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Friction stir processing (FSP) has been established as a novel solid state technique to pro-

duce bulk and surface metal matrix composites. The present work aim to produce copper

matrix composites (CMCs) using FSP and analyze the effect of ceramic reinforcement type

(SiC,  Al2O3, B4C and TiC) on the evolving microstructure, microhardness and wear resis-

tance behavior. A groove was made on 6 mm thick copper plates and packed with various

ceramic particles. A single pass FSP was carried out using a tool rotational speed of 1000 rpm,

travel speed of 40 mm/min and an axial force of 10 kN. The microstructure and distribution

of  the ceramic particles were studied using optical and field emission scanning electron

microscopy. The sliding wear behavior was evaluated using a pin-on-disk apparatus. The

results indicate that the variation in the stir zone, distribution, grain size, hardness and wear

resistance of CMCs were within a short range. Nevertheless, Cu/B4C CMC exhibited superior

hardness and wear resistance compared to other CMCs produced in this work under the

same set of experimental conditions.
© 2016 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier

Editora Ltda. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

are currently produced using powder metallurgy [6] and var-
1.  Introduction

The advancement of electronic and electrical industries has
invoked a demand for high strength, high wear resistance

and high conductivity connector materials. Pure copper is
extensively used in those industries due to high electrical and
thermal conductivity, formability and corrosion resistance
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[1–3]. However, the low wear resistance of pure copper places
some limitations, especially for sliding applications. Copper
matrix composites (CMCs) reinforced with ceramic particu-
lates were developed to overcome the limitations [4,5]. CMCs
ious casting routes [7–9]. It is extremely difficult to obtain a
high performance CMCs due to porosity formation, interface
debonding, poor distribution, low wettability and interfacial
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enses/by-nc-nd/4.0/).

dx.doi.org/10.1016/j.jmrt.2016.01.003
http://www.jmrt.com.br
http://www.sciencedirect.com/science/journal/00000000
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2016.01.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sathiscit2011@gmail.com
dx.doi.org/10.1016/j.jmrt.2016.01.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


j m a t e r r e s t e c h n o l . 2 0 1 6;5(4):302–316 303

a b 1 3 5

2

Cu compositeCu

4 6

b) lo

r
i

s
F
t
r
t
p
c
a
a
p
M

Fig. 1 – (a) Optical photomicrograph of pure copper and (

eaction. Friction stir processing (FSP) is emerging as a promis-
ng technique to produce sound CMCs [10].

FSP is a novel solid state technique to fabricate bulk and
urface metal matrix composites [11]. Mishra et al. [12] derived
SP based on the principles of friction stir welding (FSW)
o synthesize metal matrix composites (MMCs). A groove of
equired width and depth [13] or a hole of required diame-
er and depth [14] is machined on the metallic plate to be
rocessed. The chosen ceramic particles are subsequently
ompacted in the groove or the hole. A rotating tool under

dequate axial force is plunged at one end and traversed
long the groove or holes. The material undergoes severe
lastic deformation during FSP which is utilized to form
MCs. FSP technique has been successfully explored by many

Fig. 2 – FESEM micrograph of ceramic particl
cation in stir zone to record the microstructure of CMCs.

investigators to fabricate aluminum [15], magnesium [16], cop-
per [17], steel [18] and titanium [19] composites.

Some studies on CMCs reinforced with various ceramic par-
ticles produced using FSP were reported in literatures [20–30].
Barmouz et al. [20–22] produced Cu/SiC CMCs and studied the
properties in detail. He observed that the traverse speed con-
siderably influenced the distribution of SiC particle in the CMC
[20]. The increase in volume fraction and decrease in the size
of the SiC particle enhanced the tensile and wear properties
of the CMC [21]. The increase in the number of passes during

FSP improved the distribution of SiC particles and reduced the
grain size [22]. Sarmadi et al. [23] prepared Cu/graphite CMCs
and reported the influence of tool pin profile on microstruc-
ture and wear behavior. Sathiskumar et al. [24] fabricated

es: (a) SiC, (b) Al2O3, (c) B4C and (d) TiC.
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Fig. 3 – Typical defects appeared in trial specimens: (a)
rough surface induced by insufficient plastic flow, (b) tool
dragging, (c) incomplete bonding and (d) cracks.
304  j m a t e r r e s t e c h

