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Dry Sliding Wear Behavior of
Al 2219/SiCp-Gr Hybrid Metal Matrix Composites
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The dry sliding wear behavior of Al 2219 alloy and Al 2219/SiCp/Gr hybrid composites are investigated
under similar conditions. The composites are fabricated using the liquid metallurgy technique. The dry
sliding wear test is carried out for sliding speeds up to 6 m/s and for normal loads up to 60 N using a pin
on disc apparatus. It is found that the addition of SiCp and graphite reinforcements increases the wear
resistance of the composites. The wear rate decreases with the increase in SiCp reinforcement content. As
speed increases, the wear rate decreases initially and then increases. The wear rate increases with the
increase in load. Scanning electron microscopy micrographs of the worn surface are used to predict the
nature of the wear mechanism. Abrasion is the principle wear mechanism for the composites at low sliding
speeds and loads. At higher loads, the wear mechanism changes to delamination.
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1. Introduction

Aluminum metal matrix composites (AMMC) have
emerged as a material for advanced automobile and aerospace
applications. It possesses properties like high specific strength
and modulus, high stiffness, increased fatigue resistance, good
wear resistance at elevated temperatures, excellent corrosion
resistance, and high temperature durability, etc. (Ref 1-3).
These composites are attractive and viable alternatives to the
traditional engineering alloys. The suitability of MMCs as a
promising replacement depends on the ability of synthesizing
them with consistent reproducibility in microstructure and
properties. These newer generation materials have an increased
power-to-weight ratio. They can be used in automobile appli-
cations like brake rotors, piston rings, etc. (Ref 4-7).

Wear performance of discontinuously reinforced metal ma-
trix composites (DRMMC) reinforced with SiCp particle is
reported by various researchers. During the dry sliding test of
Al/SiCp, Straffelini et al. (Ref 8) found that at loads below 200
N, wear is by abrasion. Riahi and Alpas (Ref 9) found that a
tribo-layer is formed during the dry sliding wear test of A356/
4SiCp composite. As speed and load increases, the proportion
of contact layer covered by the tribolayer increases. Ma et al.
(Ref 10) are under the opinion that at high sliding speeds, 50%
SiCp reinforced composite exhibits lower wear rates compared
with 20% SiCp reinforced composite and unreinforced A390
alloy. Kasim et al. (Ref 11) reported that the abrasive wear
resistance of the alloy is increased as SiCp reinforcement con-
tent increases. An equally good number of works have been
done regarding the wear behavior of graphite-reinforced com-
posites. Seah et al. (Ref 12) reported a drastic increase in the
wear resistance of cast ZA-27/Gr composites with the increase
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in graphite reinforcement up to 1% (by weight). Further addi-
tion of graphite results only in marginal improvement in the
wear resistance. The graphite also lowers the hardness of the
material. In a dry sliding test of Al/Gr, Mohan et al. (Ref 13)
found that graphite smears at the sliding interface and reduces
wear, but graphite addition beyond 1.5% reduces the mechani-
cal properties of the composite.

In a majority of the automobile and structural applications,
along with an increase in wear resistance, mechanical proper-
ties should also increase. The combined effect of aluminum
alloy reinforced with ceramics and graphite imparts good wear
properties to the composite (Ref 9, 14-16). The coefficient of
friction is also lowered due to the lamellar structure and soft-
ness of solid lubricants like graphite and MoS, (Ref 17). These
materials contain a lubricating component that can be released
automatically during the wear process. Graphite can be added
to retard severe wear at higher temperatures and to delay the
onset of seizure (Ref 14). The high seizure resistance is due to
the formation of a graphite layer that prevents metal-to-metal
contact (Ref 9). In the case of copper matrix composites, in-
corporation of graphite decreases the wear rate of pin and coun-
terface and prevents the occurrence of severe wear up to 723 K
(Ref 14). Riahi and Alpas (Ref 9) reported that transition loads
and speeds for graphitic composites are higher when compared
with unreinforced A356 and nongraphitic A356/20SiCp com-
posites. In addition, the friction coefficient decreases and be-
comes more stable as graphite content increases.

