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Abstract

In the present article, mechanical and wear behavior of hot pressed 304 stainless steel matrix

composites containing 2 and 4 vol.% TiB, particles were investigated. A density of over 92%

was achieved at optimum hot pressing temperature and volume fraction of TiB, particles.

Microhardness and yield strength of the composites was found to be improved remarkably as

compared to their unreinforced counterpart. The enhancement of mechanical properties of the

composites was discussed in light of their microstructural aspects and different possible

strengthening mechanism models. Taylor strengthening was found to be dominant

strengthening mechanism as compared to Orowan strengthening and load bearing effect. Dry

sliding wear behavior was also investigated under load of 35 N at sliding speed 0.3 m/s. The

wear resistance of the composites were found to be improved owing to uniform distribution

of hard TiB, particles. Based on our findings, it was concluded that processing parameters

and amount of TiB, have significant influence on mechanical and wear behavior of steel

matrix composites.

Keywords: 304 stainless steel; TiB,; hot pressing; microstructure; mechanical properties;
wear
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1. Introduction

Metal matrix composites (MMCs) are tailored to possess properties not exhibited either by
matrix or the reinforcement. The metallic matrix may be aluminium, copper, magnesium,
titanium, zinc and their alloys (Akhtar 2014; Rana and Liu 2014; Springer et al. 2015).
Improvement in the properties of MMCs such as hardness, wear and corrosion resistance,
specific modulus, ductility and fracture toughness represents a major challenge due to its
dependence on interplay of several processing and microstructural parameters. These
microstructural parameters are influenced by volume fraction of ceramic reinforcements,
shape and size of reinforcements, interface between ceramic reinforcement and matrix
material, composition of matrix, defects, cracks and distribution of reinforcements in the
matrix (Chen et al. 2016; Baron et al. 2016). In recent years, iron based alloys and steels have
also been widely researched as matrix owing to their low cost, availability and adequate
mechanical properties. However, austenitic stainless steels are susceptible to many common
forms of wear and friction damage due to their low hardness which limits their application in
tribological environment (Sulima et al.2016). A promising pathway to overcome this
deficiency is the introduction of suitable hard ceramic particles. Steel matrix composites can
be more viable in their application by improving the properties and finding more economical
synthesis techniques. Thus the requirement of low cost along with enhanced toughness and
wear resistance has led to significant interest in development of ceramic reinforced steel
matrix composites. However, in order to achieve the desired properties, proper choice of
sintering condition, nature of reinforcement, size and content of reinforcements are very
crucial. Literature shows an increase in wear resistance of MMCs with increase in the volume
fraction of reinforcement (Moazami-Goudarzi and Akhlaghi 2016; Jin et al.2017; Chi et

al.2015). Ease of processing and affordability could provide a greater scope for potential
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application of steel matrix composites, and thus various types of reinforcements are being
incorporated by the researcher to realise this objective.

In this direction, TiB, as reinforcement in steel matrix has received lot of attention
recently. This can be attributed to unique properties of TiB, such as low density (4.5 g/cc),
high melting point (3225 °C), high elastic modulus (430 GPa), high hardness (~32 GPa),
good abrasion resistance and good wettability and stability in steel matrix (Sulima et al.2011;
Wang et al.2013). These excellent properties make it attractive for many high performance
structural applications such as cutting tools, crucibles, wear resistance and corrosion
resistance parts. Although, several methods for fabrication of steel matrix composites are
known (Yang et al.2009; Zhang et al.2007; Pagounis and Lindroos 1998; Lepakova et
al.2004), homogeneous distribution of reinforcement still remains a challenge and efforts
needed to address this issue. Powder processing route is considered as economically viable
and attractive route for the synthesis of particle reinforced MMCs owing to less reactivity
between matrix and reinforcement. Also, powder metallurgy route allows for wide range of
reinforcement with higher content (Bains et al.2016). Although a variety of powder
metallurgy based approaches have been developed to synthesize these types of composites to
obtain excellent combination of the properties, little research has been done to understand the
strengthening mechanisms in TiB, reinforced steel matrix composites (Wang et al.2006;
Sulima et al.2014; Tjong and Lau 2000). Sulima et al. (2014) reported a minimum friction
coefficient (0.32) and specific wear rate (208x10°) for composite containing 8 vol.% TiB;
and sintered at 1300 °C by spark plasma method. In another work, similar enhancement of
wear resistance was observed in AISI 316L stainless steel reinforced with 8 vol.% TiB,
particles prepared by high pressure-high temperature (HP-HT) method (Sulima et al. 2014).
Tjong and Lau .(1999) reported improvement of the wear resistance of AISI 304 stainless

