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A magnesium-based metal matrix composite incorporated with 2.5 wt.% TiB2

has been fabricated using spark plasma sintering for the first time. The Ta-
guchi design approach was used to analyze the significant influences of sin-
tering parameters such as the temperature, pressure, and time on the physical
and mechanical properties of Mg-based composites. Analysis of variance was
used to investigate the effect of each sintering parameter. X-ray diffraction
and field-emission scanning electron microscopy equipped with energy-dis-
persive x-ray spectroscopy were used for structure and microstructure anal-
ysis. Rockwell hardness (HR) and Vickers hardness (HV) were used to
evaluate the mechanical properties of the composite. The results showed that,
in the case of microhardness, all the sintering parameters were controlling
factors, and the sintering temperature was the most significant factor. The
maximum values obtained for the densification, Rockwell hardness, and
Vickers hardness were 100%, 62.18 HR, and 58.6 HV, respectively.

INTRODUCTION

Magnesium-based materials have had a signifi-
cant impact on various industrial sectors, including
the automobile and aerospace industries, due to the
low density (1.738 g/cm3), high strength-to-weight
ratio, and stiffness of Mg.1,2 However, Mg has a
comparatively low elastic modulus, low strength,
insufficient ductility, high creep, high wear, low
corrosion resistance, and fatigue that could limit its
extensive industrial use.2 Nevertheless, many
efforts have been made by researchers to fabricate
Mg-based alloys or composites with Cu, Ti, Al, TiO2,
ZnO, Al2O3, ZrO2, and TiB2 to achieve desired
mechanical properties and enhanced ductility.3–12

Magnesium is one of the most suitable biocompatible
and biodegradable elements. Therefore, Mg-based
materials have great potential for use in clinical
applications.13,14 Cobalt-chromium alloys, austeni-
tic stainless steel, and Ti-based materials are exten-
sively used in medical applications. However, the
use of these materials results in toxic products that
are harmful to the patient and require costly
postsurgery care after the healing process.15–22

One way to achieve a suitable Mg-based material

with adequate mechanical properties for biomedical
applications is to incorporate a suitable reinforce-
ment into the Mg matrix. The resulting improve-
ment in the mechanical properties of the Mg matrix
is highly dependent on achieving a uniform distri-
bution of the reinforcement.23,24 Different methods
have been reported for fabricating Mg-based com-
posites, such as liquid infiltration,6 stir casting,25–27

squeeze casting,28 mechanical alloying,29–32 and
powder metallurgy processes.29,30,33–39 In powder
metallurgy, the reinforcement can be well dis-
tributed within the matrix in the absence of an
interaction or with a minimum interaction between
the matrix and reinforcement.

After the powder has been mixed, consolidation of
the powder mixture can be carried out using a novel
sintering technique called spark plasma sintering
(SPS). In this technique, the powder material is
heated and compacted simultaneously to achieve
the maximum density and minimum grain growth
due to the high heating rate, in a reduced experi-
mental time compared with conventional sintering
techniques.40,41 SPS can offer a lower sintering
temperature and shorter sintering time, resulting in
improved mechanical properties compared with the
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conventional sintering technique. Researchers have
used SPS extensively in the fabrication of various
metals, ceramics, and their alloys and compos-
ites.42–45 However, there is a scarcity of literature
on the use of SPS for Mg-based composites. Nguyen
et al. successfully developed an Mg-based in situ
composite of Mg-ZnO using SPS, which exhibited
improved corrosion resistance in Hank’s solution.46

This kind of improvement is generally difficult to
achieve by using conventional sintering
techniques.45,47

