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Abstract

This work examined the behavior of Mg-TiC composites fabricated using a stir casting process followed by a single-pass
friction stir process (FSP). Morphological analysis revealed a uniform distribution of TiC reinforcement, effectively miti-
gating the reinforcement agglomeration issues. The composites processed at 1400 rpm (FSP) exhibited a 26% improve-
ment in microhardness compared to cast Mg-TiC composites and 60% compared to pure Mg processed at the same param-
eters. The wear behavior was optimized using response surface methodology (RSM), considering load, sliding distance
and sliding velocity as key parameters. The results exhibit an increase in the volumetric wear rate. The morphological
examination of worn surfaces using scanning electron microscope (SEM), highlighted abrasive, adhesive, and oxidative
wear mechanisms. The findings reveal the refined microstructure, enhanced microhardness, and superior wear behaviour

of the processed magnesium matrix composites.
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1 Introduction

Magnesium matrix based composite materials are conquer-
ing status of a structural material in automobile segment
to reduce the pollution [1]. Magnesium has good specific
strength, machinability, castability property. Also, Mg has
low density and lighter as compared to aluminum and steel
respectively. However, poor wear resistance and hardness
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confine its usage [2]. To overcome these limitations, vari-
ous reinforcements like titanium carbide (TiC) [3], silicon
carbide (SiC) [4], Boron Carbide (B,C) [5], alumina (Al,O5)
[6], zirconium oxide (ZrO,) [7], can be added to magnesium
matrix material to attain good wear resistance, strength and
hardness. Magnesium metal matrix composites (MMMC)
have shown noteworthy enhancement in mechanical prop-
erties as compared to monolithic magnesium. MMMC can
be produced by various processes, like stir casting [8], pow-
der metallurgy [9], and stir squeeze casting [10]. Stir casting
method is considered as cost-effective technique to pro-
duce composites as equated to their related processes [11].
Although some limits of stir casting process viz. reinforce-
ments cluster, particle condensed sections and particle free
sections were spotted in composites [12]. These defects can
be reduced by various practices such as forging and extrusion
that might solve the above-mentioned problems; though, the
procedure is laborious. These defects can abolish by using
FSP, which improves mechanical properties of composites
also [13]. Friction stir processing is the resultant of friction
stir welding process and widely used to produce surface com-
posites [14]. FSP is a solid-state process which does not melt
the work piece. The specifically designed cylindrical tool
consists of a pin and a shoulder is used in FSP. In friction stir
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processing, heat is generated by rubbing of rotating shoulder
which softens the material and pin plunged into specimen
triggered the mechanical stirring. The material under the
processed region go through the extreme plastic deformation
which yields recrystallized fine grain structure [15].

Various studies have undertaken to study the effects of
FSP on microstructure and mechanical properties of pro-
cessed specimens. Zykova et al. [16] showed the improved
grains and dissolution of second phase particles, which
refined the grain size in the matrix and eliminates the poros-
ity by FSP. FSP effectively removed macroscopic and
microscopic defects (void and porosity) existing in the cast-
ings [17]. Iwaszko and Kudta [18] investigated the micro-
structure of AZ91 magnesium alloy produced by FSP, which
showed grain refinement and equiaxed recrystallized grains
in the stirrer area. In FSP rotational speed of tool played a
vital role in producing fine grain structure along with defect-
free nugget zone and enhanced mechanical properties [19].
Ahmadkhaniha et al. [20] reported that AZ91/Al,0; nano-
composites fabricated by FSP showed improved hardness
and reduced grain size at low rotational speed of FSP tool.
Ready composite exhibits enhanced wear resistance due to
existence of Al,O; nano particles and also due to FSP. Shang
et al. [21] investigated the use of stiffer and harder rein-
forcement, which produced the composites with enhanced
strength and wear resistance. Vikas et al. [22] examined the
effect of FSP on metallurgical properties of AZ91D, which
showed homogenous dispersal of reinforcement particles
and refined grain size. The granular structure obtained by
the multi pass FSP may have contributed to the specimens’
increased ultimate tensile strength. FSP as secondary pro-
cess on as cast AAS5083-SiC nanocomposites and found
the refined microstructure and improved strength of com-
posite [23]. Uniformly distributed reinforced particles were
obtained in AA5083 alloy surface composites processed by
FSP [24]. Single pass method of FSP helped to improve the
hardness of processed AZ31 Magnesium alloy [25].

