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a b s t r a c t

The wear behavior of samples of AA1060 aluminum matrix reinforced with 15 vol% of alumina particles
in a range of loads between 4.9 and 91.2 N was determined using a pin-on-ring machine at a velocity of
2.7 m/s. The counterface was a carbon steel ring of 272 HB in hardness. Optical and electronic microscopy,
X-ray energy analysis and hardness measurement were performed in order to characterize the worn
eywords:
liding wear
echanically mixed layers
ear

luminum metal-matrix composite

samples. A mild wear mechanism is present for loads lower than 80 N and at larger loads the mechanisms
change to a severe mode. In the mild wear regime a mechanically mixed layer (MML), with iron from the
counterface and material of the composite, was formed. This MML was responsible of the wear resistance
of the composite. Two mechanisms were observed as a way to increase the resistance of the MML; first
hardening by mechanical alloying and strain hardening, and then an increase in thickness. At a larger load
the conditions produced large instabilities which prevented the formation of a protective mechanically
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ard particle reinforcement mixed layer.

. Introduction

The aluminum matrix composites (AMC) reinforced with hard
articles combine the ductility and low density of the matrix
ith the high hardness and stiffness of the reinforcements which

esults in good dimensional stability, high stiffness and specific
echanical resistance [1,2]. These properties made them suitable

or transport application with a reduction in energy costs [3,4].
any applications require good wear resistance under lubrication

nd dry conditions. The wear of the parts is produced in many
ases, against aluminum alloys, steel or other non-ferrous alloys.
ear of AMC against a steel counterface produces a layer of mate-

ial in the AMC called mechanically mixed layer (MML), which is
roduced by transfer and mixing of materials, under certain load
nd velocity range. It has been observed that the MML increases
he wear resistance of the AMC, producing conditions of moder-

te wear [1,5–11]. The formation of the MML is favored by load
ressures less than 5 MPa and wear velocities less than 10 m s−1

5,8,12–14].
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It has been reported [15,16] that the generation and attachment
f the debris on the fist bodies wear material are necessary for the
eneration of the MML and a moderate wear regime. It has been
ndicated as well that for a moderate wear regime the MML acts as a
ayer that supports and distributes the load over the AMC producing
n some cases debris coming from the MML typical of an adhesive

ear mechanism [5,11].
It has also been shown that the wear resistance of the MML in

MC for all reinforcing particle tested is essentially independent of
he type and volume fraction of the reinforcement and the process
sed in the production, casting or extrusion, indicating that the
ear properties of the material depends on the properties of the
ML formed [5].
At higher loads the wear rate increases until a transition to a

evere wear regime occurs in which the MML is no longer formed.
t has also been demonstrated that the transition from the moder-
te wear regime with an MML to a severe wear regime is promoted
y an increase of the material temperature at higher loads and/or
elocity. The critical load for the transition to a severe regime is
irectly related to the size and volume fraction of the reinforce-
ent, which restricts the flow of composite material that holds the
ML [12,17].

In the present report the role and behavior of the MML in

A1060/Al2O3/15p is studied and associated to a moderate wear
egime. Also, the transition to a severe regime is determined
nd associated to the inability of the system in forming the pro-
ective MML. In addition this inability of the MML to survive
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Table 1
Fitting parameters of the regression functions of Fig. 1, according to Eq. (1)

P

a
b

w
3

f
i
a

W

w
t

f
F
h
[
a
a
o
o
a
p

3

i
l
w
A
S
i
t
t
e
m
i

M.R. Rosenberger et al.

nder the severe regime is confirmed by observing its destruc-
ion.

. Experimental methods

The AMC were prepared employing powders of aluminum alloy
A1060 (with a minimum of Al of 99.6% and impurities of Si and Fe
ostly), and alumina particles with an average size of 20 �m and

aceted shape. The powders were mixed in a ball mill, compressed
nd extruded in cylinders 150–200 mm in long and 6.35 mm in
iameter. The particle volume fraction of the MMC was 15%. The
est samples were cuts of the above cylinders with a length of
5 mm.

The samples were tested in a pin on ring apparatus, with a steel
isc with hardness of 272 HB, at a tangential speed of 2.7 m s−1

nd loads of 4.9–91.2 N without lubrication. The loads employed
ere 4.9, 14.9, 23.7, 32.4, 52.0, 71.6, 81.4, and 91.2 N and a mini-
um of two tests were performed by each load. All the tests were

arried out in a discontinuous fashion, i.e. the test was interrupted
very 100–500 m to measure the sample length, until a steady-state
egime of wear was reached; the wear distance was registered in
ll cases.