Titanium diboride (TiB2) is a ceramic reinforce-
ment with high melting temperature (2790�C), high
Rockwell hardness (86 HRA), high Vickers hardness
(960 HV), high elastic modulus of 530 GPa, and
excellent thermal stability.48 As a result of these
excellent properties, TiB2 has a wide range of
applications in erosion, corrosion, abrasion, and
high-temperature applications.49 Recently, a Mg
matrix was reinforced with TiB2 to enhance its
mechanical properties, making it more attractive for
use in orthopedic applications. Powder metallurgy
combined with the conventional sintering technique
has also been used to fabricate a Mg-TiB2 composite,
achieving significant improvements in hardness and
wear resistance.50 Similarly, a Mg-TiB2 nanocom-
posite was prepared by disintegrated melt deposi-
tion followed by hot extrusion, obtaining an
improved compressive yield strength, compressive
tensile strength, and fracture strain, and modified
basal texture.12 However, to the best of the authors’
knowledge, there are no previous reports on fabri-
cation of Mg-2.5TiB2 composites by spark plasma
sintering.

In view of the above prospects of Mg and TiB2

materials, an attempt was made in the work
described herein to study the effect of sintering
parameters such as the sintering temperature (S.
Temp), sintering pressure (S. Pres), and sintering
time (S. Time) on the mechanical and physical
properties of Mg-2.5TiB2 composites, namely their
microhardness, macrohardness, and density. The
resultant mechanical and physical properties of the
Mg-2.5TiB2 composite are a combined effect of more
than one sintering parameter and their interac-
tions. Thus, a statistical design approach called the
Taguchi method was used effectively to determine
the significance level of the effect of each parameter
on the composite properties.

EXPERIMENTAL PROCEDURES

Design of Experiments

The design of experiments (DOE) method, which
includes the Taguchi method, response surface
method, and factorial design, is now widely used
to overcome the limitations of conventional opti-
mization techniques.51 Based on a fractional facto-
rial design, the Taguchi method is widely used to

optimize the process parameters and reduce exper-
imental time and cost,52,53 as well as to avoid the
full factorial design by carefully choosing the exper-
imental runs.54 The two essential tools of the
Taguchi method are an orthogonal array (OA) and
the signal-to-noise (S/N) ratio, where the OA is a
matrix consisting of rows and columns filled with all
the possible combinations of the controllable vari-
ables.52 Meanwhile, the S/N ratio is the ratio of the
sensitivity to variability; therefore, minimizing the
noise effect results in maximizing the S/N ratio,
which enhances the quality attributes of the prod-
uct. In view of the objective function, the S/N ratio
can be categorized as larger is best, nominal is best,
and smaller is best.

High microhardness, macrohardness, and exper-
imental density are desirable in the present work,
thus statistical analysis was carried out with the
option of higher is better. The S/N ratio for larger is
best is calculated according to Eq. 1:
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where yi (i = 1,2,…, n) are the observed average
data and n is the number of observations.

Experiments were performed according to a stan-
dard orthogonal array (SOA). The orthogonal array
is selected only when the number of degrees of
freedom is equal to or greater than the sum of the
parameters.26–29 Three factors (S. Temp, S. Pres,
and S. Time) are considered herein, each presenting
three levels in the experiments, viz. 450�C, 500�C,
and 550�C for S. Temp, 30 MPa, 40 MPa, and
50 MPa for S. Pres, and 5 min, 10 min, and
15 min for S. Time. An L9 orthogonal array with
nine rows and three columns was selected (Table I).
The sintering parameters selected for the experi-
ments were (1) S. Temp, (2) S. Pres, and (3) S. Time.
The responses to be analyzed were microhardness,
macrohardness, and experimental density, with the
objective of larger is best, and the responses were
subjected to analysis of variance (ANOVA).