Titanium carbide (TiC) is considered as good reinforce-
ment material due to high hardness, and wear resistance [26,
27]. Mohammad and Kamran [28] studied that magnesium/
TiC surface composites formed by FSP showed noteworthy
refinement in microstructure and enhanced hardness. The
average hardness increased from 50 Vickers to 79 Vickers.
Balakrishnan et al. [29] studied the microstructure of AZ91/
TiC based surface composites produced by single pass FSP.
Investigation determined that TiC particle evenly dispersed
in the matrix material without any bunch formation. Singh et
al. [30] made-up pure Mg surface composite with the help of
FSP, reinforced with TiC. Wear characteristics of fabricated
composites have been studied through pin on disk setup,
which showed improved wear resistance due to development
of better grain structure and existence of fine TiC particles.
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The above studies concluded that FSP is worthwhile
process, which improves strength, ductility, hardness, wear
resistance, mostly refine the microstructure of composite
materials. Above investigations initiate that there are mini-
mal studies on optimization of wear behavior of cast Mg-
TiC composites processed by FSP. In this study, specimen
of pure Mg was similarly processed by FSP for compari-
son with cast Mg-TiC composite. RSM is a statistical tool
that allows for the optimization of process constraints by
creating mathematical models and analyzing the connec-
tions between input variables and responses [31, 32]. This
method allows researchers to study the effects of input pro-
cess parameters on output responses while optimizing the
desired results [33-35]. In the present work, effects of FSP
on microstructure, mechanical properties, and wear behav-
ior of as cast composites are studied. Moreover, RSM has
been applied on FSPd Mg-TiC composite to study the effect
of input parameters on volumetric wear rate.

2 Experimental process
2.1 Materials and preparation

Stir casting route was employed to fabricate the cast composite,
pure Mg (matrix material) and TiC powder (reinforced mate-
rial) were selected in the current study, as described by Singh
and Bala[36]. The TiC reinforcement 10% w. was added to Mg
matrix melt. The mild steel mold of 80 % 80 x 80 mm was used
to pour the melt to prepare composite. The 80 80x 10 mm
size plates were cut by wire cut electric discharge machine
(EDM) from cast sample for FSP. A CNC vertical milling
machine (Make: ACE; 300) utilized to accomplish the FSP
wherein as-cast Mg-TiC plates were gripped with fixture on
the machine bed. An FSP stainless steel tool having shoul-
der diameter of 16 mm, pin diameter of 4.5 mm and depth of
4 mm was used to process the samples. FSP was performed
at a speed of 30 mm/min and three rotational speeds of 1200,
1400 and 1600 rpm, respectively. Specimens were designated
according to rpm of tool, friction stir processed (FSPd) speci-
mens of Mg-TiC composite are designated as FSP 2, FSP 3
and FSP 4 for 1200, 1400 and 1600 rpm respectively. Pure Mg
specimen were also friction stir processed for comparison of
results. Pure Mg friction stir processed specimen at 1400 rpm
is designated as FSP 1. Single pass method of FSP was used
to fabricate specimens. The surface textures of FSPd Mg-TiC
composites are presented in Fig. 1.

2.2 Microstructure study

Optical microscope and SEM (JEOL, USA) were used to
carry out metallographic examinations of the FSPd and
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Fig. 1 Macrographs of surface
texture FSPd Mg-TiC specimens
at (a) 1200 (b) 1400 and (c)
1600 rpm

as-cast samples. The samples were cut by using wire EDM
in size of 20x20x5 mm. The samples were ground with
emery papers varying in mesh size up to 3000, polished with
alumina powder by using standard procedure of polishing.
The etched solution containing distilled H,O, acetic acid,
ethylene glycol and HNO; was used for 3—5 s for micro-
structure study.

2.3 Mechanical properties

Microhardness test was done on FSPd and cast specimens
with the help of Vickers microhardness testing machine.
For microhardness, the 20 x20x5 mm size samples were
polished with different grit size emery paper (400-3000)
and with polishing machine (2 disc) of Chennai Metco Pvt.
Ltd. A load of 0.05 kg was applied with a hold time of 10 s.
For validation of results average of 6 hardness values were
booked per sample.

