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Abstract

The objective of this research is to experimentally investigate the metallurgical, mechanical, and tribological behavior of
MoS,, SiC, and ZrO; reinforced AZ31 magnesium metal matrix composite (MMC) fabricated via powder metallurgy
process. Accordingly, the mixing of the powders was carried out through ball milling operation at various times with
constant speeds. The compaction of the milled powder was carried out on hydraulic press at various compaction
pressures. The improvement of the wear resistance performance at 10 and 5 vol.% SiC were revealed around 12.9% and
25.8%. The fracture mechanisms of the optimal specimen resulting from the compression test were studied under SEM
observation and it revealed that both ductile and brittle fractures occurred. The results from the confirmation test
revealed an improvement of 2.04g/cm3, 13%, 110.35MPa, and 1293.399 MPa for actual density, porosity, ultimate
strength, and hardness, respectively. The uniform nature of particle distribution was observed in SEM micrograph under
investigation of the microstructure of the sample. The average particle size of the sample was also obtained around
809.14nm. The proposed material is expected to be useful for various automotive and aerospace applications precisely
for pistons and wings of airplane in aerospace.
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production and finishing processes as well as which has
a better raw material utilization is desirable. Composite
materials are the most promising material that will
have a power in future due to their high strength to
weight ratios and advanced mechanical property. In a
composite material, metal matrix composites are appli-
cable after more than a quarter of a century of active
research that comprise a metal as a matrix and other
material as dispersed phase such as ceramic or metals.
Accordingly, MMCs provide a significant contribution
toward industrial and engineering areas. And, it can be
grouped into aluminum, magnesium, titanium as well
as copper matrix composites, and others.'

In Mg metal matrix composites, Mg occurs in a
combined form with other elements that have a high
reactive property when it is prepared as free element
artificially. Mg is less dense than aluminum but it lacks
strength even though it categorizes as light in weight
materials. Its stiffness to weight ratio is very high; com-
paratively, 1kg of magnesium has stiffness property
equal to 3.96 kg of aluminum and 4.62 kg of steel.”

Magnesium alloys are the primarily used to combine
the features of lightness and strength. Comparatively,
they have a relatively low Young’s modulus and low
specific gravity than aluminum and steel common
alloys, that is, 42GPa and 1.74g/cm’, respectively.’®
Due to the property of Mg alloys, they are widely
exposed to use as lightest structural material for light
weight application.* Nevertheless, Mg alloy have a lim-
itation due to their ability to inhibit corrosion, creep at
high temperature, and also blaze.’

Industrially, several type of alloys is produced from
those, AZ31 is one of the most popular Mg alloy with
aluminum. Burke and Kipouros® reviewed that the 3%
Al, by weight, content permit to overcome the ductility
problem at high working temperature likewise it stands
for strengthen a matrix by solid solution. Therefore, it
suggests to utilize in manufacturing wrought products
such as sheet and plate, as well as extruded bars and
shapes. And also, AZ31 Mg alloy is usually used for
light weight or specific gravity property such as aircraft
industry to produce flat parts with ribs like brackets.®
AZ31 Mg alloy also have the ability to resist corrosion
better than AZ91 (Table 1).”

Mg alloys can also be improved further for enhan-
cing their property as desired in the application areas.
Abbas et al.'” reviewed that Mg alloys has a limitation
on the thermal conductivity and capability of perform-
ing well between hot and cold temperatures in automo-
tive areas. However, improvements in tribological
characteristics, dimensional stability, damping capacity,
and elevate temperature creep properties can be cir-
cumvented by the proper selection in type, size elastic
modulus, and volume fraction of the reinforcement
materials in general harder and stiffer ceramic particles
reinforcements (Table 2).

Table I. Chemical composition of AZ3| magnesium alloy.®’

Elements Al Zn Mn Fe Cu Si Ni Mg

wt.% 35 14 03 0.003 0008 12 0.001 bal

For Mg metal matrix, some of methods are used to
manufacture particulate reinforced magnesium metal
matrix composites (MMMCs) including powder metal-
lurgy, squeeze casting, gas pressure infiltration, stir
casting, and disintegrated melt deposition.!" From
those, powder metallurgy is a solid-state fabrication
technique of composite material that is used to add a
value in engineering process for fabrication of metal
matrix composites (MMCs) parts. Its process com-
prises powder preparation, compaction, and sintering
the pressed part as general stage for the producing the
desired materials which used to enhance their mechani-
cal, metallurgical, and other properties of the products.
Indeed, it depends on the process parameter used to
follow for providing the desired property such as com-
paction pressure, sintering temperature, sintering time,
type and rate of reinforcement, size of matrix, and rein-
forcing elements.'?

Currently, the Mg MMCs have a broad area of
application toward mass saving application, that is, less
fuel consumption, and also the requirement of higher
strength and stiffness. In addition, it is obvious that
Mg composite are the lightest structural alloys.' In
structural applications, Mg and its composites used in
Transfer case, radiator support, instrument penal
beam, and steering components in automotive cate-
gory. And, it is also utilized in aerospace industry in
different part that make it to be the promising material
for future in aviation industry. Namely, the airplane
contains 12 parts, including control surfaces, wheels,
engine gearbox, structural items, door frames, and edge
flaps are made of magnesium alloys.'®

Karuppusamy et al.'"* studied that MMCs composed
of AZ91 Mg-MMCs as matrix and tungsten carbide as
reinforcement were investigated with 1.5 and 3.0wt.%
of reinforcement and found that the mechanical proper-
ties were improved. Sun et al.'> examined a novel fine-
grained AZ31 magnesium alloy reinforced with sub-
micron vanadium particles was prepared by powder
metallurgy. It was found that vanadium particle could
accelerate the pile-up of dislocations and the refinement
of Mg crystallite sizes during the milling process.
Additionally, the AZ31-2.5wt.% vanadium particle
composite exhibited competitive mechanical properties.
Results proved that, compared to the cast AZ31 Mg
alloy, the micro hardness, yield strength, ultimate tensile
strength, and elongation of AZ31-2.5wt.% vanadium
particle composite increased by 102%, 128%, 59%, and
10%, respectively. This showed that how the reinforce-
ment alters the mechanical property.
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Table 2. AZ31| Mg alloy and reinforcement material properties.

Elements Mg AZ3| Mg alloy SiC ZrO, MoS,
Density (g/cm®) 1.738 1.77 3.21 5.68 5.06
Yield strength (o) 20 MPa (cast) - 2| GPa 230 MPa -
Young’s modulus (E) - - 700 GPa/430 94.5 GPa -
Melting pt. (°C) 650 605-630 2730 2715 1185

