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Effect of antimony addition on the microstructure modification
and properties evolution of hypereutectic Al-Si-Zr alloy
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Abstract

This study investigated the effect of Sb additions (0, 0.4, 0.8, 1.2, 1.6, and 2.0 wt.%) on
the microstructure, mechanical properties, and thermal conductivity of hypereutectic Al-20Si-
0.3Zr alloy. The aim was to refine and homogenize the Si phases to improve the alloy’s thermal
conductivity, casting fluidity, and mechanical properties. Various techniques, including SEM,
EDS, XRD, DSC, a universal testing machine, and a conductivity tester, were used to analyze
the as-cast specimens. The results showed that adding Sb up to 1.6 % significantly refined
the morphology of primary Si, reducing its average size by 87.2 % from 376.17 to 48.30 µm,
and modified the eutectic Si structure from seagrass-like to vane-like. This refinement and
homogenization led to an increase in optimal elongation (El) by 183 % from 1.2 to 3.4 % and
the ultimate tensile strength (UTS) by 29.4 % from 132.1 to 170.9 MPa. Furthermore, the
addition of 1.6 % Sb improved the alloy’s thermal conductivity and conductivity while also
reducing its solidification temperature range from 442.2 to 328.5 K, improving casting fluidity.
These findings suggest that Sb modification can be a useful method to improve the thermal
conductivity, casting fluidity, and mechanical properties of Al-20Si-0.3Zr alloy.

K e y w o r d s: antimony, hypereutectic Al-Si-Zr alloy, modification mechanism, mechanical
properties, electrical conductivity

1. Introduction

Al-Si alloys are usually used in the field of elec-
tronic packaging and automotive parts because of
their low thermal expansion coefficient, wear resis-
tance, corrosion resistance, high chemical stability,
high specific strength, and castability [1–4]. A large
amount of latent heat of crystallization will be released
when primary silicon is precipitated from hypereu-
tectic Al-Si alloy during solidification. Therefore, the
commonly used hypereutectic Al-Si alloys have better
fluidity than eutectic alloys [5].
In the field of auto parts, hypereutectic Al-Si alloys

(the alloy containing more than 12.7 wt.% silicon) can
be used as a substitute for cast iron for auto engine
parts, such as pistons, cylinders, swing arms, and con-
trol valves, because of its low density, high specific
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strength, wear resistance, and low coefficient of ther-
mal expansion, which can further reduce the weight
of the car, fuel consumption, and pollution emissions
[6–8].
The high thermal conductivity of hypereutectic

Al-Si alloys makes them widely used in the field of
electronic packaging [9]. Electrical conductivity and
thermal conductivity are two fundamental physical
properties of metallic materials, reflecting their per-
formance in electron movement and heat transfer, re-
spectively. There is a close relationship between the
electrical conductivity and thermal conductivity of
metals, although they may differ under specific con-
ditions. Generally, there is a positive correlation be-
tween the electrical conductivity and thermal conduc-
tivity of metals. This is because, in metallic materials,
both electrons and heat are transported through the
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internal electron transport of metals [10]. Therefore,
measuring the electrical conductivity of metals can in-
directly reflect the thermal conductivity of alloys. At
the same time, due to the complexity and relatively
low accuracy of measuring thermal conductivity, it is
a shared practice in experiments to use the measure-
ment of electrical conductivity as a substitute for mea-
suring thermal conductivity.
However, the application of hypereutectic Al-Si al-

loys is limited by its low plasticity and fracture tough-
ness [11, 12]. The microstructure of hypereutectic
Al-Si alloy is composed of a primary silicon structure
and eutectic mixture (α-Al + eutectic silicon struc-
ture), where the primary silicon structure is usually
in the shape of a star, polygon, plate, and sheet, while
the eutectic silicon structure is in the shape of the
coarse needle and sheet [13–15]. The researchers point
out that the size, morphology, and distribution of the
second phase in Al-Si alloy, represented by primary sil-
icon and eutectic silicon, play a key role in mechanical
properties [16, 17]. Generally speaking, the smaller the
size, the more regular shape, and the more uniform the
distribution of primary silicon and eutectic silicon are,
the more favorable it is for the properties of the alloy
[18, 19].
Zirconium is one of the earliest rare metal elements

used for the microalloying of aluminum alloy [20, 21].
It can refine the microstructure of aluminum alloy, re-
strain nucleation and grain growth, and thus improve
the strength of the aluminum alloy [22–24]. Dan Su et
al. [25] studied the effect of adding Sc and Zr on the
properties of AA5356 alloy and found that the grains
in the fusion zone of the welded joint were significantly
refined, and the properties of the alloy were improved.
Zr can not only dissolve in the alloy matrix but also
combine with Al to form Al3Zr precipitates [26].
There are three forms of Al3Zr in this alloy. First

of all, it is coarse Al3Zr, which is unfavorable to the
alloy properties. The second kind is metastable Al3Zr,
which can improve the properties of the alloy because
of the coherent structure of precipitates and the ma-
trix. The third is the stable Al3Zr equilibrium precipi-
tate, which is not coherent with the matrix and has an
adverse effect on the performance of the alloy. Stud-
ies have shown that when the Zr addition is 0.3 %,
the Al-20Si alloy has better performance, and Al3Zr
precipitates formed when Zr addition exceeds 0.3 %
will deteriorate the performance of aluminum alloys
[27-29].
Adding trace elements to hypereutectic Al-Si al-

