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Abstract

This research aims to study the effect of nickel additive and
heat treatment effects on microstructure and mechanical
properties of in-situ AA2024-Al;NiCu composite fabricated
by the stir casting method. The effects of artificial aging
heat treatment, after the homogenization of as-cast com-
posites, were investigated in this study. The results indi-
cated that, after artificial aging, the precipitate-free zone at
the inter-dendritic zone disappeared or became smaller.
With the addition of nickel up to 3 wt% as well as the aging
process, S-Al,CuMg precipitates will be reduced and their
size will be smaller. However, after adding 4.5 wt% of
nickel and, also, performing aging heat treatment, it is not
possible to precipitate the S- Al,CuMg precipitates, and,
instead of it, the T-AlsCuMg, precipitates will be formed.
By increasing the nickel amount from 3 to 4.5 wt%, the

hardness, ultimate tensile strength, and toughness, after
aging treatment, decreases 8, 19, and 28 %, respectively.
By adding nickel and performing aging treatment at 200 °C
for 120 min, the maximum hardness, ultimate tensile
strength, and toughness achieved in the 3 wt% nickel-
containing sample as 134.10 &+ 4.89 HV, 251.23 + 3.70
MPa, and 1.96 + 0.09 MJ.m™> respectively. The hardness,
ultimate tensile strength, and toughness of AA2024-
AIl3NiCu composite, after aging treatment, increased 11,
49, and 139%, respectively, compared to nickel-free
AA2024 aluminum alloy matrix.

Keywords: in-situ AA2024-Al3NiCu composite, stir casting,
nickel additive, aging treatment

Introduction

Development in industries, such as automobiles and aero-
space, depends on the continuous development of alu-
minum alloys for better mechanical performance. In
addition, the goal is to reduce construction costs, but
maintain high strength in components.' Aluminum matrix
composites (AMCs) are one of the most important engi-
neering materials in the present age.” These materials are
increasingly preferred and used in various applications in
the aerospace, automotive, and marine industries. The
reason for using these composites in these industries can be
attributed to the high strength-to-weight ratio at room and
high temperatures, excellent fatigue properties, and
improved wear properties compared to conventional alu-
minum alloys.** Among the many methods for making
particle-reinforced AMCs, due to the simplicity of the
process, the stir casting process is known as a desirable and
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cost-effective method.” The properties of the AMCs can be
improved by the correct selection of reinforcing materials.
The size, volume fraction, and types of reinforcement
affect the mechanical properties and wear properties of
AMC.® In the ceramic reinforced AMCs, the poor wetta-
bility between ceramic particles and the aluminum matrix
is problematic.7’8 This problem can be, somewhat, over-
come by coating the ceramic particles with a metal.’
However, the formation of brittle reactive products at the
interface between the reinforcement and the matrix weak-
ens the mechanical properties of the composite.'” Another
solution to this problem is to use in-situ processes to create
reinforcement in the aluminum matrix.''~"*

