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Steel matrix composites reinforced with different volume content of TiB2 were
fabricated by a powder metallurgy-assisted hot consolidation method. The
impact of sintering temperature, dwell time, and reinforcement content on the
density and hardness of the composite was studied systematically using the
Taguchi method. The significance of the controlling parameters was analyzed
by the signal-to–noise ratio and the analysis of variance. The most influential
controlling parameter for the relative density was found to be the tempera-
ture, followed by reinforcement content and time. The optimal combination
was achieved at a sintering temperature of 1100�C, a sintering time of 20 min,
and 2 vol.% TiB2 content. Furthermore, the reinforcement content was found
to be the most influential factor for improvement of the hardness, followed by
temperature and time. These findings can provide a practical guidance for the
optimization of the processing effective parameters for the design and fabri-
cation of steel-based composites with the required properties.

INTRODUCTION

Nowadays, natural materials are no longer able to
meet the rising demands for materials with better
qualities for various industrial applications. To get
around these limitations, material scientists are
creating new materials to address the rising
demand for certain properties, like mechanical,
wear, and corrosion resistance in the biomedical,
aerospace, automotive, construction, and other
industries. In the quest for new advanced materials,
researchers have innovated metal–matrix compos-
ites (MMCs) as one of the most prominent material
systems. MMCs are a potentially attractive class of
materials as they allow the possibility of increased
mechanical and tribological properties compared to
unreinforced alloys. By selecting the right combi-
nations of the matrix, reinforcement, and manufac-
turing technique, MMC properties can be tailored to
meet the requirements of various industrial

applications. As matrix materials for MMCs, iron-
based alloys or steels have recently received a lot of
interest due to their affordability, adaptability, and
good mechanical properties.1–4

There has been a surge in research effort related
to the development of steel matrix composites with
ceramic particulate reinforcements, especially for
applications demanding improved high strength,
stiffness, high creep resistance, high wear resis-
tance, and long service life. Steel matrix composites
(SMCs), which combine ductile matrix and hard
ceramic particles, are intriguing materials for high-
temperature applications. In terms of performance-
enhancing reinforcement for stainless steel matri-
ces, titanium diboride (TiB2) is regarded as one of
the best due to its exceptional physical and chemical
properties and thermodynamic stability with mol-
ten steel. The extraordinary capabilities of TiB2, as
well as the early indications of significant potential
for improving the mechanical and tribological prop-
erties of steel matrices, have justified the rising
interest in TiB2-reinforced steel matrix composites.
Despite several advantages of steel/TiB2 composites,
the fabrication of these composites remains a big(Received July 21, 2023; accepted October 9, 2023;
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challenge.5,6 The homogeneous distribution of hard
TiB2 particles within a steel matrix is considered
one of the major problems encountered by research-
ers. SMCs still have some drawbacks, including
lower strength, stiffness, low density, and poor wear
resistance.7,8 There is the need for research to fully
understand the impact of reinforcement contents
and experimental variables in order to achieve the
best combination of mechanical and tribological
properties of SMCs produced by various techniques
which are not well known.