loys to control the shape and size of the second-phase
particles and ultimately improve the performance of
the alloy is an effective method in industrial produc-
tion [30]. The silicon morphology of Al-Si alloys can
be effectively changed into a fibrous structure after
modification treatment.
Na, Sb, and Sr are common modifiers in the alu-

minum industry [31–33]. The sodium-containing mod-
ifier is one of the most shared modifiers with perfect
modification, early application, and outstanding ef-
fects in the conventional process of the aluminum in-
dustry [34]. However, the modification of the sodium-
containing modifier usually weakens after 30–60min,
and the sodium-containing modifier has a corrosive
effect on the crucible and will become invalid after
remelting [35]. The modification effect of a strontium-
containing modifier is similar to that of a sodium-
containing modifier, and the effect is more lasting.
But Sr can improve the hydrogen absorption capac-
ity of the melt and easily lead to pinholes, shrinkage
porosity, and other defects in aluminum alloys.
The antimony-containing modifier not only has no

such problems but also can refine the eutectic silicon
crystals of Al-Si alloy [36]. Quite a few studies mani-
fest that during the solidification process of aluminum
alloy, Sb and molten aluminum form AlSb particles to-
gether; these AlSb particles act as heterogeneous nu-
cleating agents of eutectic silicon crystals, resulting in
the formation of finely layered morphology of eutectic
silicon crystals [37]. Yang et al. [38] pointed out that
Sb can refine and spheroid the eutectic silicon struc-
ture of A357 aluminum alloy, thereby improving wear
and tensile properties.
Previous studies have shown that antimony can

accelerate the formation kinetics of the Zr-rich pre-
cipitate shell in the aluminum alloy, and there is an
attraction between Zr and Sb; Sb may enhance the dif-
fusion of Zr in aluminum alloy [39]. Up to now, there
has been no report on the influence of different Sb ad-
ditions on the microstructure and properties of hyper-
eutectic Al-Si alloy with 0.3 % Zr content. The study
of Cleiton Luiz Pereira et al. [40] demonstrates that
the tensile properties of Al-15Si alloy with 1% Sb can
be improved. The optimum addition amount of Sb in
Al-20Si-0.3Zr is not clear. On this basis, six groups
of Al-20Si-0.3Zr-xSb (x = 0, 0.4, 0.8, 1.2, 1.6, 2.0)
alloys were prepared by the permanent mold casting
method. The hypereutectic Al-Si-Zr-Sb alloy with the
best comprehensive properties was expected to obtain
by observing the microstructure of the alloy, counting
the size of the precipitates, analyzing the composition
of various parts of the alloy, and testing the properties
of the alloy.

2. Materials and methods

The raw materials of the prepared alloys used in
the current study were supplied by Sichuan Land
High-tech Industry Co., Ltd. The Al-20Si-0.3Zr-xSb
alloys (x = 0.4, 0.8, 1.2, 1.6, 2.0) were prepared in
an SG2-7.5-10 energy-saving resistance furnace. Raw
material composition is shown in Table 1. The corre-
sponding chemical compositions of these alloys used in
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Ta b l e 1. Chemical composition of the materials used in this work

Chemical composition (wt.%)
Raw materials

Si Zr Sb Mn Fe Impurity Al

Al-20Si 19.98 – – 0.11 0.08 No more than 0.08 Bal.
Al-10Zr – 9.72 – – 0.03 No more than 0.07 Bal.
Al-5Sb – – 4.98 – 0.02 No more than 0.03 Bal.
Pure Al – – – – – No more than 0.30 Bal.

Ta b l e 2. Summary of the experimental alloys with different Sb addition (wt.%)

Chemical composition of the experimental alloys
Samples number Modifier dosage

Si Zr Sb Mn Fe Impurity Al

1 0 20.0 0.3 – 0.11 0.08 No more than 0.2 Bal.
2 0.4 19.86 0.27 0.39 0.09 0.09 No more than 0.2 Bal.
3 0.8 19.78 0.29 0.76 0.08 0.12 No more than 0.2 Bal.
4 1.2 19.56 0.30 1.12 0.11 0.11 No more than 0.2 Bal.
5 1.6 19.37 0.28 1.52 0.07 0.10 No more than 0.2 Bal.
6 2.0 19.12 0.32 1.88 0.06 0.09 No more than 0.2 Bal.

the current study were measured by a direct-reading
spectrometer (SPECTROLAB/M11, Germany).
Firstly, Al-20Si alloy was melted at 1013K and

kept for 10–15min. Then the Al-5Sb and Al-10Zr mas-
ter alloys preheated to 473K were added to the Al-Si
alloy melt, and the molten aluminum alloy was uni-
formly stirred for about 2 min. After the raw material
is fully reacted, the molten aluminum alloy is cooled
to 993K and stood for 3–5min. Finally, an appro-
priate amount of C2Cl6 is added to the molten alu-
minum for refining and degassing. After deslagging,
the refined alloy liquid is then stood for 10–15min.
The molten aluminum is poured into a cylindrical steel
mold preheated to 473K to obtain Al-20Si-0.3Zr-xSb
alloys with various nominal compositions. The compo-
sition of the alloy samples obtained by the experiment
is listed in Table 2.
The metallographic sample is cut off evenly at