Nickel is one of the metal particles used as reinforcement in
the fabrication of AMCs. The better wettability of nickel,
compared to ceramic particles, has made it a strong candidate
for the reinforcing phase in the fabrication of AMCs to
improve the strength, hardness, and toughness.15 Nickel has
little solubility in aluminum and does not form a supersatu-
rated solid solution even during rapid cooling of the melt.
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Nickel also forms the hard Al-Ni intermetallic compounds
(IMCs) in the aluminum matrix.'® Al-Ni IMCs have the
characteristics of high-temperature strength, heat resistance,
high thermal conductivity, and good corrosion resistance,
which have led to their uses in the automotive industry,
aerospace engineering, and power plants.'” In addition,
nickel in combination with copper improves strength and
hardness at high temperatures.'® Various studies have been
performed on the fabrication of AMCs reinforced with
nickel-aluminide compounds. The previous research by
authors'® found that the nickel aluminide reinforcement
decreased the coefficient of friction and wear rate of the
AA2024-Al3NiCu composite. Also, it is reported that by
increasing nickel from 3 to 4.5 wt%, in the homogenized
composite, instead of S-Al,CuMg precipitates, the
T-AlgMg,Cu precipitates formed. Najarian et al.® used
99.5% purity aluminum as a matrix and nickel oxide powder
as a reinforcement in composite fabrication by stir casting
technique. They found that mechanical properties of com-
posites, such as ultimate tensile strength (UTS) and hardness,
due to the dispersion of reinforcing particles in the aluminum
matrix, have been improved. Ramesh et al.?' fabricated an
AA1100-Al;Ni in-situ composite using the stir and squeeze
casting methods. They also argued that increased amounts of
Al3Ni led to an improvement in the mechanical and tribo-
logical properties of the composite. It was also demonstrated
that squeeze cast composites have better properties than stir
cast composites. Liu et al.* found that the addition of nickel
to the Al-Zn-Mg-Cu alloy, produced by gravity casting,
increases the Al3Ni phase fraction, but it has no effect on the
formation of the n-MgZn, and S-Al,CuMg precipitates.
Xuejian et al.** found that the addition of nickel to the Al-Li-
Cu-Mg alloy, fabricated by the gravity casting process,
changes the shape of grains. In addition, with increasing
nickel content, nickel-rich precipitates change from dis-
continuous to continuous after aging treatment.

As mentioned, among all the manufacturing processes
available for AMC fabrication, stir casting is a more eco-
nomical technique that can produce pieces in large quanti-
ties.” In this research, the effect of nickel weight percentage
and aging heat treatment on AA2024 composite, reinforced
with AI-Ni IMCs, has been investigated and results after
aging treatment, compared with results of as-cast and
homogenized composite, reported previously at.'” To pro-
duce this composite by stir casting process, nickel powder
was injected into the melt by argon gas during stirring, and
due to the chemical reaction between aluminum and nickel
powder, the Al-Ni IMCs were formed in-situ.

Experimental Work
Materials and Stir Casting Process
To make AA2024 aluminum alloy matrix composite rein-

forced with in-situ nickel-aluminide, the AA2024
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aluminum alloy with the chemical composition 0.14% Si,
0.26% Fe, 4.14% Cu, 0.49% Mn, 1.45% Mg, and Al bal-
ance (all in wt%) used as matrix. As shown in Figure 1, the
99.9% purity nickel powder with an approximate size of
20-70 um was used as reinforcement. Nickel powder was
added to the aluminum melt using a stir casting process. As
shown schematically in Figure 2, various equipment, such
as the resistive electric furnace, graphite crucible, electric
motor for stirring the melt, steel stirrer coated with alu-
mina, thermocouple, and reinforcement powder injection
system, was used. The composite fabrication process
begins with preheating the crucible in a resistive electric
furnace. AA2024 aluminum alloy ingots are placed in the
crucible. Hexachloroethane (C,Clg) tablets are used for
degassing the molten aluminum and the slag is removed.
The stirrer is, then, introduced into the melt and the stirring
operation is started by an electric motor equipped with a
speed adjustment system. At this stage, first argon gas is
introduced into the furnace atmosphere with a pressure of
3.5 bar, then nickel powder is introduced by inlet argon gas
pressure 3.5 bar into the melt, and is distributed in the melt
by rotation of stirrer. After complete injection of nickel
powder, the melt stirring operation continues for 2 minutes
to ensure both the reaction between the nickel/aluminum
alloy and better distribution of nickel powder in the melt.
Finally, the crucible is taken out of the furnace and molten
materials poured into a sand mold to solidify completely.
Bentonite is used as a binder in mold fabrication. To
investigate the effect of nickel and aging heat treatment on
the microstructure and mechanical properties of this com-
posite, the composite fabrication process was performed
with nickel percentages of 0%, 1.5%, 3%, and 4.5 wt%,
and then homogenizing and aging treatment was performed
on them. The stirring was performed for 20 minutes at a
stirring speed of 450 rpm and a temperature of 750°C. It
should be noted that each series of an experiment is repe-
ated two times. As reported in Table 1, the stirring time,

——————500.0m

Figure 1. SEM micrographs of Ni powder.
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Figure 2. Schematic view of stir casting procedure.