Yadav et al.'® investigated the mechanical and cor-
rosion behavior of Al-based composites reinforced with
3, 6, and 9wt.% of hybrid reinforcements, that is, SiC,
graphite, and ZrO, fabricated via stir casting process.
Kumar et al.'” investigated on the microstructure and
mechanical properties of AZ31D Mg alloy reinforced
with 1, 2, 3, and 4wt.% of SiC using the stir casting
process. The addition of SiC reinforcement notably
reduces the grain size of AZ31D Mg matrix (i.e. linear
relation b/n the grain size and SiC particulate) due to
having good interfacial bonding between matrix and
reinforcement and dense dislocation as Transmission
Electron Microscopy (TEM) micrographs indicated.
Due to the reinforcement of SiC particles distributed in
the alloy matrix, the composite’s hardness, compressive,
and tensile strength are increased. Qiao et al.'® investi-
gated the mechanical, microstructural, corrosion, and
biological properties on AZ31/ZrO, nano composite
fabricated by friction stir processing. With the addition
of ZrO, particles, the average grain size is refined from
10 wm of Base metal (BM) to 3.2 wm. Venkatesh and
Deoghare'” studied the mechanical behavior of alumi-
num matrix reinforced with kaoline metal matrix com-
posite that fabricated through powder metallurgy
technique. Composite specimens are fabricated using
powder metallurgy technique with reinforcement differ-
ent percentages of weight. The hardness of the compo-
site increases with increase in kaoline reinforcement, the
ultimate compression strength was found to be
increased and ultimate tensile strength was enhanced
when compared to monolithic pure aluminum. Sun
et al."” examined the microstructure and mechanical
properties of fine-grained AZ31 magnesium alloy rein-
forced with 40 um sub-micron vanadium average parti-
cles size (Vp) prepared via powder metallurgy. Mazaheri
et al.?® focused on improving wear resistance of AZ31
Mg alloy by reinforcing 38wt.% ZrO, (estimated)
nanoparticles and increasing pass number. Padmanaban
et al.?! investigated on A356 Al-Si alloy with 7.5wt.%
Si and 0.3wt.%Mg and Al-Si MMCs with 5-20vol.%
of SiCp were produced using house made Rheo-Die
Cast (RDC) machine. In a case of RDC composites, the
grain size of the matrix is markedly decreased with
increasing percentage of SiCp reinforcement. In addi-
tion, the wear resistance was found to be nearly three
times higher than that of RDC alloy.

Esen et al.*? studied on the effect of coupling of
unalloyed Mg and Mg-alloys (AZ91 and WE43) with
Ti6Al4V alloy on corrosion and degradation behaviors
of composites which are produced via liquid infiltration
into porous Ti-alloy samples. It showed that Ti6AI4V-
Mg composites fractured and lost their mechanical sta-
bilities even after 1day. Sahu et al.>* investigated on tri-
bological behavior and effect in mechanical properties
of AZ31 Mg alloy with different Al composition manu-
factured via friction stir alloying process. The results
showed as the friction coefficient and average COF and
also the wear rate and wear volume loss in the case of
6% Al alloying is less as compared to other composi-
tion. Zang et al.** fabricated nano-ZrO-reinforced
AZ31 alloy composites by friction stir processing with
three multi-passes and high rotation speeds. Kumar
et al.?> studied on microstructure and mechanical prop-
erties of AZ31Mg alloy reinforced with various vol.%
of ZrO, particle composites produced via stir casting
process. Kavimani et al.®® fabricated using homoge-
neously reinforced AZ31 alloy with different wt.% of
reduced graphene oxide (r-GO) nano sheets for the first
time through solvent-based powder metallurgy with a
series of methodologies involving solvent processing,
mechanical alloying, and cold pressing and finally
sintering under argon atmosphere at 560°C.
Microstructure characterization studies reveals that
GO nano sheets were uniformly distributed with good
bonding strength since no cracks were viewed in the
micrograph and a few micro-voids due to decrement in
density.

Madeshwaran et al.?® studied the effects of molybde-
num disulfide on thermal expansion and mechanical
properties of epoxy composites which was fabricated
using both ultra-sonication and mechanical stirring for
4h at 700 rpm. Narayanasamy and Selvakumar?®’ inves-
tigated tribological and mechanical behavior of magne-
sium matrix hybrid composites reinforced with a wt.%
composition of TiC via powder metallurgy. The hard-
ness of the hybrid composite specimens was increased
with an increase in weight percentage of TiC.
Rodriguez-Cabriales et al.?® states that PM have a role
in Cu based MMCs material such as appropriate mate-
rial utilization, provide neat net shape product, that is,
less scrapping and complex geometrical shape by using
isostatic pressing, etc. Yu et al.?’ stated that it also
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provides a good mechanical, electrical, and metallurgi-
cal property. Besides, it has significantly an advantage
over reduction of material removal processes that sup-
ports in minimizing the cost and also capability of pro-
ducing novel material that could be hard to make in
other melting or forming processes.

Ren et al.'! reveals that the mechanical property of
carbon nano tubes reinforced MMCs indicates the
powder metallurgy process is the most preferable in
future production. Suryanarayana®® suggested that PM
is most preferable method to manufacture bulk ultra-
fined grained Mg alloys compared to other processes.
Powder metallurgy process is a method preferably used
rather than other processes like casting, stamping, or
machining. Reasonably, it become more suitable when
the materials own the property of high wear resistance
or strength with high operating temperature exceed the
ability of die casting alloys. In addition, it eliminates
the finishing machining operation cause of offering a
great precision and evade the casting defects namely
blow holes, shrinkage, and inclusions.*! PM method is
suitable for Mg MMCs materials even though a num-
ber of techniques can be utilized during the fabrication
of metal matrix composites based on some literature
justification. Likewise, it has some drawback in terms
of the cost of fine powder of the raw materials and the
die materials. Tjong* and Kumar et al.'> showed that
the impact of compaction pressure on the electrical
conductivity and hardness property at different levels
of pressures. Mechanical and electrical properties are
improved when small particle size of 3—5um of Cu-
matrix material used. A process parameter wt.% of
reinforcement can also affect the final property of a
composite material which processed via powder metal-
lurgy.* Generally, researchers found that the addition
of Gr reinforcement decreases the mechanical proper-
ties such as: ultimate tensile strength and hardness of
the composite as compared to the base material, but
improves the wear behavior.

Yu et al.** examined the effects of heat treatment on
the microstructure and wear properties of Al-Zn-Mg—
Cu/in-situ AI-9Si-SiCp/pure Al composites fabricated by
powder metallurgy process. Linong et al.** investigated
the effect of reinforcement type on the final property of a
composite material. The experimental results revealed
that the tensile strength of the composite with the addi-
tion of Swt.% B-SiC nanoparticles could be increased to
215MPa, increasing by 110% compared with pure Al
matrix. Farhadinia et al.®® studied the properties and
microstructure of a hybrid composite under hot pressing
of powder metallurgy methods using aluminum as matrix
with different amounts of TiB,, ZrB,, and Al,O; pow-
ders as dispersed phase. The mechanical properties of the
composites are investigated on the basis of micro hard-
ness and compression tests. The results showed well dis-
tributed particle in matrix that leads to have uniform

microstructure of the composites. Zhu et al.*® studied the
friction and wear behavior of Mg powder reinforced with
Swt.% WS, and 15-20wt.% SiC particles fabricated via
powder metallurgy processing. The mechanical and tribo-
logical behavior of aluminum-graphite (Al-Gr) compo-
sites is investigated in order to determine the optimum
composition of reinforcement.*>

Kaviyarasan et al.?’ followed the hardness and wear
resistance property on the magnesium reinforced with
0.5%, 1%, 1.5%, and 2% wt.% of SiC manufactured
via powder metallurgy technique. As a result, the aver-
age values for all the hardness test of pure Mg, 99.5%
Mg 0.5% SiC, 99% Mg-1% SiC, 98.5% Mg-1.5% SiC,
and 98% Mg-2% SiC was obtained as 13, 16, 27, 35,
and 65 HV, respectively. From the average values of all
the hardness test, 2% SiC reinforced samples obtained
high value. And, the tribological behavior of the com-
posite specimen (i.e. pin) carried out under pin on disc
wear test apparatus at three different velocities of 0.4,
0.6, and 0.8 ms™! as well as two loads of 5 and 10N for
a constant sliding distance of 500 m.

Unnikrishnan et al.®® showed that gray relational
analysis combined with Lo consists of three factors and
three levels of Taguchi method was taken to experimen-
tally evaluate the weld ability of AZ31B magnesium
alloy by FSW process. As a result, during confirmation
test, it showed that better results in the optimization of
welding parameters in FSW of AZ31B magnesium alloy
was obtained through gray relational analysis along
with Taguchi based method.

