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Abstract: The microstructure, phase composition and mechanical properties of ternary Al-5.4Ni-
2Sn (mass fraction) alloy solidified under different high pressures were researched. The results
show that the phase composition of the alloy solidified at different pressures is Al, Al3Ni and β-
Sn. The thermodynamic phase diagram of the ternary alloy Al-5.4Ni-2Sn was calculated under
the equilibrium condition. The results demonstrate that the solidification process is as follows:
L→Al3Ni→(α-Al + Al3Ni)eutectic→(α-Al + Al3Ni + β-Sn)eutectic. The hardness values of α-Al phase
at ambient pressure, 2 GPa and 4 GPa are 1.5 GPa, 1.62 GPa and 1.99 GPa, respectively. This is an
increase of 8% and 32.7%, respectively. The hardness of β-Sn phase decreases by about 31.2% at 4 GPa.
When the deformation is 30%, the compressive strength at ambient pressure, 2 GPa and 4 GPa is
538.1 MPa, 1403.2 MPa and 1547.9 MPa, respectively. The compressive strength under high pressure
increased by 160.85% and 187.7%, respectively.

Keywords: high-pressure solidification; Al-Ni-Sn alloy; divorced eutectic; phase composition; compressive
mechanical property; nano-hardness

1. Introduction

Aluminum alloy is a light alloys widely used in structural components, which has
excellent mechanical and physical properties [1–3]. With the rapid development of the
aerospace and military industries, the properties of aluminum alloys need to be further
improved to meet further demands. The comprehensive properties of the alloy can be
improved by adding alloy elements for cold working and heat treatment. At the same time,
different alloy elements can be selected according to different effects and applicability [4].
It is discovered that the addition of iron group elements (such as Mn, Ti, Cr, Ni, etc.) to
aluminum alloy can both upgrade the mechanical strength, corrosion resistance and high-
temperature resistance of aluminum alloy [5,6]. The action mechanism of these iron group
elements in aluminum alloy has the following possibilities [7,8]. The results show that in
the process of aluminum alloy ingot casting, the particles containing iron group elements
(dispersed phase) are formed, which hinder the dislocation movement in the alloy, Refine
the grain and increase the ability of the alloy to bear strain concentration. Meanwhile,
iron group elements form a small needle-like phase in the alloy, which plays the role of
whisker strengthening. Another aspect is that after aging, the metastable phase is uniformly
dispersed in the matrix, playing the role of precipitation strengthening. Among these
iron group elements, Ni can significantly enhance the high-temperature properties and
mechanical properties of the aluminum alloy. In order to meet the application requirements
of the aluminum alloy at higher temperatures, more and more research has been carried out
on the addition of Ni to aluminum. When studying the hardness properties of aluminum
alloy, it has been found that the intermetallic compound Al3Ni can be formed in the Al-rich
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phase with a small amount of Ni, which is uniformly dispersed in the aluminum alloy
matrix and can significantly improve the hardness of the alloy [9,10]. Zhao Yubing et al. [11]
found that Al3Ni formed in the aluminum matrix can reinforce the alloy. At the same time,
fine spherical Ni-rich phase particles refine the internal grains of the alloy. Consequently,
the strain resistance of the aluminum alloy is strengthened and the elongation is better.
Chen Dahui [12] has confirmed that Ni can improve the mechanical properties and casting
properties of aluminum alloy. The mechanism is that the Al3Ni phase has dramatically
high strength and hardness, which can play the role of dispersion strengthening, thus
improving the mechanical properties. In addition, the eutectic microstructure of α-Al and
Al3Ni can reduce the formation of hot cracks and increase the fluidity of alloy melt during
solidification. As a result, the casting properties of aluminum alloy have been greatly
improved. Therefore, Al-Ni alloy has the advantages of high melting point, low density,
good oxidation resistance and corrosion resistance. As another important alloy element, Sn
has the properties of low surface tension, good electrical and thermal conductivity, excellent
ductility and low melting point, etc., and it is usually added to metals and alloys [13–15]
to improve the microstructure and mechanical properties of alloys [16–18]. In particular,
adding an appropriate amount of Sn to Al-Ni alloy can reduce the melting temperature,
which is very important for high-pressure solidification. Due to the size limitations of
equipment and metal samples, the service temperature of some high-pressure equipment
cannot be very high.

