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ABSTRACT

The present paper deals with the investigation of wear and friction characteristics of 10 vol.% SiC
particulate reinforced 2124Al composite in addition to its unreinforced 2124A] alloy. A pin-on-
ring apparatus has been employed. The effects of the normal load, sliding speed, and sliding time
on mass loss and coefficient of friction were examined. The specific wear energy and the
activation energy were also estimated in order to gain more understanding of the mechanisms that
control wear in these materials. The present results show, for both materials, that mass loss linearly
increases with increasing normal load and sliding time. It is also observed that increasing sliding
speed leads to a complicated wear manner. The unreinforced alloy has the greater mass logs when
compared with the reinforced composite, but when increasing sliding speed, the unreinforced alloy
exhibits minimum values of mass loss. In all cases, the coefficient of friction is greater, for the
present composite, than that for the unreinforced alioy. Furthermore, wear mechanisms were

investigated and discussed in the light of microscopic observations.
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1. INTRODUCTION

The past few decades have seen an increase interest
in discontinuously reinforced metal matrix
composites (MMCs) owing to their promising
potential for weight-critical applications {1-3].
Additionally, particulate reinforced MMCs based on
Al-SiC systems are gaining increasing importance in
miniaturized instrumentation for space, airborne and
terrestrial applications, where wear is considered to

be an important characteristic in determining the
material performance. Particulate reinforced MMCs
have a number of interesting mechanical properties,
including high stiffness, isotropic, good resistance to
wear at high temperatures, and low thermal
expansion [4]. Wear behavior of discontinnous SiC-
Al alloys {whisker and particulate) has been
extensively investigated under different experimental
conditions. The mechanics of MMCs have shown
many wear mechanisms, mainly delamination and
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plastic deformation and abrasive [5-7]. In these types
of materials, the wear rates and mechapnisms are
mainly controlled by several factors including the
applied load, the counter face type of material, the
reinforcement particulate size, and the reinforcement
volume fraction.

A number of interesting studies [5-16] have tackled
the wear behavior including, abrasive, sliding, and
erosive wear of different Al base MMCs. Particulate
reinforcement of Ai-alloys has usually been found to
improve the abrasive wear [12], and sliding wear
resistance [12,13]. It is generally found that the wear
behavior of MMCs depends on’the microstructural
properties and type of loading contact situation.
However, the results found in the literature did show
some contradictory. These contradictories may be
arise from the differences in testing conditions such
as; geometry, load, test duration, material properties,
environmental conditions, ...etc. For example, Jiang
ef al. [9], Martin ef al. [10], and Alpas ef al. [12]
have shown that reinforcements improve resistance
to sliding wear and the higher the volume fraction of
particles, the better the resistance will be. However,
other investigators including Alpas er al, in their
other works, [5,13] do not agree. Goldman et al. [14]
and Alpas ef al. [6] explain their contradictory results
by differences in experimental conditions or by the
effect of manufacturing process used in producing
the composites. The results of Saka and Karalekas
[15) and Nath ef /. [16] have indicated that the wear
rates of particulate composites were lower than those
of the matrix alloy, while the coefficient of friction of
the composites was higher. It was generally found
[5,6] that the sliding wear resistance of the particulate
reinforced MMCs and their metallic matrices obey
the following relationship where a high load
dependence of wear rate is obtained:

W = K.F° )

where W' is the volumetric wear rate, K is the wear
coefficient, F is the applied load, and n is the wear
exponent. Wear behavior of MMCs is found to be a
complicated process consisting of different
mechanisms {7]. It involves not anly mechanical but
also thermal and chemical interactions between the
surfaces in contact. The contact problem of a dual-
phase MMCs has been approached in case of
abrasive wear [8]. The Hertizian elastic contact was
used in estimating the magnitude of tensile stresses
that introduced in the surrounding area of contact,

Despite all these contradictory and enormous efforts
paid in investigating the wear behavior of particulate
reinforced MMCs, they are considered now as a new
wear resistant materials and additional efforts should
be made in order to gain more understanding of their

behavior and to clarify some of the unsolved
problems. A series of experiments has been carried
out for investigating the wear and friction behavior of
unreinforced and reinforced 2124 Al with 10-vol.%
SiC particnlate by using a pin-on-ring apparatus. A
considerable attention has been focused on
examining and discussing the wear mechanism in the
light of the SEM observations.