In this manuscript, the density, porosity, hardness,
compression strength, and wear properties has been
investigated for AZ31 magnesium metal matrix compo-
sites reinforced with silicon carbide and zirconium
dioxide particles through powder metallurgy process.
The optimum combinations of the process parameters
like milling time, compaction pressure, and sintering
temperature has been identified for the best values of
responses.

Materials and methodology
Materials to be used

The main objective for manufacturing this MMMCs
was mainly to have a property of high strength to
weight ratio. For that matter, the material selection
was taken as the basic foot step to obtain the desired
product for specified application area. The materials
selected based on their properties were AZ31 Mg alloy
as matrix and SiC, ZrO,, and MoS, as reinforcement.
AZ31 Mg alloys is very essential cause of having a
properties of high strength to weight ratio but it need
further improvement in mechanical and tribological
behaviors. Due to this, SiC and ZrO, were selected to
improve the mechanical (Hardness and Strength of the
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Table 3. The total mass of each base metal and reinforcements
of Mg alloy composite.

Trial no.  Reinforcement (%) BM
l. 81%
siC Zr02 Mosz  (O-81%)
(vol. 4%)
vol.% wt. (g) vol.% wt. (g)
| 5 1.51 10 2.68 1.91 13.71
10 302 5 5.35
I5 454 0 0
Total mass 55¢g 40g 35¢g 244¢

materials in addition Fracture Toughness properties)
and tribological properties (wear resistance properties)
of the composites. The other reinforcement MoS, was
taken as solid lubricant to improve and assist the
formation of the microstructure. The MMMCs were
then fabricated via powder metallurgy process with
calculated mass for individual materials as showed in
Table 3. During composite fabrication via powder
metallurgy process, it was estimated around 243.18 g
for total mass of the matrix material (around 0.3 kg)
and 54.42¢ (0.06kg), 48.18g (0.05kg), and 34.38¢
(0.04kg) for the reinforcements of SiC, ZrO,, and
MoS,, respectively.

Methodology

The MMMC specimens were produced by means of
powder metallurgy manufacturing process in order to
obtain better material properties. Several processing
stages were there during manufacturing the samples
using PM. At first, the estimated amount of powder for
the experiment was calculated based on the vol.% of
the powders (i.e. Rt. and BM) and expected green com-
pact dimensions.

Precisely, the calculated amount of powder was mea-
sured for each experiment run using analytical precision
balance with weighting capacity of 252g/0.1mg. The
manufacturing process was achieved sequentially
through following the procedures as stated below in the
flow chart. And, it was conducted based on the DOE
using different machines for different tasks. The machine
facilities used in different stages during the PM manu-
facturing processes were ball milling machine, hydraulic
pressing machine, and sintering apparatus. Ball milling
is one of a physical method used to synthesis particles
assisted with various balls inside the vials. In this study,
high energy mixer/mill machine was operated to obtain
fine and uniformly mixed powders (i.e. matrix and rein-
forcement mixture) using zirconium balls. Its operation
was carried out as per DOE with 1:2 balls to powder
ratio. And, it was operated under constant rotational

[ Measuring amount of powders precisely |

| Mixing the matrix and reinforcement materials using HEM/M machine ‘

U

[ Compacting the mixtures using hydraulically operated mounting press |

2y

[ Ejecting the green compact from mold using appropriate press equipment’s |

[ Sintering the green compact using sintering apparatus |

Figure I. Flow chart for composite fabrication using PM
processes.

speed of 250 rpm with intervals of 40-15min gap to
reduce overheating of the powders in the vial.

Moreover, cold pressing was carried out under a
hydraulically operated mounting press machine using
mold. It was used to compact uniformly mixed powders
at room temperature in order to form a solid part
called a green compact. In this study, the pressing mold
made of D2 steel, was taken to produce the sample as
described in Figure 1. It was geometrically designed
with 20 and 80 mm internal and outer diameter, respec-
tively, and 30 mm height. The experiment was operated
under 20min holding time after applying the axial
loading into the specimens at different levels of com-
paction pressure adhering to the DOE. In order to
enhance the material properties of the specimens, sin-
tering furnace apparatus was used to apply heat into
the green compact, that is, compacted powder. The
process was operated under considering the atmosphere
to increase the product’s mechanical strength, density,
and translucency as well as reduce oxidation of the spe-
cimens. During sintering process using high tempera-
ture box furnace, the heat was applied with 15°C/min
heating rate under various levels of sintering tempera-
ture at 40 min constant sintering time. Since the process
does not require to liquefy the material, the levels of
the sintering temperature ware taken below the melting
temperature of base metal.

Process parameters analysis for the product quality

Based on the data found from the experiment, optimum
combination of process parameters for a good quality
product can be selected and analyzed through Taguchi
based GRA optimization technique. In this study, the
response data were analyzed using multi objective opti-
mization technique, that is, GRA to obtain optimal
level combination of the process parameter for the fac-
tor. Since, GRA based Taguchi method is suitable for
data analyzing to provide an optimum specimen during
the analysis of interrelationships between multiple
responses using response graph method. In order to
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implement, several GRA equation were utilized under
each step to obtain optimal parameter combinations.
At first, the response data were transforms to S/N
ratios (Yj) based on Taguchi quality loss function
(QLF) in order to minimize the sensitivity of quality
characteristic to noise factors. The types of quality
characteristic are smaller the better, nominal the best
and larger the better. Those types were used rely on the
desired property of the product.
For smaller the better,

_ 1 1
m= —10log| 37 2 (1)
For larger the better,
= — 101 _12 " L 2
n= - 0og ﬁ i=1 Yiz_ ( )

And, variability along with the units was avoided
through normalizing the Y;; to the Z; (0 < Z; < 1) by
the following equations as listed below. Since the objec-
tive for this study is to minimize the density and
increase strength and hardness, the smaller the better
and larger the better were taken for the characterizing
the quality, respectively. Normalization, which have a
value among 0 and 1, is a method of transforming a
single input to evenly distributed data and then to scale
it for extra analysis. For both hardness and compres-
sive strength during normalizing, the formula of larger
the better was used as stated below.

zi(x) — min z(x)

7 (x) = 3)

max z;(x) — min z;(x)

And, the formula of the smaller the better for density
normalization method is,

max zi(x) — z(x)
max zj(X) — min z(x)

7 (x) = (4)
After that, each normalized S/N ratio values were taken
to find the gray relational coefficients (GRC) using
equation (95),

Amin + ,BAmax
Aoi(x) + BAmax

Where, A,; is deviation sequence of reference value x,
and x; normalized value of the responses. A, & A,
denotes maximum and minimum value of “A,” respec-
tively. B is coefficient of distinguishing in range of 0 <
B = 1. When all parameters are equally weighted, then
coefficient of distinguishing (8) is equal to 0.5.

At the last, the gray relational grades (G;) were calcu-
lated using equation (6) for selecting optimal levels for
the process parameter. Optimal levels for factors as well

GRCj(x) = (5)

Table 4. Composite proportion of reinforcements.

Coded  Reinforcement composition (vol.%)  AZ3| Mg alloy
unit (vol.%)
SiC ZI"OZ MOSZ
X 5 10 4 8l
Y 10 5 4
V4 15 0 4

as influential process parameter was analyzed further
using response graph method.

1
G = aZGRQ (6)

Composite fabrication

The composite was manufactured using a material
AZ31 as base metal and SiC, ZrO,, and MoS, as rein-
forcement. The experiment was designed under four
input parameters, that is, milling time, compaction
pressure, sintering temperature, and reinforcement per-
centage with three level as it is described below in the
Table 4. Since composition of the composite was one
of the process parameters used to design the experi-
ment, the experiment was decided to carry out under
taking coded unit for composition to represent the per-
centage of the reinforcement.