steel reinforced with 20 vol.% TiB, particles synthesized by hot isostatic pressing (HIP).
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They also observed decrease in volumetric wear of the composite with increasing applied
normal loads or with sliding velocity.

It is apparent that despite extensive research on synthesis by HT-HP, HIPing, SPS, attempts
to synthesize steel matrix by hot pressing method is not reported. Hot pressing method is a
cost effective powder metallurgy route along with extensive applications in industries. In
addition, this method ensures uniform distribution of particles in the matrix and thus
contributing to the enhancement in the strength. In light of these facts, we speculate
fabrication of steel matrix composite by hot pressing route would not only be economical as
compared to existing powder metallurgy routes but also enhance its potential in many
advanced applications. Therefore, the current work is intended to study the influence of TiB,
and hot pressing sintering temperature on mechanical and wear properties of the hot pressed
composites. In addition, the possible strengthening mechanisms operating for enhancement in
strength of these composites are also be explored.

2. Materials and methods

In the present investigation, commercially available AISI 304 Stainless Steel (AISI 304 SS)
powder with an average particle size of 28 um supplied by Nanoshell, India was used as the
matrix and the chemical composition is shown in Table 1. TiB, powders with an average
particle size of 2 um was used as reinforcement (Subramanian et al.2007). To achieve
homogeneous mixing, steel powder and TiB, powder (2 vol.% and 4 vol.%) were mixed in a
high energy ball mill (Model: PM-400) for 2 hours. Then the resulting mixed powders were
loaded in a graphite die having inner diameter 30 mm. Thereafter, consolidation of mixed
powders were done by uniaxial vacuum hot pressing (Vacuum Tech Pvt. Ltd., India) at 1000
°C and 1100 °C with heating rate of 25 °C/min for 15 minutes at 48 MPa pressure. Finally,

disc shaped compacts with diameter 30 mm and thickness 3 mm were sectioned.
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The densities of the hot pressed compacts were estimated by Archimedes water
immersion method. Relative density was evaluated from theoretical absolute density and
experimentally observed density. The theoretical densities of the resultant composites were
calculated following the rule of mixtures, considering the theoretical densities for steel and
TiB, as 7.9 gm/cm’® and 4.5 gm/cm’® respectively (Sulima et al. 2014). For metallographic
study, the hot pressed compacts were sectioned and polished as per standard procedure.
Microstructural assessment of the samples was then conducted using Scanning Electron
Microscope (SEM) (Model: Zeiss EVOI18) equipped with Energy Dispersive X-ray
spectroscopy (EDS) for chemical microanalysis. Distribution of elements in the matrix was
analysed by conducting EDX attached with SEM.

Vickers indentation tests (HV0.1) was carried out on polished surface of the hot
pressed samples using a 136 ° Vicker diamond pyramid indenter under a load of 0.98 N (100
gf) at room temperature. Compression test was performed in order to investigate the behavior
of the synthesized composites with different volume fractions of TiB, under the influence of
compressive load. The compression test samples were sectioned from hot pressed compact in
cylindrical shape having a diameter of 2.5 mm and height of 5 mm as per ASTM standard.
The compression test was carried out by using a servo hydraulic universal testing machine
(INSTRON 8801) with a constant strain rate of 1 mm/min. at room temperature. A
photograph of testing machine and schematic picture of compressive sample is shown in
Figure 1a and b. Four compression tests were conducted for each sample for analysing the
results and compressive yield strength was reported by taking the average of these four
results. Wear test was conducted in order to study the tribological performance of the
synthesized composites as a function of TiB, content. Dry sliding wear test was performed by
block-on-disc method using multiple tribo Tester (Model: TR-25, DUCOM, Bangalore) on

