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Abstract: The effects of solution treatment time on the morphology evolution of Si particles and the
thermal conductivity and tensile properties of Sb-modified alloys were studied. The results show
that the evolution of Si particles follows four mechanisms: spheroidization, necking and splitting of
particles with large aspect ratios, fusion of spherical particles, and coarsening controlled by diffusion.
The first three mechanisms mainly occur at the early stage of solution treatment. The addition of Sb
does not change the evolution law of the Si particles, but it does change the contribution of various
evolution mechanisms, including promoting spheroidization, fusion, and coalescence, as well as
significantly reducing the coarsening rate, which makes the thermal modification of Sb-modified
alloys more effective. The increase in thermal conductivity during solution treatment is related to the
decrease of the anharmonicity of lattice vibration, lattice wave scattering, and electron scattering of Si
particles. The 0.4 wt. % Sb-modified alloy exhibits excellent tensile strength and elongation under
as-cast T4- and T6-heat-treated conditions, because the modification significantly reduces the stress
concentration of the Si particles and delays the germination and propagation of microcracks.

Keywords: Al-Si-Mg alloy; Sb element; solution treatment; thermal conductivity; tensile properties

1. Introduction

Hypoeutectic Al-Si alloys are widely used in modern industrial fields due to their
good casting properties, excellent wear resistance, and low density. The development of
communication technology also puts forward new requirements for casting aluminum
alloys used in base-station structural parts, including excellent thermal conductivity and
mechanical properties [1]. Since the thermal conductivity and mechanical properties of
hypoeutectic Al-Si alloys are mainly determined by the morphology of their Si particles [2,3],
in recent years, researchers have used chemical modification, melt superheating treatment,
semi-solid casting, and other techniques to modify the morphology of Si particles [4–6].

Chemical modification, as the most common means of modification, has been paid
more and more attention and research. Various elements (such as Na, Sr, La, Ce, Sb, etc.)
have been proven to be able to modify the morphology of Si particles [7–9]. In particular,
the addition of Sr shows a significant effect on the modification of the Al-Si alloy but leads
to an increase in the porosity of the ingot [10]. The modification effect of rare earth elements
depends on the solidification rate, so it is difficult to obtain an ideal spheroidizing effect
under the conventional cooling rate [11,12]. In addition, some modifiers exhibit high solid
solubility in the matrix, which increases the lattice distortion of the matrix. Therefore, it is
challenging to obtain high thermal conductivity and low porosity as-cast Al-Si alloys under
conventional casting conditions.
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In addition to chemical modification, thermal modification has also been extensively
studied in Al-Si alloys [13,14]. M. H. Abdelaziz et al. [15] studied the effect of long-term
thermal modification on the evolution of Si particles in non-modified and Sr-modified 354
and 356 alloys and found that thermal modification of Si particles was more effective in
Sr-modified alloys than in other, Sr-free alloys. In addition, the coarsening controlled by
particle coalescence and Ostwald ripening mechanisms is the main evolution law of Si
particles. However, they did not discuss the evolution of Si particles at the early stage of
solution treatment. C. Lee et al. [16] found that thermal modification can make Si particles
spheroidize and result in the edges becoming round, which plays an important role in
avoiding the stress concentration of Si particles, germination of microcracks, and improving
elongation after fracture; W. R. Osorio’s research reached the opposite conclusion [17]. K. Li
et al. [1] and M. H. Mulazimoglu et al. [18] analyzed the influence of thermal modification on
the directional motion of electrons and both concluded that the splitting and spheroidization
of particles caused by thermal modification reduced the obstacle to the motion of electrons
and thus significantly improved the electrical conductivity of materials.

As a common modified element in Al-Si alloys, Sb can induce the formation of twins
in Si and restrict the growth of Si particles [19]. Moreover, the solid solubility of Sb in
the Al matrix is extremely low at room temperature, which avoids the adverse effect
of element addition on the conductivity of the matrix [20]. However, the Si particles
modified by Sb are still in strip shape, and their narrow morphology and sharp edges will
split the matrix, which limits the improvement of electrical conductivity and mechanical
performance that Sb can provide. In this work, chemical modification (Sb-modified) and
thermal modification (solution treatment) were carried out simultaneously on an Al-8Si-
0.6Mg alloy. The evolution law of Si particles and the contribution of various evolution
mechanisms on the tensile properties and thermal conductivity were discussed, relative to
the microstructure analysis of Si particles and the calculation of the scattering ability of the
particle morphology of the electrons.