Design of experiment

The experiment was carried out based on the principle
of design of experiment (DOE) to randomly construct
designs for factors and its levels. As Dr. Genichi
Taguchi proposed the orthogonal array (OA) method
for minimum experimental run with random combina-
tions, the experiment was proceeded with Lo orthogo-
nal array design of experiment for this study. The
experiment was designed using three levels for each
selected factors, that is, input parameters. The selected
factors for experiment were volume percentage of rein-
forcement, milling time, compaction pressure, and sin-
tering temperature that are represented as A, B, C, and
D, respectively for interpretations of the optimization
result using GRA. And, their corresponding levels for
the factors are stated below in Table 5.

The Taguchi based Ly orthogonal array design was
used to design the factors with their level randomly to
obtain response of experiments. It was designed using
Minitab 17 statistical software. The MMMCs speci-
mens were then manufactured with replication using
PM processing techniques following to design of the
experiment. Moreover, the experimental results of
response variables adhering to DOE were taken to
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Table 5. Process parameters with their levels.

Level. no. Composition Milling Compaction Sintering
(vol.%) time (h) pressure (MPa) temp. (°C)

I X 2 40 400

2. Y 4 50 425

3. V4 6 60 450

Table 6. Design of Experiment based on Ly orthogonal array.

Trial no.  Process parameters
Composition Milling  Compaction Sintering
(vol.%) time (h) pressure (MPa) temp. (°C)

| X 2 50 400

2 X 4 60 425

3 X 6 70 450

4 Y 2 60 450

5 Y 4 70 400

6 Y 6 50 425

7 V4 2 70 425

8 V4 4 50 450

9 V4 6 60 400

optimize the process parameters using density, hard-
ness, and compression. The design of experiments used
for preceding the research is stated below in Table 6.

Specimen preparation

The specimen preparation, after successful manufactur-
ing process, has a role in order to prepare the specimen
for different testing methods.

Method for mechanical property tests. The MMMCs speci-
mens for mechanical properties are usually prepared
using sectioning process and grinding the surface. In
this thesis work, the specimens surfaces were sectioned
using abrasive cutter under the guide of ASTM stan-
dards based on the type of tests. And, specimens was
followed by grinding process using different grades of
sand paper to have a mirror surface especially for
Vickers hardness testing

Method for characterization tools. Characterization of the
material is essential to analyze different behaviors and
properties of products. In this study, characterization
of the optimal samples was followed in order to analyze
the behavior of the samples before and after mechanical
testing along with their objectives. During specimen’s
preparation, the specimens were exposed to grinding
using sand papers from coarse to fine grades with orien-
tation of 90° from the previous direction of grinding.

Sequentially, the sand papers of 220, 800, 1200, and
2200 grade were used assisted with air blower after each
grinding operation in order to remove debris. The speci-
men was then polished to obtain a flat, scratch-free,
and mirror like surface at the end. From the character-
izing tools, SEM were used for analysis of wear mor-
phology and fractography after wear and compressive
tests, respectively, as well as microstructure of the opti-
mal samples. And, X-ray diffractometer (XRD), with
XRD-7000 X-Ray diffractometer Maxima model of
Shimadzu Corporation (Japan) company, were used to
investigate the crystalline phases and elements in the
MMMCs samples with their corresponding sample pre-
paration procedures and sample holder devices. It had
operated through only cleaning the powders from sur-
faces without no further preparation.

Mechanical and tribological testing for MMMCs

The testing and characterization of the MMMCs were
conducted sequentially. The specimens were corre-
sponding to measuring density and porosity, hardness,
wear (wear morphology), and compression (fractogra-
phy is a method for studying the fracture details) prop-
erties. The specimens, that obtained from the optimum
process parameters using Taguchi based GRA tech-
niques, was also prepared for different test with corre-
sponding ASTM standards for further verifications of
the results. For hardness and compressive tests, the spe-
cimen’s preparation method was achieved following the
same steps used in the first phase of process. However,
the specimen preparation for wear test was reached
based on ASTM standards. Characterizations were also
carried out using XRD and SEM.

The porosity and density of the composites. Density can
simply take as a concentration of something within a
given defined occupied space. The simple mass density
of composite materials, or materials made from two or
more distinct materials with known individual densi-
ties, can be worked out based on Archimedes principle.
The theoretical density of the composite material was
obtained through finding the occupied space of matrix
and reinforcement in the composite with their corre-
sponding density based on rule of mixture.
A simple process was followed,

1. Find the densities of all the constituent’s (or
elements) in the composite.

2. Convert each constituent’s percentile contribution
in the composite to a decimal number (a number
between 0 and 1) and divide by 100.

3. Multiply each decimal by the density of its
corresponding constituent’s.

4. Add together the products from step 3.
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Therefore, it was obtained using equation (7).

P = (P * Vasr) + (Preimt * Veein1)") (7)

Where, Vgy and Vien represents percentile contribu-
tion in the composite, pg, and prein; 1S the matrix den-
sity the reinforcement density, respectively. And, n
represents number of reinforcement.

The actual densities for Mg MMCs were also calcu-
lated using principle of Archimedes. Since the buoyant
force existed is equal to the multiplication of mass of
the displaced water and gravity (i.e. the weight of the
displaced water) when the object is submerged in the
water or fluids as stated by Archimedes. The samples
were prepared using 100 grit grade sand paper and
tested as per ASTM B962-08 standard. At first, the
composite samples were weighed in air and then sus-
pended in distilled water at 25°C using Oil with a visc-
osity of 20-65 ¢St (or 100-300 SSU) at 38°C for further
sample preparation. Therefore, the actual density was
calculated according to equation (8).

W
Pac = $*pw (8)

Wair — Wwater

Porosity of the composites. From the actual and theoreti-
cal density, porosity, or void fraction was determined
by means of measuring the void spaces entirely in a
composite. The porosity (¢), which is expressed in
range of 0—1 (or in percentile 0%—100%), were deter-
mined using equation (9) as stated below,

¢ =1—%; 9)

Relative density of composites. Their relative density of the
material was calculated using the equation (10) to ana-
lyze the actual density of sample relatively to the theo-
retical density of the composites.

p. = Pae 4 100%

B 10
Prh ( )

Where, p,, py.. and py, represents the relative density
in %, actual, and theoretical density in g/cm?,
respectively.

Hardness test. The micro hardness test was conducted
according to the requirements of the Vickers method
using HVS-50 machine which is mostly applicable for
micro parts and thin sections. At first, the specimen’s
surface was polished using sand papers of 220, 800,
1200, and 2000 grades to obtain mirror surface. And,
the hardness test for Mg MMCs samples were con-
ducted according to ASTM E384-17 with cylindrical
shape of sample preparation under ASTM E3-95. In

this study, 10 kgf force was applied gradually for 10s at
different positions (i.e. three trials) in order to have
average result values. The resulting indent mark was
then analyzed optically at 10 X magnification to find
the lengths of the diagonals to determine the hardness
value. The VHT machine then automatically analyzed
and brought the HV number.

Compression test. Compression test was used to obtain
ultimate compression strength of the material and some
details of fracture regions. In this study, the specimens
were tested using uniaxial compressive loading using
universal testing machine (UTM) of WP 310 gunt
model with 50kN capacity at rate of 50 mm/min at
room temperature. The specimens of MMMCs were
prepared under ASTM E9-09 standard of 10mm in
diameter and 8 mm of height dimension with respect to
0.8 approximated length to diameter ratio.

Wear tests for optimized sample. Wear is the phenomenon
of deformation in the material due to relative motion
(like rubbing or impacting) between a surface and con-
tacting substances. In this study, Dry sliding wear test
up on the MMMCs specimens was conducted using
TR-20 Micro model of Micro Pin on disk micrometer
apparatus.

