292 0.002 1.583 1.531 −0.052 0.515 0.486 −0.029
E11 1.251 1.251 0.000 1.548 1.555 0.007 0.528 0.528 0.000
E12 1.266 1.276 0.010 1.531 1.507 −0.024 0.447 0.440 −0.007
E13 1.193 1.187 −0.006 1.355 1.334 −0.021 0.477 0.489 0.012
E14 1.282 1.280 −0.002 1.492 1.486 −0.006 0.502 0.488 −0.014
E15 1.323 1.333 0.010 1.560 1.537 −0.023 0.457 0.448 −0.009
E16 1.315 1.310 −0.005 1.539 1.601 0.062 0.370 0.389 0.019
E17 1.152 1.153 0.001 1.401 1.409 0.008 0.541 0.542 0.001
E18 1.251 1.251 0.000 1.548 1.545 −0.003 0.528 0.528 0.000
E19 1.251 1.251 0.000 1.548 1.545 −0.003 0.528 0.528 0.000
E20 1.251 1.251 0.000 1.548 1.545 −0.003 0.528 0.528 0.000
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Figure 8: Surface plots for the static angle of repose.
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Table 6: Criteria for composite desirability function.

Output response Goal/objective Lower value Target Upper value Importance Weight
Apparent density Maximum 1.3340 1.6083 — 1 1
Tapped density Maximum 1.1396 1.3330 — 1 1
Static angle of repose Minimum — 0.3892 0.597 1 1
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ApparentDensity �1.2995 + 0.0105A − 0.00157B + 0.0212C + 0.00074AA + 0.000000BB − 0.00105CC

+ 0.000017AB − 0.00316AC + 0.000112BC,
(4)

TappedDensity �1.3080 + 0.0135A + 0.00210B + 0.0234C − 0.00095AA − 0.000014BB − 0.00236CC

+ 0.000047AB − 0.00046AC + 0.000158BC,
(5)

Static Angle of Repose � 0.2680 − 0.0579A − 0.00491B − 0.0249C + 0.00371AA − 0.000015BB + 0.01007CC

+ 0.000081AB + 0.00519AC − 0.000019BC
(6)

3.4. Surface Plots for the Output Responses. Based on the
proposed and verified model, the 3D surface plots for ap-
parent density, tapped density, and static angle of repose are
generated and shown in Figures 6–8, respectively. It displays
the influence of time versus speed, time versus NbC com-
position, and speed versus NbC composition on different
output responses with fixed input parameters at the zero
(coded) level. It is observed that the apparent density and
tapped density decreased as the speed increased. In contrast,
both the densities were increased as the NbC composition
increased. At the lower mixing speed (less than 100 RPM)
with a higher weight percentage of NbC, the apparent and

tapped density values were high. So, the HR and CI values
were high at the low-speed mixing.'e static angle of repose
decreases with decreasing speed. Irrespective of increasing
the NbC composition, the value of the static angle of repose
was minimum at a low speed of less than 100RPM. Finally,
time plays a less significant role in deciding the change in
output responses.

3.5. Composite Desirability and Validation. 'e composite
desirability function can achieve multiple response objectives/
goals. Here, the objective is to attain amaximum apparent and

Optimum
level

High
Cur
Low

A
6.020

[1.950]
0.980

234.050
[71.50]
65.950

B C
11.0430

[8.0]
0.9570

Composite
Desirability

D: 0.8970

Tapped density
Maximum
y = 1.5333

d = 0.72647

Apparent density
Maximum

Minimum

y = 1.3317

y = 0.3887
d = 1.0000

d = 0.99336

Static angle of
repose

Figure 9: Composite desirability plot based on multiple responses.
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tapped densities with the minimum static angle of repose.'e
maximum apparent density ensures that the mixed powders
are not entirely irregular in morphology, introduce smaller
particles (NbC) between the AlSi10Mg particles, and have low
pores in the initial packed density. 'e particles’ cohesiveness
was controlled, establishing good flow to the mixed powder at
maximum tapped density criteria. Based on the maximum
condition of both densities, low HR and CI were attained.
'ese values ensure good flowability characteristics. Finally,
the minimum static angle of repose confirms the low cohe-
siveness and minimum frictional effect during the powder

flow.'e static angle of repose is inversely proportional to the
flowability of the mixed powder. Table 6 shows the goal of the
output responses with importance and weight, along with
constraint values.

