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Abstract

In this study, Al matrix composites reinforced by the high
amount of NiAl (40%) were produced by the pressure
infiltration method. Commercially AA1050 (99.59 %) was
used as matrix material and NiAl (at. 1:1) particles were
used as reinforcement. Also, a small amount of Mo (wt.
2%) was added into NiAl for a better matrix—particle
interface and to increase the mechanical properties. The
proportion of particles was kept constant, and their sizes
were changed from 45 to 125 uym. The microstructures
were examined by SEM, and formed phases were deter-
mined by EDS and XRD analysis. Mechanical properties

and wear behavior were determined by compression,
hardness, and abrasion tests. As a result of these tests, it
was determined that composites were produced success-
fully. It was determined that compressive strength
increased with decreasing particle size. And also, small
particle size composites showed higher wear resistance.
Keywords: aluminum matrix composites,
infiltration, wear

pressure

Introduction

Demands for lightweight materials having high strength
and durability has increased the interest in metal matrix
composites (MMC). The principle of reinforcing compos-
ites is based on the admixing of a phase in a matrix to
improve properties compared to non-reinforced mate-
rial.' Among the MMC composites, aluminum matrix
composites (AMCs) are attractive materials for applica-
tions in the automotive, aircraft, and transportation indus-
tries due to their high specific strength, stiffness, good
workability, thermal stability, and low density.*>

The mechanical properties of a metal matrix composite
depend on the matrix and the reinforcement as well as the
matrix—reinforcement interface.*” Many research studies
have shown that the wear resistance is affected by the
particle and the matrix interface.®1° As a result, if the
interface is cut off with the applied load and particles are
pulled out, these particles can cause an increase in the wear
as opposed to providing resistance.
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In aluminum matrix composites, the matrix—reinforcement
interface is important because aluminum is often coated with
a thin layer of oxide, which prevents surface wetting and
reacts with certain ceramics.'' For instance, it is assumed
that SiC particles, due to their good mechanical properties,
will increase wear resistance when added to the Al matrix.
But Alpas and Embury® demonstrated that SiC particles do
not contribute to the wear resistance of aluminum alloys
under conditions where the crack formation is promoted. On
the other hand, due to the hardness of the SiC particles, it is
estimated that aluminum composites reinforced with these
particles cause more wear damage on the opposite surface
and this is generally undesirable. In addition, the large dis-
crepancy between aluminum and reinforcement coefficients
of thermal expansion can lead to harmful interface relations
during production and utilization.'*™"*

The wettability of NiAl is good by aluminum, and their
coefficients of thermal expansion are similar. Additionally,
due to various mechanical deficiencies, mainly brittleness,
the use of NiAl as a block material is limited. Therefore,
the effect of NiAl intermetallic particle addition on the
mechanical properties and wear of the Al matrix was
investigated. The gas pressure infiltration method was
preferred because it enables the addition of large amounts
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of particles in volume. The pressurized infiltration process
is more advantageous than other production methods due to
its fast and high production capacity and the possibility of
production near-net shape.'” The particles in composites
support the matrix combined with their load-bearing and
microstructural reinforcing effects, and these effects are
related to the size of reinforcement.'®!” Therefore, rein-
forcing particles having different size were used, and their
effects were investigated.

Materials and Experimental Procedures

NiAl particle reinforced Al matrix composites were pro-
duced by pressure infiltration method. To examine the
effect of particle size, the volume fraction of NiAl in
production was kept constant and particle sizes were
changed. The aluminum matrix material was obtained from
Etial Co. in 99.59 % purity. A small amount of Mo (0.15%)
was also added to the matrix for a better matrix—particle
interface. NiAl intermetallic particles with a nominal
composition of at. 1/1 were produced in our labs. High-
purity (> 99.9% by weight) Ni and Al powders were
mechanically mixed and compacted and these green sam-
ples were melted by arc melting under Ar atmosphere.
Then bulk NiAl samples were ground by the Fritsch Pul-
verisette 9 disk mill. Produced NiAl particles were classi-
fied by sieving in the form of 45-63 pm (A), 63-90 pm
(B), and 90-125 pm (C). In the following, composites
using these particles will be referred to as sample A,
sample B, and sample C, respectively. The morphology and
EDS patterns of NiAl particles is presented in Figure 1.

The composites were produced by a gas pressure infiltra-
tion system, which was specially developed for this study.
A diagram of the pressure vessel and specimen holder is
shown in Figure 2. A prepared preform is dipped into the
melt and then gas pressure is applied to the surface of the
melt to penetrate the preform. The main parameters of the
infiltration are pressure, time, and temperature are opti-
mized by previous studies infiltration time was kept short
(2 min) to reduce the reactions between the particles and
the matrix. Infiltration was performed at 800 °C with
pressurized (8MPa) inert gas (Ar). The formation of dif-
ferent aluminides (Ni3Al,, NiAls, etc.) was minimized as
the process provided rapid cooling and solidification.