prepared composite specimens at sliding speed 0.3 m/s with normal load of 35 N. The
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counter wheel material was made of EN 31 steel coated with titanium aluminium nitride
(TiAIN). A block of size 9 mm x 6.5 mm x 3 mm machined from the synthesized composite
for wear testing as per ASTM G 77-98 standard. Before testing, the flat surface of the
specimens was polished to achieve uniform surface finish. Wear tests were carried out at
room temperature without lubrication for 30 min. Wear of specimen in terms of wear depth
and coefficient of friction was recorded automatically during the tests.

3. Results and discussion

3.1 Microstructure

Figure 2 shows the SEM micrograph of hot pressed unreinforced steel matrix along with total
area EDX analysis. EDX results confirmed the presence of Fe, Cr, Ni as main elements
without presence of any foreign elements. Figure 3 gives the SEM micrograph of composite
with 2 vol.% TiB, with EDX results at the indicated points. As shown in Figure 3, point 1
presents TiB; (light grey colour) and point 2 presents matrix phase which can be supported by
corresponding EDX results. Point 1 consists of Ti and B while point 2 consists of Fe, Cr, Ni
etc. SEM micrograph also reveals relatively uniform distribution of TiB, along the grain
boundary which contributes to enhanced mechanical properties. Figure 4 presents the SEM
micrograph of composite with 4vol.% TiB, along with corresponding EDX mapping. The
map shows the elemental distribution of Ti and B along with the parent matrix elements. The
average reinforcement particle size was found to be in the range of 0.7-0.8 um. Clustering of
particles are also observed in some location in composite containing 4 vol.% TiB, (as shown
in Figure 4 which is quite expected due to increase in volume fraction of fine reinforcement
particles(Leszczynska-Madej et al.2017).

3.2 Density

The relative density of the investigated hot pressed samples is shown in Figure 5. The relative

density of resultant composites range from 87 - 92% of theoretical density. The inconsistency
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between theoretical and experimental values of density indicates presence of porosity. The
density of composite decreases from 7.10 to 6.91 when TiB, content increases from 2 vol.%
to 4 vol.% due to low density of TiB,. Again, a significant difference in relative density can
be observed in the specimen pressed at 1000 °C and 1100 °C with same TiB; content. This
can be attributed to influence of temperature on solid state diffusion mechanism thereby
increasing sinterabilty and hence densification. Further, the more uniform distribution of TiB;
particles in the matrix at high temperature as evident from microstructure can attenuate the
pinning effect of second phase particles and accordingly increase densification (Pagounis and
Lindroos 1998). Therefore, there is a need to optimize hot pressing parameters to maximize
densification.

3.3 Hardness

The results of microhardness tests of composites synthesized by hot pressing are shown in
Figure 6. It can be observed that hardness of steel matrix composite shows an increasing
trend with increasing amount of TiB, particles. This is due to presence of hard TiB, particles
in the matrix that results in constraint to plastic deformation of soft matrix during indentation.
For particle reinforced MMC, increasing the volume content of reinforcements results in a
low interparticle spacing and consequently leading to higher stresses for the passage of
dislocations through the hard ceramic phase for a given reinforcement particle size (Sulima et
al. 2014)). From Figure 6, it is evident that the hardness increases with increasing processing
temperature irrespective of TiB, content. This is due to higher densification of composite at
higher temperature and uniform distribution of particles along the grain boundary as evident
from the microstructure resulting in increased hardness. Sulima et al.(2014) reported similar
type of observation for steel matrix composites sintered by spark plasma process. Among the
samples investigated in the current study, steel matrix composite reinforced with 4 vol.%

TiB; hot pressed at 1100 °C exhibited highest hardness value as compared to other prepared
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samples. It is interesting to note that amount of reinforcement phase determines the hardness
of composites in the present work rather than the porosity in the microstructure. This
observation could be attributed to high hardness value of TiB; and good interface bonding
between the particle and matrix. Further it is well known that introduction of hard ceramic
particles increases the strain energy by generation of dislocation due to difference in thermal
expansion coefficient between matrix and reinforcement thereby resulting high
hardness(Leszczynska-Madej et al.2017).

