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ABSTRACT

AI-AINi composites due to their high strength, creep resistance, fatigue resistance, good ductility, adequate
toughness, high corrosion resistance and hardness have gained considerable attention in recent years. In the present
investigation, powder metallurgy (PM) method was used to in-situ produce Al-Al,Ni composites. Commercially
pure aluminum powders (63-125 um) and the same sized pure nickel powders used as starting materials. The Al/Ni
powder mixtures with different Ni contents subjected to cold pressing and then sintering at different temperatures
for various times. Samples of Al powders without Ni addition were also prepared using identical procedures as for
Al/Ni composites to serve as the reference samples. In order to increase effectiveness of interaction between Al and
Ni during sintering, Ni powders subjected to high-energy ball milling. The increased milling time of Ni particles from
1.5h to 6h resulted in progressive reaction between Ni flakes and spherical Al particles presented in Al-20wt.% Ni
samples which was sintered at 655°C for 15min. This was accompanied by the increased content of hard Al Ni phase
and thereby continuous increased hardness of composites. The XRD results confirmed that sintering at 655°C of the
Al/Ni powder compact containing 15wt.% of ball-milled Ni resulted in complete reaction and Al-Al,Ni eutectic formed
without any unreacted Ni. The porosity level of the samples increased with increasing percentage of Al,Ni phase in the
matrix. Brinell hardness values of all the composite samples were higher than that of their reference counterpart. The
Al-20wt.% Ni sample prepared by milled Ni exhibited the maximum hardness value being almost three times of that of
the reference sample. However, the increased content of milled Ni to 25wt.% resulted in some unreacted Ni particles
in the matrix as was confirmed by XRD studies.
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1. Introduction then incorporated in the matrix using a specified

Among metal matrix composites (MMCs),
aluminum matrix composites have received
much attention due to their low density, low cost
compared to other light alloys such as lithium
and titanium as well as good properties such as
strength, flexibility and corrosion resistance [1-3].
The processing methods of these composites can
be broadly divided into two methods of ex-situ
and in-situ techniques. In ex-situ processes, the
second phase material is initially prepared and

process such as casting or powder metallurgy.
In these processes, the distribution of the second
phase in the matrix is usually non-uniform and this
problem results in inferior strength and toughness
of the produced composite. Another drawback for
ex-situ methods is incident of distractive chemical
reactions at the reinforcement/matrix interface,
weak bonding due to impurities on the surface
of reinforcing phase and its imperfect wettability
with the matrix causing inferior mechanical
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properties of MMCs [4-6]. In the in-situ processes,
the rod shape or lamellar reinforcements are
created during plane front solidification of alloys
[7]. In addition, the reinforcing particles can be
formed by a chemical reaction during processing
of the composite. The in-situ formed particles
are very fine, thermodynamically stable and well
distributed in the matrix alloy and can withstand
higher service temperatures. Furthermore, the
interface at the reinforcing particle/matrix is clean
and causes strong bonding between two adjacent
phases resulting in superior mechanical properties
specially at elevated temperatures [4, 5, 8-18].

On the other hand, for applications that require
low weight, high thermal stability, corrosion
resistance and suitable mechanical properties at
high temperatures, aluminum intermetallics can be
used as structural materials. AI-Ni intermetallics
are used in transportation, aerospace and similar
industries, but their low ductility and low
toughness at room temperature limit their use
in engineering design. However, for the MMCs
reinforced with intermetallic phases in lamellar or
particle forms, this problem is solved. It is reported
that Al/AI-Ni composites have properties such as high
strength, good fatigue and creep resistance, good
ductility and toughness, improved tribological
properties and corrosion resistance [19-24]. The
Al/Ni equilibrium phase diagram confirms the
possibility of formation various intermetallic
phases during solidification of Al/Ni alloys [25].
The aluminum matrix composites containing AI,Ni
particles are well known and usually are produced
in-situ during eutectic transformation through
solidification of AI-Ni alloys. The reinforcing
phase in these composites is in the form of lamellar
Al-ALNi eutectic. In the present investigation,
powder metallurgy (PM) method was used to
in-situ produce particulate Al-ALNi composites.
The processing parameters of this method were
optimized for gaining adequate reaction between
Al and Ni powder particles for obtaining superior
properties in the resultant composites.

2. Materials and Experimental Procedures

In the present investigation commercially pure,
Al powders in the size range of (63-125 um) and the
same sized Ni powders used as starting materials.
The SEM images of these powders as shown in
Fig. 1 represent respectively semi-spherical and
irregular morphologies for the Al and Ni powders.