Table I. Taguchi L9 design orthogonal arrays

L9 test
sample

S. Temp
(�C)

S. Pres
(MPa)

S. Time
(min)

1 450 30 5
2 450 40 10
3 450 50 15
4 500 30 10
5 500 40 15
6 500 50 5
7 550 30 15
8 550 40 5
9 550 50 10
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Materials and Processing

Mg powder with purity > 99.8% and average
particle size of < 45 lm supplied by Alfa Aesar,
USA, was used as the base material. Titanium
diboride (TiB2) powder with purity of 99% and
average particle size of 10 lm, as supplied by BOC
Science, USA, was used as the reinforcement. A
pure Mg matrix with 2.5 wt.% TiB2 reinforcement
was synthesized via a powder metallurgy processing
route. A mixture of Mg and TiB2 powders at the
chosen ratio was combined using a low-energy
milling machine (Fritsch Pulverisette 5) to achieve
a homogeneous distribution of the reinforcement in
the matrix material. The powder mixture was
milled at 200 rpm for 1 h in stainless-steel vials
without balls filled with Ar gas. The milled powders
were consolidated (nine runs) using SPS (FCT
group, System GmBH; Germany) at three levels of
sintering pressure, temperature, and time, accord-
ing to the L9 orthogonal array in Table I. The milled
powder mixture was loaded into a 14.8-mm-diame-
ter graphite die with respective punches. A thin
graphite sheet was inserted between the powder
mixture and die wall to allow easy removal of the
sample after consolidation. Additionally, this thin
sheet could reduce friction between the die wall and
powder. The sintering temperature during consoli-
dation was measured by inserting a thermocouple
into the middle of the die, 2 mm away from the die
internal wall. The sintered samples were then
cleaned of graphite by grinding and polishing.
Grinding was performed with SiC paper of 180,
320, 400, 600, and 800 grit sizes. This process was
followed by polishing with alumina slurry. To
remove the small particles of alumina that attached
to the composites during polishing, the samples
were immersed in ethanol solution and ultrasoni-
cated using a digital ultrasonic cleaner for 15 min.

Characterization

The structures of the as-received powder, milled
Mg-2.5TiB2 powder mixture, and sintered samples
were characterized via x-ray diffraction (XRD)
analysis using Cu Ka radiation at wavelength
k = 1.54056 Å and scan speed of 2�/min in an
AXSDB Bruker device. The density of the spark-
plasma-sintered Mg-2.5TiB2 composite samples was
measured using Archimedes’ principle. The samples
were weighed in air and then in distilled water
using a digital scale with accuracy of ± 0.00001 g.
An average of five values for density is reported
herein. The rule-of-mixture method was used to
calculate the theoretical density of the prepared
composites. The distribution of the TiB2 reinforce-
ment and the surface morphology of the Mg-2.5TiB2

composites were investigated. The microstructure of
the spark-plasma-sintered samples was studied by
field-emission scanning electron microscopy (FE-
SEM) with a Schottky field-emission gun (TESCAN)

and scanning electron microscopy (SEM) with a
field-emission gun (QUANTAM FEG 250).

A Vickers hardness (HV) test was carried out
using a universal hardness machine (Buehler,
60044; USA) equipped with a Vickers diamond
pyramid indenter with 136� phase angle. Flatly
polished specimens were loaded at 200 gf with dwell
time of 10 s. The average of five HV test values is
reported herein. The specimens were tested accord-
ing to ISO 6507/ASTM E 384 standards.

A Rockwell hardness (HR) test was conducted
using a universal hardness testing machine
(INNOVA, 783D) on metallographically polished
samples. The macrohardness of the specimen was
calculated on the HR15T scale from a test machine
equipped with a 1/16-inch-diameter HM ball inden-
ter. The dwell time used in the experiment was 10 s.
The tests were conducted according to the ISO 6508/
ASTM E 18 standards. The mean of five test values
of HR is reported herein.