An attempt is made in the present work to study the wear
behavior of Al 2219 alloy and Al 2219/SiCp/Gr composites.
The effect of sliding speed, load, and sliding distance on the
wear behavior of the composites is studied. The wear mecha-
nisms are identified at different loads and speeds. The role of
graphite in controlling the wear behavior in graphitic compos-
ites is discussed in detail.

2. Experimentation

2.1 Materials

Aluminum (AA2219) is used as the base alloy and its
chemical composition is given in Table 1 (Ref 18). This matrix
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Table 1 Composition of Al 2219 alloy (wt.%)

Element Weight %
Si 0.20 max
Fe 0.30 max
Cu 5.8-6.8
Mn 0.20-0.40
Mg 0.02 max
Zn 0.10 max
A" 0.05-0.15
Ti 0.02-0.1
Zr 0.1-0.25
Al Balance

is chosen because it provides an excellent combination of
strength and damage tolerance at both elevated and cryogenic
temperatures. It is an age hardenable alloy suitable for high-
temperature and high-strength applications like structural com-
ponents and high-strength weldments. It has high heat dissipa-
tion capacity due to its high thermal conductivity. The four
materials Al 2219, Al 2219/5SiCp/3Gr, Al 2219/10SiCp/3Gr,
and Al 2219/15SiCp/3Gr are fabricated under similar condi-
tions. The SiCp and graphite of average particle sizes 25 and 45
pm, respectively, are used as reinforcing materials to fabricate
the aluminum ceramic graphitic composite.

The liquid metallurgy technique is used to fabricate the
composite as it ensures a uniform distribution of the reinforcing
particles. This process is similar to the fabrication methods
used in earlier research (Ref 19, 20). In this process, the matrix
alloy is first superheated above its melting temperature and
stirring is initiated to homogenize the temperature. The tem-
perature is then lowered gradually until the alloy reaches a
semisolid state. The blended mixture of preheated SiCp and
graphite particles are introduced into the slurry. The SiCp par-
ticles help in distributing the graphite particles uniformly
throughout the matrix alloy. The temperature during the addi-
tion of particles is raised gradually. Stirring is continued until
the interface between the particle and the matrix promotes wet-
ting. The casting is finally poured into cast iron permanent
molds of 10 mm diameter and 50 mm height. The distribution
of SiCp and graphitic particles was studied using optical mi-
croscopy and was found to be uniform. Figure 1(a) shows the
microstructure of Al/15SiCp/3Gr composite. The SiCp par-
ticles are distributed uniformly throughout the matrix alloy.
The black regions around SiCp indicate uniform distribution of
graphite. The good interfacial bonding between the reinforcing
particles and the matrix is evident from Fig. 1(b).

2.2 Experimental Procedure

The aluminum alloy and the composite specimen are tested
for its dry sliding wear characteristics using pin on disc test rig
as per ASTM G99-95 standard. The dry sliding wear test rig is
used to evaluate the wear behavior, as shown in Fig. 2. The
wear test conditions are given in Table 2.

The initial weight of the specimen is measured in a single
pan electronic weighing machine with an accuracy of 0.0001
gm. After the test, the specimen is cleaned with acetone to
remove any debris and then dried. The final mass of the speci-
men is measured. The mass loss is converted into wear volume
loss by using the material’s density. Density of the composite
is computed using the simple rule of mixtures (Ref 21). Wear
rate is obtained by dividing the wear volume loss by the sliding
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Fig. 1 (a) Microstructure of Al/15SiCp/3Gr, which shows a uniform
distribution of the reinforcement particles. (b) Micrograph that shows
a good interfacial bond between the matrix and the reinforcing par-
ticles.

LvDT

Lever arm ;
Specimen
Base plate

Weights

Fig. 2 Schematic diagram of the dry sliding wear testing apparatus

distance. The wear of the composites is studied as a function of
the sliding distance, applied load, and the sliding velocity.