Cu/B4C CMCs and investigated the effect of B4C particle and
its volume fraction on microstructure and wear behavior.
Sathiskumar et al. [25] developed empirical relationships to
predict the influence of process parameters on mechanical
and wear properties of CMCs reinforced with SiC, Al2O3, B4C,
TiC and WC particulates. Akramifard et al. [26] synthesized
Cu/SiC CMCs and showed that the SiC particles improved the
mechanical and wear properties. Fenoel et al. [27] formed
Cu/Y2O3 CMCs and demonstrated that the Y2O3 particles were
effective to boost the mechanical properties. Khosravi et al.
[28] developed Cu/WC CMCs and investigated the influence of
number of passes on microstructure, mechanical and thermo
physical properties. It was found that WC particles improved
the mechanical properties and refined the grains of copper.
Sabbaghian et al. [29] produced Cu/TiC CMCs using FSP and
observed fine grains with a homogeneous distribution of TiC
particles. Raju and Kumar [30] fabricated Cu/Al2O3 CMCs using
FSP and analyzed the influence of process parameters on the
tensile strength.

It has been demonstrated in literatures that it is feasible
to produce CMCs reinforced with various ceramic particulates
such as SiC, Al2O3, Y2O3, B4C, TiC and WC.  Multiple reinforce-
ments were not compared in a single study which would help
to evaluate the performance of various potential reinforce-
ments under a set of similar experimental conditions. Hence,
the objective of this research work is to produce CMCs rein-
forced with SiC, Al2O3, B4C and TiC and evaluate the effect
of various reinforcements on microstructure and sliding wear
behavior. Silicon carbide (SiC) and alumina (Al2O3) are com-
monly used reinforcements for making CMCs, while boron
carbide (B4C) and titanium carbide (TiC) are used for specific
applications [31–33].

2.  Experimental  procedure

Commercially available pure copper plates of 100 mm length,
50 mm width and 6 mm thickness were used in this research
work. The optical photomicrograph of the as-received cop-
per plate is shown in Fig. 1a. A groove of 2.5 mm deep and
0.7 mm width was made in the middle of the plate using wire
EDM and compacted with ceramic particles. The volume frac-
tion of ceramic particles was 12%. The SEM micrographs of
as received ceramic particles are shown in Fig. 2. A pinless
tool was initially employed to cover the top of the groove after
filling with ceramic particles to prevent the particles from scat-
tering during FSP. A tool made of double tempered hot working
steel was used in this study [25]. The tool had a shoulder
diameter of 20 mm,  pin diameter of 5 mm and pin length of
3 mm.  The FSP was carried out on an indigenously built FSW
machine. The process parameters employed were tool rota-
tional speed of 1000 rpm, travel speed of 40 mm/min  and axial
force of 10 kN.  This set of process parameters was selected
after trail experiments. Some of the defects encountered dur-
ing trial experiments are shown in Fig. 3. Four such plates were
friction stir processed by varying the ceramic particles (SiC,

Al2O3, B4C and TiC). A detailed FSP procedure to produce the
composite is presented elsewhere [20].

Specimens were obtained from the center of the fric-
tion stir processed plates and were polished as per standard
metallographic procedure. The polished specimens were
etched with a color etchant containing 20 g chromic acid,
2 g sodium sulfate, 1.7 ml  HCl (35%) in 100 ml  distilled water.
The digital image  of the macrostructure of the etched spec-
imens was captured using a digital optical scanner. The
microstructure was observed using an optical microscope
(OLYMPUS-BX51M) at various locations in the stir zone as
indicated in Fig. 1b. The ceramic particle distribution was
further viewed using a field emission scanning electron
microscope (FESEM, CARL ZEISS-SIGMA HV). Energy disper-
sive spectroscope (EDS) attached to the FESEM was used to
study the elemental distribution within the composite. The
microhardness was measured using a microhardness tester
(MITUTOYO-MVK-H1) at 500 g load applied for 15 s at various
locations in the surface composite.