The amount of wear was determined by measuring the change
f length of the sample and calculating the linear wear rate as the
hange of length in millimeters divided by the respective wear
istance in meters. The temperature of the sample surface was
etermined in situ and continuously, with a thermocouple located
mm below the wearing surface, and connected to a PC-based data
cquisition system.

The worn samples were characterized at the surface and subsur-
ace by optical (OM) and scanning electron microscopy (SEM). The
bservations in the subsurface were done in the longitudinal sec-
ion of the pin. Each longitudinal section was mounted, polished
nd etched to reveal the microstructure. In addition to the SEM
bservation a semi-quantitative energy dispersive X-ray analysis
EDX) was performed on the surface. The mechanical properties
ere determined using Vickers microhardness measurements per-

ormed with a Durimet by Leitz instruments, in different regions of
he sample.

. Results and discussion

.1. Wear rate
The results obtained for the wear rate as a function of load
re shown in Fig. 1. As observed in the figure, the load range was
roader than one order of magnitude; 4.9–91.2 and the wear rate

Fig. 1. Wear rate as a function of applied load.

v
a
A
A

arameter Region 1 (low loads) Region 2 (high loads)

−3.45 × 10−4 −6.44 × 10−2

2.60 × 10−5 8.39 × 10−4

as in a range which spread an interval of four orders of magnitude;
.9 × 10−6 to 1.2 × 10−2 mm/m.

In Fig. 1 it is possible to identify two linear behaviors with dif-
erent slopes which change at a load of about 80 N; in each section
t is possible to fit the experimental point by linear regression to
nalytical functions of the form:

= a + b · F (1)

here W is the linear wear rate, F the applied load, and a and b are
he fitting parameters.

The values obtained for the above parameters in each section
or low and high loads are listed in Table 1. The results shown in
ig. 1 and Table 1 describe the typical behavior of an AMC which
as been attributed to a combination of different wear mechanisms
5,10,18–21]. There is a pronounced change of slope at a load of
bout 80 N which indicates two different wear regimes; moderate
nd severe. The criteria employed to characterize each regime is not
nly based on the relation between wear rate and load but also in
ther aspects such as: the composition, the mechanical properties
nd the morphology of the worn surface [5,22]. These results are
resented below.

.2. Temperature measurement

The temperature measured at 6 mm from the wearing surface
n a steady state of wear, is shown in Fig. 2, as a function of applied
oad. The results show a monotonic linear increase of temperature

ith load, which converges to ambient temperature at zero loads.
t the highest load the temperature could be as high as 150 ◦C.
imilar results have been reported in the literature [17,19,21] and
t was demonstrated that temperature influences the wear resis-
ance of the material and that there exists a critical temperature for
he initiation of the severe wear regime [12,17,23]. In the present
xperiments it is possible to define a load for the transition from
oderate to severe wear at about 80 N; at this load and accord-

ng to Fig. 2 the temperature of the sample is of 129 ◦C, which is

ery similar to the value of 125 ◦C reported by Wilson and Alpas for
n aluminum alloy AA356 [19] and close to other temperatures for
l–20% Si of 100 ◦C, Al–20% Si/SiC/20p of 150 ◦C [23] and finally for
A6061 of 122 ◦C [12].

Fig. 2. Maximum temperature achieved during the steady-state wear.
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80 �m. The microhardness shows a nearly step evolution, with a
value of around 200 HV in the lower step and 310 HV for the higher
ig. 3. Worn surfaces of selected samples: (a) 4.9 N, (b) 14.9 N, and (c) 91.2 N. Letter
marks a patch of MML adhered to the worn surface. The scale of the rule is the

entimeter.

.3. Analysis of worn surfaces

The morphology of the worn surface is strongly dependent on
oad and therefore on the wear mechanism. The change in mor-
hology may be observed in Fig. 3 where three samples are shown
fter wear under loads of 4.9, 14.9, and 91.2 N. In the three cases
ne common feature is the accumulation of worn material in the
urface protruding as burr. The amount of material for high loads
ncreases as the load increases, moreover, the amount of material
s also significant at the leading edge.

With respect to the surface itself, the appearance also changes
ith load; at low loads the surface shows large, regular and clearly
efined parallel grooves; however, at high loads the grooves are not
learly defined.