3. Experimental Results

3.1 Effect of Sliding Distance and Reinforcement on Wear

Figure 3 shows the variation of dry sliding wear volume loss
with sliding distance at an applied load of 40 N and for a
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Table 2 Wear test conditions

Al 2219, Al 2219/5SiCp/3Gr,

Pin material Al 2219/10SiCp/3Gr, Al 2219/15SiCp/3Gr

Disc material
Pin contact area
Track radius
Sliding speeds

EN32 steel disc—65 HRC
78.5 mm?

114 mm

1.53,3,4.6,6.1 m/s

Loads 10-60 N
Relative humidity, % 78%
Temperature Room temperature (not constant)

Sliding distance 5000 m

12
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10 1 |—®—AI2219/5SiCp/3Gr
—k— AI2219/10SiCp/3Gr
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E
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=
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Fig. 3 Variation of wear volume against sliding distance at 40 N at
3 m/s

sliding speed of 3 m/s. The volume loss of the monolithic alloy
and composites increases with the increase in sliding distance.
For the base alloy, the wear volume loss increases linearly with
the sliding distance. For the composites, the rate of increase in
volume loss at long sliding distances decreases. The wear vol-
ume loss is less for Al 2219/15SiCp/3Gr compared with other
composites and alloy. The effect of SiCp/Gr reinforcement on
the wear volume loss of the composites is clearly discerned
from Fig. 4 (for a load of 40 N, sliding speed of 4.64 m/s for
various sliding distances). The wear resistance of the compos-
ites increases with the increase in volume fraction of SiCp
reinforcement. The wear resistance of Al 2219/15SiCp/3Gr is
the highest among the materials tested. The initial increase in
reinforcement content from 0-5%SiCp + 3%Gr decreases the
wear volume loss to a maximum extent. With further increase
in reinforcement content, the rate of increase of wear resistance
is less.

3.2 Effect of Sliding Speed and Load on Wear Rate

The effect of sliding speed on the wear rate is shown in Fig.
5 for the composites and the base alloy for a constant applied
load of 40 N and for a constant sliding distance of 5000 m. The
wear rate of Al 2219 alloy remains almost constant up to 3 m/s
and then increases linearly up to 4.6 m/s. At speeds above 4.6
m/s, the wear rate rapidly increases. For the composites, as the
sliding speed increases the wear rate decreases slightly up to
4.6 m/s and then increases. The wear rate is lowest for Al
2219/158iCp/3Gr composite. The variation of wear rate with
applied load at a constant sliding speed of 3 m/s and for a fixed
sliding distance of 5000 m is shown in Fig. 6. When the load
applied is low, the wear rate is quite small and it increases with
the increase in applied load. For Al 2219 alloy, the wear rate
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Fig. 4 Variation of wear volume against percentage SiCp reinforce-
ment for various sliding distances at 40 N at 4.64 m/s
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Fig. 5 Variation of wear rate with sliding speed at constant load of
40 N for a constant sliding distance of 5000 m
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Fig. 6 Variation of wear rate with applied load at a sliding speed of
3 m/s for a sliding distance of 5000 m

increases suddenly (transition load) above 40 N and it enters
into a state of severe wear. For the Al 2219/15SiCp/3Gr com-
posite, the severe wear region is not present up to 60 N. The
wear rate pattern changes slightly above 50 N.

3.3 Surface Morphology

The entire surface of the pin is in contact with the surface of
the counterface during the initial stages of wear. This intact
contact between the pin and the counterface results in severe
stress on the pin’s surface. When sliding starts, the reinforce-

Journal of Materials Engineering and Performance



Fig. 7 SEM micrographs of worn surfaces of A12216/15SiCp/3Gr at
40 N and at a speed of 3 m/s at a sliding distance of (a) 100 m and (b)
500 m

ments (SiCp and graphite particles) start to project out from the
surface of the pin. Figure 7(a) and (b) shows the micrographs
of the worn surfaces of Al 2219/15SiCp/3Gr at an applied load
of 40 N and sliding speed of 3 m/s. The micrograph in Fig. 7(a)
clearly shows the reinforcements that project out of the surface
of the pin after a sliding distance of 100 m. As the sliding
distance increases to 500 m, the projecting SiCp start to crack
at the leading edges and graphite smears out, as shown in
Fig. 7(b).