stirring speed, and stirring temperature chosen by the
preliminary study on the effect of casting parameters on the
microstructure and mechanical properties of the composite
at melting temperatures of 750 and 850°C, stirring times of
10 and 20 min, and stirring speeds of 300 and 450 rpm.
Samples with zero, 1.5, 3, and 4.5 wt% nickel were named
S-0, S-1.5, S-3, and S-4.5, respectively. For the aging heat
treatment, the first, homogenized samples were solution-
ized at 505°C for 140 min and after quenching in the water,
aged at 200 °C for 120 min. The homogenization heat
treatment was performed at 500 °C for 24 hours on all
samples. The aging and homogenizing treatment tempera-
ture and time were chosen according to a preliminary study
by authors and the best temperature-time reported in the®*
to achieve maximum mechanical properties.

Table 1. The parameters and levels considered in the
preliminary study of composite manufacturing.

Parameters Levels
Stirring temperature, (°C) 750, 850
Stirring time, (min) 10, 20
Stirring speed (rpm) 350, 450
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Microstructure Characterization

After cooling the melt, the as-cast rod (as shown in Fig-
ure 3) was used to extract metallographic and tensile test
samples. Metallographic samples were taken from the rod’s
center. After cutting metallographic samples from the
middle of cast pieces, for microstructural investigation,
grinding of metallography sample cross-section is done
with silicon carbide sandpaper, and then the samples are
polished using alumina solution and, finally, etched with
Keller’s solution (2.5 ml nitric acid, 1.5 ml hydrochloric
acid, and 1ml hydrofluoric acid) to reveal the microstruc-
ture. Microstructural images were taken from the cross-
section of homogenized and aged samples by light and
scanning electron microscopy (FEI ESEM QUANTA 200)
equipped with the energy-dispersive X-ray spectroscopy
(EDS) analysis. In addition, X-ray diffraction (XRD)
analysis by XRD Philips PW1730 was performed to iden-
tify the compounds and phases in the samples. The porosity
of the resulting composite was calculated using the fol-
lowing formula®:

Porosity = (1 — (pg/ pg)) x 100 Eqn. 1

where ps and py, denote the composite density and the
theoretical value of the porosity-free density, respectively,
as determined by Archimedes’ principle*® and the mixtures
rule.

Mechanical Tests

The Vickers hardness of the composites was determined
using a Koopa Universal (UV1) testing machine according
to ASTM E92 standard and by applying 15 kg of force and
10s of time, and averaging at least 15 indentations. Tensile
test specimens were prepared with 24-mm gauge length
and 6-mm diameter, according to Figure 4. The tensile test
of the samples was conducted according to ASTM E8 at
room temperature (25°C) by SANTAM STM 250 machine
with a constant crosshead speed of 0.5 mm/min and three
repeat times to determine the mechanical properties. The

Gating system

Figure 3. The as-cast rod.
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toughness is calculated by using the area underneath the
stress-strain curve.

Results and Discussion
Microstructure Analysis of Composites

Figure 5 shows the optical microscopy images of
microstructures of different samples, both after homoge-
nization and artificially aging treatment. Also, Figure 6
shows the porosity formed in the microstructure of differ-
ent as-cast samples. As we can see, the microstructures
include various inter-dendritic IMCs and fine precipitates
scattered throughout the microstructure. In all artificially
aged samples, the precipitates became finer and more
uniform than that in the homogenized samples. In the inter-
dendritic zone of homogenized samples, a precipitate-free
zone formed. While after artificial aging, the precipitate-
free zone disappeared or become smaller. Also, in the
nickel-containing samples, the precipitates are finer than in
nickel-free ones. It should be considered that with the
increasing percentage of nickel in both homogenized and
aged states, up to 3 wt% of nickel, the amount of precip-
itates in the microstructure decreases and increases again
with increasing the percentage of nickel from 3 to 4.5 wt%.
On the other hand, it is observed that, by adding nickel, a
gray block phase is formed next to the dark phase and its
amount is increased with increasing the percentage of
nickel. These dark and gray phases are mainly formed in
the inter-dendritic zone. It should also be noted that the
second phase particles (appearing in black and gray in the
microstructure) grow after the aging heat treatment.

