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Due to their excellent strength to weight ratio, aluminum alloys are widely used in a variety of automotive
components. Their relatively low melting point and low hardness compared to other engineering alloys,
however, limits their use in applications where wear resistance is needed. To improve the wear resistance of
these alloys, a good understanding of their wear behavior is essential. Dry sliding wear behavior of A380M
aluminum alloy was investigated in the load range 6-20 N against steel ball using a reciprocating ball-on-flat
configuration and at a frequency range of 4-20 Hz. Micromechanical properties were measured using a
nano-indentation system. Scanning electron microscope examination of the wear track and debris revealed
that wear within the present load and frequency range was due to abrasion, plastic deformation, and
delamination. It was found that the wear rate of A380M aluminum alloy increased with load and decreased

with increase in frequency.
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1. Introduction

Aluminums-silicon alloys are increasingly used (due to their
high strength/weight ratio) in automotive engine components,
such as pistons, clutch housings, and liners, in which tribolog-
ical properties of the material are important. For example, in
clutch housings, a piston slides into a piston cavity known as
“seal surface.” The reciprocating friction between the piston
and seal surface creates wear damage leading to premature
failure.

The wear behavior of aluminum alloys depends on a number
of material-related parameters, i.e., size, shape, composition,
and distribution of micro constituents, in addition to mechanical
properties and service conditions such as load, sliding speed,
temperature, and interface condition (Ref 1). Wear mechanism
maps developed by Liu et al. (Ref 2) suggest that wear of
aluminum alloy occurs by several mechanisms, i.e., oxidation-
dominated wear, delamination wear, melt lubrication wear, and
seizure. At relatively low sliding speeds and loads, a purely
oxidative mechanism controls the process (mild wear). At
higher loads, metal-metal contact leads to severe wear when the
surface temperature of the contact area exceeds the recrystal-
lization temperature of the material (Ref 3). Subramanian
(Ref 4) suggested that the wear rate of Al-Si alloy decreases
with increasing sliding speed. He attributed the decreasing
trend of wear rate to the reduction in the number and size of the
transferred fragments. Jasim and Dwarakadasa (Ref 5) found
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that the depth of the subsurface damage decreases with
increasing sliding speed, indicating that the decrease in wear
rate is a consequence of shallower subsurface damage as sliding
speed increases. Other researchers concluded that the wear rate
initially decreases and then increase (Ref 6) as the sliding speed
is steadily increased.

Furthermore, wear transitions in aluminum alloys are
common (Ref 7, 8). As load, speed, sliding distance, or
temperature varies during wear, operating wear mechanisms
may also change leading to wear transitions. It has been found
that aluminum alloys exhibit mild to severe wear transition
when the surrounding temperature is increased above a critical
temperature (Ref 9). On the other hand, Zhang and Alpas
(Ref 10) found that at low loads, wear is mild and the wear rate
gradually increases with increasing load up to some critical
load where transition from mild to severe wear occurs.

Unfortunately, there is only limited work on A380M
aluminum alloy under reciprocating loads. In this study, the
wear behavior of A380M aluminum alloy is investigated
through a series of reciprocating wear tests in an attempt to
provide an understanding of wear behavior of A380M as a
function of load and frequency.

2. Experimental Details

High-pressure die cast A380M aluminum clutch housing
was obtained from Magna Powertrain. Specimens were cut
from the seal surface and were prepared for metallographic
examinations by grinding using 240, 320, 400, and 600 grit SiC
abrasive papers and then polishing using 0.3 and 0.05 pm gama
alumina suspension. The composition of A380M aluminum
alloy was determined using inductively coupled plasma mass
spectrometry, and is summarized in Table 1. The letter ‘M’ in
A380M indicates higher manganese content. High silicon
content helps to increase fluidity and improves corrosion
resistance (Ref 11-13). Furthermore, the presence of silicon as
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Table 1 Composition of A380M aluminum alloy

Composition, wt.%

Si Cu Fe Mn Mg Zn
8.35 3.06 0.87 0.31 0.06 2.15

Fig. 1 Bruker D8 XRD system

an alloying element in these alloys improves wear resistance
significantly. However, there is no universal trend in wear
behavior of Al-Si alloys with respect to silicon content
(Ref 14). That is, increasing the Si content in the alloy does
not always increase the wear resistance. The presence of
magnesium improves hardenability, while copper is added to
increase low-temperature strength (Ref 15).