2.4 Wear test

Wear tests were conducted on the pin on disk machine
(FRICTION MONITOR-TR 20) furnished by DUCOM
Instruments. Rotating disk of EN31 alloy steel was used for

wear. The specimens having square dimensions of 5 x5 mm
were cut using wire EDM. All the wear specimens were pol-
ished using silicon carbide emery papers upto 1000 grit size,
and cleaned with the acetone. Sliding speed of 1 m/s and
five loads 5N, 10 N, 15 N, 20 N, and 25 N were used for
wear test. Wear tests were performed 3 times for the con-
formability of results [36]. An electronic weighing balance
equipment with a resolution of 0.001 g was used to weigh
the specimens following each test in order to calculate the
weight loss. Acetone was used to clean the surface of the
steel disk prior to wear test initiation. SEM analysis was
done to observe worn surfaces of processed samples.

3 Results and discussion
3.1 Microstructure analysis

The microstructure of cast Mg-TiC composite represented
in Fig. 2 (a), which showed clustering of particles at some
areas of composite. FSP method assisted in noteworthy
refinement of microstructure owed to recrystallization,
redistribution of reinforced particles and elimination of clus-
tering of particles. The stirring of tool helped to crash the
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Fig. 2 Optical microstructure and SEM of cast Mg-TiC (a, ¢) and FSPd Mg-TiC Composite (b, d), respectively

clustering locations. Figure 2 (b) has shown sufficient refine
grains and uniform dispersal of reinforced particles after
the FSP. Processed specimen showed refined grain struc-
ture as equated to cast Mg-TiC composites. The improved
grain structure and even distribution of particles might be
accredited to existence of severe deformation in stirrer zone
as stirring action of tool, produced higher frictional heat and
leads to redistribution of particles during stirring. FSP was
applied to fabricate Al/TiC composite and results showed
refined grain structure and improved microhardness as com-
pared to parent material [37]. The existence of hard rein-
forced TiC particles and plastic deformation induced during
FSP aided to refine grain that might be accredited to pining
effect of the refined particles and the occurrence of dynamic
recrystallization throughout plastic deformation. The pres-
ent results about the fine-grained microstructure owed to
dynamic recrystallization with even distribution of particles
in friction stir composites are in arrangement with the stud-
ies done by many investigators for magnesium-based com-
posites and alloys as discussed.

SEM micrograph represents that the TiC particles are
distributed over the whole area, but some clustering of par-
ticles has also been seen at some locations as presented in
Fig. 2 (c). SEM micrograph of nugget zone of FSP 3 speci-
men has been shown in Fig. 2 (d). The SEM images showed

@ Springer

that the FSP processed specimen contained very refined and
evenly distributed particles of reinforcement. The rotational
movement of tool pin plunged in specimen helped to break
particles and hence evenly distributed the particles [38].
The particles of TiC got broken and converted into spheri-
cal form of fine and medium sized particles that happened
owing to stirring of the tool [39]. The evenly distributed
refined particles of TiC in FSPd composite might be accred-
ited to the plastic deformations that arise during FSP. Single
and double pass FSP to fabricate AA5083/Al,0; composite,
which showed refined microstructure and uniform distribu-
tion of reinforced material [40]. Good bonding of TiC parti-
cles has been observed in SEM micrograph. X-ray mapping
of FSPd Mg-TiC composite indicates the elements present
in the surface of FSPd composite. Figure 3 evidently shows
the existence of Mg, Ti and C elements.

3.2 Mechanical characteristics

Hardness is the most important mechanical characteris-
tic, which resist indentation and abrasion of the materials.
Vickers microhardness of Mg-TiC cast composite, pure Mg
and FSPd specimens has been presented in Fig. 4, which
showed microhardness of the specimens increased consid-
erably after the FSP. Figure 4 represents the microhardness
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Fig. 3 Elements mapping of FSPd
Mg-TiC showing existence of
Mg, Ti and C

S0pm Electron Image 1

value from center of stirrer zone. Microhardness value of 133 Hyv, which is almost 26% higher than as cast composite.
as stir cast Mg-TiC composite was 105 Hv whereas, micro- ~ FSP 1 also showed increased hardness as equated to as stir
hardness value of the FSP 3 specimens was increased up to  cast pure Mg, which have reached maximum up to 53 Hv.
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Table 1 Wear parameters and their levels
Factors Parameters Units Levels

-1 0 1 2
A Load (P) N 10 15 20 25
B Sliding distance (S.D.) m 250 500 750 1000 1250
C Sliding velocity (S.V.) m/s 0.25 0.5 0.75 1 1.25