To more accurately study the microstructure, understand
the nature of the precipitates, and IMCs present on it, SEM
examination was performed on different samples and the
corresponding results are shown in Figure 7. In addition,
EDS results of precipitates and IMCs are shown in Figure 8
and Table 2. The microstructure of sample S-0, in both
homogenized and the aged state, contains S-Al,CuMg,
Al;Cu,Fe, and Al (Cu, Mn, Fe, Si) precipitates, and second
phase particles. The fine black precipitates near the inter-

Figure 4. Tensile test sample dimensions (dimensions
are in mm).
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dendritic zone are S-Al,CuMg. By comparing results
reported in the ref.'® after the aging heat treatment, these
precipitates become finer and uniformly distributed
throughout the microstructure. The inter-dendritic zone is
also surrounded by Al,Cu,Fe and Al (Cu, Mn, Fe, Si),
second phase particles. Since the dissolution temperature of
these intermetallic compounds is much higher than the
homogenization and aging temperature, it is not possible to
dissolve these compounds in the microstructure. The Si-
rich particles, reported by other researchers in AA2024
aluminum alloy, are found in both homogenized and aged
samples. Figure 7(b) shows the microstructure of the
sample S-1.5 after aging treatment, respectively. As can be
seen, by adding nickel, the Al3NiCu and AlgNiFe IMCs are
formed in the microstructure. The formation of these IMCs,
also, reported by other researchers.**’* These IMCs are
formed in the vicinity of the Al,Cu,Fe and Si-rich parti-
cles. In the presence of copper, copper is substituted into
the crystal structure of the nickel aluminide structure.?®='
Given the substitution of copper with nickel, the following
equation may be suggested for the formation of Al;NiC:

. Cu substitution

3A1+2Ni ~ —  Al3NiCu Eqn. 2

As can be seen, after homogenizing and aging treatment in
the sample containing 1.5 wt% nickel, a continuous
network of IMCs and second phase particles were formed
at the boundary between the dendrites. It should be noted
that with the addition of nickel up to 3 wt% as well as the
aging process, S- Al,CuMg precipitates will be reduced
and their size will be smaller. However, after adding 4.5
wt% of nickel and also performing aging heat treatment,
due to the absorption of large amounts of copper in the
aluminum matrix by nickel-rich compounds, it is not
possible to precipitate the S- Al,CuMg precipitates, and,
instead of it, the T-AlgCuMg, precipitates will be formed.
According to the reference,”? the addition of nickel in the
Al-Cu-Mg alloy system reduces the solubility of copper in
the alloy and, due to the formation of AI-Ni-Cu
intermetallic compounds (such as Al;NiCu, Al;NiCuy),
the ratio of copper to magnesium in the aluminum matrix is
reduced. In this condition, the S- Al,CuMg precipitation
capability decreases. As can be seen, in the nickel-
containing samples, after the aging heat treatment, the
amount of AI3NiCu compounds is reduced and the amount
of Ni-Fe-rich compounds (AlgNiFe) is increased.

Figure 9 shows the XRD results of different samples. By
comparing XRD results reported in the ref.'” as can be seen
in the nickel-free sample (sample S-0), aging treatment
does no effect on the nature of the particles and precipitates
in the microstructure. Although Si-rich and Al (Cu, Mg, Si)
particles were observed in the SEM microstructure, due to
their small amounts, their peaks did not appear in the XRD
results. By adding 1.5% nickel, no trace of nickel-rich
IMCs is observed in the XRD results. Although these
compounds were observed in the SEM microstructure, due

International Journal of Metalcasting/Volume 17, Issue 1, 2023
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Figure 5. The optical microscopy images of; (a) sample S-0, (b) sample S-1.5,
(c) sample S-3, (d) sample S-4.5.
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Figure 6. The optical microscopy image of porosity in; (a) sample S-0, (b) sample

S-1.5, (c) sample S-3, (d) sample S-4.5.