X-ray diffraction (XRD) was carried out on A380M
aluminum alloy employing a high-speed Bruker D8 Advance
XRD system using Cu-Ko radiation having a wave length of
1.54 A, tube voltage of 40 kV, and tube current of 40 mA
(Fig. 1). Al and Si peaks were matched to those in the Powder
Diffraction Files and identified as having FCC crystal structure.
The XRD pattern for the A380M is shown in Fig. 2.

Mechanical properties of A380M aluminum alloy was
measured using a nanoindentation system (developed by
CETR, Campbell, CA). The instrument uses a Berkovich
diamond pyramid with an angle of 65.3° between the tip axis
and the faces of the triangular pyramid. The displacement of the
indentation and the load could be measured independently with
a resolution of 0.03 nm and 0.1 pN, respectively. The advan-
tage of nanoindentation is that very thin area of surface can be
measured. Twelve measurements at 12 different places were
produced on a given specimen using maximum load range from
50 to 400 mN to insure that any irregularities in the surface
cannot affect the hardness value. The total penetration depth
consists of a plastic component and an elastic recovery
component which occurs during the unloading. Maximum
indentation depth (/,.x) can be expressed as

b =+ [ (7).

where p and 4 are load and indentation depth, respectively.
Nmaxs Pmax, and slope at maximum load dp/dh are determined
from the load versus displacement profile. Hardness (H) at

(Eq 1)
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Fig. 2 XRD patterns of A380M

the maximum applied load was calculated using Oliver and
Pharr method (Ref 16). The relationship between H and the
maximum applied load (Pp,ay) is as follows:

Pmax
H= Eq2
R (Eq 2)
where A is the area of contact, and for Berkovich indenter
A =24.50% (Eq 3)

where /. is the contact depth. The elastic modulus can be
expressed as

. ldpym
E' = E%ﬁ’ (Eq 4)
where
I 1-v 1-V3
== ‘ 2 (Eq 5)

E* E E,

Here, E, and v, are elastic modulus and Poisson’s ratio of
the test material, respectively, and E; and v; are the same
parameters for Berkovich indenter. In the current analysis, E;
and v; were taken as 1141 GPa and 0.07, respectively. Force-
displacement (penetration depth of indenter) curve shows the
loading/unloading cycles of the nano-indentation test (Fig. 3).
The calculated hardness and Young’s modulus of A380M
aluminum alloy are 1 and 50 GPa, respectively.

Dry reciprocating wear tests were performed using a Universal
Micro-Tribometer (UMT) (CETR, Campbell, CA). This test
method utilizes a ball upper specimen that slides against a flat
lower specimen in a linear, back and forth, sliding motion having a
stroke length of 5.03 mm. All tests were conducted at room
temperature and at a relative humidity of 40 to 55%. The load is
applied downward through the ball specimen against the flat
specimen mounted on a reciprocating drive. The tester allows for
monitoring the dynamic normal load, friction force, and depth of
the wear track during the test. Figure 4 depicts an image of the
wear chamber and the sliding ball of the UMT tribometer. The
specimens were securely fastened inside the wear chamber.
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A 6.3 mm diameter bearing steel (AISI 52100) ball having a
hardness of HRA 83 was used as a counter-face material. The
ball was mounted inside a ball holder which was attached
directly to a suspension system, which, in turn, is attached to a
load sensor that controls and records forces during the test. The
instantaneous values of calibrated normal load (F7), tangential
load (Fx), and depth of wear track (Z) were measured and
continuously recorded, using a data acquisition system. The
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Fig. 3 Load vs. indentation depth profile

Fig. 4 Ball-on-flat reciprocating wear tester

1210—Volume 19(8) November 2010

data automatically calculates the variation of the coefficient of
friction, COF (u = Fx/F7) with time. The weight of the
specimen was measured before and after each wear test to
determine individual weight loss at selected time intervals.

