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Abstract In this paper, the effect of Ni (0, 0.5 and 1.0 wt%) additions on the microstructure, mechanical properties and
electrical conductivity of cast and extruded AI-MM-Sb alloy is studied using field emission scanning electron microscopy, and
a universal tensile testing machine. Molten aluminum alloy is maintained at 750 °C and then poured into a mold at 200 °C.
Aluminum alloys are hot-extruded into a rod that is 12 mm in diameter with a reduction ratio of 39:1 at 550 °C. The addition
of Ni results in the formation of Al;;RE;, AlSb and AI3Ni intermetallic compounds; the area fraction of these intermetallic
compounds increases with increasing Ni contents. As the amount of Ni increases, the average grain sizes of the extruded Al alloy
decrease to 1359, 536, and 153 pm, and the high-angle grain boundary fractions increase to 8, 20, and 34 %. As the Ni content
increases from 0 to 1.0 wt%, the electrical conductivity is not significantly different, with values from 57.4 to 57.1 % IACS.
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1. Introduction

Recently, research on improving the heat dissipation
characteristics of products has actively been conducted in
accordance with the trend of high integration, high output
and energy saving of electric conductors, transmission
lines, communication cables, motors, and LEDs. Aluminum
and its alloys have been extensively applied in the electric
power industry because of their excellent conductivity, low
cost, good formability and lightweight properties. In
addition, aluminum is widely used throughout the industry
owing to its high corrosion resistance and weldability.'
In the case of electrical products, if the heat dissipation
characteristics cannot be secured, the efficiency and service
life rapidly deteriorate, so heat dissipation performance is
required for high output. However, the addition of other
elements to pure aluminum lowers the conductivity owing
to solute atoms, grain boundaries, dislocations, and deposits.
The most important effect on the reduction in electrical
conductivity occurs in the solute atoms. In other words,
high strength is always incompatible with the high
electrical conductivity of metallic materials. Recently, much
research has been conducted to increase the strength of
Al alloys and lower their electrical resistance.*”
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Al-based immiscible systems such as AIl-RE are
considered to be promising materials for high conductors
because they have zero solubility in Al and have little
effect on electrical conductivity. Compared to solid solutions,
intermetallic compounds do not significantly affect the
electrical conductivity because they do not significantly
deform the crystal structure of the metal. In addition, the
uniform distribution of small intermetallic compounds
throughout the alloy can significantly increase the mechanical
strength and thermal stability. However, control is necessary
because excessive amounts of immiscible element com-
pounds can cause loss of electrical conductivity.*” Recently,
numerous studies on rare earth (RE) related to the pro-
perties of Al alloys have been conducted, and it has been
shown that RE alloys have great potential for changes in
their microstructure and properties. However, Al-RE alloys
are stronger than pure aluminum, but still lack strength,
owing to the large particles of intermetallic compounds.
Among rare earth metals, misch metal (MM) has been
reported to have modifier in Al alloys. It has been found
that La or Ce can act as a modifier in Al alloys to
improve the shape of eutectic particles and thus the
tensile strength.'*'"

The microstructure of the alloy is determined by the
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overall composition, and the phase composition could be
changed by adding modifiers. In Al alloys, Bi, Sr, Sc and
Sb elements have been reported to be good modifiers.
Among them, Sb can not only refine the phase through
the adsorption poisoning effect of additive elements, but
also form a fine process phase. In addition, Sb has a stable
modification effect and excellent casting properties.'” In
general, transition metals(TM) are used as additives in
aluminum-based alloys. Unique properties were observed
when nickel was added to a crystalline Al-based alloys.
The eutectic reaction of Ni and Al can generate high-
temperature stable AI3Ni intermetallic phase to obtain
high-temperature stability in the composite. Ni-added
alloys produced by rapid solidification are being studied
extensively due to their unique structure, properties and
potential industrial applications. The addition of Ni is
being studied as a material that can increase castability
without affecting conductivity.'>'¥

In this study, we investigated the effect of the addition
of Ni on the microstructure, mechanical properties, and
electrical conductivity of as-cast and as-extruded Al-
MM-Sb alloys.

2. Experimental Procedure

The alloys used in this study had the nominal com-
position of Al-1.5 wt%MM-1.5 wt%Sb-xNi alloys (x =
0, 0.5 and 1.0 wt%). The melt was held at 750 °C for 20
min and then poured into a pre-heated steel mold
(diameter = 75 mm, height = 250 mm) at 200 °C. The
cast alloys were machined into billets with a diameter of
70 mm and a height of 90 mm. The machined billets
were homogenized at 570 °C for 4 h. The billets were