15 mm from the bottom of the metal mold and then
polished to a mirror state with sandpaper and polish-
ing equipment step by step. The metallographic speci-
mens were observed under an optical microscope after
etching with Keller’s reagent for 30 s. Then, the metal-
lographic samples were subjected to a deep corrosion
test. The metallographic sample was deeply etched in
15% NaOH solution in a 333 K water bath for 15 min
to characterize the three-dimensional morphology of
Si phases, then washed with concentrated nitric acid
and distilled water in turn, and then dried.
The tensile properties were tested by Instron 8801

electronic universal testing machine. The standard
distance of samples was D 55mm × 5mm × 2.5mm,
and the tensile speed was 1 mmmin−1. Five tensile
samples were prepared for each sample, and the aver-
age value was calculated. In addition, a Philips X’Pert

MPD Pro X-ray diffractometer was used for phase
analysis, and Hitachi TM4000 Plus desktop scanning
electron microscopy (SEM) was used to observe the
high-power microstructure of the alloy. EDS was used
to analyze the distribution of elements in the precip-
itated phase. The surface morphology of tensile frac-
ture was observed by SEM, and EDS element detec-
tion was performed on typical fracture morphology to
analyze its fracture mechanism. Meanwhile, the meta-
morphism mechanism of Zr and Sb elements in the
second phase of Al-20Si alloy was analyzed by EDS.
The electrical conductivity of the alloy samples was

measured by a Sigma 2008 digital eddy current metal
conductivity meter. Each aluminum alloy sample was
tested five times, and the average of the results was
taken as the final electrical conductivity of the alloy.
In order to clarify whether there is a phase transi-
tion in Al-20Si alloy after Zr and Sb compound mod-
ification, DSC analysis was carried out on the alloy.
The sample was cut 20–30mg alloy particles for ul-
trasonic cleaning, drying alloy particles after the test;
the heating rate was selected for 283Kmin−1, and the
test temperature range was selected for room tempera-
ture (298 K) to 1073K. The experiment used STA 449
F3 Jupiter synchronous thermal analyzer produced by
NETZSCH company in Germany for DSC analysis.

3. Results

3.1. Effect of Sb on the microstructure
of Al-Si-Zr-Sb alloys

Figure 1 shows the optical microstructure of the
cast hypereutectic Al-Si-Zr-Sb alloy. Three main types
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Fig. 1. Optical micrographs of the Al-20Si-0.3Zr alloys with various content of Sb: (a) unmodified, (b) 0.4 % Sb, (c) 0.8 %
Sb, (d) 1.2 % Sb, (e) 1.6 % Sb, and (f) 2.0 % Sb.

of crystals were observed: the first type is the silver-
white α-Al phase, the second type is the primary sil-
icon phase that appears as black polygons, and the
third type is the eutectic silicon phase that appears
as black-white interdendritic lamellae. In this study,
50 primary silicon particles were selected at different
locations to quantitatively measure the grain size of
primary Si crystals, as indicated in the lower left cor-
ner of each image in Fig. 1.

From Fig. 1a, it can be seen that the primary sil-
icon phase in the Al-20Si-0.3Zr alloy mainly appears
as fragmented plates, with an average grain size of up
to 376.17 µm. Figures 1b,c,d show the morphology of
the primary silicon phase in hypereutectic Al-Si-Zr-
-Sb alloys containing 0.4, 0.8, and 1.2% Sb, respecti-
vely. After the addition of Sb to the Al-20Si-0.3Zr al-
loy, most of the primary silicon phases become smaller
and rounder. As the Sb content increases, the shape
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Fig. 2. The 3D morphology of primary Si: (a), (c), and (e) base alloys; (b), (d), and (f) medicated Al-Si-Zr-Sb alloy.

of the primary silicon phase in the alloy becomes more
regular, and the distribution becomes more uniform.
The average grain size gradually decreases to 166.88,
93.34, and 73.42µm, respectively. When 1.6% Sb is
added to the Al-20Si-0.3Zr alloy (Fig. 1e), the grain
size of the primary silicon phase decreases from the
unmodified size of 376.17 to 48.30 µm, a reduction of
87.2%. However, when the Sb addition amount is in-
creased to 2.0 %, the size of the primary silicon phase
begins to increase, and some of the primary silicon

phases exhibit irregular shapes. Figure 1f shows that
the grain size of the primary silicon phase increases to
50.51 µm, indicating that 2.0 % Sb is not conducive to
the refinement of the primary silicon phase.
Figure 2 shows the three-dimensional morphol-

ogy of the hypereutectic Al-Si-Zr-Sb alloy. It can be
observed that the primary silicon phase of the Al-
-20Si-0.3Zr alloy (Fig. 2a) exhibits a polyhedral and
diamond-like shape, and the eutectic silicon phase has
a fine and uniformmorphology. The pores left after the
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Fig. 3. The XRD patterns of the Al-20Si-0.3Zr alloy with
various content of Sb.