3.4 Compressive properties

Typical compression behavior of hot pressed 304- TiB, composites is shown in Figure 7. The
compression strength of the composites are higher than unreinforced steel indicating positive
effect of TiB, reinforcement on the mechanical properties of steel. The compressive strength
increase at the expense of ductility. This finding can be ascribed to dominating role of TiB;
for enhancement of compressive strength over deterioration effect of increased porosity. The
compressive yield strength of hot pressed steel matrix without reinforcement is in the range
of 945 - 1227 MPa. The compressive yield strength of the composites sintered at 1000 °C
with 2 vol.% of TiB; and 4 vol.% of TiB, content are 1124 MPa and 1279 MPa respectively.
However, the plastic deformation of the hotpressed samples decreases from 23% for the
unreinforced steel to 18% for the composites with 2 vol.% of TiB, and to 15% for the
composites with 4 vol.% of TiB,. Lowering of ductility is due to presence of TiB, that
prevents the plastic deformation and blocks the dislocation motion. Comparing Figure 7a and
b, an increase in strength of the composites can be observed with increase in processing
temperature. The ultimate compressive yield strength of hot pressed steel matrix without
reinforcement increases from 945 MPa (sintered at 1000 °C) to 1227 MPa (sintered at 1100
°C). Therefore it is also noteworthy that samples pressed at 1100 °C exhibited notably high

strength as compared to samples hot pressed at 1000 °C which can be attributed to their low
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porosity and adequate bonding between the particles. Based on the results, it is clear that the
compressive yield strength increased with increasing processing temperature indicating
significant relationship between processing temperature and mechanical properties. It is also
confirmed that strength of the reinforced steel matrix has not deteriorated despite the
presence of porosity.

3.4.1. Strengthening mechanisms

Several mechanisms and models have been recommended in order to provide more insight
towards the enhancement of strength of metal matrix composites. Such as (a) Load transfer
from the matrix to the reinforcement particle at the interface (shear lag model) (b) Increased
dislocation densities produced on cooling due to large difference in coefficient of thermal
expansion (CTE) of the matrix and that of the reinforcement particles (Taylor strengthening)
(c) Orowan strengthening due to artificially reduction in inter particle spacing (d) Work
hardening due to presence of hard ceramic particles (Asl and Kakroudi 2015). All the above
said mechanisms are expected to be suitable for steel matrix composites synthesized in the
present work.

First, the relation between dislocation density and strengthening has long been established by
many researchers (Chelliah et al.2017).When a metal matrix composite is subjected to
temperature change, dislocations are generated in the vicinity of ceramic reinforcement due
to difference in coefficient of thermal expansion (CTE) between matrix and reinforcement so
as to reduce the stored energy. In the present work, all the fabricated samples are imposed to
temperature difference of 975 °C for processed at 1000 °C and 1075 °C for processed at 1100
°C. Again, the difference in CTE between steel matrix and TiB, particle is 10x10"/K which
can lead to generation of geometrically necessary dislocations in order to accommodate this

thermal mismatch. The increment in the yield strength due to generation of dislocation owing
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to relaxation of thermal mismatch or Taylor strengthening can be expressed as (Zhang and
Chen 2006):

12AaATV,
bdp(1-Vp)

Aocrg = BGrb (D

Where £ is strengthening coefficient, G,, is shear modulus of the matrix, b is Burgers vector,
Ao is the difference of CTE between steel matrix and TiB, particles, AT is the difference
between the processing and test temperature, V), and d, present the volume fraction and
average particle size of TiB, reinforcements.