RESULTS AND DISCUSSION

X-ray Diffraction Analysis

The x-ray diffraction characterization technique
was used to investigate the effect of TiB2 on the
crystallographic nature of the pure Mg matrix. The
Mg-2.5TiB2 composite could form due to the good
wettability between the Mg matrix and TiB2 rein-
forcement.55 The Mg basal texture may be altered
by the interaction of the TiB2 reinforcement with its
crystallographic structure.56 The normalized XRD
patterns of pure Mg, pure TiB2, milled Mg-2.5TiB2

composite, and spark-plasma-sintered composite
samples are depicted in Fig. 1, where highly promi-
nent individual peaks of Mg and TiB2 powder can be
seen clearly. However, in the case of the Mg-2.5TiB2

composite, only the prominent peaks of Mg can be
seen easily. This result is because TiB2 is present at
a relatively low weight percent (< 3 wt.%), meaning
that the corresponding peaks are visible but with
lower intensity. Moreover, the presence of TiB2 in
the synthesized composite is confirmed by the
results for the spark-plasma-sintered sample at
elevated temperatures. The first peak of TiB2 at
2h = 27.94� can be observed in the samples sintered
at 500�C and 550�C. The other peaks might be seen
with relatively low intensities. It can be concluded
that no extra peaks were observed in the XRD
spectrum of these spark-plasma-sintered samples,
confirming the absence of any extra phases formed
during the sintering process. This result also estab-
lishes that the SPS process can be successfully used
to produce Mg-2.5TiB2 composites.

SEM Characterization

The SEM micrographs provide qualitative analy-
sis of the particle morphology and shape of the as-
received Mg (Fig. 2a), TiB2 (Fig. 2b), and milled
powder mixtures (Fig. 2c). Both as-received
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powders showed irregular shape with a wide size
distribution. The secondary-electron image in
Fig. 2a shows that the Mg matrix consisted of
particles with a wide size distribution, while Fig. 2b
presents a more uniform particle size for the TiB2

reinforcement. In addition, no large particles due to
agglomeration could be seen, and this effect was
even less noticeable after conventional sintering
along with cold compaction.

The FE-SEM micrographs of the spark plasma
sintered samples revealed a reasonable distribution

of the reinforcement in the matrix. FE-SEM images
of the samples after SPS revealed no visible poros-
ity. This result confirms the ability of the spark
plasma sintering process to produce dense samples.
FE-SEM micrographs also showed a reasonable
distribution of TiB2 in the Mg matrix with improved
interfacial integrity. The improved interfacial integ-
rity between the matrix and reinforcement resulted
in the absence of debonding or voids in all the
sintered samples. The absence of micropores or
shrinkage in the Mg-2.5TiB2 composites could also
be noted from the micrographs. Figure S1 depicts
FE-SEM micrographs of all the Mg-2.5TiB2 sam-
ples. A reasonable TiB2 reinforcement distribution
can be seen clearly. The reinforcement exhibits a
stable position within the matrix, confirming their
strong adhesion. This strong adhesion of the rein-
forcement will provide adequate resistance to the
indentation of Mg-2.5TiB2 composites compared
with the pure Mg matrix.

The crystallite size for the Mg powder, TiB2

reinforcement, and sintered samples of the devel-
oped composites was calculated using the Scherrer
equation. The crystallite size of the Mg powder and
TiB2 reinforcement was found to be � 36 nm and
� 40 nm, respectively. However, variation of the
different sintering parameters resulted in crystal-
lite sizes in the range from � 30 nm to 42 nm for the
sintered Mg-2.5 wt.%TiB2 composite samples. This
small variation in the crystallite size indicates
minimal or no grain growth during the spark
plasma sintering process.

Influence of Input Parameters
on Microhardness

The aim of this experiment is to identify the most
influential factors and their combinations affecting
the microhardness of the Mg-2.5TiB2 composites.
The L9 OA of the Taguchi design and measured
microhardness are presented in Table I. A total of
nine experiments were carried out to investigate the
influence of uncontrollable parameters in terms of

Fig. 1. X-ray patterns of as-received powders, milled, and SPS
samples.