Although researchers have revealed powder met-
allurgy to be the most suitable and versatile method
for the fabrication of SMCs, work is in progress to
achieve better densification by improving compaction
and the sintering process. The synthesis of compos-
ites is affected by a large number of process param-
eters, reinforcement morphology, and other factors
that greatly affect the quality of the final product. The
optimization of process parameters is essential for
experimental research because it ensures that full or
almost full theoretical density is achieved with the
fewest possible inputs, which ultimately leads to
superior composite qualities. As a result, numerous
studies relating to the optimization of process param-
eters have been described in the literature, and
various researchers have investigated the relation-
ship between these factors and attributes through
simulation and tests.9–13 Among different optimiza-
tion techniques, the Taguchi technique is extensively
used to obtain the optimum combination of parame-
ters for a given set of responses. The Taguchi
technique offers a simple, systematic, and efficient
methodology to optimize the design of performance
and cost. This technique helps in acquiring data in a
controlled way and in analyzing the impact of process
variables on performance output. This technique is a
reliable experimental design that looks for the best
combination of elements and levels at the lowest
possible cost to meet the demands for product quality.
It comprises a number of functional components that
can contribute in an essential way to improve the
optimization implementation.13 This approach
allows for the simultaneous optimization of multiple
parameters and allows for the extraction of more
quantitative information from fewer experimental
trials. Ujah et al.13 studied the optimization of spark
plasma sintering parameters for the development of
Al-CNTs-Nb to attain more competent and cost-
effective process conditions by adopting the Taguchi
design of experiment. The authors investigated the
contribution of different process parameters, like
sintering temperature, time, pressure, and heating
rate, on the density and hardness of the composites.
Canakci et al.14 investigated the effect of mechanical
milling of nanocrystalline Al powder and reported a
significant effect of a process control agent on the
mean particle size. Optimization of milling parame-
ters were performed by orthogonal array experi-
ments in order to obtain the response measurements.
Jailani et al.15 investigated the optimal level of

sintering parameters of Al-Si (12%) alloy/fly ash
composites by using a Taguchi orthogonal array with
gray relational analysis. They reported the sintering
temperature of 600�C and a compacting pressure of
512 MPa as real sintering parameters of the compos-
ite by performing confirmation tests. Optimization of
ball-milling parameters for the preparation of WC-Co
composite powder were investigated by Zhang and
his group16 by the Taguchi method. They reported the
best combination parameters for both grain size
reduction and particle size reduction of the composite
powder. Isao et al.17 employed the Taguchi method to
find the significant spark plasma sintering parame-
ters influencing the bending strength of a sludge
composite material. Haq et al.18 adopted an orthog-
onal array with gray relational analysis in order to
optimize the drilling parameters on drilling an Al/SiC
composite.

From the literature review, it is apparent that the
Taguchi method offers a scope for the in-depth study
of the effect of the process parameters for the
production of composites. However, no study is
available to understand the impact of the process
parameters on the densification of hot-pressed steel
matrix composites by using the Taguchi method
which can ensure the reduction of experiments,
time, and cost, and the identification of the signif-
icant parameters. The relationship between rein-
forcement content and process parameter
optimization in hot-consolidated steel matrix com-
positions has not yet been studied. Therefore, the
present work deals with the determination of the
optimum combination of powder metallurgy process
parameters for the fabrication of steel matrix com-
posites by using the Taguchi method. Process
parameters like sintering temperature, reinforce-
ment content, and sintering time have significant
influence on the properties of the final product.
Hence, these above-mentioned parameters were
considered as inputs and the mechanical properties
like density and micro-hardness were selected as
the response of the process. To detect the impor-
tance and impact of the parameters on the relative
density and micro-hardness of the composites, the
signal-to-noise (S/N) ratio and analysis of variance
approaches were utilized. The most effective param-
eter levels and influential parameters have been
evaluated using the MINITAB-18 program.

EXPERIMENTAL

In this study, the matrix material was 99.9% pure
stainless-steel powder (AISI 304) from NanoShel,
India. The in-house-prepared TiB2 was employed as
reinforcement material for the synthesis of the steel
matrix composite. The powders of the steel and TiB2

were weighed according to the volume percentages
(0, 2, and 4 vol.% TiB2 particles). For the synthesis
of the composites, the starting powder was mixed in
a planetary ball mill (Retsch PM-400, Germany).
The powder mixture was consolidated in a uniaxial,
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vacuum hot press (Vacuum Tech, India). The pow-
der combination was poured into a graphite die that
had been lined with graphite foil, coated with borate
nitride, and had an inner diameter of 30 mm.
Consolidation of the powder combination was car-
ried out under 48 MPa pressure for 15–30 min at
1000–1100�C. A disc with a diameter of 30 mm and
a thickness of 3 mm was finally obtained (Fig. 1).
Details of synthesis of the composite is described
elsewhere.19