The sliding wear behavior of Cu/X (X = SiC, Al2O3, B4C and
TiC) CMCs was measured using a pin-on-disk wear apparatus
(DUCOM TR20-LE) at room temperature according to ASTM
G99-04a standard. Specimens of size 3 mm × 5 mm  × 20 mm
were prepared from the FSP zone by wire EDM. The wear
test was conducted at a sliding velocity of 1.5 m/s, normal
force of 30 N and sliding distance of 3000 m.  The polished
surface of the pin was slid on a hardened chromium steel
disk. A computer aided data acquisition system was used to
monitor the loss of height. The volumetric loss was com-
puted by multiplying the cross sectional area of the test
pin with its loss of height. The wear rate was obtained by
dividing volumetric loss to sliding distance. The worn sur-
faces of the test specimens were observed using the SEM.

The wear debris, which were scattered on the face of the
counterface, were carefully collected and characterized using
SEM.
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Fig. 4 – Crown appearance of CMCs reinfor

.  Results  and  discussion

he crown appearance is an indication of the integrity of
he stir zone underneath it. Any defect on the crown usu-
lly accompanies a corresponding defect in the stir zone. The
rown appearances of friction stir processed copper with var-
ous ceramic particles are presented in Fig. 4. The surface of
he crown is smooth without any depressions or discontinu-
ties. A similar crown surface was observed irrespective of the
ype of ceramic particle used. Semicircular striations analo-
ous to those generated in the conventional milling process
re also visible on the crown. The optimized process parame-
ers were carefully chosen to yield a defect free crown surface.
he defects in the crown as revealed in Fig. 3 during trail runs
an be attributed to poor material flow between advancing and
etreading side and inadequate plasticization of copper.

.1.  Macrostructure  of  CMCs

ig. 5 depicts the macrostructure of CMCs reinforced with var-
ous ceramic particles. The stir zone area which contains the
MC  is clearly visible in all the figures. The marks of a groove
ade before FSP are not seen. It indicates the complete for-
ation of the composite and continuous flow of plasticized
aterial during FSP. The frictional heat generated by the rub-

ing of tool shoulder and the shearing of the pin plasticizes
he copper matrix around and below the tool. The rotating
nd translation motion of the tool transports the plasticized
opper from advancing side to retreading side. This material
ow initially causes the groove to collapse and mixes the com-
acted ceramic particles with the plasticized copper. The rate
t which the tool rotates and translates determines the inten-
ity of mixing leading to the formation of the composite. The

gure reveals that all kinds of ceramic particles mixed with
he plasticized copper and formed the CMC. It can lead to a
onclusion that the type of ceramic particle has no influence
n the formation of composite during the FSP process. The
with: (a) SiC, (b) Al2O3, (c) B4C and (d) TiC.

boundaries of the stir zone are marked with black color. It is
interesting that the boundaries are clearly visible on both the
sides of the stir zone. Some researchers reported the absence
of a clear boundary between the stir zone and the matrix mate-
rial on the retreading side during FSW [34,35]. This could be
due to inadequate forging at the back of the tool or excessive
plasticization of the matrix. The measured values of the FSP
area are furnished in Table 1. The size variation of the FSP
area across the various ceramic particles is negligible. Under
a set of FSP parameters, the variation in the flow stress of the
material will cause variation in the size of the FSP zone. It is a
well known fact that the addition of ceramic particle leads to
the increase in flow stress [36]. The results demonstrate that
the variation in flow stress of the copper by the reinforcement
of different ceramic particles is negligible. Hence, there is no
significant change in stir zone size.

It is evident from the figure that the stir zone of all CMCs is
symmetric about the tool axis. A symmetric stir zone will have
a homogeneous distribution of ceramic particles across the
zone. The combination of tool rotation and translation tends
to induce an asymmetric material flow in FSP [37]. Higher
level of stirring in the advancing side will alter the symme-
try of the stir zone. The formation of the symmetric stir zone
can be attributed to even stirring and material transporta-
tion from advancing to retreading side. As a manufacturing
process, FSP has its own defects such as pin holes, tunnels,
voids, cracks and kissing bonds. Defects reduce the area of
the stir zone and cause the composite susceptible to slid-
ing wear and tensile loading. None of those defects appeared
in the stir zone. The stir zone is completely defect free and
sound. Defects arise due to several factors which is not limited
to inadequate heat generation, material flow and consolida-
tion. The process parameters govern those factors to a large
extend. Absence of defects can be related to optimized pro-
cess parameters employed in this work. It is worth mentioning