hot extruded into rod that were 12 mm in diameter with
a reduction ratio of 38:1 at 550 °C. In order to observe
their microstructures, the specimens were polished with a
diamond suspension of 3 ym and 1 um, and then silica
suspension was used for the fine polishing. For EBSD
analysis, electrolytic polishing was performed in a solution
using 2 % butylcellosolve, 8 % HClO4, 30 % alcohol and
60 % water. The microstructures of the alloys were examined
using a field emission scanning electron microscopy (FE-
SEM) and electron backscatter diffraction (EBSD) system.
The phase composition of the alloys was examined using
a scanning electron microscope equipped with an energy-
dispersive X-ray spectrometer (EDS) and X-ray diffracto-
meter (XRD) with Cu Ka radiation. The electric conduc-
tivities of the alloys were measured using the eddy
current method at room temperature. The mechanical
properties of the as-extruded Al alloy specimens were
measured by universal testing machine with ASTM ES8M
standard. Tensile tests were carried out at an initial strain
rate of 1.0 x 107 57",

3. Results and Discussion

Fig. 1 shows the SEM-BSE images of the as-cast and
as-extruded of Al-1.5 wt%MM-1.5wt%Sb-xNi (x =0,0.5,
and 1.0 wt%) alloys. As can be seen from the as-cast
microstructure in Fig. 1[(a)-(c)], the FCC-Al matrix has a
black contrast, and intermetallic compounds have a gray
and white contrast at the grain boundaries. The micro-
structures of the gray and white parts are rather simple
and composed of lamellar white and small needle-like
and angular-shaped gray parts. The intermetallic com-
pounds fraction according to the amount of Ni added to

Fig. 1. SEM images of the as-cast (a to c¢) and as-extruded (d to f) Al-1.5 wt%MM-1.5 wt%Sb-xNi alloys [x = 0 (a, d), 0.5 (b, e) and

1.0 wt% (c, D).
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the as-cast AI-MM-Sb alloy was investigated using an
image analyzer. The volume fraction of 2nd phases in the
Al-1.5wt%MM-1.5wt%Sb alloy were 98.6 and 1.42 %,
respectively. As the Ni content increased from 0 to 1.0
wt%, the intermetallic fraction increased to 1.4, 3.3 and
5.5 %. According to Polmear et al., study, the shape and
habit plane of the precipitate play an important role in
increasing the strength of the alloy. They thought that
plate-like precipitates grown in the Al plane contributed
the most to the strength."” SEM-BSE images of the as-
extruded alloys are shown in Fig. 1[(d)-(f)]. In the as-
extruded alloy, relatively coarse intermetallic compounds
with needle shapes, as observed in the as-cast state, were
broken down into fine particles and arranged laterally to
the extrusion direction owing to the severe deformation
during hot extrusion. As the Ni content increased from 0 to
1.0 wt%, the fraction of intermetallic compounds increased
to 2.1, 4.9, and 6.6 %, respectively. The intermetallic com-
pound was expected to promote dynamic recrystallization
(DRX) during extrusion.

Fig. 2 shows the XRD results for the as-cast and as-
extruded Al-1.5 wt%MM-1.5 wt%Sb-xNi (x = 0, 0.5 and
1.0 wt%) alloys. The XRD pattern shows a strong peak
for the Al phase. Peaks are also observed in the Al11Ce3,
AlSb and AI3Ni phases. Ni did not show peaks, as re-
presented, which suggests that the nickel was fully con-
sumed. The Al;;RE; phase is more stable at temperatures
below 1000 K as opposed to the ALLRE isotope, which
has been widely studied. Therefore, it can be concluded
that while the a-Al and Al;;Ce; phases are stable present
in the Al-rich binary system at low temperatures, the
Al,Ce phase cannot be observed in this experiment [16].

Fig. 3 illustrates the SEM image and EDS analysis of
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Fig. 2. XRD patterns of the as-cast (a to ¢) and as-extruded (d to
f) Al-1.5 wt%MM-1.5 wt%Sb-xNi alloys [x = 0 (a, d), 0.5 (b, €)
and 1.0 wt% (c, 1)].

the as-cast and as-extruded Al-1.5 wt%MM-1.5 wt%Sb-
1.0 wt%Ni alloy. In the alloy Fig. 3[(a) and (b)], small
needle-like and lamellar morphology phases [marked (a)]
and single polygonal [marked (b)] shapes were observed.
Through EDS analysis, lamellar morphology phases and
single polygonal shapes were identified as Al;Ni and
AlSb+Al;;Ce; intermetallic compounds, respectively. The
SEM-EDS results are consistent with the XRD results.
Earlier literature reveals that the addition of Ni to
aluminum alloys would result in the formation of inter-
metallic like AI3Ni.

The grain size and texture of the as-extruded Al-1.5
wt%eMM-1.5 wt%Sb-xNi alloys were investigated by
performing EBSD analysis in a direction parallel to the
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Fig. 3. EDS analysis of the (a) as-cast and (b) as-extruded Al-1.5 wt%MM-1.5 wt%Sb-1.0 wt%Ni alloy.