Field-emission scanning electron microscopy
(FESEM) was employed to conduct a detailed
microstructural examination of the sintered com-
pacts. The measurements were made using a Supra-
55 Carl Zeiss FESEM, to which was attached an
EDS (energy dispersive X-ray spectroscopy) system.
The density of the compacts was estimated using
Archimedes’ water immersion method, in accor-
dance with ASTM B962-15. The relative density
was calculated using20

Relative density ¼ Density of the sintered sample

Theoretical density of the material
� 100

ð1Þ

Porosity is a significant parameter that affects the
mechanical properties. In the current work, the
total porosity (Ptotal) of the sintered samples was
calculated based on the relative density according
to:

Ptotal ¼ 1 � Relative densityð Þ � 100% ð2Þ

Vickers indentation test was conducted on pol-
ished samples utilizing a 136� Vickers diamond
pyramid indenter under a load of 100 gf at room
temperature to assess the microhardness of the final
samples. At least five distinct places in the samples
were used for the test. By averaging these readings,

the final hardness value was calculated. The
Taguchi technique was adopted to decide the opti-
mum combination of the powder metallurgy process
parameters for the synthesis of steel matrix com-
posites. The sintering temperature, reinforcement
content, and sintering time were considered as
inputs and the relative density and microhardness
was selected as responses of the process. The
experiments were designed with Minitab 16.1 sta-
tistical software, using the Taguchi L9 (34) orthog-
onal array based on the three-factor and three-level
design. Orthogonal array rows represent different
combinations of the level parameters. The selected
control factors and their levels are shown in Table I.

The experimental results were converted to S/N
ratios which is a measure of the quality character-
istics based on higher is better, nominal is better,
and smaller is better. In this investigation, the
maximum density and hardness were the objective
functions, so the larger is better characteristic was
selected. The larger is better S/N ratio can be
governed as per:9

Larger is better characteristics :
S

N

¼ �10log
1

n

X 1

y2

� �
ð3Þ

Fig. 1. (a) Schematic of the vacuum hot press system, (b) final hot-pressed sample.

Table I. Process factors and their levels

Symbol Factors

Level

1 2 3

A Sintering temperature 1000 1050 1100
B Sintering time 15 20 30
C Reinforcement content 0 2 4
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where n is the observation number and y is the
observation data.

In addition, ANOVA (analyses of variance) was
used to determine the relevant control factors, i.e.,
the contribution ratio of each control factor. An
ANOVA is a statistical method used to assess the
relative contribution of controlled parameters to the
total output response, expressed as a percentage.
ANOVA uses the S/N ratio responses to perform
these calculations. The fundamental concept of an
ANOVA is the sum of the squares of the standard
deviations caused by each parameter. Then, the
optimal combination of the process parameters was
determined from the S/N ratio and ANOVA. Finally,
a confirmation test was conducted for the validation
of the optimal parameters.

RESULTS AND DISCUSSION

Densification Behavior

Effect of Sintering Temperature on Density

After consolidation, the process parameters and
the densification mechanisms of the synthesized
composite need to be understood. In this study, the
density behavior of the hot-pressed composite was
examined by taking into account the effects of the
sintering temperatures and the volume content of
the reinforcement. Figure 2 illustrates the correla-
tion between sintering temperatures and relative
densities. Relative densities ranging from 87% to
92% of the theoretical densities were obtained for
the final composite. There is a considerable differ-
ence in relative densities when the sample is
pressed at 1000�C and 1100�C with equivalent
TiB2 contents. The density of the composite with
2 vol.% TiB2 sintered at 1100�C was 92% of the
theoretical density, which is higher than the com-
posite sintered at 1000�C. An additional increase of
the sintering temperature of about 100�C resulted
in an increased density by 2% and hence a product
with better densification properties. This observa-
tion can be ascribed to the effect of temperature on
the diffusion mechanism, which increases sinter-
ability and thus densification. Furthermore, the
relative density of a hot-pressed composite contain-
ing 4 vol.% of TiB2 was found to be lower than that
of a composite containing 2 vol.% sintered at the
same temperature. Furthermore, a decrease in
density values was observed, ranging from 92% to
89% with the addition of 2–4 vol.%. This is likely
due to the low density and grain-pinning effect of
the TiB2 particles.20,21 Again, clustering of the
reinforcement particles with increasing TiB2 rein-
forcement particles also reduces sinterability due to
high contact between the reinforcement particles,
thus hindering strong matrix–reinforcement bond-
ing. In the current hot consolidation process, the
poor density behavior of the resulting composites
could be attributed to the deficient sintering tem-
perature and time to reach the desired consolidation