In order to remove surface impurities, Al
and Ni were treated respectively in 0.1% NaOH
solution and acetone for 15 min followed by
alcohol cleaning and drying before blending. Then
the specified amounts of Al and Ni powders were
mixed and cold pressed in a steel die at 750 MPa
using a 45-ton hydraulic press. In order to optimize
the sintering parameters, the green compacts (d=25
mm, h= 20mm), sintered in a tube furnace in air
at 640 and/or 655°C for different times (15-75 min)
and subsequently cooled in a power-oft furnace to
room temperature. For the purpose of comparison,
sintered compacts from as-received Al powders
were also fabricated using identical compaction
and sintering variables. In order to improve the
interaction between Al and Ni during sintering, in
a number of experiments, flake shaped Ni powders
were used. For this purpose, Ni powders were
milled for 1.5, 4 and 6h using a planetary ball mill
(PM-2400). Milling performed under argon media
using hardened steel balls with diameter of 10mm
and a hardened stainless steel vial. The rotational
speed and the ball-to-powder weight ratio (BPR)
were 300 rpm and 15:1, respectively, and 1.5 wt.% of
stearic acid (S.A.) was used as the Process Control
Agent (PCA) [26]. The SEM studies confirmed that
the Ni flakes obtained after 6h milling exhibited
the required size and morphology so that these
flakes were sieved and the required size range (63-
125um) of these powders were mixed with the as-
received Al powders, cold pressed and sintered. The
sintered materials were sectioned vertically from
their geometrical center along their height. Then
they were subjected to standard metallographic
procedures and  hardness  measurements.
Microstructure of the samples studied via optical
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Fig. 1- SEM images of as-received powders a: Al and b: Ni.
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microscopy (Olumpus-BX60M), and scanning
electron microscopes (CamScanMV2300). The
density of the samples was determined using
Archimedes principle according to ISO 2738
standard. The samples were precision weighed in
distilled water and air using an electronic balance
to an accuracy of 0.1 mg. The porosity of samples,
were calculated by taking into account their
theoretical and measured density values. A high-
resolution X-ray diffractometer (Philips-X’pert,)
with a rotating copper anode (Cu Kal, A= 1.5406
A°) was used for XRD studies. Scans were collected
over 20 range of 10-110° with step size of 0.05°
(counting time of 1s per step) and accelerating voltage
of 40 kV. XRD patterns were analyzed by using X Pert
High Score software. Hardness measurements were
carried out on a Brinell hardness testing machine.
The diameter of the penetrator was 2.5mm and
the applied load was 30Kg. The average values of
at least five measurements conducted on different
areas of each sample was considered.

3. Results and Discussions
3.1. Optimization of the sintering time
3.1.1. Microstructure

In order to optimize the sintering time, the Al/
Ni powder mixtures containing 15wt.% Ni were
sintered at 640°C for different periods of time.
We aimed to investigate the degree of progress
of reaction between Al and Ni by employing
optical microscopy (OM) and scanning electron
microscopy (SEM) studies as well as porosity and
hardness measurements. In fact according to Al/Ni
equilibrium phase diagram [25], this temperature
is almost equal to eutectic transformation
temperature of the Al/Ni system which is 639.9 °C.
The SEM image of the Al-15wt.%Ni green compact
before sintering as shown in Fig. 2 confirms the
uniform distribution of Ni particles within the
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Fig. 2- SEM image of the Al-15wt.%Ni green compact before
sintering. The white spots are Ni particles.
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matrix alloy.

The OM images of the polished cross section
of the Al-15wt.% Ni samples sintered at 640°C
for 15 and 30 minutes are shown in Figs. 3(a)
and 3(b) respectively. These images clearly show
the unreacted Ni particles confirming incident of
no reaction between Al and Ni during sintering.
However sintering for longer durations of 45 and
60 min resulted in formation of Al-AlLNi around
the Ni particles as shown respectively in the Figs.
4(a) and 4(b). It is clear that the increased sintering
time from 45 to 60 min intensified the eutectic
reaction at the surface of Ni particles.

The OM and SEM micrographs of the Al-
15wt.% Ni sample sintered at 640°C for 75 minutes
are respectively shown in Figs. 5-a and 5-b. These
Figs. confirm that Ni particles partially diminished
and replaced by eutectic compound. The porous
morphology of the Al-AlNi compound as shown
in the SEM micrograph of this sample also reported
by Lieblich and his co-workers [18] and attributed
to unsymmetrical growth of this compound.

3.1.2. Porosity and Hardness

The percentage of porosity of Al-15wt.% Ni
samples sintered at 640°C for different times are
shown in Table 1. It can be seen that the increased
sintering time resulted in increased porosity level.
These results are attributed to the increased volume
of AI-ALNi compound for increased sintering
temperature as was mentioned earlier. In fact, as
shown in Fig5-b, this compound is porous and its
increased content results in increased porosity of
the sample.