corrosion of α-Al in the alloy can be clearly observed.
The primary silicon morphology of the hypereutectic
Al-Si-Zr-Sb alloy with Sb addition (Fig. 2b) is irregu-
lar and gravel-like, and the regularity is reduced. The
eutectic silicon phase grows into a shape resembling
paper scraps, with the primary silicon more tightly
embedded within it. Additionally, the corrosion pits
of α-Al disappear in the alloy. Figures 2c,d show that
the eutectic silicon morphology of the Al-20Si-0.3Zr
alloy (Fig. 2c) is small and seaweed-like, with a large
gap between the eutectic silicon phase and primary
silicon phase and a small contact area. The eutectic
silicon morphology of the hypereutectic Al-Si-Zr-Sb
alloy with Sb addition (Fig. 2d) becomes larger and
blade-like, with the eutectic silicon phase tightly com-
bined with the primary silicon and a relatively large
contact area. From Figs. 2e,f, it can be observed that
the primary silicon phase of the Al-20Si-0.3Zr alloy
(Fig. 2e) has a smooth and regular polyhedral shape
with angles of 60◦ between the edges. The eutectic sil-
icon phase exhibits a dendritic shape, with primary
and secondary branches contacting the primary sil-
icon phase as points. The primary silicon edges of
the hypereutectic Al-Si-Zr-Sb alloy with Sb addition
(Fig. 2f) are defective and rough, presenting an irreg-
ular shape. The eutectic silicon phase is layered and
in contact with the primary silicon surface.
Figure 3 presents the XRD patterns of the Al-

-20Si-0.3Zr alloy before and after Sb addition. The
XRD pattern shows that, in addition to the inherent
Al and Si phases, several secondary phases, including
Al4Si5Zr3, Al9Si, and Al3.21Si0.47, are observed in the
Al-20Si-0.3Zr alloy. However, the addition of Sb leads
to the appearance of a new phase, AlSb, in the al-
loy. This result indicates that Sb addition promotes
the formation of the AlSb phase, which may improve
the mechanical and physical properties of the Al-20Si-
-0.3Zr alloy.
Figure 4 shows the SEM images and EDS point

scanning results of Al-Si-Zr-Sb alloys with different Sb

Fig. 4. SEM and EDS analysis of the second phase: (a)
base alloy and (b) Al-20Si-0.3Zr-1.6Sb.

contents. Two types of silver-white precipitates were
found in the alloys. When Sb was not added, there
were three components in the second phase, namely
aluminum, silicon, and zirconium. Combined with the
results of X-ray diffraction analysis, the silver-white
second phase in the alloy was identified as Al4Si5Zr3.
After adding Sb to the alloy, Sb was found in the silver-
white second phase, indicating that a certain AlSiSbZr
second phase may appear in the alloy. In the EDS
results of Fig. 4b, the atomic ratio of Al to Sb was
concerning 1:1, accordingly, so it was confirmed that
AlSb was present in the second phase, but the silver-
white second phase may also be composed of multi-
ple precipitates. In the Al-20Si-0.3Zr alloy without Sb,
the morphology of the eutectic silicon phase was short
rod-shaped and spiral-shaped. After adding Sb to the
alloy, the eutectic silicon phase became needle-shaped,
which was more similar to the Al-20Si alloy without
Zr. It can be seen that Sb can offset some of the meta-
morphic effects of Zr on the eutectic silicon of Al-20Si
alloy.
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Fig. 5. Mechanical properties of Al-20Si-0.3Zr alloys with
various content of Sb.

3.2. Effect of Sb on properties of Al-Si-Zr-Sb
alloy

Figure 5 is the histogram of the ultimate tensile
strength (UTS) and elongation (El) of hypereutectic

Fig. 6. Electrical conductivity of Al-20Si-0.3Zr alloys with
various content of Sb.

Al-20Si-0.3Zr alloy with different contents of Sb. Ob-
viously, with the increase of Sb content, both the ten-
sile strength and elongation of aluminum alloy are im-
proved. When the addition of Sb increased to 1.6 %,
the ultimate tensile strength increased from 132.1 to
170.9MPa, an increase of 29.4 %. The elongation in-
creased from 1.2 to 3.4 %, an increase of 183%. How-

Fig. 7. Fracture morphology of the Al-20Si-0.3Zr alloy with various content of Sb: (a) base alloy, (b) Al-20Si-0.3Zr-0.8Sb,
(c) Al-20Si-0.3Zr-1.6Sb, and (d) Al-20Si-0.3Zr-2.0Sb.
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ever, when the addition of Sb is less than 0.8 %, the
ultimate tensile strength of Al-20Si-0.3Zr alloy has lit-
tle change.
Figure 6 is the conductivity of Al-20Si-0.3Zr alloy

with the different contents of Sb. The experimental
results show that with the increase of Sb content from
0.4 to 2 %, the electrical conductivity of Al-20Si-0.3Zr
alloy first increases and then decreases, and the elec-
trical conductivity reaches the maximum value when
the Sb content is 1.6 %, 25.8 IACS%.
Figure 7 shows the tensile fracture morphology and

