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The present work aim is the investigation on the microstructure and tribological properties behavior of a hybrid aluminum
matrix composites reinforced with 4.5 wt.% alumina (Al;O3) and 0.5 wt.% graphite (Gr) particles. Alumina particles were
used as reinforcing material because it provides a high strength and hardness and graphite particles for its lubricating
properties. The composite material was processed by powder metallurgy route. The powders mixture having the above
mentioned composition was mixed using a high energy planetary ball mill for 3 h at 250 rpm. Starting from non-granulated
and granulated powders mixtures, green compacts were obtained by compacting with pressures ranging between 100 and
600 MPa using a uniaxial hydraulic press, followed by a three steps sintering process realized at 300°C for 30 min, 450°C
for 30 min and at 620°C for 1 h in argon atmosphere. Tribological properties were investigated due to their importance that
derives from the fact that the friction phenomenon particularly affects machinery and equipment functionality. The results
were influenced by the processing of the powders mixtures, the compacting pressure applied to obtain green compacts, the

homogeneity of the obtained microstructure after sintering process and the tribological testing conditions.
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1. Introduction

In the last decades, aluminum matrix composites
(AMCs) are increasingly used as substitutes for monolithic
materials due to their superior properties such as low
density, greater strength, high stiffness, controlled thermal
expansion coefficient, improved high temperature
properties, improved abrasion and wear resistance [1].
There are three methods used to obtain AMCs: liquid-state
process (stir casting, pressure infiltration), semi-solid state
process  (compocasting) and  solid-state  process
(mechanical alloying, powder metallurgy) [2, 3]. The last
method is more and more used due to the possibility of a
homogenous dispersion of the reinforcing particles in the
metal matrix avoiding particle clusters formation [2]. In
the last years there is an increasing interest in Hybrid
Metal Matrix Composites (HMM(C) which can be used
for different applications which require combined strength,
high wear resistance, and high thermal conductivity.
HMMCs have 2 or more reinforcements, improving the
material properties [3, 4]. The most commonly used
reinforcements for HMMCs are SiC, Al,O5 and Gr. Due to
the properties enhancement provided by these ceramic
particles, the HMMCs find applications in automotive as
cylinder blocks, pistons, callipers and brake disks. Al,O3
used as reinforcement for MMCs provides high strength,
hardness and increases the wear resistance while having
low density. In order to use these composites in
automotive applications, they need to have good sliding
properties [5]. The most widely used solid lubricant is

Graphite (Gr) due to its self-lubrication properties [5-9]. R.
Deaquino-Lara et al. reported an improvement on strength,
hardness and dry wear resistance using graphite as
reinforcement in Al metal matrix. [10]. P. Ravindran et al.
investigated the tribological properties of powder
metallurgy processed hybrid composites with the addition
of graphite as solid lubricant and resulted that the
composites with 5 wt.% Gr showed excellent wear
resistance and friction coefficients. The addition of Gr
particles as the second reinforcement in the Al matrix
improves friction and wear properties [11,12].

A. Baradeswaran studied the mechanical and wear
properties of 7075/Al,0s/graphite hybrid composites [11].

In this paper tribological properties and microstructure
of an Al/Al,O5/Gr hybrid composite containing 95.2 wt.%
Al 4.3 wt% Al,O; and 0.5 wt.% Gr were studied by
varying the processing parameters of the composite that
was obtained by powder metallurgy route starting from
non-granulated (NGP) and granulated pure powders (GP).
Al,O; was used as a reinforcing material due to its
refractory and high hardness characteristics and Gr
provides a low coefficient of friction and low wear due to
its hexagonal structure.

2. Experimental details

Materials used in this study were high purity Al as
metal matrix and Al,O; and Gr as reinforcements. The
Al/ALL,O,/Gr composites containing 95.2 wt% Al, 4.3
wt.% Al,O; and 0.5 wt.% Gr were processed by powder
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metallurgy route (mechanical alloying, compacting and
sintering).

The powders mixtures were mechanical alloyed in a
RETSCH PM 400 planetary ball mill for 3 h at 250 rpm
with a steel balls to powder ratio of 10:1 and 1 wt.% zinc
stearate as process control agent in order to avoid powders
agglomeration and to prevent powders deposition on the
vial walls and on the steel balls.

By axial pressing between 100 and 600 MPa some
green compacts in cylindrical shape having 17 mm in
diameter and 3.5+0.5 in height were obtained from non-
granulated and granulated powders mixtures.

The granulation of the powders mixtures was
performed after their compaction with a pressure of 100
MPa, crushing and sieving between 125 and 315 pm in
order to increase the powders ability to flow. After that all
the green compacts were subjected to a three steps
sintering process realized at 300°C for 30 min, 450°C for
30 min and at 620°C for 1 h in argon atmosphere. The
sintered specimens made of non-granulated powders
mixtures (NGPM-SS) and the sintered ones made of
granulated powders mixtures (GPM-SS) were numbered
from 1 to 6 for each type of powders mixtures as pressure
increase from 100 to 600 MPa.