2, EXPERIMENTAL PROCEDURES
2.1 Material and Specimen

The materials used in the present investigation were
unreinforced 2124 Al alloy and 10-vol.% silicon
carbide particulate (SiCp) reinforced 2124 Al alloy.
The 2124 Al alloy has the chemical compasition
shown in Table I. The procedure of preparing these
materials was powder metallurgy techniques and was
received in the as-extruded condition. The specimens
were carefully machined from the as received bar
paralle]l to the extrusion direction. All the test
specimens were solutionized in argon gas atmosphere
at 495 °C for two hours, water quenched, and then
lefi at room temperature for a minimum of seven
days before testing. Such a T4 heat treatment, as has
been reported elsewhere [3], will eliminate the
residual stress developed during specimen machining
and also stabilize the grain size of the composite
matrix.

Table 1 Chemical composition of the 2124 Al alloy

Elem.]Cu MgiMn Fe | Si iCr Zr I Ti I Al

Wt% 4.0{ 1.5]0.6 |03 |0.2]0.1)0.25|0.15] Bal

2.2 Wear tests

Wear tests were carried out using a pin-on-ring
apparatus with specimens of the composite and the
unreinforced alloy serving as a pin of 5 mm diameter,
mounted in a vertical holder against a rotating
hardened steel ring, with 75 mm diameter, under dry
conditions. The apparatus was adjusted to run in a
wide range of velocities from 70 to 127 m/min. For
every individual test, the normal contact pressure was
kept constant depending on the applied normal load
and the nominal projected area of contact. This
situation has been achieved by a sufficient running-in
period to reach a stable reading of tangential force
prior testing. The counterparts in these experiments
were fabricated from hardened steel with a bulk
hardness of 62 HRC. Prior testing, the contact
surfaces of the specimens were carefully polished
using 600 grit SiC emery paper in running water,
cleaned in cthanol and then dried. To insure that
steady state wear was reached, the machined
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specimens were pre-worn until the curvature of the
counterpart was copied to the specimen. After
running-in, the mass of the specimen was considered
as the original mass then formal wear tests were
started. The coefficients of friction were obtained
periodically by measuring the tangential force on the
specimen using a strain gauge force transducer, Mass
loss was measured at the end of each test by a high
accuracy digital balance, 0.1 mg accuracy. To
measure the mean bulk temperature of the sliding
surface of the specimen, chromel-alumel
thermocouples inserted into three holes locating on
the periphery, ~ lmm from the sliding surface, of the
pin was used. Each point oft the data curves
represents the average of at least three experiments.
Finally, the worn surfaces of the specimens were
examined using scanning electron microscopy
(SEM3}.

Load

Specimen

(Pif—>

Rotational
Steel Direction

N . )

Fig. 1 Schematic draw of a pin-on-ring apparatus
used in the present work

3. RESULTS AND DISCUSSIONS

3.1 Microstructure

A typical SEM micrograph of the cross section of a
10-vol.% SiCp-2124 Al composite specimen, in the
case of as-received condition, is shown in Fig. 2. The
average SiC particulate size was estimated to be ~3
pm. It can be seen from the SEM micrograph that the

L

distribution of the SiC particulate is nearly uniform
along the specimen section and most of the SiC
particulates are uniformly laid in the extrusion
direction. Some regions with free SiC particulates are
observed in the micrograph. As has been mentioned,
these materials were manufactured by powder
metallurgy techniques and further extrusien was
applied. The extrusion direction is parallel to the
vertical edges of the shown micrograph.