EDS point analysis of hypereutectic Al-Si-Zr-Sb al-
loys with different Sb contents. As shown in Fig. 7a,
a large area of cleavage surfaces and local radial river
patterns can be observed on the tensile fracture sur-
face of the Al-20Si-0.3Zr alloy. Due to the larger size
of the primary silicon phase on the alloy matrix, the
primary silicon phase itself can fracture, and the junc-
tion between the primary silicon and the matrix can
also serve as a source of fracture. Figure 7b shows the
tensile fracture morphology of the Al-20Si-0.3Zr al-
loy with added Sb. It can be observed from the figure
that a significant white second-phase precipitation is
formed in the alloy after Sb addition. In addition, the
large smooth cleavage surfaces are no longer visible,
and the river-like patterns increase. To determine the
composition of the second phase formed by adding Sb,
an EDS analysis of the second phase was performed.
Figures 7c,d show the EDS point analysis of the frac-
ture of the alloy after adding Sb. It can be seen from
the figures that the silver-white second phase precipi-
tate contains four elements: Al, Si, Zr, and Sb.
Figure 8 shows the differential thermal analysis

data of hypereutectic Al-Si-Zr-Sb alloys. The data
show that when the additional amount of Sb is 1.6 %,
the peak value of the endothermic peak is the largest,
reaching 875.9 K, and the onset temperature and end-
point temperature of the enthalpy change is the small-
est, 845.5 and 901.0K, respectively. When the addi-
tional amount of Sb is 1.6 %, there is no protrusion on
the endothermic peak of the hypereutectic Al-Si-Zr-Sb
alloy.
Figure 9 shows the solidification temperature range

of the Al-20Si-0.3Zr alloy with different Sb concentra-
tions. It can be found that with the increase of Sb
content, the solidification range of the alloy decreases
first and then increases. When the content of Sb is
1.6 %, the range of solidification temperature is the
smallest, which is 328.5 K.

4. Discussion

4.1. Modification mechanism

In this study, the main alloying element in the alloy
is Si. Due to its low solid solubility in aluminum, the

Fig. 8. DSC curve of Al-20Si-0.3Zr alloys with various con-
tent of Sb.

Fig. 9. Solidification temperature range of Al-20Si-0.3Zr
alloys with various content of Sb.

maximal equilibrium solubility of silicon in aluminum
is limited to 1.6 % by weight [41]. The Si element is
typically present in the form of primary silicon, eu-
tectic silicon, and Si-containing precipitates in the al-
loy. Coarse silicon in the Al-Si alloy can trigger severe
damage to the mechanical properties and processabil-
ity of the alloy by weakening the aluminum matrix.
As a result, the material’s plasticity, toughness, and
strength are significantly reduced.
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Reza Haghayeghi et al. demonstrated that anti-
mony (Sb) refines the primary silicon (Si) crystal via
twinning and increasing stacking fault density through
the Impurity-Induced Twinning (IIT) mechanism [42].
Experimental results indicate that the refinement of
primary silicon in Al-20Si-0.3Zr alloy is most effec-
tive when the Sb content is approximately 1.6 %. The
theory of IIT was proposed by Lu and Hellawell [43]
following extensive experimental investigations. It is
believed that the ratio of the modifier atomic radius
to Si atomic radius is the decisive factor in measur-
ing the modification effect, and when the ratio of the
modifier atomic radius to Si atomic radius is equal to
or close to 1.646, this modifier will possess an excellent
modification effect. The ratio of the atomic radius of
Sb (0.153 nm) to the atomic radius of Si (0.117 nm) is
1.31, which has a certain effect. Therefore, during the
solidification process, Sb atoms are adsorbed to the
steps or twin grooves of the Si phase growth interface,
sealing the original atomic steps and twin grooves,
forcing the Si phase to change its growth morphology.
At the same time, there is a large atomic radius dif-

ference between Sb and Si. Sb atoms embedded in the
lattice of Si will induce high-density atomic steps and
twin grooves. The steps and twin grooves that appear
will cause the disappearance of steps and twin grooves
because of the adsorption of active Sb atoms, which
will lead to the continuous change of the growth direc-
tion of the Si crystal and modify the primary Si crys-
tal. In this study, it is found that the Sb-containing
compounds generated exist in the interior of the pri-
mary Si crystal (Fig. 4), which will play the role of
heterogeneous nucleation, thus effectively refining the
primary Si crystal structure. On the other hand, ac-
cording to the ternary phase diagram, the solubility
of Sb in Al and Si is intensely limited. During the
solidification process, with the decrease of the alloy
melt temperature, Sb is pushed into the liquid phase
at the front of the Si interface. And the concentration
of solute leads to the increase of the undercooling at
the front of the interface, which inhibits the growth of
the Si phase and refines the structure of the Si phase.
Therefore, the modification mechanism of element Sb
on the Si phase in Al-Si alloy can be summarized as
follows: (1) impurity-induced twinning mechanism, (2)
heterogeneous nucleation mechanism, and (3) crystal
growth inhibition mechanism.
O. Uzun et al. investigated the modification effect

and mechanism of the Sb element on eutectic silicon in
Al-12Si alloy. They found that the optimal structure
of the alloy was achieved with an Sb content of 0.5 %,
and the eutectic structure did not further refine but
instead coarsened when the Sb content continued to
increase to 1.0%. Analysis showed that when the Sb
content in the alloy reached a certain mass fraction,
the formation of the AlSb compound during the solid-
ification process of the alloy would result in the segre-

gation of the Si phase. In this experiment, the optimal
Sb addition amount for Al-20Si-0.3Zr alloy was found
to be 1.6%, indicating that the optimal Sb content
may vary with changes in the matrix alloy composi-
tion, which requires further experimental verification
[44].
Furthermore, this study characterized not only the

planar eutectic silicon structure of the hypereutectic
Al-Si alloy but also the three-dimensional structure of
the eutectic silicon. The results showed that the addi-
tion of Sb transformed the three-dimensional seaweed-
like structure of eutectic silicon in the Al-20Si-0.3Zr
alloy into a three-dimensional layered structure.