Refined grain structure obtained during FSP results in the
improved hardness. As per Hall-Petch equation as the grain
size of particles reduced, hardness of material improved,
and vice versa [41]. Microhardness of magnesium alloy
(AM60) got enhanced by applying the FSP to alloy as
compared to unprocessed alloy [42]. Ahmadkhaniha et al.,
observed enhanced microhardness for the FSPd magnesium
as equated to the pure magnesium [20]. The inter-particle
spacing decreases due to stirring action of tool, which
increases hardness. So, it can be considered that reinforced
particles along with FSP played noteworthy role for improv-
ing hardness of composite [43]. The enhanced hardness val-
ues of the FSPd (Mg-TiC) specimens could be accredited
to the existence of uniformly distributed of reinforced par-
ticles as shown in Fig. 2(b). Stirring action of tool causes the
plastic deformation [44], which refines the grains and rein-
forced TiC particles. The existence of refined TiC particles
and refined microstructure improve the load carrying capac-
ity that confines the deformation of the matrix material [45,
46]. The development of sub-grains, the uniform dispersion
of TiC particles, and the existence of a significant fraction of

Table 2 Experimental results for volumetric wear rate

Run Order P (N) S.D. (m) S.V.(m/s)  Volumetric
Wear Rate
x 1073
1 15 750 0.75 1.212
2 10 1000 1 1.268
3 10 1000 0.5 1.189
4 20 1000 0.5 1.385
5 15 750 0.25 1.185
6 15 750 0.75 1.245
7 20 500 1 1.325
8 15 750 0.75 1.259
9 10 500 1 1.253
10 15 750 1.25 1.299
11 20 1000 1 1.435
12 15 1250 0.75 1.444
13 15 750 0.75 1.289
14 15 750 0.75 1.256
15 15 750 0.75 1.272
16 5 750 0.75 1.155
17 20 500 0.5 1.296
18 25 750 0.75 1.493
19 10 500 0.5 1.201
20 15 250 0.75 1.235
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high-angle grain boundaries in comparison to as-cast speci-
men all contribute to improvement in hardness [47].

3.3 Wear optimization

Table 1 shows the Wear parameters and their associated
levels. Table 2 shows the 20 set of experiments based on
CCD module in RSM. These experiments were performed
by varying the P, S.D and S.V at five different levels. Volu-
metric wear rate has been considered as the output param-
eter and has been calculated from the equation mentioned
below:

Volumetric Wear Rate = Loss in Weight (sliding distance) (1)

A comprehensive model as shown in Eq. (2) is established
to examine the effect of above mentioned wear parameters
on volumetric wear rate.

Volumetric Wear Rate = +1.36964
—0.016684 P (N) — 0.000723 S.D.(m)
+0.188318 S.V.(m/s) + 0.000020 P (N) x S.D.(m/s)
~0.005200 P (N) % S.V.(m/s) + 0.000096 ©)
S.V.(m/s) xS.D.(m) 4 0.000699 P (N)
% P (N) +0.000000341455 S.D.(m) % S.D.(m)
—0.048545 S.V.(m/s) * S.V.(m/s)

ANOVA analysis using RSM was used to study the impact of
input process parameters on volumetric wear rate. ANOVA
study results of wear rate are displayed in Table 3. It has
been concluded that the model is statistically noteworthy as
the p-value is less than 0.05. Moreover, the lack of fit is
inconsequential, which is desirable. At specified set of pro-
cess parameters, wear rate models prove to be highly sub-
stantial and beneficial. The value of Adjusted R? is 90.72%
and value of R? is 95.12%, which are very close to each
other. This signifies that the model is significant.

The link between the residuals and the process param-
eters is clearly shown by the scatter diagrams in Fig. 5 (a—),
which also show how changes in P (N), S. D. (m) and S.V.
(m/s) affect the wear rate. The normal probability plot of the
residuals for volumetric wear rate is displayed in Fig. 6(a).
It demonstrates that the errors are normally distributed as
the residuals closely resemble a straight line. Figure 6 (b)
displays the plot of actual versus predicted volumetric wear
rate values, demonstrating an excellent fit between the
regression model and the experimental data.
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Table 3 ANOVA table for volumetric wear rate