Flg 2 Typxcal SEM mlcrograph of theas extruded
10 vol.% SiCp-2124 Al specimen. Arrow points to
the extrusion direction.

3.2 Strengthening Mechanisms in MMCs

It is now well established that the addition of
ceramic particulate results generally in a significant
increase in the matrix strength and a considerable
decreage in the matrix ductility [2,3]. It is also stated
that the properties of the MMCs are very sensitive to
the processing technique used in their manufacturing
[4]. The existence of broken particulate within the
matrix, due to the application of powder metallurgy
techniques, decreases the composite strength [17].
Table 2 shows the measured mechanical properties of
unreinforced and reinforced. 2124 Al with 10-vol.%
SiC particulate. As shown, the addition of SiC
particulate has resulted in a considerable increase in
the ultimate tensile and elastic modulus of the
composite. :

Table 2 The mechanical properties and primary roughness of the materials used in this work

Test size, Material Hardness, Roughness, Ra,
(mem) MPa | MPa | MPa HV 1
Pin. 35x10 2124 Al 375 456 61.5 102 2.5£1.5
In, $5x10 g oivs SiCp- 2124 A1 | 368 | 465 | 72 115 25515
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A survey of the available scientific literature
demonstrates that numerous theoretical models have
been developed to correlate the mechanical
properties of MMCs with their microstructural
characteristics. These models may be looscly
grouped into two general groups; load transfer
models and matrix sirengthening models [17]. The
load transfer models were developed on the basis
that, the hard and relatively undeformable
reinforcements might carry more loads than the
relatively soft matrix. Such models have been
successfully used to predict the elastic modulus of
MMCs. '

In the matrix strengthening models, the strengthening
effect may be attributed to various microstructural
changes experienced by the matrix as a result of the
presence of particulates. Based on this, the
interactions between perticulates and moving
dislocations may lead to strengthening in MMCs.

Dislocation strengthening is considered to be an
important mechanism in MMCs since a high
dislocation density was observed in the vicinity of
the particulates [18]. The generation of dislocations
in MMCs is generally attributed to the relaxation of
the misfit strain between SiC particulates and the
matrix. This misfit strain arises from the difference in
the coefficient of thermal expansion (ACT.>) between
the matrices and reinforcements [18,19]. On the basis
of this understanding, the wear behavior of the
present composite can be analyzed in terms of the
microstructural changes that occurred as a result of
the presence of SIC particulate within the matrix
grains.

3.3 Wear Behavior

Fig. 3 represents the variations in mass loss against
normal load, sliding speed, and sliding time,
respectively, for both the unreinforced 2124 Al and
10-vol.% SiCp-2124 Al composite. It can be seen
from Figs. 3.a and 3.c, for both materials, that mass
loss linearly increases with increasing normal load
and sliding time, respectively. It is observed, in Fig.
3.b, that increasing sliding speed Ieads to a complex
wear manner, Minimum mass loss, 0.0021 gm, was
observed in testing 10 vol.% SiCp-2124 Al at 70
m/min, 5.53 N and 15 min-sliding time. The
maximum value was about 0.0129 gm when testing
unreinforced alloy at 5.53 N-normal load, 92.5
m/min-sliding speed and 75 min-sliding time. The
unreinforced alloy has the greater values of mass loss
when compared with the reinforced composite, but
when increasing sliding speed the unreinforced alloy
exhibits minimum values of mass loss.

"
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Fig. 3 Mass loss of unreinforced 2124 Al (A} and 10 vol.% -
SiCp reinforced 2124 Al ({1} against (2) normal load. (b)
sliding speed, and (c) sliding time.