2. Material and Experimental Details
2.1. Materials

The investigated Al-8Si-0.6Mg alloys modified by Sb were prepared by using commer-
cial pure Al (99.97 wt. %), commercial pure Mg (99.97 wt. %), Al-20 wt. % Si, Al-10 wt. %
Sb, and Al-50 wt. % Cu master alloys. The alloys were melted in a graphite crucible using a
resistance furnace in atmospheric environment. At first, the Al-Si master alloy and pure Al
were melted together at 780 ◦C. After the alloy was completely melted, pure Mg, Al-Cu,
and Al-Sb master alloys were added and heated for 10 min. Then, the melt was degassed
by C2Cl6, and the temperature was decreased to 750 ◦C. Finally, the melt was poured into
a steel mold preheated to 200 ◦C. The ingot size was 30 mm × 40 mm × 100 mm, and
the chemical compositions measured by Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES, PerkinElmer, MA, USA) are shown in Table 1.

Table 1. Chemical compositions of the experimental alloys (wt. %).

Code Alloy Si Mg Sb Cu Fe Al

Alloy-1 Al-8Si-0.6Mg-0Sb 7.90 0.65 0 0.12 0.18 Bal.
Alloy-2 Al-8Si-0.6Mg-0.2Sb 7.92 0.63 0.18 0.10 0.22 Bal.
Alloy-3 Al-8Si-0.6Mg-0.4Sb 7.86 0.64 0.41 0.11 0.21 Bal.
Alloy-4 Al-8Si-0.6Mg-0.6Sb 7.89 0.60 0.54 0.10 0.19 Bal.

2.2. Microstructure Characterization and Test Methods

Samples with a size of 10 mm × 10 mm × 2 mm were cut from the middle position,
20 mm from the bottom of the ingots. After solution treatment at 540 ◦C for different
periods of time, the samples were observed using an optical microscope (OM, 4XC-II,
Shanghai Optical Instrument, Shanghai, China) after grinding and polishing. Then, these
samples were deeply etched by mixed acid (2.5 vol% HNO3, 2.5 vol% HF, and 95 vol%
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H2O) for 5 min, and the morphology of the Si particles was observed using a field emission
scanning electron microscope (FESEM, Sirion 200, Eindhoven, The Netherlands). A tensile
test was carried out on an MTS-810 testing machine at room temperature. Three specimens
for each alloy were tested. The gauge length of the specimen was 30 mm, and the tensile
speed was 2 mm/min. The tensile fracture was analyzed using a SEM (Sirion 200). The
thermal conductivity (λ) of the alloys was calculated using Equation (1):

λ(T) = α× Cp × ρ, (1)

where α is the thermal diffusivity (measured by laser thermal conductivity meter, LFA457),
Cp is the specific heat (measured by DSC, NETZSCH STA 449 C, Selb, Germany), and ρ is the
density (measured by Archimedes principle). The resistivity was measured using an eddy
current conductivity meter (Sigma 2008, Xiamen, China). The equivalent circle diameter (d)
and aspect ratio (A.R) of the Si particles were calculated using Equations (2) and (3):

d = 1
m ∑m

j=1

(
1
n ∑n

i=1

√
4×Ai

Π

)
(2)

A.R = 1
m ∑m

j=1

(
1
n ∑n

i=1

(
ai
bi

))
, (3)

where A, a, and b are area, major axis, and minor axis of the equivalent ellipse of Si parti-
cle, respectively. They were measured by Image-Pro Plus (Media Cybernetics, Bethesda,
Rockville, MD, USA). N is the number of particles in each optical micrograph, and m is the
number of micrographs. To ensure the accuracy of statistical data, 10 fields of view were
selected for each sample.

3. Results and Discussion
3.1. Microstructure

The optical microstructures of the as-cast and heat-treated alloys are shown in Figure 1.
For the as-cast alloys, the Si particles in the unmodified alloy were plate-like and needle-
like, whereas, as the Sb content increased, the size of the Si particles decreased. When the
Sb content was 0.4 wt. % (Alloy-3), partial spherical Si particles appeared in alloys, while
the rest were still needle-like. For heat-treated alloys, the edges of the Si particles in the
four alloys became obviously rounded, and the average length of Si particles decreased
significantly after solution treatment for 8 h. When the solution treatment time increased to
32 h, part of the small particles disappeared, while other particles coarsened significantly
and further spheroidized. Therefore, spheroidization and coarsening are two obvious
evolution mechanisms of Si particles during solution treatment.