The accumulation of material as burr, when the amount of wear
s determined by differences in sample weight, could result in
mportant errors. This is not the case for the measurement of wear
ate determined by the change in length, where the morphological
hanges are used as measure of wear, rather than a change in mass.
he burr of material typical of plastic materials has been reported
n the literature [5,12,13,24,25]; however, the effect on wear rate
as not been considered.

The results of the semi-quantitative element analysis of a surface
ore at a load of 23.7 N is shown in Fig. 4. The main observation is
he amount of iron present in the surface, which is also found in the
urface of samples wore at loads 4.9–52 N. On the other hand, this
lement is not present in samples worn at higher loads between
1.4 and 91.2 N. Iron is transferred from the wearing counterface

Fig. 4. EDX spectrum of the worn surface of the sample tested to 23.7 N.
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ig. 5. Longitudinal section of the sample tested to 23.7 N. The darker grey layer is
he mechanically mixed layer (MML).

5,25] by a mechanism of mechanical alloying which results in the
ormation of a mechanically mixed layer in the wearing surface.
he presence of the MML can be visualized in longitudinal sections
f the samples by optical microscopy as it is shown in Fig. 5. In all
ases the MML is slightly darker than the matrix material when
bserved by the optical microscope [5].

The microhardness of the MML formed under different loads
as measured by Vickers indentation, the average values of at least
ve impressions in the MML are shown in Fig. 6 as a function of the
pplied load.

In the same figure it is shown the thickness of each MML formed
s function of the applied load. The thickness was measured in
ections longitudinal to the sample axis, transversal to the MML
hickness and near the sample axis.

The values are average of 10 measures obtained by optical obser-
ation which were confirmed by hardness measurements.

It is observed that the microhardness of the MML is 3–10 times
igher than the microhardness of the matrix, which is of 30 HV
0.015). On the other hand, the thickness of the MML as func-
ion of the applied load is constant for loads less than 23.7 N and,
or higher loads it increases monotonically from 20 �m to about
tep. This shows two different behaviors, at the lower loads there
s a stable MML of constant thickness and hardness, and as the

ig. 6. Microhardness and thickness of the mechanically mixed layer as a function
f the applied load. Squares correspond to microhardness; triangles correspond to
hickness.
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oad increases the thickness increases but the hardness of the MML
emains constant. This notable behavior shows that a maximum
ardness compatible with the wear system consisting of the mate-
ials and the environment is reached at a given load and when this
aximum is reached the wear resistance of the AMC is increased

y increasing the thickness of the MML. However, the thickness can
ot increase indefinitely because as the load increases, it also does
he temperature due to friction, which softens the substrate matrix
nd to a less extent the MML until it is detached from the AMC.
fter this, and for higher loads, the MML is no longer formed and

he wear regime becomes severe. In the present investigation this
ransition occurs for a load between 70 and 80 N, since at this load
nd higher the MML is not formed. This could be attributed to the
act that the formation of the MML requires deposition of mechani-
ally mixed material until a steady layer is formed in which the rate
f deposition equals the rate of material lost by wear, this cannot
e achieved at higher loads when the loss rate is higher than the
eposition rate.

The wear rate vs. load behavior of Fig. 1 with two different linear
elations, and the observation of very similar morphology for the
earing surface at low loads with an MML containing iron, which

s very different than the morphology for high loads, the absence of
ron and the MML consistent with the different behavior in the wear
ate, indicate a drastic change in wear mechanism at the transition
oint.

. Conclusions

The main conclusions of the dry sliding of AA1060/Al2O3/15p
gainst steel on a pin-on-ring tester, under applied load of
.9–91.2 N and 2.7 m s−1 are

Two regimens of wear were found; one moderate and another
severe which were characterized by two different relations
between wear rate and applied load.
A mechanically mixed layer, with iron, was found on the surface
of the materials worn at loads lower than 80 N, in the moderate
wear regime.
The mechanically mixed layer on the aluminum matrix composite
protects the original composite.
The worn surface of the materials tested at a load larger than 80 N
does not accumulate iron.
The maximum temperature, measured at 6 mm from the contact
surface, in the steady state of wear increases monotonically with
the applied load.
The critical load of transition from moderate to sever wear
regimes is 80 N, and the corresponding temperature is 129 ◦C.

The relation between hardness and thickness of the MML indi-
cates that at the lower loads the resistance of the MML is achieved
by hardening through mechanical alloying and strain hardening.
It achieves a maximum value limited by microstructural factors,
then the MML increases its resistance by increasing its thickness.
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