Source Sum of Squares DF Mean Square F-value p-value
Model 0.1508 9 0.0168 21.64 <0.0001
P(N) 0.0352 1 0.0352 45.51 <0.0001
S.D. (m) 0.0016 1 0.0016 2.01 0.1869
S.V. (m/s) 0.0056 1 0.0056 7.27 0.0225
P(N) x S.D. (m) 0.0048 1 0.0048 6.2 0.032
P (N) x S.V. (m/s) 0.0003 1 0.0003 0.4365 0.5238
S.D. (m) x S. V. (m/s) 0.0003 1 0.0003 0.3719 0.5556
P(N) x P(N) 0.0077 1 0.0077 9.9 0.0104
S.D. (m) x S.D. (m) 0.0115 1 0.0115 14.79 0.0032
S. V. (m/s) x S. V. (m/s) 0.0002 1 0.0002 0.2989 0.5966
Residual 0.0077 10 0.0008
Lack of Fit 0.0043 5 0.0009 1.27 0.3993
Pure Error 0.0034 5 0.0007
Cor Total 0.1586 19
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a e a a a e
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Fig.5 Scatter Diagram of Volumetric Wear Rate versus (a) P (N) (b) S.D. (m) (¢) Volumetric Wear Rate versus S.V. (m/s)

Fig. 6 Normal probability plot for
volumetric wear rate (a) Residu-
als (b) Actual versus predicted
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Volumetric Wear Rate
Volumetric Wear Rate

Applied Load (N) 20 500 g)iding Distance (m)

25 025

Volumetric Wear Rate

Fig. 7 3D surface plot for Volumetric Wear Rate (a) S.D. (m) vs. P (N), (b) S.V. (m/s) vs. Load P (N), (¢) S.D. (m) vs. S.V. (m/s)

Figure 7 (a-c) shows the 3D surface plots for interaction
effect of process parameters on volumetric wear rate. Fig-
ure 7 (a) depicts the effect of Sliding distance and applied
load on volumetric wear rate. It has been concluded that
the volumetric wear rate rises linearly with the increase in
Sliding distance and applied load. With the increase in load
and Sliding distance, temperature at the contact between the
sample and counter plate rises which leads to a rise in volu-
metric wear rate for the FSP TiC workpiece. These results
are in line with the results shown in [48, 49].

Figure 7 (b) displays the effect of P (N) and S. V. (m/s)
on volumetric wear rate. It was observed that the increase in
Sliding velocity causes slight decrease in volumetric wear
rate. Similar results were reported by [50].

Figure 7 (c) relates the effect of sliding velocity and slid-
ing distance on volumetric wear rate. It has been concluded
that increase in sliding distance (250 to 1250 m), the volu-
metric wear rate shows a gradual overall rise. This indicates
that prolonged sliding contributes to higher wear, likely due
to the progressive degradation of material over time. On
the other side, at lower velocities (0.25-0.5 m/s), the wear
rate remains minimal. However, as the velocity increases
(beyond 0.75 m/s), the volumetric wear rate significantly
rises, particularly when paired with greater Sliding dis-
tances. This suggests a combined effect of higher velocity
and extended Sliding distance on wear. These results are in
good agreement with the results performed by kumar et al.
[50].

An accuracy of the established model has been confirmed
by conducting the confirmation test. In this, the experiments
were conducted at several process parameter levels that
were not included in the initial design. Table 4 presented

Table 4 Confirmation experiments

the results of the confirmation test. Using Design of Experi-
ments (DOE), the predicted and calculated wear values are
compared to calculate the error percentage. The error per-
centage from the experiment falls within +£4%, demonstrat-
ing that the regression model effectively predicts the wear
rate with high accuracy.

3.4 Wear mechanisms

SEM images of worn surfaces of FSPd pure Mg and FSPd
Mg-TiC specimen are represented in Fig. 8. The worn sur-
face of FSPd Mg at low load (5 N) represented in Fig. 8 (a),
which shows lesser wear rate. The worn surface at 5 N load
showed fine and smooth wear tracks which indicates slight
abrasive wear, shallow grooves. however, surface appear-
ance at 25 N load (Fig. 8 (b)) indicates that the extent of
abrasion increased, grooves appeared in sliding direction
and oxidation of surface also occurred. This wear mecha-
nism at 25 N load, might be accredited to heat produced
between specimen and counter face steel disc [51]. Wear
rate of specimen increases, as applied load increases. Speci-
men becomes soft due to high temperature that resulted into
decreased surface hardness and increased ductility of mate-
rial. High heat produced at higher load results in to increase
in material loss. Ploughing marks found on whole worn sur-
face represents third body abrasive wear caused by matrix
debris. Ploughing marks become wider in comparison to
5 N load, which specify higher wear rate [52]. Oxidized sur-
face was also found on worn surface that might be accred-
ited to high heat produced at 25 N load.