4.2. Strengthening mechanism

The fracture of Al-20Si-0.3Zr alloy is caused by a
sea of factors, including primary silicon, eutectic sili-
con, and the morphology of the second phase. Accord-
ing to the literature [45], the main factors affecting the
fracture of Al-Si alloy can be summarized as follows:
(1) The difficulty of Si phase crack generation, (2) The
bonding strength between Si phase particles and metal
matrix. During the tensile process, the tensile stress
acting on the Si-phase particles gradually increases.
When the tensile stress acting on the Si-phase par-
ticles exceeds the maximum tensile stress that it can
bear, the Si-phase particles will fracture, accompanied
by the generation and expansion of new cracks. When
these cracks are connected with each other and pene-
trate the specimen section, the specimen fracture will
occur. The maximum stress that nascent Si can bear
is shown in Eq. (1):

σf =

(
2Eγ

πC

) 1
2

, (1)

where γ is the surface fracture energy, E is the elastic
modulus, and C is the defect length inside the grain.
From the microstructure diagram, it can be seen that
the defect length inside the coarse primary Si is sig-
nificantly longer than the defect length after modifi-
cation, thus reducing the maximum tensile stress. On
the other hand, the stress concentration of coarse pri-
mary crystalline silicon and the needle-like eutectic
silicon is caused by the existence of tips. Therefore,
under the same external force, the unmodified coarse
Si phase is more likely to fracture.
Other researchers [46] have proposed the mechani-

cal conditions for the second phase to break away from
the matrix interface and produce cracks when plastic
deformation occurs around the second phase particles
in the alloy:

σ =
1
k

(
Eγ

d

) 1
2

+
σs
k

(
ΔV
V

) 1
2

, (2)
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where σ is the tensile stress when the interface is de-
tached, k is the stress concentration factor at the par-
ticle, γ is the surface fracture energy,E is the weighted
average of the elastic modulus of particles and matrix,
σs is the yield strength of the matrix, ΔV is the de-
formation volume of the matrix around the particles,
and V is the volume of the second phase particles.
It can be seen from Eq. (2) that the smaller the size
of Si particles and other second phases, the greater
the stress required for Si particles and other second
phases to separate from the matrix, and the greater
the tensile strength of the alloy. At the same time,
the more significant the stress concentration in the al-
loy, the greater the stress concentration factor k value,
the smaller the stress of interface separation, and the
smaller the tensile strength. Therefore, from Eq. (2),
it can be seen that the tensile strength of hypereu-
tectic Al-20Si-0.3Zr alloy can be improved by control-
ling the morphology of the Si phase and other second
phases, reducing their size, improving their morphol-
ogy, achieving the purpose of reducing their size and
edge passivation.
In this study, with the increase of Sb content in

the Al-Si-Zr-Sb alloy, it was found that the reduction
of primary silicon size could lower the probability of
extensive cleavage fracture in the alloy. The reduc-
tion in the individual size of primary silicon could de-
crease the probability of transgranular fracture and
increase the difficulty of intergranular fracture in the
alloy. Moreover, the passivation of the primary silicon
edge could decrease the stress concentration in the al-
loy and reduce the possibility of crack initiation and
propagation. On the other hand, the coarsening of eu-
tectic silicon, including both the 2D needle-like and
3D sheet-like structures, could increase the number of
crack sources and provide channels for crack propa-
gation, which would negatively affect the mechanical
properties of the alloy. Additionally, the increase of
the second-phase precipitation in the alloy could lead
to stress concentration and further impair the mecha-
nical properties of the alloy.
Elemental ratio analysis based on EDS and XRD

results suggests that the silver-white second phase
in the alloy may contain AlSb precipitation, a well-
known phenomenon. In previous studies on the in-
fluence of Sb on Al-Si alloys, the optimal Sb con-
tent in Al-Si alloys was generally less than 1.6 %.
This indicates that the increase in optimal Sb con-
tent in Al-Si-Zr-Sb alloys may be attributed to the
influence of Zr on Sb. Furthermore, the EDS analy-
sis result in this study showed that there might be
ZrSb2 (Zr + Sb → ZrSb2) and ZrSi0.7Sb1.3(Zr + Si +
Sb → ZrSi0.7Sb1.3) in the silver-white second phase,
which can contribute to the increase of the optimal
Sb content in the Al-Si-Zr-Sb alloy. For Al-20Si-0.3Zr
alloy, the optimal Sb addition amount is 1.6%. When
the Sb content in the alloy exceeds 1.6 %, the size