Effect of Ni Additions on the Microstructure and Mechanical Properties of Al Alloy 675

extrusion direction, as shown in Fig. 4. The average grain
size of the as-extruded Al-1.5 wt%MM-1.5 wt%Sb alloy,
(a) base metal, (b) add 0.5 wt% Ni, (c) add 1.0 wt% Ni
was 1359, 536 and 153 um, respectively. The larger non-
recrystallized grains were elongated in a band shape
along the extrusion direction, as shown in Fig. 4(a). On
the other hand, the recrystallized grains showed an equiaxed
morphology and were finer than the non-recrystallized
grains. The increase in the intermetallic compounds
increased the driving force for recrystallization and grain
refinement. In Figure 4, the low-angle grain boundaries
(LGBs) (misorientation of 2 - 15 °) and high-angle grain
boundaries (HGBs) (misorientation larger than 15°) are
shown in red, green, and blue regions, respectively. The
non-recrystallized grain regions showed LGBs and
recrystallized grain regions were mainly HGB. The high-
angle grain boundaries increased to 8, 20 and 34 % as
the amount of Ni added increased to 0, 0.5 and 1.0 wt%.
The Al;Ni phase according to the addition of Ni influenced
PSN (particle stimulated nucleation) and promoted nucleation
for recrystallization.'” Therefore, it is judged that the
microstructure of the extruded material has fine and
uniform crystal grains compared to the cast material.
Fig. 5 shows the changes in electrical conductivity of
Al-1.5 wt%MM-1.5 wt%Sb-xNi (x =0, 0.5 and 1.0 wt%)
alloys according to the as-cast and as-extruded. When Ni
alloy is added, the electrical conductivity of the as-
extruded was slightly improved compared to that of the
as-cast. The electrical conductivity of the as-cast was low
owing to the porosity and fine casting defects. As the Ni
content increased, the electrical conductivity of the as-
extruded AI-MM-Sb alloy decreased by 57.4 % and 57.1
% International Annealed Copper Standard (IACS). The
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Fig. 5. Electric conductivity of the as-cast and as-extruded Al-1.5
wt%MM-1.5 wt%Sb-xNi alloys.

decrease in electrical conductivity is due to the addition
of Ni. The added Ni had a solid solution in the a-Al matrix
and affected the electrical conductivity of the alloy. Alloying
elements affect the Al alloys electrical conductivity in
several ways. As the amount of alloying elements increases,
the Al solid solubility was exceeded and precipitates or
intermetallic compounds of different morphologies are
formed. Due to the addition of Ni, the increase in the
grain boundary phase lowered the electrical conductivity,
and in the case of the extruded material, the distribution
of the grain boundary precipitated phase was improved
and the electrical conductivity was slightly increased.
Fig. 6 show the tensile properties of the as-extruded
Al-1.5 wt%MM-1.5 wt%Sb alloys with increasing Ni
contents. As the Ni alloy increased from 0 to 1.0 wt%,
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Fig. 4. EBSD analysis (IPF image, IQ map) of the as-extruded (a) Al-1.5 wt%MM-1.5 wt%Sb, (b) Al-1.5 wt%MM-1.5 wt%Sb-0.5 wt%Ni,

(©) Al-1.5 Wt%MM-1.5 wt%Sb-1.0 wt%Ni alloys.
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Fig. 6. Tensile stress—strain curves of the as-extruded Al-1.5
wt%MM-1.5 wt%Sb-xNi alloys at room temperature.

the ultimate tensile strength decreased from 96.1 MPa to
92.0 MPa, and the elongation decreased from 39.1 % to
37.5 %. The uniform elongation was 20.7 %, 22.6 %, and
23.5 %, and the work hardening index n-value was 0.1468,
0.2110 and 0.2052, which was the highest at Al-1.5 wt%
MM-1.5 wt%Sb-0.5 wt%Ni alloy. Uniform strain during
tensile test can be used effectively as a measure of n-value,
which relates to ductility. The addition of Ni to the Al alloy
had an effect on improving the recrystallization properties,
but did not significantly affect the tensile pro- perties and
conductivity. The AI3Ni particles improved hardness and
wear resistance, but the literature did not report significant
improvement in the tensile behavior of aluminum alloys."¥

4. Conclusion

In this study, the microstructure and mechanical pro-
perties of cast and extruded Al-1.5wt%MM-1.5wt%Sb-
xNi (x = 0, 0.5 and 1.0 wt%) alloy were comparatively
investigated by SEM, EBSD and conducting tensile tests.
With an increase in the Ni content the average grain size
significantly decreased from 1359 to 153 um and the
HGB fraction increased from 8 to 34 %. In the case of
the alloys, the addition of Ni affects PSN and promotes
nucleation for recrystallization. The electrical conductivity
of AI-MM-Sb alloy added with Ni was 57.4 and 57.1
%IACS, which was almost similar. The addition of Ni to
the Al alloy had an effect on improving the recrystallization
properties, but did not significantly affect the tensile
properties and conductivity.
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