Figure 9 displays the optimal results with a composite
desirability limit to address the multiple objective output
response by pulling out the higher and lower point from the
3D surface plot concerning the defined objective. 'e op-
timum condition is as follows: time� 1.95 hours,
speed� 71.50 RPM, NbC composition� 8% weight. 'e
predicted values of apparent density, tapped density, and
static angle of repose are 1.3317 g/cc, 1.5333 g/cc, and 0.3887
radians (22.17 degrees) with composite desirability of 0.897.

As shown in Figure 10,the validation experiment was
carried out under optimized conditions for the confir-
matory purpose, and the experimental data were compared
with predicted data, as shown in Figure 10. From Figure 11,
it was observed that there was no change in the matrix
(AlSi10Mg) morphology and tiny satellites on the surface of
the matrix.

4. Conclusion

In this experimental investigation, the CCDwas employed to
predict the processing conditions for regular mixing of
AlSi10Mg and NbC. From the experimental analysis, the
following points can be observed:

(1) 'e factor-based experiments show promising re-
sults based on flowability characteristics when
compared to center-based and extreme-based
experiments

(2) Based on the SEM images, the morphology of the
matrix element (AlSi10Mg) had not been changed
after beingmixed with varying percentages of NbC at
a different set of parameters, and proper distribution
of NbC was observed.

(3) 'e apparent and tapped density ratio was insuffi-
cient for predicting the flow of mixed powder.
Another response is also required to assess the flow
characteristics. So, the static angle of repose was
employed to predict the mixed powder’s cohesive-
ness despite its low HR and CI values. 'e undesired
flow characteristics were observed at a high per-
centage of NbC and the extended mixing time.

(4) 'e optimum condition of input parameters reveals
that the low-speed mixing was preferable to achieve
maximum apparent and tapped densities with the
minimum static angle of repose.

(5) Finally, the optimized combination of mixed powder
(AlSi10Mg+8% weight of NbC) was attained, showing
good flowability characteristics. Furthermore, it satisfies
the processability criteria of additive manufacturing.

Data Availability

'e data used to support the findings of this study are in-
cluded in the article.

Figure 11: SEM image for the optimum combination of
AlSi10Mg+ 8% weight of NbC.
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(e design and development of machine tools play a vital role in the current economic growth. It facilitates the reduction of
manufacturing cost coping with a quickly changing business environment. During the design of the machine tool, the dynamic
characteristics need to be calibrated for avoiding uncertainties. (is paper investigates the design, dynamic characteristics, and
development of a single screw conveyor machine which is used to blend waste plastic material with catalysts. (e conveyor
machine model is created based on the idea developed from filament extruder machine with Pro-E solid modelling software. Its
multibody dynamic analysis was carried out for the selected operational requirements in the ADAMSView. It shows that when the
conveyor screw operated above the velocity of 42m/s, the deformation will occur at a maximum value of 4.23mm.(e rigid body
dynamic was carried out in ANSYS to solve the performance forecasting problems at their design stage. (e dynamic analysis
results were suggested to improve the conveying machine and driving mechanisms design parameters.

1. Introduction

Solid modelling is currently the primary method to create
new ideas for products and structures. (e main advantage
of solid modelling is that it gives a realistic visual repre-
sentation of the product and helps the user make changes
quickly and easily. During the design process, the avail-
ability, accessibility, and environmental aspects are con-
sidered. However, individual components dynamic
characteristics need to be analyzed to make the designed
model into higher durability and effective one [1, 2]. Ahmad

et al. [3] surveyed that around 7 percentage of the gross
national product failed due to product performance-related
issues. Most products are developed from research and
development. Ahmad and Ismail et al. [4, 5] reviewed the
problems during the production of new products and their
aftermarket. (ey suggested that before the product came
into manufacturing, its characteristics need to be analyzed
thoroughly to avoid failure rates and manufacturing cost.
(ey also presented a framework for the analysis of products
during their design process. Li et al. and Jiao et al. [6, 7]
surveyed the requirement of new product developments in
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the market to satisfy customer requirements. He framed the
topological structure to help the designer to develop new
products. (e topological structure includes customer re-
quirement and existing products in the market and their
failure reasons. He identified that most of the product
failures happen in improper design and not considering the
machine’s dynamic characteristic and safety factor. He [8]
discussed and developed the empirical relationship of
modelling techniques and static and dynamic characteristics
of welded joints and analyzed its possible failure modes.
Lahari and Srinivas Sharma [9] developed single screw
extruder for recycling of waste plastic material and examined
the parametric analysis of the developed model; from the
analytical report, they identified decreased pressure due to
barrel radius and higher length of the screw. Wang et al. and
Tso et al. [10, 11] discussed the design and analysis of
mechanical linkages used in mechanical press. (ey opti-
mized the linkage length to provide the best actuation. He
suggested that computer-aided modelling and analysis
techniques make the design more perfect and reduce the
failure causes during the design stage itself. Hence,
the production cost can be saved. Singh et al. [12] studied the
making of energy storage device through 3D printing
technique by utilizing commercially available waste plastics
based 3D printer filament developed through twin screw
extruder machine. (e filament was developed with addi-
tives of zincmetal and the additives of different chemicals for
enabling conduciveness.