Another aspect that can contribute to the enhancement of strength is Orowan strengthening
from dispersoids present in the matrix. The Orowan strengthening model describes
improvements in strength in the matrix material due to formation of dislocation loops around
the particles (Zhang and Chen 2006). It is generally believed that the Orowan strengthening
mechanism is not significant for metal matrix composites reinforced with a particle size
greater than 5 micron (Xiao et al.2018). In the present work, average particle size of the
reinforcement is in submicron range (0.7-0.8 pm) indicating Orowan strengthening can
contribute slightly to the improvement of yield strength of composites (Nie et al.2017). The
contribution of Orowan strengthening in MMC increases with increase in volume fraction of
reinforcement particles and decrease in interparticle spacing between dispersoids which
impedes the movement of dislocation (Chelliah et al.2017).Increment of yield strength due to

Orowan strengthening can be described by the following expression below: (Nie et al.2017).

0.13Gpb d
AbGorowan = —1111 (ﬁ) (2)
dp[(1/zvp)3—1]

In addition, the load transfer strengthening mechanism can be used to explain the
improvement of yield strength of the composites due to load bearing effect of hard ceramic

phase. It is reported that the good interfacial bonding between dispersed particles and matrix
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contributes to better transfer of the applied load to the reinforcement. The enhancement of
strength due to load transfer effect can be described by (Dai et al.2001)

Adpoqq = 0.5V,0p, 3)
Where o, 1s the yield strength of matrix and V), is the volume fraction of TiB, particles.

The parameters and properties used for calculating the improvement in yield strength of the
composites by various strengthening mechanisms are listed in Table 2.

Based on above governing equations for different strengthening mechanisms, the
enhancement of yield strength of the composites with different content of TiB, and
processing temperature was calculated and shown in Figure 8. It can be seen that contribution
due to thermal mismatch strengthening mechanism plays a significant role towards
enhancement of strength as compared to other strengthening mechanisms. The predominance
effect of thermal mismatch strengthening can be attributed to large difference in temperature
and coefficient of thermal expansion that increases the magnitude of thermal strain (Aer =
AoAT) and density of geometric dislocation. In Figure 8a and b, dislocation strengthening in
the composites show an increasing trend with increase in TiB, content and processing
temperature. Further, it can be noticed that load transfer strengthening contributed slightly
due to low volume fraction of TiB; in the current work. The observed results also reveal the
relative contribution of Orowan strengthening in composite with 4 vol.% TiB, is increased by
1.45 times as compared to composite with 2 vol.% TiB,. This observation can be attributed to
decrease in interparticle distance with increase in TiB, resulting in enhanced pinning effect
and more restriction of plastic flow of the matrix and improved strength. However based on
the above results, we can conclude that Taylor strengthening due to thermal mismatch plays
as most dominating strengthening mechanism compared to others.

Several numerical models are available for estimation of theoretical yield strength of particle

reinforced MMCs. Among these methods, modified Zhang and Chen model and summation
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models are commonly used to predict the yield strength of particle reinforced MMCs (Zhang
Z and Chen 2006; Xiao et al.2018; Frost and Ashby1982). Zhang and Chen model is based on
the assumption of interdependent relationship between individual strengthening mechanisms.
This model includes the effect of Orowan strengthening, thermal mismatch strengthening and
load bearing. The theoretical increase in yield strength by this model can be expressed as

follows:

A A
Aaze = (1+0.51) [aym + AGorowan + Adrayior + ( Jorowan "T“yl‘”>]

p— 4
On the other hand, summation model considers all the strengthening contribution acting
individually on the materials. The theoretical increase in yield strength by this model can be
described by:

Ags = 0y + Adorowan + A07ayior + 401044 5

Figure 9 presents a comparison between the experimental values of yield strength of
composites and theoretical values estimated by Zhang and Chen model and summation
model. Figure 9a and b also confirms the improvement of strength with increase in TiB,
content and processing temperature. The estimated yield strength from model approximates
the experimental values. The experimental yield strength is higher than the model values
indicating contribution of other strengthening mechanisms. Thus it is clearly evident that
existence of particle and particle size distribution should be considered for enhancement of
strength.