that no onion rings characterized by arc lines typically seen in
the stir zone of friction stir welded or processed monolithic
alloys are not observed. This particular result agrees with the
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Fig. 5 – Macrostructure of CMCs reinforc

findings of some earlier works on CMCs using FSP [20,21,23].
The amalgamation of material flow induced separately by the
tool shoulder and tool pin produces alternative layers of high
and low volume fraction of ceramic particles due to the tem-
perature gradient along the depth of the welded plate [37].
The depth of penetration of the tool is not equal to the depth
of total plate thickness in the production of composites by
FSP. The absence of onion rings points out that the thermal
gradient along the depth of the tool pin penetration is negli-
gible. Because, the fixture made of different material acts as
a backup plate in a conventional FSW. But, the same matrix
material beyond the depth of tool penetration to the full thick-
ness of plate serves as a back plate in FSP. Hence, the thermal
gradient is insufficient to aid the formation of onion rings.

3.2.  Microstructure  of  CMCs

Figs. 6–9 depict the optical micrographs of CMCs reinforced
with various ceramic particles recorded at locations as marked
in Fig. 1b. The optical micrographs reveal the distribution of
ceramic particles all over the stir zone. No area in the stir zone
is particle free. It is remarkable to observe that the distribution
of the ceramic particle is independent of the location in the stir
zone. The variation in the distribution of the ceramic particles
from the advancing side to the retreading side or from the top
side to the bottom side is infinitesimal. But researchers found
significant variation in the distribution of ceramic particles
within the stir zone of aluminum and magnesium composites
synthesized by FSP [38–40]. This can be attributed to the mate-

rial behavior of copper under frictional heat. The flow stress of
copper is considerable higher to that of aluminum and magne-
sium which makes plasticization of copper little difficult. The
plasticized copper will not flow easily compared to aluminum

Table 1 – Properties of copper matrix composites.

Material FSP area (mm2) Aver
si

Cu – 

Cu/SiC CMC 39 

Cu/Al2O3 CMC 40 

Cu/B4C CMC 37 

Cu/TiC CMC 42 
ith: (a) SiC, (b) Al2O3, (c) B4C and (d) TiC.

or magnesium. This provides more  time for the ceramic parti-
cles to be well distributed within the plasticized copper before
forging completes the formation of stir zone. Hence, the dis-
tribution of ceramic particles is superior to that of aluminum
or magnesium composites.

It can be inferred from Figs. 6–9 that the type of ceramic
particle does not play a major role to govern the nature of
distribution in the composite. All the ceramic particles consid-
ered in this study combined well with the plasticized copper
and produced the composite. This can be related to the nature
of the FSP process, which forms the composite in solid state
without melting the copper. Neither the density gradient nor
the wettability between the type of ceramic particle and the
copper causes uneven microstructure. It is very hard to pro-
duce CMCs reinforced with various ceramic particles using
liquid metallurgy routes. The density gradient will cause the
ceramic particle either to float or sink while poor wettabil-
ity will result in the rejection of particles from the copper
melt. FSP process is suitable and capable of producing CMCs
reinforced with different ceramic particles.

The optical micrographs in Figs. 6–9 further shows the
presence of finer grains compared to the grain size of copper
in Fig. 1a. The average grain size is quantitatively presented
in Table 1. The grain boundaries are not visible completely,
but constructed using an image  analyzing software for mea-
surement [24]. The reinforcement of ceramic particles and
the severe plastic deformation refined the grains of copper
matrix. But the grain size across different CMCs is negligi-
ble. The following factors predominantly contribute to the

grain refinement. FSP imposes severe plastic deformation,
which leads to high dynamic stress as well as nucleation
and increase in dislocation density. The movement  of grain
boundaries and subsequently the grain growth is prevented.

age grain
ze (�m)

Microhardness
(VHN)

Wear  rate
(mm3/m)

35 75 385
6 116 245
3 119 231
5 135 213
4 126 225
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Fig. 6 – Optical photomicrograph of C

econdly, the presence of ceramic particle plays another role.
he pinning effect of the ceramic particle on the copper matrix

mpedes the grain growth by suppressing grain boundary
liding.