It was used to analyze the wear rate of the composite
and investigate the wear mechanisms. In this investiga-
tion, wear test was conducted under ASTM G99-05
Standard with dimensions of 6 mm diameter and 12 mm
height and then polished using fine sand paper for sam-
ple preparation. The wear property of the specimens
was determined under test parameter of 30 N applied
loading on the 25 mm diameter wear truck. And, it was
also operated with sliding speed of 250 rpm at room
temperature. Equation (13) was used in order to obtain
the wear rate of the Mg MMCs samples,

Wy — W,

WR= —————=
mxdsn*t

(11)
Where, Wy, is weight of the samples before wear and
W, is weight of the samples after wear, WL is weight
or mass loss (Wy — W,), d is wear truck diameter of
disc, n is revolution per minute, and 7 is time.

The wear rate improvement with respect to the mono
ceramic reinforced MMMCs (i.e. reinforced with SiC)
were obtained using calculated wear rate values based
on equation (14),

Wn — Wi

IWRHM(O/O) = Wart

x100% (12)
where, IWRyy denotes the improvement of wear rate
of hybrid composite with respect to mono ceramic
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Figure 2. Microstructure of the optimum M MCs from the manufacturing process.

MMMCs , Wy & Wy also denotes the wear rate of a
hybrid and mono ceramic MMMC:s, respectively.

Results and discussion
Surface morphology analysis

The topography of the composite is observed using
SEM at different magnification as depicted in Figure 2.
It shows some accumulation and agglomeration of the
reinforced particles in some part of microstructure in
the MMMGCs.*? It is used to determine the average par-
ticle size of MMMC samples using Image j software.
And, the particle size distribution of the composites is
determined based up on each particle measurement and
ana lyzed using Origin Pro 8.5 software as depicted in
Figure 3.

The average grain sizes of the manufactured compo-
site are obtained using SEM micrograph. It is around
809.14 nm based upon a calculation using a number of
replications in particle measurements. Particle size dis-
tribution on the magnesium alloy metal matrix compo-
site is also determined as shown in Figure 3. And, it is
also showed in Figure 2 that the reinforcement particles
are well distributed along the magnesium alloy matrix
in the manufactured composites.

The surface morphology, that is, fractography of the
material at different magnification is illustrated in
Figure 4. It is used to analyze fracture mechanism of
the composite. The fracture mechanisms of the
composites are observed using the SEM at different
magnifications to analyze the fractography of the
micrographs.

It is clearly observed that cleavage cracks and facets
are depicted in Figure 4(a) and (b), that is, it implies
the existence of brittle fracture in the MMMCs.
Meanwhile, the micro pores and cracks are also existed
that leads reduction in mechanical properties and a lot
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Figure 3. The particle size distribution using Image j Software.

of dimples also observed in the micrographs. The com-
pression tests showed accumulation of particles with
sharp edge of fracture modes around cleavage facets in
Figure 4 that makes to reduce ductility behaviors of the
manufactured composite. Therefore, it exhibits modern
fracture mechanism, that is, it shows both brittle and
ductile fractures as the same phenomenon was reported
in AZ31 alloys reinforced with vanadium MMCs.'® In
this study, the wear morphology of MMMCs are also
studied after conducting wear test in pin on disc appa-
ratus. The worn surface of the composite tested under
30 N using SEM.

It is clearly observed that the worn surface shows vari-
ous wear mechanisms; commonly continuous grooves,
wear debris, delamination, and scratches are detected
comparative to sliding directions. From Figure 5, worn
surface indicates that abrasive wear, delamination, oxi-
dation, and fatigue wear mechanisms are mainly detected
in the specimens. The investigations on worn surfaces
and wear debris validated that the presence of the rein-
forcements (i.e. ZrO, and SiC) improve the wear
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Figure 6. XRD spectrum of MMMC:s at different
reinforcement content.

resistance. And, the addition of molybdenum disulfide
reduces wear loss through guiding for uniform distribu-
tion of the particles over the matrix materials. As
reported in other literatures, the composites manufac-
tured with addition of ZrO, and solid lubricants shows

SEM micrographs of wear morphology for optimum composite at different magnifications.

an improvement in reducing the wear losses as reported
in other literatures.*>*!

X-Ray diffraction (XRD) analysis

The XRD pattern of the AZ31 powders and AZ31-5,
10, and 15vol.% SiC composites provide details of the
elements in the specimens as illustrated in Figure 6. The
silicon carbide an MgO peak are observed among the
identified compounds phase based upon the XRD data.
Meanwhile, there is no Mg;;Al;, peak detected in the
XRD pattern which is similarly obtained in AZ31 Mg-
alloy reinforced with sub-micron vanadium compo-
sites.'® This might be due to the decomposition of the
Mg,7Al;; phase and dissolving of Al into Mg alloy
matrix during high energy milling process. The presence
of oxide phase may be due to heat in the process of
milling and sintering of the samples in the atmosphere.

Analysis of single objective response

In this study, it mainly focuses on having high strength
to weight ratio through reducing the weight besides the
fact of desiring high mechanical properties of the
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Table 7. The response table for density. Table 9. Response table for S/N ratio of compression strength.
Level Rt. MT CP S.Temp. Level Rt. MT CP S.Temp.
| —6.446 —6.429 —6.359 —6.499 | 39.71 39.11 36.28 37.87
2 —6.333 —6.249 —6.289 —6.085 2 37.83 37.37 38.86 38.25
3 —6.090 —6.191 —6.220 —6.284 3 3691 37.97 39.31 38.33
Delta 0.356 0.238 0.140 0414 Delta 2.8l 1.74 3.03 0.46
Rank 2 3 4 | Rank 2 3 I 4
Table 8. The response table for porosity. response follows the same trend for the milling time,
compaction pressure and sintering temperature. But,
Level Re. MT cpP S.Temp.  Lorosity is depicted through following the reverse form
| 18.72 22.65 22.16 238 of the density. The main effect plot at 425°C sintering
2 2161 21.45 22.13 19.57 time, both the density and porosity show abrupt
3 24.77 21.01 20.82 21.74 change, that is, the higher and lower values, respec-
Delta 6.05 .64 1.34 4.24 tively, relative to other levels.
Rank | 3 4 2

2.5

T
N
=}

Se valyeg

T
I
n

Exp'¢ respon

Figure 7. The density and porosity responses vs. experimental
trials.

materials. Therefore, smaller the better criteria is taken
for density and porosity and larger the better for hard-
ness and compressive strength of the material. The
analysis for the selected criteria is carried out using
equations (1) and (2) as stated in the previous chapter.
But the responses variations are observed due to the
contribution effect of the process parameter of the
powder metallurgy. The density and porosity of the
composite are obtained through finding the theoretical
and actual density of the materials. In Figure 7, it
shows the experimental run vs. the measured values of
theoretical and actual density of the materials. For the
responses used smaller the better criteria also analyzed
using main effect plots and response tables. It shows
that the density and porosity is decreasing when the
reinforcement percentage decreases. Indeed, density

The response table also shows the grades of influen-
tial parameters upon the responses as tabulated below
in Tables 7 and 8. The sintering temperature is the first
influential parameter up on the density and followed by
reinforcement percentage, milling time, and compaction
pressure. And for porosity, the reinforcement percent-
age takes the first rank and followed by sintering tem-
perature, milling time, and compaction pressure.

The optimum combination of process parameter is
identified using main effect plot for individual process
parameter. It is obtained as A;B;C;D3;, A3B,C;Dy,
A;B3;C3D;, and A3;B|C;D; for compressive strength,
hardness, density, and porosity, respectively.