Figure 8 shows the parallel grooves formed on the surface
of the pin after a sliding distance of 1500 m at a sliding speed
of 3 m/s and at an applied load of 40 N. These grooves imply
that abrasive wear is characterized by the penetration of hard
SiCp into the softer surface. At these lower loads and speeds,
the fractured particles of SiCp (from the pin) and graphite come
between the pin and the counterface. As the load increases to
higher values, the morphology of the worn surfaces gradually
changes from fine scratches to distinct grooves. The hard par-
ticles between the pin and the counterface act as an abrasive
medium and ploughs the surface of the pin, causing wear by the
removal of small fragments of pin material.

Figure 9(a) to (c) shows the micrographs of the worn sur-
faces of the composites after a sliding distance of 5000 m at an
applied load of 60 N and sliding speed of 3 m/s. For Al 2219/
10SiCp/3Gr and Al 2219/15SiCp/3Gr composites, the abrasive
ploughs the surface of the pin and the pin material is displaced
on to either side of the groove without removing the bulk of the
material. This is evident in Fig. 9(b) and (c). In addition, the
micrograph clearly shows a layer of material that is removed as
debris in the form of thin sheets from the surface. It is consid-
ered that this tearing (fracture) causes formation of wear debris.
The area of the sheet that is removed from the surface is greater
for Al 2219/10SiCp/3Gr than for Al 2219/15SiCp/3Gr.
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Fig. 8 SEM micrograph of the worn surface at 40 N and at a speed
of 3 m/s for a sliding distance of 1500 m

Fig. 9 SEM micrographs of the worn surface at 60 N at a speed of 3
m/s at a sliding distance of 5000 m: (a) Al 2219/5SiCp/3Gr; (b) Al
2219/10SiCp/3Gr; and (c) Al 2219/15SiCp/3Gr composite

This confirms the increased wear resistance of Al 2219/
15SiCp/3Gr composite.

Figure 9(a) clearly shows the delamination wear of Al 2219/
5SiCp/3Gr composite. As the load increases to 60 N, the shear
strain induced in the wear process is transmitted to the matrix
alloy and the wear mechanism proceeds by subsurface crack
propagation causing delamination wear for this composite. Fig-
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Fig. 10 Micrograph showing the spreading of the graphite on the
surface of the pin at 3 m/s speed and 40 N load for Al 2219/10SiCp/
3Gr

ure 10 shows the spreading of the graphite on the surface of the
pin. Figure 11 shows the evidence for the cracking of SiCp.
This particle fractures into smaller particles and accumulates
between the pin and the counterface reducing wear.

4. Discussion

The volume loss varied with sliding distance as shown in
Fig. 3 at a constant sliding speed of 3 m/s and at an applied load
of 40 N. For the composites, the rate of increase in wear vol-
ume loss is more for sliding distances up to 1200 m. At the start
of sliding, the asperities of the pin and the counterface are in
contact with each other. Some of the asperities that are not able
to resist the shear forces deform, filling the valleys, and parts
of the asperities fracture, adding to the wear debris. In addition,
the projecting SiCp along with graphite detach itself from the
surface of the pin. In this process, the graphite present in the
surface of the pin also smears, as shown in Fig. 7(a). As the
sliding distance increases, some of the fractured SiCp come
between the pin and the counterface and act as an abrasive
medium. The fractured bits of SiC plough the surface of the pin
causing wear by the removal of small fragments of pin mate-
rial. The rigidly held SiCp at the surface of the pin wear the
steel counterface. Hence, wear increases linearly up to 1200 m.