The secondary electron morphology of Si particles is shown in Figure 2. In the deep-
etched samples, the 3D morphology of Si particles can be obtained, which shows more
details that cannot be characterized by optical microstructure. It can be seen in Figure 2
that the Si particles in the Sb-modified alloys (Figure 2c,e,g) are of smaller sizes and have
more branches than the unmodified alloy (Figure 2a), but they are still plate-like with sharp
edges. This is because the Sb element can induce the formation of twins in Si particles and
make them fine [19]. After solution treatment for 32 h, the morphology of Si particles in
different alloys varied greatly: in the non-chemically modified alloy, most Si particles were
long and rod-shaped after solution treatment and some were still plate-like (Figure 2b); in
the Sb-modified alloys, the Si particles were short rod-shaped, spherical, and polyhedral
(Figure 2d,f,h), which indicates that thermal modification is more effective for Sb-modified
alloys than unmodified alloys.
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Figure 1. Optical microstructure of the alloys with different solution treatment times at 540 ◦C.

The high magnification secondary electron images of the Si particles during the solu-
tion treatment are shown in Figure 3, which more intuitively shows the other two evolution
mechanisms. Figure 3a–c show the third kind of evolution mechanism: necking and split-
ting of particles with large aspect ratios. The necking mainly occurs in the weak spots
and branches of Si particles with large aspect ratios. As shown by the yellow arrow in
Figure 2a,c,e,g, the large-size Si particles have more branches and faults, especially in
Sb-modified alloys. The surface curvature and lattice distortion of these branches and
faults positions are large, and they are in an active high-energy state. When heat treatment
provides a sufficient driving force, the branches of the particles gradually become rounded
and split [21]. However, in the unmodified alloy, after a long solution treatment time, the
surfaces of the Si particles become smooth, which reduces the heterogeneity of the surface
energy and makes it difficult to break. As a result, the degree of spheroidization of Si
particles was still low after 32 h solution treatment, and the Si particles evolved into a long
rod shape. These results are consistent with those of M. H. Abdelaziz, who proved that the
Si particles in unmodified alloys are still long and rod-shaped, even after 400 h solution
treatment [15].

The fourth evolution mechanism is the fusion of spherical particles as shown in
Figure 3d–f, which mainly occurs between the highly-spheroidized small-size Si particles.
The spheroidized small Si particles are very close to each other and even squeeze each
other. Under the action of diffusion, fusion gradually occurs, forming the fusion neck as
shown in Figure 3d–f (marked by the blue arrow). In particular, there is a distinct fusion
line in the fusion neck, which is different from the dissolved neck in Figure 3a–c. This is
consistent with the characteristics of the second phase of the highly spheroidized Pb-Sn
alloys [22]. As shown in Figure 3g, some Si particles have not begun to fuse after squeezing
in the alloy, and there are dents on the surface caused by squeezing with other particles
(marked by green arrows). In Figure 3d,h, holes on the Si particles (marked by red arrows)
can be seen, these are caused by impurity elements, such as Ti and Fe, and have nothing to
do with the evolution of Si particles [23].
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Figure 2. Secondary electron morphology of Si particles in four as-cast and 32 h solution-treated alloys.
(a) As-cast Alloy-1, (b) Solution-treated Alloy-1, (c) As-cast Alloy-2, (d) Solution-treated Alloy-2,
(e) As-cast Alloy-3, (f) Solution-treated Alloy-3, (g) As-cast Alloy-4, (h) Solution-treated Alloy-4.

In summary, there are four evolution mechanisms of Si particles during solution treat-
ment: spheroidization, splitting, fusion, and coarsening. However, not every mechanism
has a significant and positive effect on the properties of the alloys. Therefore, it is necessary
to determine the action time of each mechanism and formulate a reasonable heat treatment
system for Al-Si alloys. The spheroidization of Si particles has been widely demonstrated:
the decrease of surface energy is its main driving force, and it usually occurs in a relatively
short time (<1 h) [23]. In the following sections, splitting, fusion, and coarsening will
be discussed.