3.5 Elastic modulus

Elastic modulus of particle reinforced composites can be calculated using the simple rule-of

mixtures (ROM) (Kim et al.2013).

Under iso-strain condition, E¢ = EpV, + E;, Vi, (6)
. o, . EpEm
Under iso-stress condition, E; = @)
EpVin+EmVyp
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Where V), stands for volume percentage of TiB, particulate, V, stands for the volume fraction
of matrix, E, is the elastic modulus of TiB, particulate, and E,, is the elastic modulus of
matrix.

However, effective modulus of particulate composites can be evaluated by Halpin—Tsai (HT)
model (Reddy and Zitoun 2011) that takes into account the aspect ratio of the reinforcements
in addition to the volume fraction and elastic modulus of the reinforcements and matrix and is
expressed as

_ Em(1+2sqVp)
T 1-qv,

E, ®)

where E, and E,, present the Young’s moduli of the composite and the matrix respectively, s
is the aspect ratio of the reinforcement, V), is the volume fraction, and g is a geometrical

parameter that can be written as

g = 9)

(5—:1)+25
Substituting the values of elastic modulus of steel as 193 GPa and elastic modulus of TiB, as
430 GPa (Sulima et al.2011) in equations (6) to (9), elastic modulus for composites with
different content of TiB, are calculated. Comparative analysis between estimated values of
elastic modulus and the experimental value is presented in Figure 10. The experimental
values matches well with the values estimated by HT model and ROM. The experimental
results indicate a significant improvement in elastic modulus of the composite with 4 vol.%.
TiB; particles. This remarkable improvement in the elastic modulus of the composites can be
mainly attributed to high elastic modulus of reinforcing TiB, particle and homogeneous
distribution of reinforcement particles in the matrix. In addition, increase in interfacial area
with increase in volume fraction of reinforcement particles enhances the stress transfer from

plastically deforming ductile metal matrix to hard, brittle reinforcing particles. It is also
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evident that experimental value of elastic modulus of unreinforced steel is lower than the
theoretical value which can be ascribed to lower relative density of the sample.

3.6 Wear properties

Wear behavior of material can be expressed by depth of wear that indicates removal of
material from the surface. Figure 11 shows wear depth curves of unreinforced steel matrix
and composite reinforced with 2 vol.%, 4 vol.% TiB; sintered at 1000 °C and 1100 °C. It is
apparent that depth of wear approaches a steady state wear regime within few seconds of
commencement of the test. The depth of wear of composites is low as compared to
unreinforced steel. Also, depth of wear decreases with increase in volume percentage of TiB,
indicating enhanced wear performance. This enhancement can be attributed to increased
hardness and strength due to presence of higher amount of hard TiB; particles. The higher
amount of TiB, particles increases the load carrying capacity and resistance to plastic
deformation by impeding dislocation motion. It has been reported that particles are the most
effective in improving the wear resistance of MMCs (Moazami-Goudarzi and Akhlaghi 2016;
Jin et al.2017; Chi et al.2015; Jin et al.2017). It is well known that hardness of MMCs
increases with increase in amount of reinforcement particles thereby significantly influencing
the wear resistance by decreasing in real area of wear surface. Reports of earlier research on
wear behavior of particle reinforced MMCs demonstrated the dependence of wear resistance
on hardness as well as mean free path between the reinforced particles. In general, wear
resistance is proportional to H/ A (Jin et al.2017) where H represents hardness and A
represents mean free path. Literature suggests that interparticle spacing plays an important
role in wear resistance of composites. It depends on the reinforcement particle size d and the