Fig. 10 presents the SEM micrographs of CMCs reinforced
ith various ceramic particles which clearly reveal the dis-

ribution of ceramic particles in the copper matrix. Fairly
omogeneous distribution was observed. No cluster of parti-
les is seen. Further, there is no segregation of particles along
he grain boundaries. The distribution is almost intra granular.
he mechanical and tribological properties of CMCs are dic-

ated by the nature of distribution. Homogeneous and intra
ranular distribution is preferred to obtain superior proper-

ies. The FSP process has resulted in the desirable distribution.
iquid metallurgy routes often produce inhomogeneous and
nter granular distribution due to solidification phenomena.
 CMC  observed at various locations.

The movement  of ceramic particles within the copper matrix
during processing due to density gradient is absolutely absent.
This results in proper distribution. However, occurrence of
ceramic particle clusters in FSP was reported in some liter-
atures [14,15,40,41]. The FSP parameters tool rotational speed
and traverse speed affect the distribution. A lower tool rota-
tional speed and a higher traverse speed will lead to clustering
and poor distribution. The fine, homogeneous distribution in
this work confirms that the chosen set of process parameters
is adequate to produce the desirable distribution.

FSP resulted a change in the size and morphology of
ceramic particles except for Al2O3 particles comparing Fig. 10
and Fig. 3. The severe plastic deformation coupled with the

rotating action of the tool is able to shatter the ceramic par-
ticles. The vigorous stirring action of the tool knocks off the
sharp corners of the ceramic particle. Large size variation of
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/Al2O
Fig. 7 – Optical photomicrograph of Cu

ceramic particles (SiC, B4C and TiC) in Fig. 10 confirms the
fragmentation. Similar observations were reported by oth-
ers [16,34,36]. The fragmentation depends upon the size and
shape of the particles. Large size particles and irregular or
polygonal shape particles have the tendency to break off dur-
ing FSP. The retention of shape and size of Al2O3 particles
in Fig. 10b after FSP, which did not undergo fragmentation
confirms this statement. It is notable in Fig. 10 that the large
ceramic particles are not surrounded by debris generated due
to fragmentation. There is no clustering of small debris either.
This suggests that the debris also mixed well with the plasti-
cized copper and distributed homogeneously in the CMC. The
size of debris is considerably low in the order of nanometer

compared to the size of initially packed ceramic particles. The
large size variation leads to functionally graded local areas
within the CMC.
3 CMC  observed at various locations.

Fig. 11 depicts the SEM micrographs of CMCs reinforced
with various ceramic particles at higher magnification. The
etchant used in this work reveals the grain boundaries. The
interface between the copper matrix and the ceramic parti-
cle is detailed in this figure. The interface is clear without the
presence of pores or reaction products. Each type of ceramic
particle appears to be bonded well with the copper matrix.
Barmouz et al. [21] encountered a large number of pores
around SiC particles in the Cu/SiC CMC fabricated using FSP
technique. No such pores are observed near any ceramic par-
ticle in Fig. 11. This can be related to sufficient material flow
and plasticization of copper under the chosen experimen-
tal conditions. The interface plays a crucial role in tensile

loading and sliding wear to transfer the load effectively to
the ceramic particle. Good interfacial bonding is a prereq-
uisite in spite of homogeneous distribution to enhance the
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Fig. 8 – Optical photomicrograph of C

roperties. The temperature of the processing method influ-
nces the interfacial strength significantly. Higher processing
emperature tends to initiate interfacial reactions between the
opper matrix and the ceramic particle. The reaction prod-
cts usually surround the ceramic particle and weaken the

nterfacial strength. Frage et al. [33] detected reaction prod-
cts around B4C particles in the Cu/B4C composite fabricated
sing the liquid metallurgy route. Absence of reaction prod-
cts shows that the temperature rise during FSP is insufficient
o trigger any interfacial reaction.