of the silver-white second phase will continue to in-
crease, becoming one of the sources of fracture and
deteriorating the mechanical properties of the alloy.
It is suggested that different Zr contents may af-
fect the optimal Sb content for the Al-Si-Zr-Sb al-
loy.
When the amount of Sb added to Al-20Si-0.3Zr

alloy is not more than 0.8 %, the tensile strength of
the alloy does not significantly improve and even de-
creases, which is different from Sb added to Al-20Si
alloy without Zr. Studies have shown that when Sb
is added in trace amounts to Al-20Si alloy, the ten-
sile strength of the alloy monotonically increases as
the Sb content increases. There are two possible rea-
sons for this phenomenon: the first possibility is that
a small amount of Sb can lead to the refinement of
primary silicon phases, the blunting of primary sil-
icon phase edges, the coarsening of eutectic silicon
phases, and the formation of a second phase contain-
ing AlSb in the alloy. However, at this time, the de-
crease in mechanical properties of Al-Si alloys caused
by the coarsening of eutectic silicon phases and the
increase in the second phase is equal to or slightly
greater than the improvement in mechanical proper-
ties caused by the refinement of primary silicon and
the blunting of primary silicon edges, resulting in lit-
tle change or even a slight decrease in the mechani-
cal properties of the alloy. The second possibility is
that due to the presence of Zr in the alloy, Sb is first
attracted or forms a second phase by Zr after being
added to the alloy. The actual amount of Sb that pro-
duces a modification effect is smaller than the amount
added, and the negative impact caused by the for-
mation of a second phase is greater than the posi-
tive impact of Sb modification, resulting in a small
decrease in the tensile strength of the alloy. This re-
quires further improvement of testing methods to ex-
plore.
As the Sb content increases continuously and does

not exceed 1.6 %, the improvement in the mechanical
properties of the aluminum alloy due to the refine-
ment and blunting of primary silicon is greater than
the decrease in the mechanical properties of the alu-
minum alloy due to the coarsening of eutectic silicon
and the increase in the second phase. Therefore, the
comprehensive performance of the alloy shows an im-
provement.
When the Sb content exceeds 1.6 %, the refine-

ment and blunting of primary silicon will slow down.
When the improvement in the mechanical proper-
ties of the aluminum alloy due to the refinement and
blunting of primary silicon is less than the decrease
in the mechanical properties of the aluminum alloy
due to the coarsening of eutectic silicon and the in-
crease in the second phase, the mechanical proper-
ties of the aluminum alloy will begin to deteriorate
(Fig. 10).
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Fig. 10. Structure change mechanism diagram of aluminum
alloy.

4.3. Electrical performance analysis

According to the theory of modern quantum me-
chanics, resistance is when electrons are hindered by
lattice nodes when they propagate in the form of waves
under the action of an electric field [47]. When the
lattice is no longer regular, and the arrangement is no
longer neat, the resistance will increase. According to
the theory of metal conductivity, the higher the in-
tegrity of the metal crystal, the fewer crystal defects
and the smaller the resistance. There are a host of fac-
tors affecting the conductivity of metal conductors.
The temperature has an impact on the conductiv-

ity of metals [48]. Generally speaking, the increase in
temperature will increase the disorder of metal atoms,
coupled with the intensification of thermal vibration;
these changes will increase the possibility of the dis-
persion of electrons in the metal, thus increasing the
resistance of the metal.
Plastic deformation has an impact on the conduc-

tivity of metal [49]. First, plastic deformation will dis-
tort the crystal network of metal. Secondly, plastic de-
formation will increase the number of crystal defects.
These two factors will make the electric field near the
crystal lattice extremely uneven so that the resistance
of the metal will rise.
Effect of stress on metal conductivity [50]. As an

example, during the use of cables, tensile stress is in-
evitable, and tensile stress will increase the metal re-
sistance. The reason is that tensile stress can easily
make the atomic spacing larger so that the lattice will
deform, and the resistance will increase, while com-
pressive stress is the opposite, and compressive stress
can reduce the resistivity.
Chemical composition is invariably the most cru-

cial factor [51]. The more impurities in aluminum al-
loy, the higher the resistivity, and when the impurities
reach a certain level, the material cannot be used as
a conductor. Generally speaking, when any alloy be-
comes a solid solution, whether the metal with rela-
tively low resistivity dissolves into the metal with high
resistivity or the metal with high resistivity dissolves
into the metal with low resistivity, the conductivity
will decrease. The reason for this is divided into sev-
eral aspects: first of all, when the crystal lattice is
distorted, the scattering probability of electrons will
increase. Secondly, it is also related to the chemical
action of different elements: different kinds of atoms
will destroy the lattice, accordingly, the resistivity of
metals will increase. In addition, the ordered change
of the solid solution of the metal will strengthen the
interaction between the various components so that
the number of conductive electrons will be reduced.
There is a main role and a secondary role in this, con-
sequently, the resistivity decreases under the synergis-
tic effect.
A slice of literature shows that the existing form of