level in the steel matrix reinforced by TiB2. To
increase the density of the hot consolidated steel
composites, further optimization of the sintering
temperature would be required.

Usually, vacuum hot-pressing processes are char-
acterized by diffusion and plastic sliding as the
main mechanisms of sintering density. Depending
on sintering temperature, various mass transport
mechanisms, such as diffusion by surface, grain
boundary, lattice, volume, and viscous flow become
operational.22,23 Figure 3 shows that plastic defor-
mation plays a key role in the densification process
(blue-dashed region) in the present work. This can
be related to the influence of the simultaneous
application of temperature and pressure that
increases the contact area between the particle
surfaces resulting in plastic deformation. Relative
density increases slightly with rise in temperature
from 1000�C to 1100�C owing to thermal activation.
With the increase in temperature to 1100�C, a more
compacted structure was observed with a few pores
revealing higher sintered density. The improvement
in density with the increase in temperature indi-
cated the influence of temperature on the thermally
activated sintering process. In addition, fine TiB2

particles are squeezed between the coarse steel
matrix due to more plastic strain because of the
high effective contact pressure on finer particles
during sintering at high temperature, thereby lead-
ing to a progressive decrease in porosity. However,
grain boundaries were still visible at the contact
areas of the deformed powders in both cases,
indicating that the process parameters are not
adequate enough to precede mass transfer and
diffusion of powder particles and full densification.
Poor densification can be explained by the presence
of fine pores at the particle interface that prevents

Fig. 2. Relative density of steel composites sintered at different
temperatures.
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the progress of densification. Basically, sintering is
mainly driven by the shrinking of the pores on the
surface. The estimation of an appropriate sintering
temperature of the composite material is a complex
phenomenon, as it depends on multiple factors, such
as the physico-chemical properties of the sintered
powders, grain size, shape, volume fraction of
reinforcement, their solubility, wettability, and
many other factors. In order to improve the density,
several holding times and compaction pressure
values should be studied and tested. By selecting
the correct amounts of reinforcement and sintering
parameters, near full density may be obtained. In
general, increases of sintering temperature and
time can increase the density due to faster mass
transport but, on other hand it can increase the
grain size that deteriorates the mechanical proper-
ties of the sintered composite.24 In the present
investigation, a decreased density of the sintered
composites may provide the benefit of weight saving
or higher strength-to-weight ratio. Based on the
results obtained in the present work, it is suggested
that sintering at a higher temperature for a short
duration will be the optimal sintering process for
TiB2-based steel matrix composites to attain the
desired properties in the final product.

Effect of Reinforcement Content on Density

The effect of TiB2 reinforcement on the relative
density is displayed in Fig. 4. It can be observed that
there is a slight rise in the density of the steel
composite reinforced with 2 vol.% TiB2 particles as
related to steel without reinforcement. It is well
known that the addition of boron either in elemental
form or boride form activates the sintering process
by reducing the sintering temperature to achieve a
high density in a number of ferrous alloy sys-
tems.8,25,26 A similar increase in density of the
composite with 2 vol.% TiB2 compared to unrein-
forced steel was observed in the current work. This
observation can be related to the filling of voids by
these particles during compaction. Although micron