The variation in Brinell hardness of Al-15wt.%
Ni composites sintered at 640°C for different times
are shown in Fig. 6. In this Fig. the hardness values
obtained for the reference samples sintered at
identical conditions as for the composites are also

Table 1- Porosity of Al-15wt.% Ni samples sintered at
640°C for different times.

Sintering time (min) Porosity(%)
15 3.1
30 4.5
45 5.1
60 6.5
75 73
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Fig. 3- Optical images of Al-15wt.% Ni samples sintered at 640°C for a):15 and b):30 minutes.

Fig. 4- Optical images of Al-15wt.% Ni samples sintered at 640°C for a):45 and b):60 minutes.
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Fig. 5- a): OM and b): SEM micrographs of the Al-15wt.% Ni sample sintered at 640°C for 75 minutes.
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presented for comparison. As was expected the
hardness of the reference sample was unaffected by
the sintering time. The slightly higher hardness of
the sample sintered for 15 min as compared to its
reference sample counterpart is partially attributed
to the presence of 15 wt.% Ni with 70 BHN in this
sample which is harder than the base alloy having
24 BHN [27]. The increased hardness by increasing
the sintering time to 30 min is attributed to
formation a low quantity of eutectic compound and
creation of a certain amount of hard ALNi phase
in this sample. However, this small amount of
eutectic could not be detected in the OM image of
Fig. 4-b. Sintering for 45 min resulted in increased
hardness due to increased volume fraction of
hard ALNi compound. This sample exhibited the
maximum hardness value among this series of
samples being twice of its reference counterpart.
However, the increased sintering time beyond 45
min resulted in decreased hardness. According to
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Table 1, the increased sintering time is associated
with increased porosity of the composites imposing
detrimental effect on hardness. Therefore, the
increased sintering time has two competing effect
in (i) increasing hardness due to increased volume
fraction ofhard Al,Ni compound and (ii) decreasing
hardness due to increased porosity content. For
sintering times shorter than 45 min. the first effect
was dominant while for longer sintering times the
detrimental effect of increased porosity was more
influential and resulted in decreased hardness.

3.2. Optimization of the sintering temperature
In order to achieve complete reaction between Al
and Ni during sintering, an Al/Ni powder compact
containing 15wt.% Ni sintered at 655°C for 15 min.
The OM studies on the cross section of this sample
confirmed complete eutectic transformation and
no unreacted Ni was detected in its microstructure
as shown in Fig.7. However, sintering at this
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Fig. 6- The variation in Brinell hardness of Al-15wt.% Ni composites sintered at 640°C for different times.

Fig. 7- Optical images of Al-15wt.% Ni samples sintered at 655°C for 15 min.
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relatively high temperature for longer periods of
time (i.e. 30 min) resulted in partial melting and
slight deformation of the sample.

3.3. Milling of the Ni powders
3.3.1 Optimization of milling time

Ball milling was conducted on irregular shaped
Ni particles to increase their surface area and
thereby increase their surface activity for gaining
more effective reaction at the AI/Ni interface
during sintering. For this purpose, in order to gain
the required size and morphology, the Ni powders
milled for different times and the milled powders
were examined via SEM. The SEM micrographs of
Ni powders milled for different times are shown in
Fig. 8.

A comparison between Fig 8-a and Fig. 1-b
reveals that 1.5h milling has altered the morphology
of the powders in some extent. After 4h milling,
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most of the powders gained flaked shaped (Fig.
8-b). According to the Fig. 8-c milling for 6h created
a complete flake shaped powders. According to
previous studies [28], milling for longer periods of
time results in fracturing of flakes and decreasing
their size. Since the aim of this part of this study,
is investigating the effect of powder morphology
on the degree of reactions during sintering, it was
necessary to use the same size range (63-125um)
for nickel powder, so milling for longer periods of
time was avoided. Therefore, the milled Ni powders
were sieved and the required size fraction (i.e.63-
125pum) was treated with acetone, mixed with Al
powders and cold pressed to be used for making
composites.

3.3.2. Effect of Ni milling time on the
microstructure of composites
The OM images of the polished cross section
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Fig. 8- SEM micrographs of Ni powders milled for different times, a:) 1.5h, b): 4h and c):6h.

Fig. 9- OM images of the polished cross section of the Al-20wt.% Ni samples sintered at 655°C for 15 min
prepared from Ni particles milled for a): 0 min (un-milled), b): 1.5h, c): 4h and d); 6h.
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of the Al-20wt.% Ni samples, prepared from Ni
particles milled for different times and sintered at
655°C for 15 minutes are shown in Fig 9.