Since splitting and fusion occur in large-sized and small-sized particles, respectively,
the equivalent diameter and its distribution of Si particles at different solution heat treat-
ment time were calculated, respectively, as shown in Figure 4. It should be noted that
the size of the Si particles in the Sb-modified alloys is smaller, so the interval division of
size is denser. The broken lines show that, with increasing solution treatment time, the Si
particle size of Alloy-1 and Alloy-2 decreased slightly at first and then increased gradually,
while the Si particle size continued to coarsen and grow in Alloy-3 and Alloy-4. Both the
yellow and blue columns, which represent the large-size Si particles, decrease first and
then increase. This indicates that lots of large-size Si particles fracture at the initial stage of
solution treatment. The fracturing speed of Si particles is much higher than the coarsening
speed, which leads to the transformation of lots of large-size Si particles into small-size Si
particles. After solution treatment for 4 h or longer, the yellow and blue columns increased
steadily, indicating that necking and splitting were no longer effective. For the small-sized
Si particles, the change of content during the solution process were random, which may
be the result of the competition between the splitting and fusion. At the same time, the
action time of the fusion could not be determined. However, after a long period of solution
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treatment time (e.g., 32 h), the small size of Si particles decreased significantly, which may
be related to the Ostwald ripening mechanism.
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Because the growth rate of coarsening controlled by the Ostwald ripening mechanism
is a constant, if the growth rate is higher than the stable value at any point, particle fusion
occurs. Therefore, the action time of the fusion can be determined by calculating the
growth rate of the average particle size. The constant can be calculated from the following
equation [24]:

r3 − r3
0 = KLSW × t, (4)

where KLSW is the constant related to temperature and surface energy, r0 is the initial radius
of the particle, r is the average radius of the particles after solution treatment (as shown in
Figure 4), and t is the time of solution treatment.

The fusion can be determined by calculating the growth rates of prophase and
anaphase. For Alloy-1 and Alloy-2, KLSW cannot be calculated because of the decline
of particle radius within 1h, so the diffusion constants of 1–4 h and 4–32 h were calculated
as the growth rate of prophase and anaphase, respectively. For Alloy-3 and Alloy-4, the
diffusion constants of 0–1 h and 1–32 h were calculated, respectively. The calculation results
are shown in Table 2, in which the KLSW mean growth rate of prophase and the KLSW-2
mean growth rate of anaphase are displayed. It is obvious that KLSW-1 is much larger than
KLSW-2, which means that particle coalescence plays a major role in the early stage. With
the increase of solution time, the distance between Si particles gradually increases, and
the coalescence of particles gradually becomes negligible. Meanwhile, compared with the
Sb-free alloys, both KLSW-1 and KLSW-2 of Sb-modified alloys significantly decline. This is
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related to the decrease of the proportion of Si particles with high surface energy, which is
caused by the spheroidization of modified Si particles.
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Table 2. Calculated value of KLSW-1 and KLSW-2.

Code Alloy KLSW-1 KLSW-2

Alloy-1 Al-8Si-0.6Mg-0Sb 0.3347 0.0961
Alloy-2 Al-8Si-0.6Mg-0.2Sb 0.1252 0.0489
Alloy-3 Al-8Si-0.6Mg-0.4Sb 0.2079 0.0347
Alloy-4 Al-8Si-0.6Mg-0.6Sb 0.2107 0.0304

At the early stage of solution treatment, the splitting of large particles, fusion of small
particles, and passivation of edges are very active. As faults and branches break and the
edges become rounded, the surface energy of each particle tends to stabilize, resulting
in the splitting and spheroidization being almost complete. At the stable stage, the Si
particles close to each other coalesce, and the Ostwald ripening mechanism controlled
by diffusion plays a leading role. In addition, the Sb element plays an important role
in the evolution of thermal modification. Since the chemically modified and large-size
particles have more branches and faults, necking and separation are more effective. The
more small particles that are obtained by splitting and chemical modification, the more
obvious the spheroidization and coalescence. Moreover, the chemical modification leads to
an improvement in the morphology of the Si particles and decreases in the surface energy
of the Si particles, so the addition of Sb effectively reduces the growth rate of Si particles
controlled by diffusion.
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3.2. Thermal Conductivity

Figure 5 shows the thermal conductivity and resistivity curves of alloys during solution
treatment at 540 ◦C. Modification has positive effects on the thermal conductivity of alloys.
The thermal conductivity gradually increases with the extension of the heat treatment time,
but the increasing amplitude gradually decreases until it reaches a stable plateau at 8 h.