the silicon phase has an obvious effect on the conduc-
tivity of Al-Si alloy [52]. For example, the existence
of coarse lamellar and acicular eutectic silicon in the
aluminum alloy will hinder the transmission of elec-
trons to a certain extent. Naturally, the resistance of
aluminum alloy will increase at this time. When the
coarse lamellar and acicular silicon is modified and
changed into fibrous silicon, the resistance can be re-
duced. For the solid solution silicon in the alloy ma-
trix, due to the natural difference in the lattice con-
stants of aluminum and silicon, the solid solution sil-
icon will lead to lattice distortion, make the crystal
regularity lower, and thus increase the resistance [53].
In this study, the modification of Al-20Si-0.3Zr al-

loy by Sb will transform seaweed fibrous eutectic sili-
con into coarse lamellar eutectic silicon, but the elec-
trical conductivity of the alloy shows an upward trend.
Based on this, it is inferred that there are two possibil-
ities. One is that the adverse effect of the morphology
change of eutectic silicon on the electrical conductiv-
ity of the alloy is a secondary factor, while the mod-
ification of Sb plays a leading role in improving the
electrical conductivity of Al-20Si-0.3Zr alloy. Another
possibility is that the morphology change of eutectic
silicon can improve the conductivity of the alloy.

4.4. Thermomechanical analysis

The essence of heat conduction of materials is that
the uneven distribution of temperature leads to the
transfer of heat energy from the high-temperature area
to the low-temperature area [54]. The main carrier of
metal heat transfer is free electrons, and free electrons
play a leading role.
In metals, lattice vibration, that is, phonon heat
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Fig. 11. Electron and phonon motion models in metal crys-
tal materials.

conduction, also plays a role in the heat conduction
process, accordingly the thermal conductivity of met-
als (Fig. 11) is mainly composed of electronic thermal
conductivity (λe) and phonon thermal conductivity
(λL), among them, the electron thermal conductivity
is dominant [55]. Eq. (3) is expressed as:

λ = λe + λL. (3)

According to Weidman-Franz law:

L0 =
λ

σT
=

π2

3
k2B
e2

, (4)

L0 = 2.45× 10−8 W ΩK2 (5)

where L0 is Lorentz constant, kB is Boltzmann con-
stant (J K−1), T is the absolute temperature, e is elec-
tronic power, and σ is the conductivity of the metal.
The ratio of the thermal conductivity to the electrical
conductivity of a metal is constant at room tempe-
rature and does not vary from metal to metal [56].
Therefore, it can be inferred that the thermal conduc-
tivity of Al-20Si-0.3Zr alloy will increase at first and
then decrease with the increase of Sb addition before
and after Sb modification. When the content of Sb is
1.6 %, the thermal conductivity of Al-20Si-0.3Zr alloy
is the highest.
The DSC method is a paramount means to analyze

the phase transition temperature and latent heat of
the material. It has been widely used in the analysis of
the phase transition process of the alloy. When the al-
loy temperature rises to a certain extent, the bonding
between the molecules in the metal will break, result-
ing in a change of the phase structure, thus forming an
absorption peak on the DSC curve [57]. As is known
to all, the smaller the solidification temperature range

of aluminum alloy, the better the casting fluidity of
aluminum alloy. Therefore, it can be seen from the
results shown in Fig. 9 that the casting fluidity of Al-
20Si-0.3Zr alloy first increases and then decreases with
the increase of Sb content. When the content of Sb
is 1.6 %, the alloy has the strongest fluidity. In other
words, the addition of Sb in Al-20Si-0.3Zr alloy can
improve the fluidity of the alloy.
By observing the differential thermal analysis

curve of the alloy, it can be found that with the in-
crease of Sb addition in the alloy, the end temperature
of the endothermic peak of enthalpy change of the al-
loy gradually decreases. When the addition of Sb ex-
ceeds 1.6 %, the endpoint temperature begins to rise,
and its changing trend is consistent with the electri-
cal conductivity and mechanical properties after the
fracture of the alloy. As the end temperature of the
endothermic peak of the enthalpy change of the alloy
is related to the second phase in the alloy, it can be
seen that the second phase of the Al-Si-Zr-Sb alloy
has a dominant influence on the electrical conductiv-
ity, thermal conductivity, and mechanical properties.

5. Conclusions

The incorporation of Sb into the hypereutectic Al-
-20Si-0.3Zr alloy resulted in a transformation of the
primary silicon phase morphology from coarse, irreg-
ularly shaped broken plates to fine granular blocks,
with an 87.2 % decrease in average size from 376.17
to 48.30 µm. As the Sb content increased, the mor-
phology of the eutectic silicon phase transformed from
seaweed-like to leaf-like.
The mechanical properties of the Al-20Si-0.3Zr al-

loy were significantly improved with the addition of
Sb, resulting in a 29.4% increase in ultimate tensile
strength from 132.1MPa to 170.9MPa and a 183%
increase in elongation from 1.2 to 3.4 % at 1.6 % Sb
content. The Sb modification also improved thermal
and electrical conductivity and reduced the solidifica-
tion temperature range from 442.2 to 328.5 K, thereby
enhancing the casting fluidity of the alloy.
The optimal Sb addition in Al-20Si alloy with 0.3 %

Zr was 1.6%. Further investigations are needed to ex-
plore the effect of higher Sb content and varying Zr
content on the properties of hypereutectic Al-Si alloys.
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