TiB2 particles are not as fine as submicron or
nanoparticles, they were still fine enough in the
present work to reside in the voids between the steel
particles without pushing them apart. However,
with an increase in TiB2 content, they can also
occupy the space between the steel particles thereby
creating voids in the compact. Figure 4 shows that
the composite density drops from 92% to 89% when
the TiB2 content rises from 2% to 4% due to low TiB2

density. In the composite, the grain-pinning effect
caused by the TiB2 particles prevents grain bound-
ary diffusion, resulting in lower density. The
decrease of relative density with increasing TiB2

content is also due to increased inter-particle fric-
tion between the TiB2 particles, between the steel
and the TiB2 particles, and between the two of them
and the die wall during compaction. Again, agglom-
eration of TiB2 particles in the composite with
4 vol.% retains pores in the agglomerated zone and
hence there is a decrease in density.

From the microstructure of the composites in
Fig. 5, clustering of TiB2 particles can be observed
with the increase in TiB2 content from 2% to 4%,

Fig. 3. FESEM images of composites sintered at (a) 1000�C and (b) 1100�C.

Fig. 4. Variation of relative density of composites with reinforcement
content.
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which can obstruct the densification due to large
TiB2–TiB2 contact. Sintering during vacuum hot
pressing proceeds by diffusion due to the surface
energy of the particles and external pressure. It is
well known that surface energy is accessed by the
surface area of the samples. Finer particles promote
faster sintering owing to their higher surface area
and more energy per unit volume. In the present
investigation, the size of the steel powder and TiB2

powder used were 28 lm and 2 lm, respectively, with
a view to enhancing the role of the surface area in
improving the properties. Another densification
mechanism is the plastic sliding between particles
under the action of n external force, resulting in
faster densification. Lonergan et al.27 identified that
densification is enhanced by a lower activation
energy linked with a finer starting particle size,
higher pressure, or the presence of second phases. At
lower temperatures, the grain boundary diffusion
mechanism is the dominant mechanism that requires
less energy whereas at higher temperatures, the
lattice diffusion mechanism which requires more
energy becomes the dominant densification mecha-
nism. The relative density of the composite was found
to decrease with the TiB2 particles, which can be
ascribed to the increased number of rigid contacts due
to presence of pores in the region of TiB2 clusters that
prevents the compaction between the reinforcement
particles. It is evident that the presence of reinforce-
ments hindered densification. In the literature, it has
been observed that the contact between hard, non-
deformable materials prevents densification, result-
ing in increased porosity at the contact points. This
can be explained by the deformation that takes place
at the contact points, and the need for additional
deformation by matrix particles to fill the gap in these
regions.

Pagounis et al.28 reported that the relative num-
ber of each particle contact type plays a key role
during densification of composite powders. Based on
the theory of particle contact, the modified gapless
packing model for bimodal powder system is
expressed as:

n11 ¼ n1

n1 þ n2R

� �2

n12 ¼ 2n1n2R

ðn1 þ n2RÞ2
n22 ¼ n2R

n1 þ n2R

� �2

ð4Þ

where n is the number of contact type, subscript 1
stands for matrix particles, subscript 2 for ceramic
particles, and R is the radius ratio between the
particles.

According to this theory, the densification mech-
anism at the 1-1 contact is similar to that of
monolithic powder as plastic–plastic contact. Den-
sification at the 1-2 contact is influenced by the
plastic behavior of the matrix at particular pressure
and temperature conditions, whereas 2-2 contact is
characterized by no deformation, resulting in rigid–
rigid contact. In addition, ceramic particle contact
results in void formation and carries a part of the
applied pressure, thereby necessitating application
of higher pressure for the progress of densification.
Pagounis and his co-workers also explained the
decrease in relative density with the increase in
reinforcement content by taking the relative density
of the matrix into consideration. Accordingly, the
relative density (qm) of the matrix phase as a
function of the relative density (qc) of the composite
is given by:

qm ¼ 1 � fð Þqc

1 � fqc

ð5Þ

where f presents the reinforcement volume fraction.
Figure 6 presents the calculated final relative

density of the steel matrix reinforced with different
volume content of TiB2 particles. It can be observed
that the final relative density of the matrix in the
composite decreases with the increase in TiB2

content, indicating an increase in void space due
to the increase in hard ceramic particle contacts.
Therefore, higher pressure will be required to
produce additional deformation of the matrix in
order to achieve the desired density in the compos-
ite. The presence of a hard reinforcing phase in the