(e present work investigates modelling and dynamic
analysis of a single screw conveyor machine. (e dynamic
analysis was carried out with the ADAMS View’s help by
considering the conveyormachine operational parameters.(e
outcome results were considered for the conveyor machine’s
development to avoid failure due to dynamic characteristics.

2. Materials and Methods

2.1. Modelling of Single Screw Conveyor (SSC) Machine.
(e basic idea for developing a conveyor machine is taken by
considering a single screw filament extruder and its oper-
ational parameters. Filament extruders are used to melt the
plastics and feed them through the nozzle in the desired
shape. In the case of a screw conveyor, the materials are
transferred from one place to another place using a rotating
helical screw blade connecting these two ideas, and the
development of a single screw conveyor was generated. (e
3D solid modelling of a single screw conveyor was created
with the help of Pro-E 5.0 software. (e conveyor machine
consists of a hopper, screw barrel, helical screw, and driving
mechanisms. For creating a conveyor screw from the fila-
ment extruder, the screw nomenclature is studied, and it is
shown in Figure 1. (e main component of the conveyor
screw machine designed in Pro-E software is shown in
Figures 2–4, respectively.

2.2. Multibody Dynamic Analysis of Single Screw Conveyor
MachineUsingMSCADAMS. (e conveyor machine and its
assembly components are created through Pro-E software; it

was saved into Parasolid file format to make the ease of
exchanging the modelling data of created model into ADAM
View/ANSYS environment. ADAMS View is a program that
allows the building of mechanical systems models and
simulates the models’ full-motion behaviour [14–16]. It can
also be used to quickly analyze multiple design variations
until the optimal design is found. ANSYS Rigid dynamics
helps to understand mechanical systems’ motion behaviour
in the design cycle [17–20]. In the proposed research, the
single screw conveyor model is analyzed with the help of
ADAMS View and ANSYS 14.5 software. In ADAMS, the
model’s constraints and boundary conditions are applied
using the build tool. (e constraint consists of relative
movement between the components.

A screw conveyor machine consists of links and joints.
Each component in the conveyor will move or rotate with
the preceding constraints. (e model imported in the
ADAMS View Environment and the boundary conditions
(constraints) created to model are as shown in Figure 5.

(e initial simulation was taken to validate and for finding
any redundant constraint added to the model. Afterwards, the
operational functions of the screw are applied, and its dynamic
analysis was carried out. Initially, the conveyor machine is
operated for a period of 20 seconds with the speed of 3000 rpm,
and its performance behaviour is taken.(e two sets ofmarkers
are located in the model one which is at the screw centre and
another is at the barrel edge to find the displacement of the
conveyor screw. (e operation functions can be improved by
adding more complex elements like friction or general state
equation to make the model accurate. (e results of the po-
sition and velocity of a conveyor screw in the X-axis are ob-
tained in graphic formusing the windows ofmeasures interface
shown in Figures 6(a) and 6(b), respectively.

(e conveyor screw is rotating at a constant speed about
its longitudinal axis. (e displacement field is implicit by
choosing coordinates x with the conveyor screw axis, as
shown in Figure 7.

U(x, y, z, t) � U0(x, t) + zβx(x, t) − yβy(x, t),

V(x, y, z, t) � V0(x, t) − zϕ(x, t),

W(x, y, z, t) � W0(x, t) + yϕ(x, t).

(1)

U, V, and W are the flexural displacements of the
conveyor screw at any point of its cross section in x, y, and z
directions. (e variables U0, V0, and W0 are the flexural
displacements of the screw axis, while βx and βy are the
rotation angles of the screw, about the y-and z-axis, re-
spectively. ɸ is the angular displacement of the conveyor
screw due to its torsional deformation.

In ADAMS View Environment, the rotational dis-
placement, velocity, and accelerations can be calculated with
the help of markers created in the conveyor screw at pre-
scribed locations, and markers act as an imaginary point
with coordinate values.

2.3.RigidDynamicAnalysis of Single ScrewConveyorMachine
Using ANSYS. In the ANSYS workbench environment, the
model saved in the Parasolid format from Pro-E software is

2 Advances in Materials Science and Engineering
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Figure 1: Screw nomenclature [13].

Figure 2: Pro-E model of conveyor screw.