The solid solution formed after solidification has a tremendous influence on the overall
properties of the alloy, and the solid solubility and lattice constant are the two most basic
parameters to characterize the structural characteristics of the solid solution. High-pressure
solidification expands the solution limit of alloy elements in the Al matrix. When the atomic
radius of alloy elements is large or small, the phase lattice of the aluminum matrix will
expand, resulting in the effect of solid solution strengthening [19–21]. The alloy solidified
at higher pressure can not only refine the grain size and modify the phase distribution and
composition, but also obtain various non-equilibrium structures. For example, amorphous
can be formed under high pressure. It can also improve the distribution and diffusion
coefficient of alloy elements, and alter the morphology of the solid–liquid interface [22–24].
When the high pressure (GPA level) is applied to the solidification process of the alloy,
the structure of the solid solution formed in the alloy is different from that in the normal
pressure solidification due to the effect of changing the atomic spacing and reducing the
atomic diffusion system, which affects the properties of the alloy [25–27]. However, the high-
pressure solidification technique is rarely used in multicomponent alloys. Therefore, the
preparation of Al-Ni-Sn ternary alloy by high-pressure solidification is of great significance
to enrich the theoretical research of high-pressure solidification.

Based on the above analysis, the microstructure and the phase composition of the
Al-5.4Ni-2Sn alloy prepared at different pressures was observed and analyzed firstly.
Then, the thermodynamic phase diagram of Al-5.4Ni-2Sn ternary alloy under equilibrium
condition was drawn by panda software. Finally, by testing the mechanical properties
of the alloy, the mechanism among the microstructure and properties was established,
which provided the corresponding theoretical and experimental data for improving the
Al-5.4Ni-2Sn ternary alloy.

2. Experimental Procedures

The nominal composition of the prepared alloy is Al-5.4%Ni-2%Sn, and the raw
materials used are pure Al, Ni and Sn (purity 99.99%, Tim (Beijing, China) new material
technology Co., Ltd.). Since the melting point of Sn and Al is much lower than that of
Ni, Sn and Al have melted before reaching the melting point of Ni, and a small part of Sn
has evaporated, especially Sn, which leads to the lower content of Sn and Al in the final
solidified Al-5.4Ni-2Sn teralloy than the preset content. By adding excessive Sn and Al to
compensate for the loss during melting, the Al-5.4Ni-2Sn ternary alloy was prepared by
multiple melting and chemical composition detection. The actual chemical composition of
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the alloy is analyzed by XRF (zetium XRF, Worcestershire, UK) equipment, and the results
are shown in Table 1, which are very close to the nominal composition.

Table 1. Chemical compositions of Al-5.4Ni-2Sn alloy (wt.%).

Al Ni Sn

92.63 5.39 1.98

Firstly, Al-5.4Ni-2Sn alloy was melted in an electric arc furnace (DHL-630, Sky Tech-
nology Development, Shenyang, China). The alloy composition was considered to ensure
that the total weight of each button ingot was no more than 50 g, and the diameter of the
melted ingot was about 40 mm. Then, after repeating the melting 5 times, take out the
ingot. Use an electric spark wire cutting machine to cut the ingot into cylindrical shape
(Φ 6 mm × 8 mm). Before the high pressure experiment, pyrophyllite, molybdenum sheet,
graphite tube, zirconia tube and BN tube were used to assemble the cut sample. After
assembly, put it in the middle of six hammers. Then, gradually increase the pressure to the
target value (2 GPa and 4 GPa). Maintain the temperature at 1200 ◦C for 50–60 min. Finally,
cool down and depressurize.