It is generally observed that the wear behavior of
composite exhibits an increase in the wear resistance
with the addition of 10-vol.% SiC particulate to 2124
Al matrix over a certain load. As shown in Fig. 3.a,
the unreinforced alloy ex’iibits more wear resistance
than the composite upto transition load. The value of
the transition load is found to be close to ~5.5 N.
Based on this resalt it is expected that different wear
mechanisms are existed. It is believed that, when the
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applied load is higher than this transition load, the
presence of SiC particulate decreases the mass loss of
the composite not only as a result of the additional
strengthening in the matrix microstructure but also
the hard particles take a part in resisting penetration,
cutting, and grinding by the counterpast. These
results can be atiributed to the favorable effect of the
hard particles in generating a polishing action on the
steel counterface and to reducing the tendency of
composites to adhesion to steel counterface [20].
Different wear behavior is observed as 2 Fig. 3.b
when varying sliding speed.

The curves, in the beginning, tends to decrease for
Al-SiCp specimens, compared with the unreinforced
alloy, as the sliding speed increases, but with further
speed increasing, the mass loss of the unreinforced
alloy tends to decrease. The following overall
inferences may be made, from this graph, within the
range of sliding conditions explored. (i) Mass loss
increases with increasing the applied sliding speed;
however, a nonlinear relationship is observed. (i)
The wear behavior is a complex function of sliding
speed since it does not have a monotonic manner
when the sliding speed is raised; such a behavior
appears to be dependent upon the dominant wear
mechanism, (i) The composites fail under a certain
combinations of normal load and sliding speed.
Finally, (iv) the load which causes failure during
sliding is not fixed at a particular critical vaiue but
varies according to the sliding speed and
consequently the type of mechanism governing the
wear process. It can be concluded that the present
MMCs offer a distinctive wear resistance, within the

range of the present experimental conditions, "

compared to its monolithic matrix alloy due to the
load carrying capacity of the hard particles. These
deductions are in coincidence with those obtained in
Ref. [22].

Table 3 shows the measured coetficient of friction as
well as the mean bulk temperature raised during
running the wear tests. The temperature measured
herc represents the variation of the mean bulk
temperature on the pin surface. It can be noticed
from this table that the mean bulk temperature is
proportionally increased with increasing the normal
load, sliding speed and sliding time. Also, in all
cases, the coefficient of friction is greater, for Al-
SiCp composite, than that for the unreinforced alloy.
The maximum value was about (.53, for Al-SiCp
specimen (at load=5.53 N, V=81 m/min. and
time=15 min) and the minimum value was about
0.24 for the unreinforced alloy specimen (at
load=5.53 N, V=128 m/min. and time=15 min).
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Fig. 4 Specific wear energy of unreinforced 2124 Al
(A) and 10% SiCp-2124 Al { ) against (a) normal
load, (b) sliding speed, and (c) sliding time.

The increase in the coefficient of friction for the
composite was about one order of magnitude higher
than that of the unreinforced alloy. This increase in
the coefficient of friction values may be caused by
the abrasion action of the reinforcement. Il is
belicved that such a behavior may candidate the Al-
SiCp composites to be used in suck applications that
requirc minimum mass Joss and maximum
coefficient of friction. Fig. 4 represents the specific
wear energy, on semi logarithmic scale, in terms of
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thc employed experimental wvariables for the
composite and iis unreinforced alloy, The specific
wear ¢nergy here is an indication of the capability of
wear resistance of the tested material, ie. the
required energy for ploughing (or pulling) cubic mm
from the wear surface,

The specific wear energy (AEg) can be estimated
from the following relation [23]:

sE, =SVEP @
: AW
where I is the friction force (=friction coefficient x
applied normal force), v is slidifig speed, T is sliding
time, p is the density of pin material, and AW is the
weight loss. As seen in the figure, similar trends
were observed, the specific wear energy tends
generally to decrease as the load, speed and time
increase. This behavior is logic as a result of
increasing temperature that helps in increasing the
material softening. Fig. 5 represents the activation
energy (i.e. the energy required for raising the
temperature of the pin surface by one degree
Celsius) as a function of normat load, sliding speed
and sliding time, respectively. The activation energy
in these graphs was estimated form the following
relation [23]:
AE,, =.§L 3
a