to the small amount of these IMCs, they could not be
detected using XRD results. With the addition of 3 wt%
nickel, it is observed that in addition to S-Al,CuMg and
Al,;Cu,Fe precipitates and particles, AI3NiCu IMCs is also
formed in the microstructure. In the homogenized 4.5 wt%
nickel sample, it is observed that, similar to the sample S-3
sample, nickel-rich intermetallic is formed and the peak
intensity of this compound increases. Another important
point is that in both homogenized and aged samples S-4.5,
the S-Al,CuMg precipitates peak has been disappeared and
the T-AlgCuMg, precipitates peak has appeared. In all
samples, compared to homogenized samples, the aging
treatment has little effect on the nature of the precipitates.
However, with the aging treatment and, also, adding nickel,
the peak intensity of S-Al,CuMg decreases. Based on the
XRD results, quantitative analysis of S-Al,CuMg,
T-Al¢CuMg, and nickel-rich particles in different samples
is shown in Figure 10. As can be seen, in the nickel-free
sample, after aging treatment, the S-Al,CuMg precipitate
content increases, but in nickel-containing samples, the
aging heat treatment reduces S-Al,CuMg precipitates and
increases the nickel rich particles amount.

Mechanical Properties
Variations in the hardness of different samples after
homogenization and aging treatment are shown in Fig-

ure 11. As can be seen, the average hardness of the sample
containing 3 wt% Ni, in both homogenized and aged states,
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is maximized and reached 144.05 and 134.10 HV,
respectively. In all aged samples, except sample S-3, the
hardness after aging increases, compared to the homoge-
nized state. The formation of fine precipitates, IMCs with a
lower aspect ratio, and a more uniform distribution of
precipitates and particles in the microstructure can result in
higher hardness after aging treatment. The formation of
fine and uniform precipitates, and IMCs creates more strain
fields and, due to the interaction of these strain fields with
dislocation, the motion ability of dislocation is reduced,
and, finally, the hardness as well as the strength of samples
increase.> The lower hardness of artificially aged sample
S-3, compared to homogenized sample S-3, can be attrib-
uted to the lower amount of the S-Al,CuMg precipitates in
the aged state. As the weight percentage of nickel increa-
ses, the amount of Al-Ni-based IMCs increases. Since these
IMCs have high hardness,4 it is expected that the formation
of these IMC:s is the main factor in increasing the hardness
by adding nickel in these alloys. Similar results have been
reported on the effect of Al-Ni-based IMCs (such as Al;Ni,
Al;NiCu) on increasing the hardness of aluminum
alloys.***% By comparing the two samples S-0 and S-1.5,
it is observed that the hardness, after homogenization in the
sample S-0, is slightly higher than the sample S-1.5. It
should be noted that although nickel-rich IMCs can be
formed in the sample S-1.5, it should be noted that the
higher porosity percentage in the sample S-1.5 (Figure 12)
as well as a lower amount of S-Al,CuMg precipitates, can
overcome on strengthening effect of nickel-rich IMCs. As a
result, there is no significant increase in hardness compared

International Journal of Metalcasting/Volume 17, Issue 1, 2023
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Figure 7. The SEM micrograph after aging treatment of; (a) sample S-0, (b) sample

S-1.5, (c) sample S-3, (d) sample S-4.5.

to the sample S-0. With an increase in the percentage of
nickel up to 3 wt%, it is observed that the hardness has
increased significantly compared to the sample S-1.5.
Although the presence of nickel in this sample can reduce
S-Al,CuMg precipitates, it is observed that the formation
of a large amount of nickel-rich IMCs has led to a signif-
icant increase in hardness after homogenization. A further
increase in the nickel content up to 4.5 wt% (sample S-4.5)
reduced the hardness to 118.54 HV. Although more nickel-
rich IMCs are formed in this sample, two factors can affect
the reduction in hardness in this sample. First, formation of