The main effect plot for S/N ratios clarify the influ-
ence of process parameters on compressive strength
and the hardness in Figures 8(a) and (b). It shows that
the hardness and ultimate compressive strength (UCS)
property is dependent on different parameters. The
UCS of the composite decrease when the reinforcement
percentage of SiC increases and sintering time
decreases. It is possibly due to reducing the reinforce-
ment percentage of ZrO, causes to decrease the com-
pressive strength. The milling time from 2 to 4h
decreases compressive strength and increases its value
at range of four to six milling hours. This indicates that
the size reduction and uniform distribution of powders
have an impact on properties of the composite. In addi-
tion, it obtains the influential process parameter for
better hardness and compressive strength property
using main response table. The main response table
shows the main factor affect the compression strength
is shown in Table 9. The compaction pressure was
taken the first grade for influencing the property of
compression strength followed by reinforcement per-
centage, milling time, and sintering temperature. The
regression model is constructed using a given experi-
mental values for predicting the response for compres-
sion strength as mentioned in equation (13).
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Figure 8. Main effect plot for (a) ultimate compression strength,

Table 10. Response table for S/N ratio of hardness.

Level Rt. MT CP S.Temp.
| 42.43 42.43 41.34 42.83

2 41.32 42.08 42.20 42.09

3 42.69 41.94 4291 41.54
Delta 1.37 0.49 1.58 1.29
Rank 2 4 | 3

Compression St. = —32.2 — 2.559 Rt. — 2.21 MT
+ 1.341 CP + 0.162 S.Temp.

(13)

The hardness of the material is reduced when the sinter-
ing temperature and milling time increase in Figure
8(b). On the other hand, it shows a direct relation with
the compaction pressure and reinforcement percentage,
that is, ranges of 10-15vol.%. Moreover, the response
table in Table 10 assures that the compaction pressure
has a great impact on the hardness property as the

(b) hardness, (c) density, and (d) porosity.

compression strength and followed by reinforcement
percentage, sintering temperature, and milling time.
The regression model for hardness is used to obtain the
predicted values without interaction effect as it stated in
equation (14).

Hardness = 223.6 + 0.50 Rt. — 1.77 MT + 1.138 CP
— 0.379 S.Temp.
(14)

The main effect plot is depicted to show the effects
through correlating each process parameters with the test
result of the responses as shown below in Figures 8(a—d).

This implies, the reinforcement percentage and sin-
tering temperature have a great impact on the density
and porosity than the compaction pressure. It indicates
the values of density of the MMMCG:s is increased as the
reinforcement percentage increases.** However, it is
clearly observed from the response table that compac-
tion pressure has higher impact on hardness and com-
pressive strength.
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Figure 9. Compression strength versus reinforcement
composition of the manufactured composites.
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Figure 10. Density versus reinforcement composition of the
manufactured composites.

The bar graphs provide the correlation of the influ-
ential parameters with experimental responses is shown
in Figures 9 and 10. It provides the values of compres-
sive strength and density of magnesium alloy hybrid
composites. In 5vol.% of SiC reinforced MMMCs, it
has recorded as increasing the hardness and compres-
sive strength. The mechanical properties is enhanced
based on the fact that the SiC and ZrO, are working as
a barrier to the crack propagation due to better distri-
bution in the magnesium alloy matrix.*’ In Figure 10, it
is observed that the density is increased with addition of
Zr0O; and followed by SiC in the composites. And also,
the increasing in sintering temperature also shows an
increment of density in manufactured composites. The
theoretical and experimental densities are used to deter-
mine the porosities of all samples. Therefore, the addi-
tion of micro sized reinforcements has a great impact to
increase the density and also porosity of the composites
as reported by other literatures.*’

Table I 1. Mean values of the experimental responses.

Exp’t Experimental ~ Porosity Hardness Ultimate

runno.  density (g/cm®) (%) (MPa) compressive
strength (MPa)
l. 2.20 0.07 1320.14  84.39
2. 2.04 0.14 128532  97.17
3. 2.05 0.13 1288.42  110.48
4. 2.10 0.07 1105.53 96.37
5. 2.09 0.07 1337.46 78.78
6. 2.0l 0.10 1007.957 6222
7. 1.98 0.07 1497.64  90.50
8. 2.02 0.06 1125.63 52.70
9. 2.04 0.05 1418.85 72.08

The optimization of process parameter using Taguchi
based GRA

In the multi response optimization, the Taguchi based
GRA tools are mostly used to determine the optimum
response values (Prakash et al.*'and Hussain et al.*?).
In this study, the optimization of multi objective
response was analyzed using GRA coupled with the
Taguchi method in order to determine the optimal level
combination of PM process parameter used for compo-
site manufacturing. For optimization, three levels for
four process parameters are used as a measuring index
to analyze the four responses to obtain optimum level
and combination of parameters. The optimal level is
highest value that obtained from the values of gray
relational grade. The optimal parameter combinations
are obtained through mean GRG analysis at each level.
This analysis was carried out under the following steps
mentioned in the previous chapter using Minitab-17
software (Table 11).

Signal to noise (S/N) ratio. Robust design is an engineering
methodology used to improve productivity during
Research and Development (R&D) activities so that
high quality products can be developed fast and at low
cost. A product or a process is robust if its performance
is not affected by the noise factors. And robust design is
a procedure used to design products and processes such
that their performance is insensitive to noise factors. In
this, trial is done to determine product parameters or
process factor levels so as to optimize the functional
characteristics of products and have minimal sensitivity
to noise. The Signal to noise ratio (S/N ratio) is a statis-
tic that combines the mean and variance. The objective
in robust design is to minimize the sensitivity of a qual-
ity characteristic to noise factors. This is achieved by
selecting the factor levels corresponding to the maxi-
mum S/N ratio. That is, in setting parameter levels
always the S/N ratio is maximized irrespective of the
type of response (i.e. maximization or minimization).
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These S/N ratios are often called objective functions in
robust design.

The qualities of measurement are essential for
enhancing the signals with considering the uncontrolled
variables, that is, noises to reduce in the response
results. That provides the responses to have the
expected product with optimum properties. The qualifi-
cations are “smaller the better,” “nominal value the
better,” and “the larger the better.” In this study, the
responses, that is, density, hardness, ultimate compres-
sive strength were taken as response for Ly OA design
of experiment. Due to this, the theoretical and actual
density as well as the porosity and relative density were
determined using equations (7)-(10) as mentioned in
the previous chapter. Statistical formula of “the smaller
the better” was utilized for porosity and actual density
to determine the performance quality of the compo-
sites. Since the actual density and porosity were esti-
mated to provide the property of high strength to
weight ratio in product. The S/N ratios for ‘smaller the
better’ condition was obtained to minimize the noise
factors of the porosity and actual density. Meanwhile,
the composite hardness and ultimate compressive
strength responses were analyzed using ‘larger the bet-
ter’ statistical formula as expected to have higher prop-
erties. The S/N ratios for each response were tabulated
in Table 12.

Normalizing the data. In this step, the data obtained from
S/N ratio is normalized in order to scale it for further
analysis by eliminating the effects due to variability and
different unit. Therefore, all experimental run of S/N
ratio values is normalized between 0 and 1 using equa-
tions (3) and (4) as mentioned in the previous chapters.
The transformed responses are tabulated in Table 13.

Gray relational coefficient and gray relational grade. This step
is used to determine GRC values which used to trans-
form the response data as single response for further
analysis. GRC is calculated using normalized S/N ratio
data to figure out the relation of actual and experimen-
tal data using equation (5). The deviation sequence val-
ues for each response are tabulated under Table 14
including GRC and GRG, respectively. The maximum
and minimum values are taken as 0 and 1 with 0.5 val-
ues for coefficient of distinguish for each response.