"

where Wg is the frictional work, At is the
temgeraturc difference ("C), and a is pin contact area
(cm”). The data in Fig. 5.2 shows that the variation
in the activation energy of both materials is not too
Jarge as a result of increasing or decreasing the
normal load. Similar trend is observed in Fig. 5.b,
where the activation energy of both materials
decreases as sliding speeds increase. The activation
energy in both Fig. 5.a and 5.b generally exhibits
that most of the energy is consumed in changing the
surface and sub-surface structure. This part of
energy may lead to oxidation of the pin surface
ander a certain conditions. In addition, this behavior
is logic as a result of increasing the temperature that
help in increasing the material sof. zning and in turn
decreasing the activation energy. Different results
are shown in Fig. 5.c, where the activation encrgy
for both materials increases as a result of increasing
the sliding time. This trend agree with the physical
basis of Eq. 3, where the friction work is a function
of sliding distance that increases as the sliding times
increase. The results of the Fig. 5 along with those in
Fig. 4 indicate that much energy is required for the
composite than that for the unreinforced matrix. This
gives additional evidence to the thought that the
present composite much wear resistant than its
unreinforced matrix.

Table 3 The coefficient of friction and the mean bulk temperature difference of the unreinforced and reinforced
2124 Al with 10% SiCp.

—_—————— . ____]

Load (N)! 1 u AT °C AT *C
(2124A1) (10% SiCp-2124A) (2124A1) (10% SiCp-2124A)
5.25 0.28 0.42 32 40
5.53 0.32 0.46 60 63
5.83 0.33 0.43 85 105
6.12 0.34 0.40 106 136
6.35 0.30 .38 120 178
Speed (mn/min)’
69.6 0.35 0.51 25 360
§1.0 0.32 0.53 54 51
02.5 0.32 0.46 60 63
104.4 0.28 0.43 90 101
117.0 0.25 0.42 132 142
127.8 0.24 0.42 169 185
Fime (min)’
15 0.32 0.46 60 €3
30 0.28 0.44 70 ’5
45 0.28 0.46 110 g7
60 0.24 0.43 140 120
75 0.26 0.40 182 175
I -Wear conditions, sliding speed=92.5 m{min and sliding time = 15 min.
2-Wear conditions, Normal laad = 5.53 N and sliding time = 15 min.
3-Wear conditions, Normal load = 5.53 N and sliding speed = 5.53 mjmin.
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Fig. § Activation energy of unreinforced 2124 Al (A)
and 10% SiCp-2124 Al ( ) against (a) normal load,
(b) sliding speed, and (c) sliding time.

3.4 Wear Surface Observations

The worn surfaces of the present composite were
characterized by material removal, mainly abrasion,
resulting in a relatively rough surface. Fig. 6 shows
an SEM micrograph that several fine deformed wear
debris were formed on the worn tracks. The results
clearly indicate that the original polished surfaces