Fig.9-a shows a number of un-reacted Ni
particles. This result is in contrast with the result
of sintering of the compact containing 15 wt.% of
un-milled Ni particles and sintered at 655 °C for
15 min in which complete reaction between Al
and Ni occurred as was shown in Fig.7. In fact, the
increased Ni content to 20wt.% prohibited complete
reaction as shown in the corresponding image of
Fig.9-a. However, according to Fig.9-b, milling
of Ni particles for 1.5h resulted in occurrence of
some reaction at the Al/Ni boundaries. Fig.9-c
shows that using the 4h milled Ni particles
resulted in intensified eutectic reaction at the Al/

65

Ni boundaries. The increased duration of milling
for Ni particles to 6h resulted in complete reaction
and no un-reacted Ni particle can be detected in
the corresponding image of this sample (Fig.9-c).
The variation of the Brinell hardness of Al-
20wt.% Ni samples, prepared from Ni particles
milled for different times and sintered at 655°C
for 15 minutes are shown in Figl0. The increased
hardness of composites with increased Ni milling
time is attributed to increased amount of hard
Al Ni phase generated during sintering due to more
effective interaction between Al and Ni particles.

3.4. XRD results
The XRD patterns of three composite samples
are presented in Fig. 11. The bottom pattern was
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Fig. 10- The variation in Brinell hardness with Ni milling time of Al-20wt.% Ni composites sintered at 655°C for 15 min.
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Fig. 11- XRD patterns of different samples sintered at various temperatures for 15 min.
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taken from Al-15wt.% Ni sample that was prepared
by un-milled Ni particles and was sintered at
640°C for 15 min. As shown in the OM image of
this sample (Fig. 3-a), effective reaction did not
occurred during sintering so that its corresponding
XRD pattern only shows Al and Ni peaks. The
middle pattern of Fig. 11 was taken from Al-
25wt.% Ni sample that was prepared by 6h milled
Ni particles and was sintered at 655°C for 15 min.
In this pattern the characteristic peaks of AL Ni
are observed indicating formation of this phase
during sintering. However, due to relatively high
concentration of Ni in the sample, a portion of un-
reacted Ni remained in the sample as detected by
XRD. The upper pattern is related to Al-15wt.%
Ni sample that was prepared by using milled Ni
particles and was sintered at 655°C for 15 min.
In this pattern, no Ni peak can be detected
confirming the incident of complete reaction
between Al and flake shaped Ni particles during
sintering as was shown in the microstructure of
this sample (Fig. 9-d).

4. Conclusions

In the present study Al-ALNi composites
prepared in situ by using powder metallurgy
method. Specified amounts of Al and Ni powders
were mixed, cold pressed and sintered at different
temperatures  for various times to find the
optimum processing parameters for gaining
the desired microstructure and properties. The
following conclusions can be drawn from this
investigation.
- Sintering at 640°C of Al-15wt.%Ni compacts
for more than 30 min and up to 75 min results
in progressive formation of AI-ALNi eutectic
as a result of reaction between Al and Ni during
sintering. The increased sintering time in the range
of 15 to 75 min was accompanied by increased
porosity of these composites. The increased
sintering time up to 45 min resulted in increased
hardness of these samples. However, sintering for
longer times resulted in decreased hardness due
to dominance of the detrimental effect of porosity.
SEM studies of such a composite that was sintered
at 640°C for a relatively long period of time (i.e. 75
min) confirmed the presence of some un-reacted
Ni particles.
- The OM studies on the cross section of a composite
contained 15wt.% of Ni particles and sintered
at 655 “C for 15 min revealed no un-reacted Ni
particles. However, sintering at this relatively high
temperature for longer periods of time, resulted
in partial melting and slight deformation of the
samples.
- In order to accelerate the reaction between Al and
Ni during sintering, the Ni particles were subjected
to ball milling and their irregular shape was
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converted to flakes. This operation increased their
surface activity and resulted in more pronounced
reaction between Ni and Al particles during
sintering. The increased milling time of Ni particles
from 1.5h to 6h resulted in progressive reaction
between Ni flakes and spherical Al particles
presented in Al-20wt.% Ni samples sintered at
655°C for 15min. This was accompanied by the
increased content of hard Al Ni phase and thereby
continuous increased hardness of composites.

- The increased content of milled Ni to 25wt.%
resulted in some unreacted Ni particles in the
matrix of composite sintered at 655°C for 15min as
was confirmed by XRD studies.
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