Fig. 5. FESEM images of composites with (a) 2 vol.% TiB2 and (b) 4 vol.% TiB2sintered at 1100�C.
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composites constrains the displacement that leads
to influencing the densification and restraining the
sintering mechanism. Again, in the powder metal-
lurgical method, the densification of stainless steel
is usually due to plastic deformations and the
diffusion of the grain boundaries. However, the
presence of the TiB2 particles will prevent the grain
boundaries from diffusing due to grain-pinning
effects of the second-phase particles. On the other
hand, the density of the composite with 2 vol.% TiB2

is higher than that of stainless steel without
reinforcement. This is due to the fact that the
composite has a lower volume content as well as the
homogeneous distribution in the matrix. This
means that the pinning effect is lower and hence
the densification is higher. However, further
increase in TiB2 content from 2 vol.% to 4 vol.%
resulted in lower densification due to large TiB2–
TiB2 particle contact and hence sinterability. Again,
friction is likely to occur during the compaction
process due to the hardness of the TiB2 particles.
Interparticule friction may also occur between the
TiB2 particles, between the steel particles and the
TiB2 particles and between both these particles and
the die walls. Consequently, the reason for the
decrease in density with increasing TiB2 content is
likely to be due to an increased frictional force
between the particles. The larger number of parti-
cles prevents the contact between the steel particles
and sintering.

Optimization of Parameters Using
the Taguchi Method

Analysis of the Signal-to-Noise (S/N) Ratio

The main goal of conducting this analysis is to
achieve significant factors and their combination in
the process of obtaining higher density and hard-
ness by evaluating the highest possible S/N ratio for

the parameters under consideration. the optimal
parameters are a main constraint for determining
the accurate process parameters. The S/N ratio is
used in the present work to find the best combina-
tion to achieve dense material with better mechan-
ical properties. When the S/N ratio is high, the
signal is significantly stronger than the random
effects of noise. Table II displays the experimental
results of relative density, hardness values, and
corresponding S/N ratios computed using Eq. 3. The
S/N ratio is used to assess the impact of each process
parameter on the output responses of relative
density and hardness.

Table III shows the S/N response for relative
density that includes the S/N ratio of the selected
characteristics of the factors at each level. Based on
Taguchi analysis, the larger the difference between
values of the S/N ratio, the more significant is the
process parameter. It can be seen from Table III
that the temperature ranks first in the contribution
of relative density followed by reinforcement con-
tent and time. It has been demonstrated that
sintering is a thermally activated process which is
influenced by temperature. Therefore, it is con-
firmed from the observations that the sintering
temperature has the greatest impact on the relative
density.

Figure 7 illustrates the main effects plot for the
relative density. It can be observed that the relative
density increases from 84.5% to 88.0% as the
sintering temperature increases from 1000�C to
1050�C. Furthermore, the average density increases
to more than 92% as the temperature increases,
indicating a change in density between these tem-
peratures. Regardless of the densification mecha-
nism, the trend of relative density increases with
temperature. On the time plot, the relative density
increased from 87% to 89% with a time increase
from 15 to 20 min. However, with a further time
increase to 30 min, the relative density decreased to
approximately 86%. On the reinforcement content
plot (0–2%), the relative density increases from 87%
to 92%, while a further increase of 4 vol.% reduced
the density to 85%. This can be inferred to the rule
of mixture caused by the introduction of low-density
reinforcement material into the matrix. The
increase of TiB2 particles in the steel matrix inhib-
ited the transport mechanism thereby reducing the
densification during sintering. Many authors have
reported on the effectiveness of the addition of TiB2

for decreasing the densification temperature of
several oxides to obtain densely sintered bodies.29–32