The phases were characterized by a Rint 2200 XRD with monochromatic Cu-Kα ra-
diation. Morphologies and compositions were investigated on SEM operated at 15 kV
equipped with an EDS. The compressive stress–strain curve was measured by a high-
temperature testing machine (MTS Landmark 370.10, Rülzheim, Germany). The thermody-
namic data of the Al-Ni and Al-Sn systems were collected. The Gibbs free energy model is
established according to the thermodynamic function of each phase. Finally, the solidifica-
tion process of the alloy was calculated based on panda software (Compu. Therm. LLC
Co., Ltd., Middleton, WI, USA) and compared with the actual experimental results [28].

3. Results
3.1. Microstructure of Al-5.4Ni-2Sn Alloy Solidified at Different Pressures

The XRD of Al-5.4Ni-2Sn alloy solidified under different pressures is shown in Figure 1.
The results indicate that Al phase, Al3Ni phase and β-Sn phase are the leading phases.
Additionally, the pressure did not change the phase composition. From the number of
diffraction peaks, it can be observed that the contents of Al phase and Sn phase increase
under high pressure. Compared with the results under normal pressure solidification, the
diffraction peaks of β-Sn phase appear at 30.74◦, 32.12◦, 78.26◦ and 82.5◦ under 2 GPa, and
at 30.8◦, 32.2◦, 78.36◦ and 82.6◦ under 4 GPa, respectively.

The microstructure of Al-5.4Ni-2Sn alloy solidified under different pressures are
shown in Figure 2. The results show that the microstructure is composed of a bright phase,
gray phase and black phase. Table 2 shows the element contents of the Al-5.4Ni-2Sn alloy
after solidification under different pressures. It demonstrates that the content of Sn in
the bright white phase is higher, and the mass percentage is 60.07%, 73.91% and 87.62%,
respectively. The content of Sn in the black–white phase is only a small part. Meanwhile,
when solidified at high pressure, the Ni content in the black phase increases from 0.17%
to 0.31%. According to Figure 1, the bright phase is β-Sn, the gray phase is Al3Ni and
the black matrix phase is α-Al. The microstructure of Al-5.4Ni-2Sn alloy solidified at
ambient pressure is shown in Figure 2a,b, which shows that the alloy is composed of bulk
Al3Ni phase, bright white β-Sn phase and eutectic phase. Furthermore, the bright white
β-Sn phase and the Al3Ni phases form a sandwich structure. The eutectic microstructure
is spherical, which is composed of α-Al phase and Al3Ni phase. With the increase of
solidification pressure, the microstructure of the alloy had barely changed. However, the
thickness of the β-Sn phase decreases with the increase of pressure, and the sandwich
structure of β-Sn phase and Al3Ni phase gradually disappears. Instead, the β-Sn phase
tends to become enveloped by the Al3Ni phase.
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Table 2. The EDS analysis of the phases under different pressures.

Phase Atom Ambient Pressure 2 GPa 4 GPa

Black phase
Ni (wt.%) 0.17 0.25 0.31
Al (wt.%) 97.59 97.26 96.74
Sn (wt.%) 2.23 2.49 2.95

White phase
Ni (wt.%) 3.49 3.02 2.7
Al (wt.%) 36.43 23.07 9.68
Sn (wt.%) 60.07 73.91 87.62