The tribological tests for determining the friction
coefficient and wear rate were performed at room
temperature with a ball-on-disk standard tribometer (CSM
Instruments) equipped with a rotating module. A 100 Cr6
steel ball bearing of 6 mm in diameter was used as the
static contact partner.

The specimens were placed in the tribometer rotating
module at different sliding radius (R) of 2 mm, 4 mm or 6
mm and the elastic arm of the tribometer was loaded with
a fixed normal load (Fn) of 1 N, 2 N or 5 N. Sliding
distance was preset at 20 m and linear speed was 3.5 cm/s.
Data acquisition frequency was 20 Hz. The deflection of
the static partner was measured for load and it was
recorded as a tangential force (Ft). Sliding friction
coefficient (1) was calculated as the ratio of Ft to Fn with
the equation (1) [14]:

The wear rate (in mm*/Nm) of the specimens was
calculated by measuring the volume of the material
removed and normalizing that to the load (Fn, in N) and
the distance (L, in m) travelled during the test by the
equation (2) [13]:

wear rate = v [mm3/Nm] 2)
LF,

To measure the volume of track material removed,
track profiles were taken after testing using a Surtronic 25
stylus profilometer (Taylor Hobson) with Gaussian filter
on an evaluation length of 4 mm, Cut-off of 0.8 mm and
traverse speed of 1 mm/s.

Composite surface and fracture of the specimens were
investigated by scanning electron microscopy (SEM) with
an Auriga Zeiss microscope. Further are presented the
results only for the sample 1 of non-granulated powders
mixtures specimens (NGPM-S) and sample 1 of
granulated powders mixtures specimens (GPM-S) type.

3. Results and discussions
3.1 Tribological results

In Table 1 and Table 2 are shown the tribological
properties of NGPM-S and GPM-S. The friction
coefficient varied from 0.180 to 0.784 for the sintered
specimens made of NGPM-S and from 0.212 to 0.813 for
the sintered specimens made of GPM-S.

The friction coefficient values of both NGPM-S and
GPM-S materials decrease with the increase of the loading
force.

The wear rate varied from 4.245 x 10 to 235.6 x 10™
mm?®Nm for NGPM-S specimens and from 6.049 x 10 to
254.7 x 10 mm?*/Nm for GPM-S specimens.

The majority of GPM-S specimens show higher wear
rate values than the NGPM-S specimens suggesting the

F fact that the granulation operation is contraindicated for
u= E 1) this kind of materials.
n
Table 1.Tribological properties of NGPM-S specimens
NGPM-SS
Sample Average friction coefficient Wear rate [mm*/Nm]
No. Fn [N] Fn [N]
1 2 5 1 2 5
1 0.187 0.197 0.180 4577x10% | 4.622x10% | 4.245x 10"
2 0.208 0.459 0.618 4385x10% | 34.10x107 | 127.4x10*
3 0.241 0.578 0.784 168.1x 10" | 2356x10° | 132.4x10™
4 0.310 0.574 0.730 30.46 x 10* | 88.82x10* | 170.6x 10
5 0.321 0.452 0.465 37.44x10% | 29.22x10* | 27.18x10"
6 0.333 0.363 0.597 106.3x 10™ 136.0x 10* | 47.74x 10"
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Table 2.Tribological properties of GPM-S specimens
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GPM-SS
Sample Average friction coefficient Wear rate [mm*/Nm]
No. Fn [N] Fn [N]
1 2 5 1 2 5
1 0.249 0.238 0.233 6.049x 10* | 7.795x10* | 12.32x10™
2 0.212 0.223 0.473 4439x10" | 166.2x 10" | 254.7x 10"
3 0.471 0.578 0.639 20.73x 10" | 62.92x10* 111x 10
4 0.417 0.689 0.813 170.4x 10™ 110 x 10™ 162.5x 107
5 0.428 0.568 0.758 19.36 x10™ 138.1x 10" | 166.4x 10™
6 0.415 0.652 0.802 7421 x10* | 156.4x10* | 153.2x10"
S laps, respectively for the specimen 1 of NGPM-SS and
e GPM-S types are presented in Fig. 1 (a) and (b).
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Fig. 1. Friction coefficient comparison over the time,
total distance and laps, respectively for the specimen 1 of
(a) NGPM-S and (b) GPM-S material type.