This is consistent with the density results observed in
the present work for the composite with 2 vol.% TiB2

compared to unreinforced steel. From the main effects
plot, it is evident that the maximum value of density is
associated with the sample with 2 vol.% TiB2 content
sintered at 1100�C for 20 min. Under this set of
process parameters, a density trial was conducted and
found to be at a maximum, i.e., 92.6%. It can be
inferred that the density obtained from this optimal

Fig. 6. Relative density of the composites and the matrix of the
composites.
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condition is approximately similar to the density of the
composite with 2 vol.% TiB2 content sintered at
1100�C for 15 min (i.e., 92%). So, the time factor is
less significant in the current investigation, which can
be confirmed from the mean effects plot with almost
negligible slope. In conclusion, the maximum relative
density achieved in this work is 92%, which can be
attributed to a lack of process temperature and time
required to reach the desired degreeof consolidation in

the TiB2-reinforced austenite-grade steel matrix com-
posites. To achieve the highest degree of density,
further increases in sintering temperature are
required. However, further increases of temperature
may create grain coarsening and wider grain size
distribution that can have important influences on the
mechanical properties. So, it is essential to choose
optimum process parameters depending upon the
requirement.

Table II. Experimental results and S/N ratio

Sample
no.

Temperature
(�C)

Time
(min)

Reinforcement
(vol.%)

Relative
density (%)

S/N ratio for
relative density

Hardness
(HV0.1)

S/N ratio for
hardness

1 1000 15 0 84 38.4856 380 51.5957
2 1000 20 2 88 38.8897 552 54.8388
3 1000 30 4 82 38.2763 524 54.3866
4 1050 15 2 92 39.2758 615 55.7775
5 1050 20 4 87 38.7904 582 55.2985
6 1050 30 0 86 38.6900 456 53.1793
7 1100 15 4 89 38.9878 675 56.5861
8 1100 20 0 91 39.1808 527 54.4362
9 1100 30 2 92 39.2758 651 56.2716

Table III. S/N ratio response table for relative density

Level Temperature (�C) Time (min) Reinforcement (%)

1 84.67 88.33 87.00
2 88.33 88.67 90.67
3 90.67 86.67 86.00
Delta 6.00 2.00 4.67
Rank 1 3 2

Fig. 7. Main effects plot of means for relative density.
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Similarly, Table IV shows the S/N ratio responses
for hardness. The main effects plots for hardness of
the composites regarding the process parameters
are shown in Fig. 8 revealing an enhancement of
hardness with reinforcement content and tempera-
ture. An increase in reinforcement content causes
an increase in hardness. The optimum processing
conditions are recognized from the peak points.
Based on this analysis, the highest hardness is
achieved for the composite reinforced with 4 vol.%
TiB2 and sintered at 1100�C for 15 min.

Analysis of Variance (ANOVA)

ANOVA was used to assess the proportion of the
contributions of the input parameters and the main
contributors for relative density and hardness.
ANOVA was conducted by dividing the total vari-
ability of S/N ratios (expressed as the sum of the
squares of the total average S/N ratios) into contri-
butions from each process parameter and the errors.
Fisher¢s (F) values were then estimated for each
process parameter. Generally, if F is greater than 4,
the relevant parameter has a major effect on the
quality characteristic.30 ANOVA analyses on the
relative density and hardness are presented in
Tables V and VI, respectively. It is clear from

Table V that temperature has a consequential
influence on the relative density with a55.51%
contribution followed by a reinforcement content of
36.63% contribution. Hence, a higher density mate-
rial is favored by a higher sintering temperature.
Sintering time has an insignificant effect with a
6.97% contribution. According to the S/N and
ANOVA results, the optimal process conditions are
1100�C temperature, 2% reinforcement content, and
20 min of sintering time.