The worn surface of FSPd samples at 5 N load showed
(Fig. 8 (a) and (c)) slight abrasive wear, oxide layer and

Run Order P (N) S.D. (m) S.V. (m/s) Projected Value Calculated Value Error (%)
1 10 750 0.75 1.246 1.287 3.29
2 15 1000 1 1.398 1.416 1.29
3 25 250 0.25 1.406 1.438 2.28
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Fig. 8 SEM micrographs of worn
surfaces (a) FSPd pure Mg at 5 N
(b) FSPd pure Mg at 25 N (c¢)
FSPd Mg-TiC at 5 N and (d)

IR

5 G
FSPd Mg-TiC at 25 N . N ; N : Smc&h Weér'
2 : 5 Track ;

x500

SEI  15kV WD12mm  $S35

smooth wear tracks, whereas worn surfaces at 25 N load
showed (Fig. 8 (b) and (d)) the rough wear tracks, enhanced
abrasion, ploughing and oxidation of specimen. Similar
wear behavior was observed like abrasive marks, wear
tracks on the FSPd surface of A15083/B,C composite [53].
Applied load is moved from matrix material to hard TiC
particles, that acts as load carrying elements. The worn
surface of FSPd specimen can be interrelated to enhance-
ment in hardness, equal distribution of refined TiC particles
attained after the FSP. The enhanced hardness confined the
severe delamination and ploughing marks formed under
varying load conditions, though its existence enhanced at
higher load of 25 N. Ploughing marks are more prominent
in Fig. 8 (d) due to existence of TiC particles which are
pullouts at higher load and acts as third particle abrasion
wear between specimen and steel disc. Friction stir pro-
cessing composite specimens showed mild abrasion and
oxidation mechanism.

Abrasive wear, which is caused by TiC particles and
debris impacting the specimen surface, is one of the main
wear mechanisms of the FSPd composite. Adhesive wear
due to higher applied loads categorized as ploughing,
delamination. Oxidative wear due to formation of oxide
layers mainly occurred at higher load. Wear tracks can be
seen prominently at higher load conditions. Abrasive wear
is considered as main wear mechanism due to hard TiC
particles present in the composite specimen act as abrasive
component which removes material from specimen surface
and steel disk during wear test. Debris produced during

50um

Debris <

15kV WDSmm S$835 50pm

higher load conditions causes wear by ploughing. Plough-
ing marks clearly indicated in SEM of worn surfaces shown
in Fig. 8 (b & d).

4 Conclusions

The TiC particle reinforced magnesium matrix composite
fabricated by stir casting method. Cast Mg-TiC composite
and cast pure Mg was processed by friction stir processing
at three different rpm to enhance hardness and refine micro-
structure of cast specimens. Optimization technique (RSM)
used to study the effects of parameters on wear behaviour
of processed specimens. Wear mechanism was also study to
analyze the wear pattern of worn specimens. The following
were the key conclusions drawn from friction stir processed
specimens:

® Microstructure and SEM images of FSPd specimens
verified the refined microstructure and uniform dispersal
of the TiC particles.

e As rotational speed increased the microhardness in-
creased, but at 1600 rpm the hardness decreased. This
may be due to excessive heat generated at 1600 rpm.
Hence surface texture of FSP 4 becomes rough at
1600 rpm. So, FSP 4 specimen has lower hardness in
comparison to FSP 3.

e The microhardness of FSP 3 was observed 26% higher
than as cast Mg-TiC composite. Refined microstructure

@ Springer
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and homogeneous dispersion of reinforcement particles
leads to increased hardness.

e Outcome of RSM results reveal that volumetric wear
rate showed increasing trend with respect to load, slid-
ing distance and velocity. The applied regression model
effectively forecasts the lowest wear rate, and a valida-
tion test confirms the error, which is within +£4%.

e SEM micrographs showed that as load increased (25 N)
the wear tracks become rough and ploughing becomes
deeper in comparison to 5 N load. Worn surfaces also
showed oxide layer that produced due to heat genera-
tion during rubbing action between specimen and wear
disk. Delamination and ploughing occurred at higher
(25 N) load. Deep ploughing may be occurred due to
third particles abrasion that occurred due to pullout re-
inforcement particle. Debris also observed at 25 N load
for FSPd composite due to adhesive wear.
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