International Journal of Metalcasting/Volume 17, Issue 1, 2023

T-Al¢CuMg, precipitates in the aluminum matrix, and
second, 44% increasing the porosity percent compared to
the sample S-3. After aging heat treatment with increasing
the percentage of nickel up to 3 wt%, the hardness has an
upward trend, and this result is related to the formation of
fine and uniform S-Al,CuMg precipitates throughout the
microstructure as well as the presence of nickel-rich IMCs.
With increasing the percentage of nickel from 3 to 4.5
wt%, although there is a high percentage of nickel-rich
IMCs in the microstructure, changing the nature of
strengthening  precipitates  from  S-AlLCuMg to
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T-AlgCuMg,, and also the presence of a high percentage of ~ ultimate tensile strength (UTS) of all aged samples
porosity again cause a decrease in hardness. increases concerning the homogenized state. The maxi-

mum UTS, after homogenization and aging treatment, was
The results of the tensile test of different samples are  achieved in the sample S-3, as 251.23 and 230.76 MPa in
presented in Figure 13 and Table 3. As can be seen, the  both the aged and homogenized states, respectively. The

Table 2. EDS analysis result of S-Al,CuMg (spot I), Al,CusFe (spot ll), Al(Cu,Mn,Fe,Si) (spot lll), Al;NiCu (spot 1V),
AlgNiFe (spot V), Si-rich (spot VI), T-AlsCuMg, (Spot VII).

Element Fe Mg Cu Ni Si Mn Al
Spot |

Atomic % 0.18 3.21 3.56 - 0.1 0.19 92.75
Spot Il

Atomic % 6.51 0.67 13.42 - 0.16 0.21 79.03
Spot llI

Atomic % 10.01 0.38 11.01 - 0.73 21 75.76
Spot IV

Atomic % 0.85 0.88 14.69 15.23 0.56 0.71 67.08
Spot V

Atomic % 17.45 0.56 0.95 16.02 0.78 0.93 63.31
Spot VI

Atomic % 1.10 8.45 0.78 0.62 19.23 0.91 68.91
Spot Vil

Atomic % 0.93 2711 4.15 - 0.34 0.78 66.69
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Figure 9. XRD pattern of different samples after aging
heat treatment.

reason for the increase in the UTS after aging treatment of
nickel-containing samples can be attributed to the presence
of IMCs and fine strengthening precipitates in the
microstructure. Also, after aging treatment, the IMCs in the
inter-dendritic zone form a separate structure. In this case,
the bond between the aluminum grains will be stronger,
and, if microcracks are formed, it will not easily cause
separation between the grains. The formation of intercon-
nected IMCs at the grain boundary facilitates the nucle-
ation and growth of microcracks in the microstructure.
Variations in elongation and toughness of different samples
are shown in Figures 13(c) and (d). As can be seen, the
sample containing 3 wt% nickel present the greatest
toughness and elongation. It is noteworthy that after aging
treatment in all samples, strength and toughness increased
and elongation decreased. The elongation in the sample S-3
in the aged and homogenized state is 1.52 and 1.60%,
respectively, and the toughness in the aged and
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Figure 13. (a) tensile test curves, (b) ultimate tensile strength, (c) elongation, (d) tensile toughness of different
samples.

Table 3. Mechanical properties of different samples

Sample no. Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%) Toughness (MJ.m3)
HO* Aged** HO* Aged*™* HO* Aged*™* HO* Aged**
S-0 140.1+2.2 152.7+3.4 162.0+5.1 168.31+6.1 1.07+0.11 0.98+0.05 0.76+0.11  0.82+0.07
S-1.5 151.6+3.1 180.8+2.7 174.2+3.5 194.1+5.4 1.61+0.10 1.45+0.11 1.28+0.21 1.35+0.06
S-3 202.44+2.7 230.6+4.1 230.7+7.2 251.2+3.7 1.60+0.08 1.52+0.10 1.87+0.14 1.96+0.09
S-4.5 162.4+3.4 190.5+2.8 180.4+4.9 204.1+4.8 1.12+0.11 1.04+0.07 1.37+£0.20 1.41+0.13

*Homogenized sample
**Artificial aged sample
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Figure 14. The SEM micrograph of fracture surface of; (a) sample S-0, (b) sample
S-1.5, (c) sample S-3, (d) sample S-4.5.