The ANOVA analysis on hardness (Table VI)
recognizes the reinforcement content as the main
controlling and most significant parameter on the
hardness of the composites. After reinforcement
content, temperature is the principal factor affect-
ing hardness with a contribution of 37.52%. The
higher significance of reinforcement content con-
firms the improvement of hardness with the
increase in reinforcement content. As can be seen,
the sintering time has the lowest importance on the
hardness, similar to the relative density. Based on
the ANOVA analysis, the contribution of reinforce-
ment content, sintering temperature, and holding
time on hardness are 60.81%, 37.52%, and 0.40%,
respectively. The optimal process conditions for
hardness are 4 vol.% TiB2, 1100�C temperature,

Table IV. S/N ratio response for hardness

Level Temperature (�C) Time (min) Reinforcement (%)

1 485.3 556.7 454.3
2 551.0 553.7 606.0
3 617.7 543.7 593.7
Delta 132.3 13.0 151.7
Rank 2 3 1

Fig. 8. Main effects plot of means of hardness.
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and 15 min of sintering time. It is also possible to
establish the above findings from the rank given to
each factor, as presented in Table IV, where �first
rank is assigned to �reinforcement content followed
by temperature and time.

The surface plot for relative density for varying
temperature and reinforcement content is shown in
Fig. 9, reveraling a rising trend of relative density
with a rise in temperature. With an increase in
reinforcement content to 2 vol.%, �relative density
increases but, at a high level, a decreasing trend is
observed, as indicated by the inward curve of the
plot. It can be seen that the 2 vol.% reinforcement
content presented the highest density, while the
4 vol.% presented the least value. This agrees with
the ANOVA results in Table V.

The surface plot for hardness for varying temper-
ature and reinforcement content is presented in
Fig. 10. A similar trend of increase in hardness is
observed with respect to temperature as in the case
of relative density. Again, there is a marked
increase in hardness with the increase in reinforce-
ment content. From the plot, it is evident that the
reinforcement content has significant effect on the
hardness in contrast to temperature.

CONCLUSION

The present investigation was aimed at the
optimization of the hot consolidation parameters of
steel matrix composites in response to the relative

Table V. Results acquired from ANOVA for relative density

Source df Seq. SS Adj. MS F P % Contribution

Temperature (�C) 2 54.8889 27.4444 61.75 0.016 55.51
Time (min) 2 6.8889 3.4444 7.75 0.114 6.97
Reinforcement (%) 2 36.2222 18.1111 40.75 0.024 36.63
Residual error 2 0.8889 0.4444 0.89
Total 8 98.8889 100

S = 0.6667 R-sq = 99.1% R-sq (adj) = 96.4%df: degrees of freedom, Seq. SS: sequential sum of squares, Adj. SS: adjusted sum of squares,
Adj. MS: adjusted mean squares, F: statistical test, P: statistical value.31

Table VI. Results acquired from ANOVA for hardness

Source df Seq. SS Adj. MS F P % Contribution

Temperature (�C) 2 26,268.7 13,134.3 29.56 0.033 37.52
Time (min) 2 278.0 139.0 0.31 0.762 0.40
Reinforcement (%) 2 42,568.7 21,284.3 47.90 0.020 60.81
Residual Error 2 888.7 444.3 1.27
Total 8 70,004.0 100

S = 21.08 R-sq = 98.7% R-sq (adj) = 94.9%.

Fig. 9. Surface plot of relative density vs temperature and
reinforcement content. Fig. 10. Surface plot of hardness vs temperature and reinforcement

content
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density and hardness by conducting a minimum
number of experiments using the Taguchi approach.
The influence of process parameters and reinforce-
ment content on the response variables (relative
density and hardness) has been analyzed. On the
basis of the experimental data, the relative density
of the hot-pressed composite increased as the pro-
cessing temperature increased. This is due to the
effect of temperature on the diffusion mechanism of
the solid state which increases its sinterability and
thus densification. From the statistical analysis, the
sintering temperature and reinforcement content
were identified as most significant process param-
eters concerning the relative density and micro-
hardness, respectively. The percent contribution of
sintering temperature to relative density was
55.51% followed by the reinforcement content with
the contribution of 36.63%, whereas the contribu-
tion of reinforcement content on microhardness was
found to be 60.8%, followed by sintering tempera-
ture with the contribution of 37.52%.
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