The phases and the microstructure were characterized by
X-ray diffraction (XRD) using a Rigaku Ultra IV diffrac-
tometer (Cu, K-beta) and by scanning electron microscopy
(SEM) using a Carl Zeiss Ultra Plus Gemini Fesem.
Compression tests were performed at room temperature on
a Zwick/Roell Z600 universal testing machine under quasi-
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static loading (compression speed: 1 mm/min) at room
temperature. Cylindrical specimens with a length/diameter
ratio of 2.0 (8 mm length and 4 mm diameter) were pre-
pared from the samples according to the ASTM standard"'®
for the compression test.

A ball-on-disc-type tribometer test setup was used to
determine the wear behavior of samples. The wear surfaces
of the test specimens were ground with SiC abrasive papers
up to 1000 grit and then ultrasonically cleaned in acetone.
For the tribological tests, 5S-mm-diameter AIST 52100 steel
balls [hardness 840 Hv; roughness (Ra) < 0.01 um] were
employed, and sliding velocity (0.02 m/s.), temperature
(rt), and sliding distance (100 m) were kept constant in all
experiments. The normal load was selected as two
parameters 10 N and 40 N. During the test, friction force,
track depth, and relative distance were recorded continu-
ously. At the end of the test, the trace dimensions were
measured with the Mitutoyo SJ-410 instrument surface
profilometer and the volume loss was calculated.

Macrohardness values of the composites were determined
by the Brinell measurement method using a 2.5-mm-di-
ameter ball and a 32.25-kg load on the Qness/Q250M
device. In addition, the hardness of the phases in the
composite was measured as Hv(0.05 in the QNESS Q10 A+
instrument by the Vickers measurement method.

Results and Discussion
Microstructure Analysis

SEM micrographs of all produced composites are given in
Figure 3. It is seen that the NiAl reinforcement (bright
areas) is evenly distributed in the Al matrix (dark areas). In
the SEM examinations, only a few small porosities were
detected between some tightly packed particles in which
there was generally no residual porosity, and this indicates
that the infiltration process is sufficient.

NiAl particles have a high potential to interact with the Al
matrix. Therefore, a little Mo is added to the matrix and the
production process is kept short. Despite this, the presence
of different Al-rich Ni-Al phases such as Al3Ni,, Al3Ni
was determined by XRD analysis. In a study, it was
detected by electron diffraction that the aluminum con-
centration in the outer layer was always higher (the Al;Ni
phase, 82.6Al-17.4Ni at%) than in the inner layer.'” Mo
formed some small triple phases on the edges of the NiAl
particles. Similar results were found in the XRD analyses
of the experimental samples, and these analyses are given
in Figure 4.
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Figure 1. Microscope images and EDS analysis of NiAl powders of different sizes.
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Figure 2. Diagram of the pressure vessel (a) and specimen holder (stainless steel
tube) (b).
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Figure 4. XRD patterns of Al matrix composites.

Figure 4 shows the XRD patterns of the Al composites
reinforced with 40 vol% of NiAl powder. The patterns
display the sharp Bragg peaks of pure Al, NiAl, and
Al3Ni,. The Al3Ni, phase is the primary interfacial phase
that occurs during the affinity for the Al-Ni diffusion
couple.”® The microstructure shows the phase formed by
Mo which interacts with NiAl. In the literature review, it
has been observed that various phases occur between the
Ni-Al-Mo elements.”'

Mechanical Properties

The stress—strain curves of composite materials are shown
in Figure 5. The ultimate compressive strength of 490 MPa
for pure Al*? increased to 610 MPa at Sample A composite.
However, the compressive strengths were decreased due to
increased particle size. Yehia Youssef and Mahmoud El-
Sayed studied the effect of particle size on the mechanical
properties of the Al-SiC composite, and the results showed
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Figure 5. Compression test curves of materials.

that strength increased by reducing the size of the rein-
forcement phase.”"*

Hardness

Brinell hardness values of composites were measured as A
material 246, B material 162, and C material 130 HB.
According to these results, it is obvious that the hardness of
the composite decreased with increasing particle size. The
microhardness of the composites was also measured, and
the hardness of the NiAl phase was determined as 510 Hv.
The hardness of the phase containing Mo was determined
to be around 1000 Hv. However, it is also known that the
hardness of the NiAl phase varies significantly due to
stoichiometry.?

Wear

Figure 6 shows mean wear depth graphs and volumetric
loss values as a function of the normal load.
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Figure 6. Wear depth and volumetric loss value of samples on 10 and 40 N.

When the wear depths given in Figure 6 were examined,
the amount of loss in volume increased with the increasing
particle size in both loads. In addition, when the applied
load increased from 10 to 40 N, the amount of wear rate
increased. NiAl particulate can be broken in the case of
abrasion to steel due to its relatively low hardness and
toughness, and this effect is more pronounced as the par-
ticle size increases. In a wear test with S45C steel, it was
stated that the wear rate increased due to the fracture of
NiAl particles after the loads bigger than 3.5 N.?® Anil K.
Chaubey et al. studied the effect of reinforcement particle
size (0-20 and 80-100 pm) on the microstructure and
mechanical properties in pure Al matrix composites. The
results revealed that both the tensile strength and the duc-
tility increased when the particle size decreased from 100
to 20 pm. Furthermore, the observation of more wear in
composite samples reinforced with coarse particles in the
abrasion test and this supports the negative effect of par-
ticle size.”” Therefore, the increased particle size adversely
affected both mechanical properties and abrasion
resistance.