Fig. 2. SEM micrographs of as-received Mg (a), as-received TiB2 (b), and as-milled (c) composite powder.
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the S/N ratio on the sintering process, with each
experiments being replicated at least five times. The
main effect plots for the mean microhardness are
shown in Fig. 3a, while the confirmation of the
results based on the S/N ratio is presented in
Supplementary Fig. S2. These plots depict the
average values from each individual experiment
and can be used to effectively investigate the effect
of the factors on the mechanical properties. It can be
easily inferred from Table II that the sintering
temperature of 500�C resulted in the highest micro-
hardness. Addition of the harder TiB2 reinforce-
ment enhanced the hardness of the Mg matrix due
to localized matrix deformation during indentation.
The increase of the microhardness at 500�C com-
pared with 450�C can be attributed to an enhance-
ment in the densification, as depicted in Fig. S1. By
increasing the SPS temperature, the rate of bore
eliminations increased, hence enhancing the den-
sity and hardness.32,41

However, at 550�C, the microhardness of the
composite seemed to be lower. This result can be
attributed to grain growth at high tempera-
tures.32,41 The effect of the sintering pressure can
also be observed, with a high pressure of 50 MPa or
more resulting in the occurrence of plastic defor-
mation, leading to smaller grain size and high
microhardness. The influence of the sintering time
is similar to that of the sintering temperature, viz.
long sintering time of 15 min resulted in grain
growth and led to lower microhardness.

ANOVA was performed to investigate the relative
influence of the process parameters on the micro-
hardness. The ANOVA technique tests the difference
between two or more means by variance analysis.
This technique was carried out using Minitab 16
software at a 95% confidence interval (significance
level a = 0.05), and the results are presented in
Supplementary Tables SI and SII. Table SI provides a
summary of the ANOVA for microhardness, which is
confirmed by the ANOVA results for the S/N ratio in
Supplementary Table SII.

In Table SI, all the sintering parameters have a
p value less than 0.05, which indicates that all the
parameters had a strong influence on the micro-
hardness of the Mg-2.5TiB2 composite. The sinter-
ing temperature with a p value of 0.001 is the most
statistically significant sintering parameter, fol-
lowed by the sintering time and sintering pressure,
with p values of 0.005 and 0.007, respectively,
exhibiting statistical significance. It can easily be
inferred that the measured microhardness was
profoundly affected by all the sintering parameters.

The p value in ANOVA can be used to check the
significance of a variable in a process. It may also be
used to indicate interaction patterns among vari-
ables. A lower p value indicates a more significant
influence of a variable on the process. Besides, the
F value and sum of squares can also help to identify
the most significant factor. Generally, factors with
high F values and sum of squares are the most

significant. The ranking of the sintering parameters
in terms of achieving the optimum mean micro-
hardness and mean S/N ratio is also shown by the
ANOVA. The degree of freedom (DoF) represents
the number of independent values in the final test
statistic calculation. The sequential sum of squares
(Seq SS) represents the reduction in the error sum
of squares when introducing one or more indepen-
dent variables into the regression model. The Seq
SS is used to check whether one or more than two
but less than all the slope parameters are zero. The
adjusted sum of squares (Adj SS) is used to measure
the variation in various parts of the model or terms
and then calculate the p value. The adjusted mean
square (Adj MS) is responsible for measuring the
extent of variation in a term or model, and Minitab
uses it to measure the p value.