The values which transformed into single response
using equation (6) is called Gray relational grade
(GRG.). From those, the highest value of GRG is
taken the first rank for nine experimental run and last
rank is provided to the lowest value. In Figure 11, the
GRG values, obtained using equation (6), with their
corresponding ranks is defined for the MMMCs.
Therefore, the highest value of GRG for this experi-
ment is experiment run number 3 due to having high

Table 12. S/N ratio of the experimental responses.

Expt. Actual density Porosity Hardness Ultimate
runno.  (g/lem’) (%) (HV) compressive
strength (MPa)

I —6.86 22.23 42.58 38.52

2 —6.20 16.75 42.34 39.75

3 —6.27 17.18 42.37 40.86

4 —6.46 23.01 41.04 39.67

5 —6.43 22.57 42.69 37.93

6 —6.09 19.24 40.23 35.88

7 —5.95 22.70 43.67 39.13

8 —6.11 25.01 41.19 34.44

9 —6.20 26.61 43.20 37.16

Table 13. Normalized data of each experimental responses.
Expt. Actual Porosity Hardness Ultimate
runno.  density (glem®) (%) (MPa) compressive

strength (MPa)

I 1.00 0.444 0.681 0.636

2 0.27 1.000 0.614 0.827

3 0.35 0.956 0.620 1.000

4 0.56 0.365 0.233 0.815

5 0.52 0.409 0.714 0.543

6 0.16 0.747 0.000 0.224

7 0.000 0.396 1.000 0.730

8 0.174 0.162 0.279 0.000

9 0.270 0.000 0.863 0.423

values which takes the first rank from nine experiment
run as stated in Figure 11. For this experiment, the
optimum level of process parameter among design of
experiment value is A;B;C3Ds.

Meanwhile, the mean value of GRG is used to
obtain influential factor and optimum level combina-
tion from each process parameters using main effect
Table 15 shown. The optimum level combination of
parameter based on responses has been found from
main effect table is: factor A at level 1, that is reinforce-
ment percentage at 5% SiC and 10% ZrO,; factor B at
level 1, that is, milling time at 2 h; factor C at level 3,
that is, compaction pressure at 70 MPa and factor D at
level 2, that is, sintering temperature at 425°C. As a
result, the optimal levels combination for PM process
parameter has been found as A;B;C;D,. In addition,
the influential process parameter was obtained from
main effect table of GRG values. It is computed as Rt.
Percentage was the first rank and followed by compac-
tion pressure depend on the contribution of response
value. The mean GRC for compression strength is
0.601 which is the highest among all the responses.
This implies, the compression strength has the strong
interaction with all process parameters relative to the
density, hardness, and porosity. Therefore, the factors,
which used to run the experiment, can easily influence
the compression strength than other responses.
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Table 14. Deviation sequence of the normalized S/N ratio.

Expt. Deviation sequence GRC
run no. Actual Porosity Hardness Comp. St. Actual Porosity Hardness Comp. St.
density (g/em®) (%) (HV) (MPa) density (g/em®) (%) (HV) (MPa)
| 0.000 0.556 0.319 0.364 1.000 0.474 0.611 0.579
2 0.731 0.000 0.386 0.173 0.406 1.000 0.564 0.742
3 0.652 0.044 0.380 0.000 0.434 0919 0.568 1.000
4 0.438 0.635 0.767 0.185 0.533 0.440 0.395 0.730
5. 0.476 0.591 0.286 0.457 0512 0.458 0.636 0.523
6. 0.841 0.253 1.000 0.776 0.373 0.664 0.333 0.392
7 1.000 0.604 0.000 0.270 0.333 0.453 1.000 0.650
8. 0.826 0.838 0.721 1.000 0.377 0.374 0.409 0.333
9. 0.730 1.000 0.137 0.577 0.406 0.333 0.786 0.464
Mean GRC 0.486 0.589 0.601 0.568

Table 15. Response table of mean GRG and * is optimum level.

Level Rt. MT CP S.Temp.
| 0.6915* 0.5998* 0.4933 0.5652
2 0.4992 0.5280 0.5667 0.5760*
3 0.4933 0.5561 0.6240* 0.5428
Delta 0.1982 0.0718 0.1307 0.0332
Rank I 3 2 4
B8 GRG values @)
91 B GRG rank bt
g
&)
&
&}
Exp't trial no.
Figure I11. GRG values and rank for the responses.

The reinforcement percentage is the strongest among
controlled process parameter from value of mean GRG
difference between low and high level. It was obtained
as high as 0.1982 followed by compaction pressure,
milling time and sintering temperature, respectively, as
shown below in Table 15. It can be interpreted as the
reinforcement percentage has a strong correlation with
the responses, that is, density, porosity, hardness, and
compression strength of MMMCs. And, it is followed
by compaction pressure as the second process para-
meter that influences the responses.

Evaluation/analysis of process parameter of powder
metallurgy process

The responses of the process parameters are analyzed
and evaluated further using different techniques to
develop a regression model. Different illustration and
diagrams are used for implementing the result values
for the response.

3D surface plot for GRG and predicted process
parameters. The desired response values correlate with
the two predicted parameters can be investigated using
3D surface plot. Figure 12 show the 3D surface plots
for GRG wrt two predicted process parameters of PM.
The 3D surface plot for GRG variation w.r.t Rt.
Percentage and milling time is shown below in Figure
12(a). The plot illustrates as GRG value increases with
increasing the milling time and reducing the composi-
tion percentage of reinforcements. It is also nearly
observed the same interpretation as the above in Figure
12(b and c). The increment in composition of the rein-
forcement percentage proportionally to compaction
pressure (and indirectly to sintering temperature)
makes the value of GRG to decrease. The time takes
for milling the powder from 2 to 6h lead to increment
the value of GRG as illustrated in Figure 12(c and d).
And also, increasing the compaction pressure propor-
tion to the sintering temperature provides better
response for GRG in Figure 12(f). The 3D surface plots
of GRG responses show non uniform changes in the
slope of curve that predicts the possibility of occurring
the interaction effect along the process parameter.

Contour plot for GRG for predicted process parameters. 2D
topographical map of a 3D surface, that is contour
plot, is provided using two predicted parameters on the
y axis and a desired response value as contours in z
axis. It is used in order to analyze the interaction effect
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Figure 12. (a)-(f) The 3D surface plot of predicted process parameters on the GRG response.

among the parameters on given response and obtain
the range for optimal responses. In Figure 13, the con-
tour plots for response GRG using two predicted pro-
cess parameters are shown below. The contour plot of
the response for GRG wrt the milling time and reinfor-
cement percentage in Figure 13(a) indicated that the
maximum GRG value is in the range of 0.7 and above
with the high level of milling time with low level of Rt.
%. And, it also shows the possible interaction effect
between the process parameters. In Figure 13(b), it
shows contour plot for GRG by varying Rt.% and
compaction pressure parameters. By varying these two
parameters, maximum GRG value is in the range of
0.7 and above. The predicted parameters of sintering

temperature wrt the Rt. % to obtain the GRG value in
the range of 0.7 and above as shown in the Figure
13(c). The contour plot indicates the compaction pres-
sure, milling time, and also sintering temperature have
high influence on the response of GRG over percentage
of reinforcement. And, it shows the possible interaction

effect between parameters on GRG due to the existence
of curvature formation in Figure 13(a—). The compac-
tion pressure with respect to the milling time provides
higher value of GRG in range of 0.7 and above as
shown in Figure 13(d). It indicates that the compaction
pressure and milling time have higher effect on the
response of GRG. The milling time and compaction
pressure wrt the sintering temperature have been shown
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Figure 13. (2)-(f) The contour plot of predicted process parameters on the GRG response.

Table 16. Results of confirmation test.