volume fraction f by the expression as

Ao d/\f (10)
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This expression predicts shorter mean free path for higher volume fraction of reinforcement
particles. According to the present results, wear resistance of the 4 vol.% TiB,/steel
composite is higher as compared to 2 vol.%TiB,/steel composites. Based on the above
results, it is reasonable to assume that wear resistance of the present composites is improved
due to decrease in A owing to increase in TiB, content. Decrease in A results in reduction of
indentation depth of soft abrasive particles with almost no significant grooves. Similar
tendency of increase of wear response and hardness was reported by Tjong and Lau (2000)
and Sulima et al. (2014) for TiB; reinforced steel MMCs synthesized by powder metallurgy
methods. Mahajan et al. (2015) investigated the influence of wettability on the wear behavior
of composite. They reported good bonding between matrix and reinforcement ensures
improved wear resistance. So observation of steady state wear regime in our results confirm
the good bonding between TiB, particles and steel matrix. The present results indicate
decrease in depth of wear of the samples with increase in hot pressing temperature as shown
in Figure 11b. This is quite obvious because increase in sintering temperature in the present
case enhances the hardness as compared to composites sintered at lower temperature. This
finding is in support of Archard’s wear law which suggests an inverse relationship between
hardness and wear rate. As far as the wear behavior of composites is concerned, it is
influenced by microstructural properties and nature of reinforcement. Composites sintered at
higher temperature were accompanied with higher density that leads to lower wear depth due
to a reduced amount of loss of adherence of particles. Another suggested reason for
enhancement of wear performance is uniform distribution of reinforcement particles in the
matrix as evident in the microstructure. Present results are consistent with investigations of
Sulima et al.(2014) who reported similar variation of wear behavior with sintering
temperature for steel matrix composites containing 4 and 8 vol. % TiB, fabricated by SPS

process. Hence, it is worth to state that addition of TiB, reinforcements are most effective for
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enhancement of wear performance of steel matrix composites as compared to unreinforced
steel.

Figure 12 shows coefficient of friction (COF) of the specimens with test duration at an
applied load of 35 N and a sliding speed 0.3 m/s. It is very evident from the Figure 12 that
COF values are almost steady with testing time indicating minimal damage due to
dominating role of TiB, to sliding behavior at this load. It can be seen that variation of
coefficient friction has a similar trend as that for depth of wear. The COF decreases with the
increase of TiB, content. Average value of COF of the unreinforced steel sintered at 1000 °C
is in the range of 0.37-0.51 whereas that of composites reinforced with 2 vol.% and 4 vol.%
TiB, are in the range of 0.29-0.40 and 0.28-0.31 respectively. The influence of TiB, on
tribological properties of composites can be clearly observed from the graph. This observed
variation in COF depending upon reinforcement content can be explained by degree of plastic
deformation. The simplified theory of friction proposed by Bowdon and Tabor is given by the
following relation (Chelliah et al.2016):

u=r1/2.8Y (11)
where u stand for coefficient of friction, 7; stands for shear strength and Y represents flow
pressure or hardness of the material. This equation represents an inverse relationship between
hardness and coefficient of friction. Materials exhibits lower x# with higher hardness due to
minimal degree of plastic deformation. In the present investigation, it is apparent that
composites with 4 vol.% TiB, results in higher hardness as compared to other samples.
Hence, it can be concluded that higher amount of TiB, provide more protection to steel
matrix during sliding by inhibiting plastic deformation and delaying material removal from
the surface. Furthermore, the results revealed the dependence of the friction coefficient of the
composites on the sintering temperature with the same content of TiB, particles as shown in