As sliding distance increases above 1200 m, the SiCp,
which are rigidly held to the pin, wears less as compared with
the matrix alloy. The ratio of the area of contact of the matrix
alloy to that of SiCp against the counterface decreases. Hence,
the SiCp take more load compared with the matrix alloy. The
hard particles are able to resist wear for a longer time compared
with the matrix alloy. Hence, at a sliding distance above 1200
m, the rate of increase of wear decreases. However, for Al 2219
alloy, the wear volume loss increases linearly up to a sliding
distance of 2000 m. This agrees well with the general trend of
wear behavior as suggested by Archard for monolithic materi-
als (Ref 22).

For the composites, as SiCp reinforcement content in-
creases, the wear decreases, as shown in Fig. 4. This is due to
the increase in contact area of SiCp, with the counterface.
Hence, the volume loss is less for Al 2219/15SiCp/3Gr com-
pared with other composites.

For the composites, as sliding speed increases, the wear rate
decreases up to 4.6 m/s (Fig. 5). When SiCp in the hybrid
composites wear the counterface, iron particles from the coun-
terface oxidize forming iron oxides (Fe,05) (Ref 23). Due to the
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Fig. 11 Micrograph showing the spreading of the graphite on the
surface of the pin at 3 m/s speed and 40 N load for Al 2219/10SiCp/
3Gr and evidence of the cracking of SiCp

high hardness of the counterface compared with the aluminum
base alloy, the fractured SiCp penetrates into the matrix of the
composite. However, there is additional SiCp inside the matrix,
which will resist the penetration of the SiCp into the matrix
alloy (Ref 24). Hence, the SiCp particles are crushed at the
interface and powdery SiCp particles are formed. However, at
places where graphite particles are present, the SiCp easily
penetrate into the matrix alloy due to the low hardness, squeez-
ing some of the graphite from the matrix. The graphite particles
smear at the interface and reduce the coefficient of friction.
Hence, the heat generated due to friction is also reduced. Figure
10 clearly shows the smearing of graphite at a sliding speed of
3 m/s and an applied load of 40 N.

The powdered SiCp particles along with ferrous oxides
from the counterface, aluminum oxides from the pin and graph-
ite are mixed, forming mechanically mixed layer (MML) (Ref
25). The hardness of the MML is much higher than that of the
pin and the counterface. This work-hardened layer reduces the
wear rate for sliding speeds up to 4.6 m/s. Venketaraman et al.
(Ref 25) found that a stable, thin, and hard MML layer formed
on the surface of Al 7075/10SiCp composite, increasing the
wear resistance of the composite. MML layers form at the
interface between the pin and counterface, and hence, separate
the wearing surfaces. As SiCp particle (along with graphite)
reinforcement content increases, a stable MML layer is formed.
Thus, the wear rate of Al 2219/15SiCp/3Gr is less compared
with other composite materials tested.

The wear mechanism of Al 2219 alloy at these sliding
speeds and loads are different from that of the composites. For
Al 2219 alloy, initially at low applied loads up to 20 N and
sliding speeds up to 3 m/s (Fig. 5, 6), the wear rate almost
remains constant. This is due to the formation of a stable oxide
layer. Oxide films are present on almost all metals and form on
any clean metal surface exposed to oxygen even at cryogenic
temperatures (Ref 26). At sliding speeds between 3 and 4.6 m/s
and at loads between 20 and 40 N, the oxide layer would be
stable at some points and unstable at other points. The tem-
perature rise causes some of the oxide layer to fracture result-
ing in lumps of metal being removed (Ref 27). Hence, the wear
rate rises in this region of sliding speeds and loads. Sasada et
al. (Ref 28) has explained the wear mechanism of metals based
on the formation of transfer films at the interface between the
sliding surfaces. Transfer films are formed when the Al 2219
pin slides over the steel counterface and they have a dramatic
effect on the wear rate (Ref 28). At the beginning of the for-
mation of the transfer layer, the transfer particles are small. As
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sliding distance increases, these transfer particles grow bigger
and are flattened between the sliding interface of the pin and
the counterface producing a lamellar structure. These transfer
particles become harder than the alloy due to severe work
hardening, and subsequently, plough the surface of the pin (Ref
29). Hence, grooves are formed on the surface of the pin. At
sliding speeds up to 4.6 m/s and loads up to 40 N, thick oxide
films are formed on the worn surfaces, and hence, ‘mild wear’
prevails. Above these speeds and loads, the thick oxide films
break down and ‘severe wear’ occurs (Ref 30).