Fig. 12 shows the EDS maps of CMCs reinforced with various
eramic particles. The element distribution of copper matrix
nd reinforcements are clearly visible. The reinforcement ele-

ents are dispersed all over the copper matrix. This confirms

roper mixing of ceramic reinforcement particles with the
opper. Further, the reinforcement elements are evenly dis-
ributed and there is no presence of element rich zones. The
 CMC  observed at various locations.

variation in element distribution in the figure is minimum.
This validates homogeneous distribution and the absence of
any interfacial reaction.

3.3.  Microhardness  of  CMCs

Table 1 displays the mirohardness of CMCs reinforced with
various ceramic particles. The microhardess of as received
copper was 70 Hv. The reinforcement of ceramic parti-
cles increases the microhardess above 110 Hv. Cu/B4C CMC
recorded a maximum microhardness of 135 Hv. The rise in
the microhardess of CMCs indicates that the ceramic parti-
cles contributed remarkably to the strengthening of the copper

matrix. The hindrance to dislocation movement  by higher dis-
location density enhances hardness. The strengthening can be
attributed to the following factors. The hardness of ceramic
particles is extremely higher to that of copper matrix. The
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Fig. 9 – Optical photomicrograph of Cu/TiC CMC  observed at various locations.
dispersion of ceramic particles as a hard phase in the cop-
per matrix results in strengthening. According to Hall–Petch
relationship, the grain size influences the mechanical proper-
ties of metallic materials. The grain size of CMCs is smaller to
that of the copper matrix due to grain refinement of ceramic
particle. The fine grains improve the hardness. Thirdly, the
difference in thermal contraction between the copper matrix
and the ceramic particles produces quench hardening effect.
Further, the homogeneous distribution of ceramic particles all
over the copper matrix invokes Orowan strengthening.

The hardness of Cu/B4C CMC  is found to be higher among

the other CMCs produced. But the variation of hardness of
various CMCs is less than 20 Hv. The mechanical properties
of CMCs are generally influenced by the type, size, shape,
volume fraction and spatial distribution of ceramic particles
[21,24,42]. All types of ceramic particles exhibited homoge-
neous distribution in the copper matrix for a chosen constant
volume fraction. Absence of clusters and porosity ensures
minimum hardness variation. The shape variation can be
considered negligible. All ceramic particles are characterized
by irregular polygonal shape. None of the ceramic particle
has a spherical shape to induce significant shape variation.
Al2O3 particle is smaller in size compared to other ceramic
particles studied in this work. However, it should be taken
into account that other ceramic particles (SiC, B4C and TiC)
encountered fragmentation during FSP, which lead to the

generation of evenly distributed fine particles. The hardness
of B4C is higher compared to SiC, Al2O3 and TiC, which
could be the possible cause for higher hardness of Cu/B4C
CMC.
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Fig. 10 – FESEM micrograph CMCs reinforced with: (a) SiC, (b) Al2O3, (c) B4C and (d) TiC.

Fig. 11 – FESEM micrograph CMCs reinforced with: (a) SiC, (b) Al2O3, (c) B4C and (d) TiC at higher magnification.
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 with
Fig. 12 – EDS maps of CMCs reinforced

3.4.  Sliding  wear  behavior  of  CMCs

Table 1 presents the wear rate of CMCs reinforced with var-
ious ceramic particles. The wear rate of copper matrix is
385 × 10−5 mm3/m.  The incorporation of ceramic particles
reduces the wear rate below 250 × 10−5 mm3/m.  Cu/B4C CMC
exhibited a lowest wear rate of 213 × 10−5 mm3/m.  The results
indicate that the addition of ceramic particles considerably
improved the wear resistance of the CMCs. The reduction in
wear rate can be explained as follows. The volume loss of
material due to sliding wear is given by the following expres-

sion [43]:

Volume loss = Wear coefficient × Applied load × Sliding distance
Hardness of material

(1)
: (a) SiC, (b) Al2O3, (c) B4C and (d) TiC.

According to this expression, volume loss is inversely pro-
portional to the hardness of the sliding material. Higher
the hardness of the material, lower will be the wear rate.
The enhancement of hardness due to fine distribution of
ceramic particles and grain refinement is the primary cause for
enhancement of wear resistance. The contact area between
the CMC and the counter disk is reduced in comparison to
unreinforced copper due to the presence of ceramic parti-
cles which bear the applied normal load. The good interfacial
bonding between the copper matrix and the ceramic particle
retards the detachment of ceramic particle from the copper

matrix during sliding. The aforementioned factors lead to
higher wear resistance of CMCs.