Influence of Input Parameters
on Macrohardness

The L9 OA for the macrohardness measured from
the Rockwell test on the HR15T scale is presented in
Table III. The results of the ANOVA for macrohard-
ness are presented in Supplementary Table SIII,
while the confirmation of the results for the S/N
ratio and ranking of factors is presented in Supple-
mentary Table SIV. The main effect plots for the
average macrohardness are depicted in Fig. 3b,
while the main effect plots for the S/N ratio to
confirm the results are shown in Fig. S3. A slight
variation in the macrohardness between 450�C and
500�C can be observed, and its value decreased
significantly with a further increase in sintering
temperature, reaching a minimum value of 37.872
HR. This result can be ascribed to the higher grain
growth at high temperatures. The Hall–Petch rela-
tionship is applicable when the macrohardness
decreases with increase in the grain size.57 The
increase in the material temperature enhanced the
migration and annihilation of dislocations, which
reduced the dislocation density. Thus, the number
of grains per grain boundary decreased, resulting in
a larger grain size. With an increase in the sintering
pressure, the plastic deformation increases, leading
to higher plastic deformation and a higher number
of dislocations and dislocation density. Thus, a
higher number of dislocations resulted in a smaller
grain size, thereby increasing the macrohardness.
However, pressure of more than 40 MPa with
longer sintering time resulted in larger grain size
and, therefore, the opposite effect. Also, the influ-
ence of the sintering time on the macrohardness of
Mg-TiB2 is paramount and increases with increas-
ing heating time. The maximum value of 60.248 HV
was obtained after sintering for 10 min, whereas a
further increase in time resulted in a significant
reduction in macrohardness. This result may be due
to high grain growth, which occurred due to the
high exposure time under elevated temperatures.
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Fig. 3. Effect of SPS processing parameters on microhardness (a), macrohardness (b), and experimental density (c).
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Influence of Input Parameters on Density

The L9 orthogonal array based on the Taguchi
design for the experimental density (ED) measured
using Archimedes’ principle is presented in Table -
IV, along with the S/N ratio. Besides, the theoretical
density (TD) of the composite and standard devia-
tion of the density values are also presented in
Table IV.

The main effect plots for the average density are
depicted in Fig. 3c, while Fig. S4 presents the S/N
ratio. The density increased with increasing sinter-
ing temperature and then subsequently decreased
with a further increase in sintering temperature, as
can be observed in Fig. 3c. This typical behavior can
be ascribed to the melting and enhanced diffusion of
solid particles leading to the porosity minimization
for the Mg-2.5TiB2 composite at 500�C. However, a
further increase in the sintering temperature to
550�C increased the volume of the prepared com-
posite and eventually decreased the density. The
increased density of the composite could also be
attributed to the higher density (4.52 g/cm3) of the
TiB2 reinforcement.12 It can be inferred from the

higher density that the SPS consolidation process
used in this study can be used to fabricate dense
materials. The standard deviation on the density
was very low at 500�C, revealing the reasonably
good distribution of the TiB2 reinforcement in the
Mg matrix. The minimum porosity of 0.23% could
easily be achieved when using the specific param-
eter values in Table IV in the novel SPS consolida-
tion technique. It can also be observed from Fig. 3c
that the experimental density of the composites
increased with increasing sintering pressure. This
result can be attributed to the decrease in the
volume of the solid composite powder. Besides, an
increase in the pressure during sintering filled the
intergranular pores and led to a higher density. The
influence of the sintering time on the experimental
density of Mg-2.5TiB2 is similar to that of sintering
temperature, with a slight abrupt variation. At the
beginning, the density was lower due to insufficient
diffusion and higher porosity due to interparticle
voids. However, at 10 min sintering time, the
diffusion was sufficient to fill the existing pores
and increase the experimental density without any

Table II. Experimental results according to sintering parameters for the mean microhardness and S/N ratio

Experimental run

Sintering parameters
Responses [microhardness (HV), S/N ratio

(dB)]

S. Temp (�C) S. Pres (MPa) S. Time (min) Mean MH (HV) Mean S/N ratio (dB)

1 450 30 5 51.4 34.2139
2 450 40 10 47.0 33.4420
3 450 50 15 50.4 34.0486
4 500 30 10 54.2 34.6800
5 500 40 15 53.2 34.5182
6 500 50 5 58.6 35.3580
7 550 30 15 49.0 33.8039
8 550 40 5 50.6 34.0830
9 550 50 10 50.0 33.9794

Table III. Experimental results according to sintering parameters for the mean macrohardness and S/N
ratio

Experimental run

Sintering parameters
Responses [macrohardness (HR15T), S/N

ratio (dB)]