Four different loads (6, 10, 15, and 20 N) were employed;
each tested at four different frequencies (4, 10, 15, and 20 Hz)
and at five different time intervals (10, 30, 45, 60, and 90 min).

The wear volume (V) was calculated according to the ASTM
standard G133 (Ref 17) as follows:

V= (T;—h) [3432 + h*ﬂ : (Eq 6)

where 4* is the depth of wear track (mm) and D is the effec-
tive diameter (mm). Assuming a spherical wear volume, the
effective diameter, D, can be calculated from % using the fol-
lowing equation:

W =R-— {R2 - (%Zﬂz, (Eq 7)

where R is the ball radius (mm).

After wear tests, worn surfaces and wear debris were
examined using a Hitachi S-4700 scanning electron microscope
to determine possible wear mechanism operating under differ-
ent test conditions.

3. Results and Discussion

The calculated cumulative weight loss versus sliding
distance curves for four different loading conditions—©6, 10,
15 and 20 N—at 4 Hz is shown in Fig. 5. They reveal a linear
increase in weight loss with sliding distance for all loading
conditions. Furthermore, the weight loss increases with load at
any given sliding distance. This is because, with increase of the
load, higher stress is induced in the subsurface region, which
leads to subsurface nucleation of cracks with repeated loading.
On the other hand, the amount of weight loss increases with
increase in sliding distance as expected. The absence of any
transitions indicates that the same wear mechanism is operative
throughout the entire tests.

167 o 6Nload
14 ~= 10N Load

= 15N Load
129 —— 20N Load

[y
o

Weight loss (mg)
(=]

10 6'0 1i0 1I60 ZiD
Sliding distance (m)

Fig. 5 The dependence of cumulative weight loss on load and slid-
ing distance at 4 Hz
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Wear rates, calculated as the slopes of the weight loss versus
sliding distance curves under all conditions, are plotted as
functions of applied loads and frequencies. Figure 6(a) reveals
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Fig. 6 (a) Wear rate vs. load at different frequencies. (b) Wear rate
vs. frequency for different loads

that the wear rate increases somewhat linearly with load; this
has also been observed by others (Ref 18-20). On the other
hand, Fig. 6(b) shows two regions in the wear rate versus
frequency curves. Region 1 shows a rapid decrease in wear rate
with increasing frequency up to 10 Hz followed by a second
region at which the effect of the applied frequency on wear rate
seems to be negligible. It is speculated that the initial drop in
wear rate with increase in frequency is due to strain hardening.
At high frequency, however, wear rate reaches a steady-state
condition as the strain hardening effect, as a result of the high
strain rate at high applied frequency, is offset by thermal
softening due to frictional heating. The competition between
strain hardening and thermal softening as the reciprocating
frequency increases has been previously reported (Ref 21).
Alwahdi et al. reported that wear rate decreases with increasing
strain hardening ratio (Ref 22).

Coefficient of friction (COF) and wear track depth (2)
versus time curves for A380M at 4 Hz and 10 N are shown in
Fig. 7, as representative examples of the data collected during
wear tests. The COF curves for all tests show similar overall
shapes. A typical behavior of COF during a test is that it
initially increases quickly to a high value (break-in period)
followed by decrease in steady-state value. The cumulative
wear track depth (Z) versus time exhibited a reasonably linear
rise with time after a short break-in period. The coefficient of
friction decreases with the increase in frequency (Fig. 8) for
A380M aluminum alloy. The magnitude of plastic strain
gradient and depth of highly deformed zone depend on COF
(Ref 23). It is suspected that at low frequency, longer time is
available for the formation and growth of junction asperity
contact regions, which increases the force required to shear off
the junction to maintain relative motion. Dwivedi (Ref 24)
reported similar findings for cast hypereutectic aluminum
silicon alloys. Furthermore, it was observed that COF slightly
increases with the applied load. Sadik in his experiment showed
that coefficient of friction remains constant with time (Ref 25).