Figure 12b. It is interesting to note that application of higher sintering temperature play a
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remarkable role in improving the wear behavior of sintered composites with the same content
of TiB,. Coefficient of friction values of unreinforced steel decreases from 0.51 to 0.46 with
increase in temperature from 1000 °C to 1100 °C. The lowest value of the coefficient friction
was obtained in composite with 4 vol.% of TiB, sintered at 1100 °C as compared to sintered
at 1000 °C. In the case of composites with 2 vol.% TiB,, the friction coefficient is 0.40 for
sintering temperature of 1000 °C and reduces gradually to 0.34 at sintering temperature of
1100 °C. Based on these results, it can be clearly seen that sintering temperature acts as
another influential parameter for control of wear performance of composites irrespective of
content of TiB, particles in the matrix. Higher sintering temperature favours more
homogeneous distribution of the fine reinforcements as shown in Figure 4 which results in
enhancement of wear resistance due to increase in load bearing capacity by reducing the
contact area between specimen and counterpart. Moreover, based on the Archard's equation,
wear performance of composites increases with the increased hardness, by increasing the
resistance of material to plastic deformation. Similar trend in variation of COF with respect to
reinforcement content and sintering temperature have been also reported by other researchers
in previous studies (Sulima 2014; Tjong and Lau .1999; Chelliah et al.2016;Sulima et
al.2016). Thus it can be concluded that incorporation of TiB, particles into steel matrix
enhances the wear performance effectively.
4. Conclusions
The following are the major findings based on microstructure, mechanical properties and
wear behavior of steel matrix composites reinforced with 2 and 4 vol.% TiB, particles
synthesized by hot pressing method:

(a) At lower fractions, TiB; is uniformly distributed within the steel matrix while few

clustering is observed at higher fractions of TiB, Optimization of the process

parameters is necessary in order to achieve higher densification level.
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(b) Steel matrix composites reinforced with TiB, particles exhibited high hardness,
ultimate compressive strength, elastic modulus and yield strength as compared to
their unreinforced counterpart. Hardness of the composites reinforced with 2 vol.%
TiB; and 4 vol.% TiB, was improved by 30% and 42% respectively than that of
unreinforced steel sintered at 1100 °C.

(c) Taylor strengthening caused due to large difference in CTE and temperature change
is the major contributor in strengthening these composites. This is followed by
Orowan strengthening and load bearing strengthening.

(d) The results of wear tests revealed decrease in depth of wear and COF with increase in
the content of TiB,. The composite with 4 vol.% TiB, sintered at 1100 °C showed the
best wear resistance.
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29 Figure 1. (a) Image of compressive testing machine (b) Schematic diagram of the specimen.
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Figure 2. Scanning electron micrograph of unreinforced steel matrix and EDX analysis.
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Figure 3. Scanning electron micrograph of composites with 2 vol.% TiB2 along with EDX of indicated points
1 and point 2.
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Figure 4. Scanning electron micrograph of composites with 4 vol.% TiB2 along with EDX mapping.
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Figure 5. Variation of relative density with the volume percentage of TiB2.
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Figure 6. Variation of microhardness with the volume percentage of TiB2.
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Figure 7. Variation of compression strength of the synthesized composites sintered at (a) 1000 °C and (b)
1100 °oC
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Figure 8. Influence of various strengthening mechanisms in composites sintered at (a) 1000 °C and (b)
1100 °C.
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Figure 9. Comparative analysis between numerical models and experimental data sintered at
1000 °C and (b) 1100 °C
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Figure 10. Comparison between experimental and predicted elastic modulus using HT model and ROM.
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Figure 11. Variation of depth of wear with test time of the synthesized composites sintered at (a) 1000 °C
and (b) 1100 °C.
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Figure 12. Variation of Coefficient of friction of the synthesized composites with test time sintered at (a)
1000 °C and (b) 1100 °C.
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Table 1. Composition of AISI 304 Stainless Steel powder (in wt.%)

Grade C Mn Si P S Cr Mo Ni N

AISI304 SS 0.03 2.0 0.75 0.045 0.03 18.0 3.00 10.0 0.10
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Table 2.

Material properties and parameters for calculating the improvement of the yield strength

(Frost and Ashby 1982).

Properties

Steel matrix

TiB; reinforcement

Shear modulus(Gy,),GPa

Burger vector(b), nm

Process temperature, K

Test temperature, K

Coefficient of thermal expansion (CTE), K™

Average particle size (d,), pm

81

0.258
1273,1373
298

18x10°

191

1273,1373
208
8x107°

0.7-0.8
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