homogenized state is equal to 1.96 and 1.87 MJm™,  precipitates as well as IMCs with high aspect ratios can be
respectively. In sample S-4.5, the UTS, elongation, and  the reason for the decrease in mechanical properties in this
toughness are reduced compared to sample S-3. The higher =~ sample compared to sample S-3.

porosity (Figure 12) and the formation of T-AlgCuMg,
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The Fracture surface of different samples after aging
treatment is shown in Figure 14. The fracture behavior in
all samples is mostly brittle. The cleavage fracture surface,
fine cracks, shallow and fine dimples are observed on the
fracture surface of all samples. By comparing results
reported in the ref.'® at the fracture surface of homogenized
samples, a considerable amount of intergranular debonding
is observed, the amount of which decreases with increasing
the percentage of nickel as well as aging heat treatment. It
is noteworthy that with the aging heat treatment, the ductile
fracture feature at the fracture surface is significantly
reduced. The intergranular debonding of aluminum indi-
cates the presence of initial shrinkage porosity that exists
between the aluminum grains. The eutectic melt in the
microstructure can result in shrinkage porosity.’® As the
percentage of nickel increases, the amount of intergranular
debonding of aluminum decreases due to the reduction of
shrinkage porosity due to the eutectic structure. The
reduction of shrinkage porosity, which means the reduction
of eutectic structure, as reported by other researchers®’~®
can reduce the tendency to hot tearing. The fracture of
nickel-rich particles and the lack of separation of the alu-
minum matrix from these particles indicate a very strong
bond between these particles and the aluminum matrix.
The presence of Fe-Ni-rich compounds with blade mor-
phology can result in stress concentration and crack
nucleation during the tensile test. Although after aging
treatment the morphology of Fe-Ni rich compounds is
somewhat changed from the blade shape, small amounts of
these compounds in the microstructure act as crack
nucleation sites. The presence of cracks in the cross-section
of the samples S-3 and S-4.5 in the aged treated condition
confirms that these IMCs with the blade morphology are
one of the main reasons for strength reduction, especially
in the sample S-4.5.

Conclusions

In this study, the effect of the nickel additive and artificial
aging heat treatments on the microstructure and mechanical
properties of the AA2024 aluminum alloy matrix com-
posite reinforced with Al;NiCu were investigated. The
important findings of the study are as follows:

e After aging heat treatment in the nickel-free
sample, the S-Al,CuMg precipitates become finer
and uniformly distributed throughout the
microstructure. The inter-dendritic zone is also
surrounded by Al;Cu,Fe and Al (Cu, Mn, Fe, Si)
second phase particles.

e In the nickel-containing samples, after the aging
heat treatment, the amount of Al3NiCu intermetal-
lic compounds is reduced and the amount of Ni-Fe
rich compounds (AlgNiFe) is increased.

e The formation of fine S-Al,CuMg precipitates,
intermetallic compounds with lower aspect ratios,

International Journal of Metalcasting/Volume 17, Issue 1, 2023

and a more uniform distribution of precipitates
and particles in the microstructure can result in
higher mechanical properties after aging
treatment.

e  With increasing the percentage of nickel from 3 to
4.5 wt%, although there is a high percentage of
nickel-rich intermetallic compounds in the
microstructure, changing the nature of strength-
ening  precipitates from  S-Al,CuMg to
T-AlgCuMg,, and also the presence of a high
percentage of porosity, causes a decrease in
mechanical properties.

e  The maximum hardness, ultimate tensile strength,
and toughness after aging treatment achieved in
the AA2024 aluminum alloy matrix composite
containing 3 wt% nickel as 134.10 + 4.89 HV,
251.23 4 3.70 MPa, and 1.96 + 0.09 MJ.m™
respectively, due to the strengthening effect
induced by intermetallic compounds and precip-
itates in the microstructure.

e The fracture behavior in all samples is mostly
brittle. After aging heat treatment, the ductile
fracture feature at the fracture surface is signifi-
cantly reduced. Also, the presence of Fe-Ni-rich
compounds with blade morphology can result in
stress concentration and crack nucleation during
the tensile test.
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