At high sliding speeds above 4.6 m/s, the wear rate pattern
of the composites changes. The wear rate increases with the
increase in sliding speed. This can be attributed to the rise in
interface temperature. At these high-sliding speeds, the hard
particles of SiCp and fragments of iron oxide detach from the
MML layer and act as third-body abrasives against the steel
counterface. Some of the abrasives are trapped in the counter-
face and wear the aluminum matrix of the composite (Ref 9).
Hence, the contact temperature rises and greatly reduces the
shear strength of the aluminum facilitating the transfer of soft-
ened material to the counterface. The smeared graphite layer
slows this temperature rise due to the decrease in friction. The
lower coefficient of friction also reduces the shear stresses
transferred to the bulk surface material underneath the tribo-
layer (Ref 9). For this reason, the hybrid composites are able to
resist wear for sliding speeds above 4.6 m/s. The wear rate is
less for Al 2219/15SiCp/3Gr even at sliding speeds as high as
4.6 m/s. The MML layer formed is stable and able to withstand
higher temperatures compared with other materials.

In the severe wear regimen for Al 2219 alloy at speeds
above 4.6 m/s and loads greater than 40 N as shown in Fig. 5
and 6, adhesion becomes the predominant wear mechanism
(Ref 31). The combined action of adhesion between asperities
and sliding motion causes severe plastic deformation of the
asperities. Material in the softer, or sharper, asperity deforms in
a series of shear bands (Ref 32). When each shear band reaches
a certain limit, a crack is initiated, or an existing crack propa-
gates, until a new shear band is formed. The crack extends
across the asperity and eventually a particle detaches from the
deformed asperity (Ref 21, 32).

The wear rate increases at a faster rate after the load exceeds
50 N for the Al 2219/5SiCp/3Gr composite (Fig. 6). The
mechanism controlling the wear process is delamination (Ref
33). Plastic deformation occurs due to the surface traction ex-
erted on the surface of the composite. Cracks cannot nucleate
very near the surface due to the large hydrostatic pressure that
exists right beneath asperity contact (Ref 33). As the subsur-
face deformation continues, cracks nucleate below the surface.
Once the cracks are present further loading and deformation
causes the cracks to extend and propagate, eventually joining
with neighboring cracks. The subsurface cracks also propagate
along the particle matrix interface, causing particle-matrix de-
cohesion (Ref 34). When the cracks finally shear the surface,
long and thin sheets delaminate (Ref 33). The micrograph in
Fig. 9(a) shows the material removed in the form of thin sheets
from the surface of Al 2219/5SiCp/3Gr composite due to de-
lamination. The thickness of the wear sheet is determined by
the location and growth of subsurface cracks.

5. Conclusions

Dry sliding wear of Al 2219/SiCp/Gr composites and Al
2219 alloy has been investigated under a broad range of sliding
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speeds and loads. Addition of graphite to the Al/SiCp compos-
ite increases the wear resistance of the composites by smearing
a graphite layer at the interface between the pin and the coun-
terface. The reinforcements reduce the wear rate and increase
the transition load from mild to severe wear. As sliding speed
and load increase, a MML layer is formed that reduces wear.
Wear resistance is highest for Al/15SiCp/3Gr. For the compos-
ites, wear is by abrasion at low sliding speeds and loads, chang-
ing to delamination at high loads, which occurs due to subsur-
face crack propagation.
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