The phase content of Al-5.4Ni-2Sn alloy at different temperatures during ambient
pressure solidification calculated by Pandat software was shown in Figure 3. It can be
seen from the figure that the Al3Ni phase starts to precipitate from the liquid phase
when cooling down to 702 ◦C, and then the content of Al3Ni phase suddenly changes
with the continuous decrease of temperature at 652 ◦C. At the same time, the content
of α-Al phase appears instantaneously in the temperature range of about 20 ◦C, and
then slightly increases with the content of Al3Ni phase. Soon the content of Al3Ni
phase approaches the maximum, which indicates that eutectic transformation occurs at
652 ◦C: l→α-Al + Al3Ni. Then, in a long solidification temperature range, the content
of liquid phase decreased slightly, while the volume fraction of α-Al phase and Al3Ni
phase remained almost unchanged until the ternary eutectic reaction occurred at 229 ◦C
(l→α-Al + Al3Ni + β-Sn). Therefore, the sequence of solidification precipitation of Al-5.4Ni-
2Sn alloy is L→Al3Ni→(α-Al + Al3Ni)eutectic→(α-Al + Al3Ni + β-Sn)eutectic. However, the
precipitation sequence does not change under high pressure. The solidification pressure of
4 GPa is not enough to change the crystallization process of the alloy.
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Based on the analysis, the schematic diagram of the growth of β-Sn phase at different
pressures was shown in Figure 4. When the ternary eutectic reaction takes place at 229 ◦C,
as a large number of primary Al3Ni phases already exist, the Al3Ni phase generated during
the ternary eutectic reaction takes the pre-formed Al3Ni phase as the nucleation matrix
and grows; meanwhile, primary solidified α-Al phase also acts as the substrate for α-Al
phase, and eventually divorced eutectic occurs. According to EDS analysis, the content
of Sn in β-Sn phase is far more than the initial composition. Therefore, its growth must
be in the Sn-rich region. It can be seen from Figure 3 that only the nucleation and growth
of Al3Ni phase can provide the conditions for Sn enrichment. Therefore, the growth of
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β-Sn must be carried out in the form of lamellar eutectic with Al3Ni phase. When Al3Ni
phase is preferentially nucleated and grown from L phase, a large amount of Al and Ni
elements are needed, while the excess Sn elements will be discharged and gathered between
Al3Ni phases, which provides conditions for the nucleation of β-Sn phase. When the alloy
solidifies under pressure, the pressure has a great inhibition on the diffusion of Ni and
Sn elements. Hence, the lamellar growth mode is destroyed, and the β-Sn phase grows
surrounded by Al3Ni phase.
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3.2. Mechanical Properties of Al-5.4Ni-2Sn Alloy Solidified at Different Pressures

The compressive stress strain curves of Al-5.4Ni-2Sn alloy solidified under different
pressures are shown in Figure 5 and the strain rates are 0.001/s. It can be seen that
the compressive strength and strain of the Al-5.4Ni-2Sn alloy are obviously improved
compared with the samples solidified at ambient pressure. However, there is no obvious
yield behavior in the curves, and the curves show the exponential form, reflecting the
obviously plastic deformation characteristics. By comparing the trend of mechanical
properties in Figure 5, it can be found that Al-5.4Ni-2Sn alloy has the highest compressive
strength and higher strain at 4 GPa, while the samples prepared at ambient pressure have
the highest strain. When the deformation is 30%, the compressive strength at ambient
pressure, 2 GPa and 4 GPa is 538.1 MPa, 1403.2 MPa and 1547.9 MPa, respectively. At the
same compressive strength of 500 MPa, the compressive strain at ambient pressure, 2 GPa
and 4 GPa are 29.2%, 19.5% and 18.3%, respectively. Under high pressure, the compressive
strain decreases by 33.2% and 37.3%, respectively. From the above analysis, it can be
seen that under high pressure, the strength value is greatly improved and the plasticity is
slightly reduced.