Fig. 13 displays the worn surface of CMCs reinforced with
various ceramic particles. The worn surface of pure copper
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Fig. 13 – FESEM micrograph of worn surface of: (a) pure copper and CMCs reinforced with: (b) SiC, (c) Al2O3, (d) B4C and (e)
T
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n Fig. 13a shows large amount of plastic deformation and
eep craters. These are prominent characteristics of adhesive
ear. In the absence of ceramic particles, the copper pin sur-

ace is in direct contact with the counterface. The asperities
f the copper pin and the counter disk are deformed dur-

ng sliding wear and solid state joint is created. This causes
liding difficult increasing wear loss. The cyclic deformation

ardens the area near the adhesion region leading to the
eneration of micro cracks and cavities. These micro cracks
oalescence and eventually detach the surface layer intensi-
ying the adhesive wear. Hence, adhesive wear is the reason
for high wear loss of pure copper. The worn surface of the
CMCs in Fig. 13b–e presents roughly a uniform flat surface.
The variation in worn surface morphology of various CMCs is
insignificant. Little plastic deformation is evident on the worn
surface. The ceramic particles restrict the free flow of softened
copper due to friction during sliding wear. The worn surfaces
are covered with numerous wear debris. The wear mode is

changed to abrasive wear.

Fig. 14 displays the wear debris of CMCs reinforced with
various ceramic particles. The wear debris of pure copper in
Fig. 14a shows large size debris as well as small debris. The
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Fig. 14 – FESEM micrograph of wear debris of: (a) pure copper and CMCs reinforced with: (b) SiC, (c) Al2O3, (d) B4C and (e) TiC.
size and morphology of the debris are directly influenced by
the wear mechanism. Large size debris confirms that the wear
mechanism of pure copper is prominently adhesion. The worn
surface of the CMCs in Fig. 13b–e presents fine size spheri-
cal shape particles. This suggests that the addition of ceramic
particles influenced the wear mechanism. The difference in
wear debris size and morphology of various CMCs is trivial.

The generation of fine debris during the wear process can be
attributed to the following causes; (a) the increase in hard-
ness of the CMCs compared to copper and (b) the reduced
probability of the sliding pin and the counterface disk due
to the incorporation of ceramic particles. The ceramic par-
ticles are detached from the copper matrix as sliding wear
progresses. These detached particles alter two body abrasion
wear into three body abrasion wear. The latter produces fine
size wear debris. The debris particles lying on the wear track
are repeatedly subjected to crushing action between the slid-

ing pin and the counter surface due to the applied load. The
wear process becomes analogous to high energy ball milling
resulting in finer debris.
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.  Conclusion

u/X (X = SiC, Al2O3, B4C and TiC) CMCs were successfully syn-
hesized using FSP. The microstructure, microhardness and
liding wear behavior were evaluated. The following conclu-
ions are derived from the present work.

 The variation in the stir zone, grain size, microhardness and
wear rate was within a short range. Nevertheless, Cu/B4C
CMC showed superior hardness and wear resistance com-
pared to other CMCs produced in this work under the same
set of experimental conditions.

 The distribution of the ceramic particles in the CMCs was
independent of the location in the stir zone. The distribution
was homogeneous and unaffected by the type of ceramic
particle used.

 SiC, B4C and TiC particles encountered fragmentation
during FSP due to severe plastic deformation and inter-
action with the rotating tool. The fragmented debris also
mixed well with the plasticized copper and distributed
homogeneously in the CMC. Al2O3 particle did not suffer
fragmentation due to its smaller size.

 There was no interfacial reaction between copper and any
type of ceramic particle and good interfacial bonding was
observed.

 All types of ceramic particles enhanced the wear resistance
of pure copper and affected the wear mechanism. The wear
mode changed from adhesion to abrasion. The plastic defor-
mation on the worn surface disappeared with the addition
of ceramic particles. The wear debris became finer in
size.

 FSP is a suitable processing method to produce CMCs rein-
forced with any kind of ceramic particles with acceptable
properties.
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