Response The optimum  experimental
level A|B3;C3D; optimum level of
parameter A|B,C;D,
Density 2.058 g/cm® 2.0356 g/cm®
Porosity 0.138 0.129
Hardness 1288.888 MPa  1293.399 MPa
Compression strength ~ 110.170 MPa 110.350 MPa

in Figure 13(e) and (f), respectively. The highest GRG
values for both are in range of 0.7 and above. As the
contour plot indicated that the compaction pressure
has high influence on GRG response relative to milling
time.

Confirmation test for optimum parameters. The optimal
level combination, that is, A;B;C3D, of process para-
meters is taken for confirmation test of various proper-
ties since it is essential to confirm with the experimental
tests. The results of the confirmation experiment are
listed in Table 16 with the optimal process parameters
of powder metallurgy A;B;C3D, that is used to manu-
facture the optimum sample.

The combination of process parameter at optimal
level, that is, experimental density, porosity, compres-
sive strength, and hardness value are 2.058 g/cm’,
0.138, 110.17MPa, and 1288.888 MPa, respectively.
Hence, the properties, that is, experimental density,
porosity, compressive strength, and hardness value of
MMMCs are improved by using GRA integrated with
Taguchi method.
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Regression model for GRG. The model for the GRG
responses is constructed to predict the response values
through considering the main and interaction effect of
the process parameters. The regression equation
developed for the GRG with considering interaction
effect among the process parameters is stated below in
equation (15).

GRG =221 - 0.175 Rt. — 0.216 MT — 0.0427 CP
+ 0.00187 S.Temp.
— 0.0031 Rt. « MT + 0.00295 Rt. x« CP
+ 0.00456 MT x CP

(15)

As the model summary showed that the R-Square val-
ues of the model is 92% so it is significant since it lied
between 90% and 100%, that is, it is nearly approached
to 1 value. This implies, the model has an efficiency to
predict the response values at any parameter values. In
Figure 14, the distribution of the normal probability
plot shows the values are not far from a theoretical nor-
mal distribution, that is, it is tends to form normal dis-
tribution when relative to residuals values.

The predicted GRG values obtained using the above
model equation (3) are calculated for each experimental
run. And, it is used to analyze the response of GRG
with the experimental values of GRG. It is shown on
that of the experimental and predicted GRG graph as
depicted in Figure 15 are nearly same. Due to this, the
influences of interaction effects of process parameters
have signwearificant influence on GRG responses.

Wear test

The wear resistance of the MMMCs is evaluated
through analyzing the wear loss and rate as well as the
friction coefficient of the materials. In this study, the
wear test is conducted on the optimum and mono
hybrid MMMCs samples using (DUCOM TR-20
MICRO) pin-on-disc equipment. The wear behavior
was investigated under loading of 30N and sliding
speed of 250rpm on 25mm diameter wear truck at
Smin running time. The weight (mass) loss is obtained
using the weight difference of the samples, that is
before and after conducting wear test and the values is
used to calculate the wear rate of the samples using
equation (13) as mention in previous chapter. The
results of the weight loss and wear rate of hybrid and
mono hybrid samples are tabulated below in Table 17.
The reinforcements of MMMCs made the matrix to
be stronger and resist the wear rates during the Dry
sliding wear test. Form Table 16, low mass loss is
observed when the volume percentage of silicon carbide
decreases relatively to the vol.% of zirconium dioxide
in the composite. Similarly, it is also showed the same

Normal Probability Plot for GRG
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Figure 14. Normal distribution of the GRG values.
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Figure 15. The predicted and experimental GRG with
experimental trial numbers.

Table 17. Mass loss and wear rate of the samples at specified

load.
Material type Composition Mass Wear rate
coded unit loss (g) (X107 8kgm™")
Hybrid MMMCs X 23X 1073 23428
Y 27Xx107% 2.7502
Mono hybrid z 3.1X1073 3.1576
MMMCs

ideas in Figure 16. The wear rate is also high due to
taking an average loading value, that is, the higher
loading with high sliding speed make the wear rate
higher due to the frictional heat at contact surface of
pin and disc. Similar results of the study are obtained
by other researchers (Arif et al.*?).

The variation of wear rate is clearly observed for dif-
ferent volume percentage of SiC as shown in Figure 16.
The wear rate of hybrid MMMCs was lower than the
mono hybrid MMMC:s at a constant process parameter
of 30N load and 250 rpm sliding speed for Smin at
room temperature. As shown in Table 17, The Svol.%
of SiC have a low wear rate than of both 10 and
15vol.% of SiC reinforced MMMC s at a 30 N constant
applied load. The wear rate is gradually reduced in
composite of having high volume percentage of ZrO,
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A Mass loss (g)
N Wear rate (Kg.m™)

3.1*%10-3

2.7*%10-3

The experimental values

2.3*%10-3

5% SiC (10% Zr02)

10% SiC (5% Zr02)
Reinforcement composition (%)

Figure 16. Mass loss and wear rate of MMMC:s in different
reinforcement percentage.

as shown in the graphs of Figure 16. However, the wear
rate of the composite has exhibited a good improve-
ment with addition of ZrO, reinforcement which have
provided the same result with Aydin and Sun.**
Indeed, the hybridization of the particles enhances
mechanical properties as well wear resistance of the
composites. The enhancement of the wear resistance is
expected due to silicon carbide and zirconia reinforce-
ments. Both are harder and strong in nature that makes
the base metal to resist the wear. When the percentages
of zirconia increased and uniformly distributed all over
the matrix, the wear resistance of the composites also
increases. The improvement of the wear resistance per-
formance in percentile for 10vol.% SiC and 5vol.%
are around 12.9% and 25.8%, respectively, compared
to mono hybrid MMMC:s. In general, the property of
composite materials enhances with the increasing the
type and contents of the reinforcement. This is due to
the fact that the hardness and strength of the composite
enhances based up on the contents of the reinforce-
ments. Even though, it has a tendency to build lubri-
cant film cause of temperature existence during wear
test.*> However, it is better to further investigate the
wear behavior or resistance for the given composite
using optimization of parameters that makes to observe
the effects in detail.

Conclusions

In this study, the effect of powder metallurgy process
parameters is investigated on multi responses of SiC,
Zr0O,, and MoS, reinforced AZ31 Mg alloy composite
based on the GRG integrated Taguchi method. Surface
morphology at SEM shows the reinforcement distribu-
tion in Mg alloy matrix were uniform and brittle and
ductile fracturing were noticed. XRD also has provided

the data of no existence of intermetallic compound
phase. The optimal process parameter combination for
responses, that is, density, porosity, hardness, and ulti-
mate compression strength is obtained as A;B{C;D,
based on the response table for mean GRG. That
means the optimal process parameters are reinforce-
ment percentage at 5vol.%, milling time at 2h, com-
paction pressure at 70 MPa, and sintering at 425°C.
The porosity has a strong relation with the process
parameters as it has the highest mean GRC value (i.e.
0.589) compared to the compression strength, hardness,
and density. This implies the porosity have easily influ-
enced by the selected factors. Reinforcement percentage
has a strong correlation among the controlled para-
meters with the MMMCs responses. As response table
for GRG shows the reinforcement percentage is the
most influential process parameters that followed by
compaction pressure, milling time, and sintering tem-
perature sequentially. The 3D surface plots and the
contour plot also depicted that the reinforcement per-
centage has significantly affect the GRG at 5vol.%
and 70 MPa for compaction pressure. The interaction
effects between parameter on GRG are insignificant
since the experimental and predicted GRG are nearly
same. Meanwhile, the confirmation test responds that
the density and porosity, hardness as well as the com-
pressive strength values of MMMCs are enhanced
through GRA integrated with Taguchi method. And,
the wear resistance is enhanced by 12.9% and 25.8%
for 10vol.% SiC and 5vol.%, respectively. Therefore,
the magnesium alloy MMCs have brought a better
mechanical and tribological property for the different
application areas.
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