S. Temp (�C) S. Pres (MPa) S. Time (min) Mean MH (HR) Mean S/N ratio (dB)

1 450 30 5 62.186 35.8739
2 450 40 10 50.626 34.0875
3 450 50 15 56.852 35.0949
4 500 30 10 59.612 35.5067
5 500 40 15 60.184 35.5896
6 500 50 5 49.364 33.8682
7 550 30 15 37.872 31.5664
8 550 40 5 56.518 35.0437
9 550 50 10 60.248 35.5989
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variation or with minimal variation in the volume.
However, a further increase in the sintering time to
15 min exposed the composite material to high
temperature for a longer time. This led to a higher
volume of the composite, and eventually, the density
was reduced. The results obtained from the ANOVA
test for the experimental density are presented in
Supplementary Table SV, while the analysis for the
S/N ratio is presented in Supplementary Table SVI.
By examining the p value for all the process param-
eters and the S/N ratio, it can be inferred that none
of the factors contributed significantly to the vari-
ation in the experimental density of the Mg-2.5TiB2

microcomposite, because the p value for each factor
is greater than the confidence interval of 5%. The
sintering temperature, pressure, and time were all
negligible factors. However, the sintering pressure
and time were dominant among the least negligible
factors affecting the variation in the experimental
density. The sintering temperature with a p value
of 0.229 was the least influential of the negligible
factors influencing the composite experimental
density.

CONCLUSION

A magnesium-based metal matrix composite was
fabricated using spark plasma sintering (SPS). The
Taguchi design approach was used to analyze the
significance of the influence of the sintering tem-
perature, pressure, and time on the physical and
mechanical properties of the Mg-based composites.

The following conclusions can be drawn from this
work:

1. A magnesium-based metal matrix composite
reinforced with 2.5 wt.% TiB2 was successfully
developed by the spark plasma sintering tech-
nique.

2. Microstructural analysis revealed no visible
porosity in FE-SEM micrographs and showed a
reasonably homogeneous distribution of TiB2 in
the Mg matrix. The hardness values increased

with inclusion of the TiB2 reinforcement com-
pared with the pure Mg matrix.

3. The microhardness was significantly influenced
by all the sintering parameters. The sintering
temperature was the most dominant factor
affecting the microhardness, closely followed
by the sintering time and pressure.

4. None of the sintering parameters made a sig-
nificant contribution to the macrohardness of
the fabricated composite.
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Sci. Technol. 67, 632 (2007).

4. M. Ali, M. Hussein, and N. Al-Aqeeli, J. Alloys Compd. 792,
1162 (2019).

5. S.F. Hassan and M. Gupta, J. Alloys Compd. 345, 246
(2002).

6. X.N. Gu, X. Wang, N. Li, L. Li, Y.F. Zheng, and X. Miao, J.
Biomed. Mater. Res. Part B Appl. Biomater. 99B, 127 (2011).

Table IV. Experimental results according to sintering parameters for the mean density and S/N ratio

Experimental
run

Sintering parameters
Responses [experimental density

(g/cm3), S/N ratio (dB)]

S. Temp
(�C)

S. Pres
(MPa)

S. Time
(min)

TD (g/
cm3)

Mean ED
(g/cm3) SD

Porosity
(%)

Mean S/N
ratio (dB)

1 450 30 5 1.80 1.72 0.035766 4.56 4.73616
2 450 40 10 1.80 1.74 0.002109 3.56 4.82659
3 450 50 15 1.80 1.76 0.025827 2.164 4.95174
4 500 30 10 1.80 1.78 0.003174 1.06 5.04904
5 500 40 15 1.80 1.79 0.000411 0.44 5.10269
6 500 50 5 1.80 1.80 0.001625 0.25 5.11975
7 550 30 15 1.80 1.72 0.014248 4.74 4.71976
8 550 40 5 1.80 1.79 0.000656 4.56 5.07016
9 550 50 10 1.80 1.80 0.001819 3.56 5.11513
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