1

were tubbed. The SiC particles indented into the
2124 Al surface were the abrasives that may cause
ploughing wear. It is suggested that aluminum
transfer is serious under such a load as 6.35 N and 70
m/min., abrasion wea is the dominant wear
mechanism. Cracks were initiated at the matrix-
particulate interface, either at the surface or below
the surface. Broken SiC particulate due to the
employing of powder metallurgy and extrusion, as a
processing technique, can be confirmed. If the SiC
particulate was not bonded well o the matrix, the
wear resistance decreased within the addition of SiC
particulate to the Al alloy and worn surface revealed
fracture and extensive debonding at the particulate-
matrix interface. This led to a greater material
removal by particulate fracture and then micro-
cracking. Therefore, the extent of debonding of the
reinforcing phase played a critical role in determining
the wear behavior of composites. As shown in Fig. 7,
the worn surfaces of the pin samples generally had
the same features of surface damage in patchy form
and fongitudinal lines, which were parallel to the
sliding direction. However, varying the load had an
influence on the distribution of these features. For
example, the worn surface at load 6.12 N, and
velocity 128 m/min. Fig. 7, showed a larger area of
patchy surface damage than that tested at 5.25 N, 70
m/min., Fig. 8, but mor~ parallel longitudinal lines
were found at the surfaces tested at the former
conditions. The plate-like layers are formed in a
ploughing process. These iayers and the edges of
ridges separale and wear debris is generated. The
longitudinal and transverse cracks often present in
the wear scar (Fig. 9). Many of the shear plates,
shown in Fig. 9, are formed probably by a severe
ploughing process. A plastic flow can also be seen,
where distinct sliding tracks are formed and some
places are observed where flake-like material is ready
to be sheared off. This indicates that the transition
from low to mild wear “takes place during the
experiment, followed by severc as a result of
temperature that raised during test. In addition to the
presence of silicon carbide particles in the underlying
composite, it is suggested that a significant oxidation
of the debris had occurred. The adhered debris on the
specimen surface displayed a high degree of
oxidation. The reinforcement increases the resistance
of the alloy to deformation-adhesion, consequently
restricting initial transfer of debris to the counterface.

These observations suggest that large wear particles
were possibly formed, resulting in wear grooves.
Unreinforced alloy showed a worn surface on which
there were many small irregular cracks. These cracks
would possibly connect to each other and detach
small wear particles. Sliding iracks are clearly
observed, however the existence of surface films can
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be confirmed. Since the surface films prevent metal-
to-metal contact, mild wear continues in the early
stages of the experiment. However, the subsequent
wear mode moves to mild wear accompanied by the
breakdown of the surface films. At low normal loads,
the SiC particulate served as load-bearing elements,
limiting the strains in the Al matrix. In addition, their
abrasive action on the steel counter body led to the
detachment of iron layers that were oxidized and
transferred onto the contact surface. On the contrary,
when the normal loads were high enough to fracture
the SIC particulates, large local strain gradients were
transmitted to the matrix. Subsurface cracks were
then nucleated in the matrix, leading to wear by
delamination of sub-surface layers. Under these
conditions, the wear rate was mainly controlled by
matrix, and it was less sensitive to the presence of
SiC particulates,

Fig. 6 SEM micrograph of primary wear surface of'a
composite specimen.

A EATA TR E R illx) L] 1 d

Fig. 7 SEM micrograph of final wear surface of
composite specimen.

1

L

4. CONCLUSIONS

The present composite, 10-vol.% SiCp-2124 Al
offer a distinctive wear resistance compared to its
unreinforced matrix due to the load carrying
capacity of the hard particles. The mass loss is
generally increased with increasing normal load,
sliding speed, and sliding time, for both materials.
These results agree with the estimated high
specific wear energy and high activation energy of
the composite.

2. The present composite has exhibited a much

better wear resistance and higher coefficient of
friction than that of the unreinforced matrix. The
coefficient of friction for both materials generally
decreased with increasing sliding speed. The
coefficient of the unreinforced alloy slightly
increased and for the composite, slightly
decreased with increasing normal load.

3. Wear surfaces were characterized by material

removal, mainly abrasion, resulting in a relatively
rough surface. The worn surfaces of the pin
samples generally had the same features of surface
damage in patchy form and longitudinal lines,
which were parallel to the sliding direction. Plastic
deformation flow occurred on the wear surface of
the composite matrix at an early stage. The
formation of fine surface films on the composite
pins to reach a steady state much sooner than the
alloy and reduced its wear rate. Thickness of the
deformed subsurface layer increased with
increasing normal load and sliding speed.

it

R

Fig. 8 SEM micrograph of composite specimen
tested at 5.25 N, 70 m/min., and t=15 min.
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o s

Fig. 9 SEM micrograph of showing surface damage
in patchy form with longitudinal lines.
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