Figure 3: Pro-E model of conveyor screw barrel.
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Figure 4: Assembly view of conveyor screw machine.
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imported, and connections between the assembly models are
added with the joints menu toolbar.(e screw is operated with
a speed of 3000 rpm, and its characteristics are analyzed. (e
model imported to the ANSYS workbench environment and
the model’s connections are as shown in Figure 8.

2.4. Development of Single Screw Conveyor. (e single screw
conveyor machine is developed by considering the resulting
outcome from ADAMS and ANSYS software.(e fabricated
single screw conveyor machine and its components are
shown in Figures 9 and 10, respectively.

Figure 5: ADAMS View Environment and the constraint created to model.

(a)
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Figure 6: (a) Window of the part measure and (b) position of conveyor screw-in X-axis direction.
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Figure 7: Cylindrical-coordinate system [14].
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Figure 8: ANSYS environment and the constraint created to conveyor model.

Figure 9: Machining image of single screw conveyor.

Screw Barrel

Conveyor Screw

Driving gearbox

Figure 10: Single screw conveyor and driving gearbox setup.
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3. Results and Discussion

3.1. Velocity, Deformation, and Acceleration of Single Screw
Conveyor in ADAMS View. (e dynamic response charac-
teristics help to identify the vibration at a particular region
and its velocity compound. To study the dynamic charac-
teristic and effect, the single screw conveyor machine is
freely allowed to operate in the ADAMS View Environment.
Its dynamic responses are noted to determine the velocity,

acceleration, and displacement of the system or component.
(e frequency of a single screw conveyor concerning ve-
locity is as shown in Figure 11.

(e velocity and deformation of a conveyor screw an-
alyzed in the ADAMS View Environment are presented in
Figures 12 and 13, respectively. It shows that the maximum
deformation value of a single screw conveyor (SSC) is
4.23mm concerning the operating period. Based on the
results data analyzed from the ADAMS View, the velocity of
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Figure 11: Velocity of single screw conveyor.
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Advances in Materials Science and Engineering 7



RE
TR
AC
TE
D

the conveyor screw increased above 42m/s leads to vibration
and also the velocity distribution of components leads to
failure of bearing systems. Hence, the single screw conveyor
should be operated below its critical velocity.

(e acceleration value of a single screw conveyor is
shown in Figure 14. Based on the acceleration data from the
ADAMS View Environment, the control system can be

developed. In many cases, maximum speed and acceleration
are predominant characteristics of the machine tool com-
ponent, which helps create proper driving mechanisms.

3.2. Deformation, Velocity, and Acceleration of Single Screw
Conveyor (SSC) in ANSYS. (e output result of ADAMS
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Figure 16: Total velocity of single screw conveyor.
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Figure 17: Total acceleration of single screw conveyor.
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View software is considered for the input speed of the
conveyor machine in ANSYS.(e screw is operated with the
maximum speed of 3000 rpm, and its characteristic is an-
alyzed. Figure 15 shows the total deformation of the con-
veyor screw; it was observed that during the rotary motion,
the single screw conveyor tends to deform at a maximum
range of 4.23mm. Hence, the clearance between the barrel to
the screw conveyor can be given above its maximum de-
formation value during its fabrication.

(e total velocity outcome of a single screw conveyor
analyzed from ANSYS is as shown in Figure 16. It shows the
velocity of all the components combined by vectorial ad-
dition, and it has a maximum velocity of 42m/s.(e result is
compared with the multibody dynamic analysis result value
from ADAMS View, and it showed the lower value. Hence,
the velocity of single screw conveyor will not create vibration
to the machine tool component.

(e total acceleration of a single screw conveyor ana-
lyzed from ANSYS is shown in Figure 17. It was observed
that the maximum acceleration of 7.87m/s2 is obtained for a
unit time. Hence, the acceleration value should be consid-
ered during the development of the driving mechanism for
the single screw conveyor.

4. Conclusion

(i) (e multibody dynamic analysis results from
ADAMS View shows the maximum displacement
and velocity of the single screw conveyor. During the
rotary motion, the conveyor screw tends to vibrate in
the lateral and vertical axis direction. Hence, the
conveyor machine should operate below its maxi-
mum velocity to avoid the resonance and stress
created over the surface of the screw.

(ii) (e rigid body dynamic analysis result from the
ANSYS workbench shows the velocity, deformation,
and acceleration characteristics of a single screw
conveyor. (e velocity of the single screw conveyor
creates less total displacement, so the clearance
between the screw to the barrel should be appro-
priately maintained. (e acceleration parameter
needs to be considered during the development of
the control/driving mechanism.
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