The distance-dependent friction coefficient of the alu-
minum matrix composites is shown in Figure 7. It is
obvious that the friction coefficient between the steel ball
and the composite increases with increasing load. The
friction coefficient between NiAl reinforced (10%) Al-
matrix composites and S45C steel ball was stated to be
around 0.4-0.5.%° In this study, the average coefficient of
friction is around 0.5. This value varies depending on the
particle quantity and size. The abrasion coefficient started
at similar values and the difference between the composites
was increased over the wear distance depending on the
particle sizes. As the particle size increases, the coefficient
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of friction also increases. Small fluctuations of COF seen in
the measurement indicated that they were caused by the
removal of material (residues) formed during sliding.?®

The adhesion is the basic dry wear mechanism in which
aluminum is deposited on the steel with the formation of an
aluminum transfer layer on the surface of the steel.” It has
been shown that the materials possessing high wear resis-
tance under dry sliding conditions are associated with the
formation of a stable tribologic layer.?’ This layer protects
the matrix after it is formed and reduces friction coeffi-
cients and wear rates. But, in this study, the formation of
such a protective layer was not determined clearly due to
the high amount of reinforcing element which was added to
the matrix. In addition, the friction coefficient has been
continuously increased since no stable tribological layer is
formed over the wear distance. For this reason, the physical
and mechanical properties of the particles and their inter-
action with the matrix were more determinant on the wear.
Figure 8 gives the worn surface SEM micrographs in the
direction of wear of the different composites tested at 40 N.

Wear surface observations (Figure 8) show the presence of
aluminum oxide with pores and cracks in the worn path,
and this indicates that the wear mechanism is mild oxida-
tion wear. Plastic deformation and damage accumulation
below the contact surface is important in the study of the
wear mechanisms of aluminum alloys. Experimental evi-
dence exists for the nucleation of voids and microcracks
around second phase particles in the material layers adja-
cent to the contact surface. For particle reinforced com-
posites, the particle near the contact surface may induce the
nucleation of cracks due to the interface debonding
between particle and matrix than monolithic aluminum
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0.7
06
€05
2
2
& 04
0
0
503
=
2
£ 02 ||=—sample A
~——sample B
01 4
~sample C
0
0 20 40 60 80 100

Distance (m)

0.6
£ 05
2
2
e (\/‘«WW
0
0
g
i
2
£ 02 ||——sample A
01 = sample B
~—sample C
0
0 20 40 60 80 100

Distance (m)

Figure 7. The coefficient of friction and the sliding distance curves at 10 and 40 N.

Figure 8. Worn surface of samples A, B, and C under 40 N.

alloy. In the sliding wear process, these cracks may prop-
agate and connect to form the subsurface cracks, the sub-
surface damage process is increased by the presence of
particles.26 As the load increased, the rates of wear debris
in all materials were increased and the size of the delam-
inated plates formed within the composite increased.

1513 5
SE MAG: 1000 x HV: 10.0 kV. WD: 9.1 mm’

It was determined in the EDS analysis of the wear surfaces
(Figure 9) that the oxidation mechanism also contributes to
the wear due to the heating of the friction surface and the
affinity of Al to oxygen during the wear tests. When area
EDS analysis is examined, it is seen that a large amount of
aluminum oxide is determined on the surface, and also

Figure 9. Worn surface image and area EDS analysis of sample B at 40 N load.
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Figure 10. Image of abrasive ball surface and area EDS analysis after testing under
40 N load.

some iron passes to the wear surface. This shows that the
abrasive steel ball is also worn. SEM images taken over
abrasive balls after wear are given in Figure 10.

When Figure 10 is examined, deep scratches caused by
abrasive wear on the steel ball surface are clearly visible. It
is thought that these scratches may be welded from the
NiAl reinforcement, which is the hardest phase in the
composite, as well as from oxide particles formed during
wear. In addition, adhesions can be seen on the ball sur-
face. Field EDS analysis in dark areas clearly visible in the
image contains a large amount of Al. This shows that the
adhesion mechanism between aluminum and steel, which is
generally observed in the wear tests, is also partially real-
ized in this composite.

Conclusion

In this study, a high rate (vol% 40) NiAl particle-reinforced
Al-matrix ex situ composites were successfully produced
by the pressure infiltration method. It was observed that
there was no gap after production, except for some narrow
areas and homogeneous distribution was achieved. For
these composites, the highest compressive strength
(610 MPa) was measured in Sample A, which had the
finest particles (45—63 um). In parallel with these results,
the highest volumetric losses as a result of abrasion tests
were measured in coarse particulate-reinforced materials
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(sample C). Also, as expected, wear rates were increased
with increasing normal load for all samples.
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