In Fig. 1 can be observed that the friction coefficient
of the both NGPM-S and GPM-S materials reached a
steady state where the surfaces of the static partner (steel
ball) and specimen are running smoothly over each other,
after the sliding distance of 6 m and 2 m respectively for
the NGPM-S material (steady state friction of 0.18-0.19)
and GPM-S one respectively (steady state friction of
0.23-0.24). The powders granulation led to an increase of
the friction coefficient values which justifies the wear rate
increase for the GPM-S specimens. All the tested samples
exhibited wear tracks visible with naked eye having an
increase depth with increase of loads. The best tribological
behavior exhibited both NGPM-S and GPM-S specimens
pressed at the lowest pressure, namely 100 MPa. Friction
coefficient comparison over the time, total distance and
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Fig. 2. Images of wear track profiles versus evaluation
length for the specimen 1 of NGPM-S type tested at a
load and radius of: (a) 1 N and 2 mm, (b) 2 N and 4 mm,

(c) 5N and 6 mm.



1852 M. A. Matara, . Csaki, G. Popescu, M. Lucaci, M. Lungu

20

A0+

i Track Area: 912,750 fumd) Outside drea: 23,335 umd)]

800+

I A I ! I { 1 T ey
O 080 180 P2l 3 400

40+
um |
1200 ‘

1 T l =l
O 080 180 U0 30 4.00

4000

200+

A0

1600

i Track Area: 3204 940 um2] Outside Area: 33,690 [um]

0

1 1 o]
20 kvl 400

Fig. 3. Images of wear track profiles versus evaluation

length for the specimen 1 of GPM-S type tested at a load

and radiusof: (&) 1N and 2mm, ((b) 2 Nand 4 mm,
(c) 5N and 6 mm

The NGPM-S material exhibited a higher running-in
period than the GPM-S material when the surfaces of the
static partner and specimen are becoming bedded to each
other. The fact that the friction coefficient is stable
indicates a sintered material with a good mechanical
embedding of Al,O; and Gr particles in the Al metal
matrix.

Figs. 2 and 3 show images of wear track profiles
versus evaluation length for the specimen 1 of NGPM-S
and NGPM-S material type tested at different conditions

3.2 Microstructure

SEM images for the specimen 1 of GPM-S material
type at different magnifications are presented in Fig. 4.
Fig. 4 (a) and (b) show the aspect of the sintered material
microstructure.
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Fig. 4. Al/ALL,O4/Gr hybrid composite SEM microscopy

secondary and backscattered electron combined surface

images: (@) SEM image magnified at 10 um; (b) SEM

image magnified atl um; (¢) SEM image magnified at
2 um; (d) SEM image magnified 1 um.

We can distinguish a well sintered Al metal matrix
where Al,O3 strengthening particles and Gr lubricant
particles are strong embedded in the matrix, around 1-2
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pum are identified. In Fig. 4 (c) are presented combined
secondary electrons and backscattered electrons images
which reveal topography and morphology of the surface
but also the composition of the material. A magnification
of the red marked area shown in Fig.4 (d) reveals the
sintered Al metal matrix and the reinforcing particles
distributed in the aluminum matrix.
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Fig. 5. Al/Al,O4/Gr hybrid composite SEM images of
fractured area at different magnifications. (a) 10 um;
(b) 1 pm; (c) 200 nm; (d) 100 nm.

There are also some areas with Al,O5 clusters, which
in some places may be the reason for hindering the
sintering process. Also the presence of some micro and
macro pores with dimensions around 1-2 um are
identified.

Fracture surface for the specimen 1 of GPM-S
material type was also examined through SEM microscopy
(Fig. 5). Fig.5 (@) and (b) reveal the ductile — brittle
fracture appearance. By magnifying the area, in Figs. 5 (c)
and (d), it can be seen that the fracture of the material
occurred on the Al,O; cluster zone, precisely at the grains
boundaries, meaning that the areas with Al,O3
agglomerations provides fragility to the material.

4, Conclusions

Tribological and microstructure  properties  of
Al/Al,O5/Gr hybrid composite containing an aluminum
matrix reinforced with 4.5 wt.% alumina (Al,O3) and 0.5
wt.% graphite (Gr) particles fabricated through powder
metallurgy route were investigated.

Sintered specimens exhibited an average friction
coefficient of 0.180 to 0.784 for the ones made of non-
granulated powders mixtures (NGPM-S) and from 0.212
to 0.813 for the ones made of granulated powders mixtures
(GPM-S).

The wear rate varied from 4.245 x 10™ to 235.6 x 10™
mm3/Nm for NGPM-S specimens and from 6.049 x 10™ to
254.7 x 10* mm3/Nm for GPM-S specimens.

Sintered specimens obtained from both non-
granulated and granulated powder pressed at 100 MPa had
the best sliding properties especially for the NGPM-S
material type.

SEM microstructure reveals a good Al metal matrix
sintering and the homogenous dispersion of reinforcement
particles in the matrix with the fracture occurred at the
Al,Oj3 particle boundaries.

The results were influenced by the processing of the
powders mixtures, the compacting pressure applied to
obtain green compacts, the homogeneity of the obtained
microstructure after sintering process and the tribological
testing conditions.
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