It can be seen from Figures 1 and 2 that the microstructure, phase composition and
average size of Al3Ni phase of Al-5.4Ni-2Sn alloy have no obvious changes under high-
pressure solidification conditions. Nevertheless, it can be seen from Figure 5 that the
strength of the alloy prepared under high pressure has been greatly improved. Combined
with the test results in Table 2, it can be seen that the Ni and Sn content in the α-Al phase
is quite different under different pressures. Therefore, it is necessary to consider the solid
solution strengthening. The reason for this is that the atoms in the origin array will deviate
from the equilibrium position, resulting in lattice distortion, which makes it difficult to
carry out dislocation in the alloy and increases the strength of the alloy. Meanwhile, the
crystal lattice distortion will be caused when the solute atoms dissolve into the lattice by
adding alloy elements, and the scattering effect of the distorted lattice on the moving atoms
will be intensified accordingly.
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To make sure that the improvement of the strength of the alloy under high pressure
is due to the solid solution strengthening effect of each phase, the hardness of α-Al phase
and β-Sn phase after being solidified under different pressure conditions were detected
and demonstrated in Table 3. The results show that the hardness values of α-Al phase
increase progressively with the increase of pressure, while, for β-Sn phase, it shows the
opposite trend. Compared with the ambient pressure, the hardness values of α-Al phase at
ambient pressure, 2 GPa and 4 GPa are 1.5 GPa, 1.62 GPa and 1.99 GPa, respectively. The
hardness values of α-Al phase increase by 8% and 32.7%, respectively, at high pressure.
The hardness of β-Sn phase at ambient pressure, 2 GPa and 4 GPa is 1.09 GPa, 0.86 GPa
and 0.75 GPa, respectively. The hardness of β-Sn phase decreases by about 31.2% at
4 GPa. The stress–strain curves of α-Al phase calculated from the nano-hardness results
are shown in Figure 6b. The tensile strength of α-Al phase increases with the increase of
solidification pressure.

Table 3. The nano-hardness of α-Al and β-Sn phase solidified at different pressures.

Phase Ambient Pressure 2 GPa 4 GPa

α-Al 1.5 1.62 1.99
β-Sn 1.09 0.86 0.75

According to EDS and the above analysis, the content of Sn element in β-Sn phase
increases gradually with the increase of pressure, while the hardness shows an opposite
trend. The content of Ni element and Sn element in α-Al phase increases gradually with
the increase of pressure. As a result, the hardness and strength of α-Al phase are greatly
improved. In conclusion, the solid solution of Ni and Sn atoms in α-Al phase is conducive
to the improvement of alloy strength, but the content of Sn should not be too much.
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Figure 6. The nano-hardness measurement of α-Al phase and β-Sn phase. (a) The load–depth curve
of α-Al phase and β-Sn phase, (b) the stress-strain curves of α-Al phase.

4. Conclusions

In this paper, the microstructure, phase composition and mechanical properties of Al-
5.4Ni-2Sn alloy solidified under different pressures are researched. Meanwhile, the phase
diagram of Al-5.4Ni-2Sn alloy solidified under equilibrium is calculated. The conclusions
are shown as follows:

(1) After solidification under different pressures, the Al-5.4Ni-2Sn alloy consists of α-Al
phase, bulk Al3Ni phase, interphase β-Sn and eutectic microstructure. Under high
pressure, the thickness of β-Sn phase decreases obviously.

(2) The precipitation sequence of the alloy during ambient pressure equilibrium solidifi-
cation is L→Al3Ni→(α-Al + Al3Ni)eutectic→(α-Al + Al3Ni +β-Sn)eutectic.

(3) The hardness values of α-Al phase at ambient pressure, 2 GPa and 4 GPa are 1.5 GPa,
1.62 GPa and 1.99 GPa, respectively. The tensile strength of the α-Al phase increases
with the increase of solidification pressure.

(4) The compressive strength and strain of the Al-5.4Ni-2Sn alloy under high pressure
are obviously improved compared with those of the samples solidified under ambient
pressure. When the deformation is 30%, the compressive strength at ambient pres-
sure, 2 GPa and 4 GPa is 538.1 MPa, 1403.2 MPa and 1547.9 MPa respectively. The
compressive strength under high pressure increased by 160.85% and 187.7%.
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