The measured wear track depth Z (defined as ~#* in Eq 6 and
7) is converted to volume loss using Eq 6 and 7. The volume
loss for different loading conditions is plotted with respect to
sliding distance in Fig. 9. Wear behavior observed using depth
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Fig. 7 Coefficient of friction (COF) and wear track depth (Z) vs. time at a frequency of 4 Hz and 10 N normal load
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Fig. 8 Coefficient of friction vs. frequency at different load
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Fig. 9 Volume loss vs. sliding distance at a frequency of 4 Hz

of wear track reveals fluctuations as compared to weight loss.
The volume losses are calculated based on the depth of the wear
track (Z). Due to the irregularities and wear debris in the wear
track, localized fluctuation in the Z values can occur. Therefore,
it is concluded that wear rates can be more accurately measured
using weight loss experiments. However, general trend over a
large sliding distance is increasing.

Two wear mechanisms have been identified as dominant
mechanisms during dry sliding wear of A380M aluminum
alloy, namely, abrasion and delamination. Figure 10 shows the
wear tracks of A380M aluminum alloy at 20 Hz frequency and
20 N load. The wear tracks of the samples were characterized
by heavy plastic deformation and damage in the form of plastic
flow extending parallel to the sliding direction (Fig. 10a).
Moreover, at high normal load, a high shear stress is induced in
the subsurface region and with repeated cycling it eventually
leads to subsurface nucleation and propagation of cracks. When
these subsurface cracks reach a critical length, they become
unstable and propagate to the surface, generating plate-like
wear debris leaving behind a large pit on the worn surface
(Fig. 10b). This type of wear is known as delamination wear.

A notable feature of an XRD pattern of wear debris is the
presence of a diffuse but distinct peak at Bragg’s angle (260)
between 10° and 15° (Fig. 11). This suggests either the
presence of an amorphous phase, such as Al,O;, or the

1212—Volume 19(8) November 2010
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Fig. 10 Wear track of A380M aluminum alloy at 20 Hz and 20 N
load: (a) Plastic flow. (b) Delamination
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Fig. 11 XRD pattern of wear debris

formation of a nanocrystalline phase due to the heavy
deformation during wear. SEM examination of wear debris of
A380M aluminum alloy at 20 Hz and 20 N reveals two types
of wear particles (Fig. 12). The first type has an equiaxed
irregular morphology (<5 pm in size), and the second type has
a plate like morphology (40 um wide and 7 pm thick). The fine
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Fig. 12 Wear debris of A380M aluminum alloy at 20 Hz and 20 N

wear debris is believed to be a result of abrasive wear, and the
coarse plate-like particles are a result of delamination wear.

4. Conclusion

Wear of A380M aluminum alloy was investigated under
reciprocating contacts against a steel ball. The experimental
study was carried out under different normal loads, frequencies,
and durations. It was found that the wear of A380M aluminum
alloy increased gradually with increasing load. At low load,
wear debris in the contact region caused surface deformation
and abrasion by three-body abrasion mechanism. At high load,
however, delamination wear seemed to be the dominant wear
mechanism. As a result of high subsurface shear stress, cracks
form and propagate to the surface, leading to the formation of
plate-like wear debris. It was also observed that increasing
frequency resulted in decreasing wear rate due to strain
hardening effect resulting from high strain rate. At high
reciprocating frequency, frictional heat generated at the contact
surface resulted in thermal softening of the aluminum surface
layer, thus offsetting strain hardening effects and ultimately
leading to a plateau in wear rate. The relationship between the
coefficient of friction and frequency suggests that at lower
frequency longer time is available for the formation and growth
of asperity junctions which gives rise to higher coefficient of
friction.
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