Metals 2021, 11, x FOR PEER REVIEW 8 of 17 
 

 

Sb-free alloys, both KLSW-1 and KLSW-2 of Sb-modified alloys significantly decline. This is 

related to the decrease of the proportion of Si particles with high surface energy, which is 

caused by the spheroidization of modified Si particles. 

Table 2. Calculated value of KLSW-1 and KLSW-2. 

Code Alloy KLSW-1 KLSW-2 

Alloy-1 Al-8Si-0.6Mg-0Sb 0.3347 0.0961 

Alloy-2 Al-8Si-0.6Mg-0.2Sb 0.1252 0.0489 

Alloy-3 Al-8Si-0.6Mg-0.4Sb 0.2079 0.0347 

Alloy-4 Al-8Si-0.6Mg-0.6Sb 0.2107 0.0304 

At the early stage of solution treatment, the splitting of large particles, fusion of small 

particles, and passivation of edges are very active. As faults and branches break and the 

edges become rounded, the surface energy of each particle tends to stabilize, resulting in 

the splitting and spheroidization being almost complete. At the stable stage, the Si parti-

cles close to each other coalesce, and the Ostwald ripening mechanism controlled by dif-

fusion plays a leading role. In addition, the Sb element plays an important role in the evo-

lution of thermal modification. Since the chemically modified and large-size particles have 

more branches and faults, necking and separation are more effective. The more small par-

ticles that are obtained by splitting and chemical modification, the more obvious the sphe-

roidization and coalescence. Moreover, the chemical modification leads to an improve-

ment in the morphology of the Si particles and decreases in the surface energy of the Si 

particles, so the addition of Sb effectively reduces the growth rate of Si particles controlled 

by diffusion. 

3.2. Thermal Conductivity 

Figure 5 shows the thermal conductivity and resistivity curves of alloys during solu-

tion treatment at 540 °C. Modification has positive effects on the thermal conductivity of 

alloys. The thermal conductivity gradually increases with the extension of the heat treat-

ment time, but the increasing amplitude gradually decreases until it reaches a stable plat-

eau at 8 h. 

 

Figure 5. Thermal conductivity of alloys during solution treatment. 
Figure 5. Thermal conductivity of alloys during solution treatment.

The thermal conductivity of materials is determined by both phonons and electrons.
In Al-Si alloys, the influence of phonons on the thermal conductivity needs to be discussed
from the aspects of the Si particles and the Al matrix. The vacancies and lattice distortion
caused by solution heat treatment increase the scattering probability and reduce the mean
free path of the phonons. However, the contribution of the phonons to the thermal con-
ductivity of the Al matrix is less than 5% [25], which means that phonons do not cause
a significant change in the thermal conductivity of the Al matrix. Therefore, the effect of
phonons on the thermal conductivity of materials is mainly related to Si particles. The
phonon is the decisive factor in terms of the thermal conductivity of Si. The Si particles are
significantly spheroidized by thermal modification, which reduces the total interface length
to improve the coordination of phonon propagation. Therefore, thermal modification is
beneficial to phonon propagation; it improves the uniformity of the structure and reduces
the interface area between Al and Si, which helps reduce the anharmonicity of lattice
vibration and lattice wave scattering [26].

The influence of electrons on thermal conductivity is related to electron movement.
The vacancies and lattice distortion caused by a high-temperature solution reduce the
electron movement, but the improvement of Si particle morphology and the disappearance
of the intermetallic are favorable for electron diffusion. In general, the movement of
electrons in the metal can be quantitatively described by resistivity. Figure 6 shows the
resistivity of alloys during solution treatment. It can be seen that thermal modification
significantly reduces the resistivity, and, with the increase of solution time, the resistivity
gradually stabilizes. According to the Matthiessen–Flemming principle (Equation (5)), the
total resistivity (ρ) of the alloy is related to many factors [27,28].
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ρ = ρAlpure +4ρp−p +4ρSi + Cv ×4ρVAC + SGB ×4ρGB + ∑
i

Ci
solu ×4ρi

solu, (5)

where ρAlpure is the resistivity of pure Al (~2.655 × 10−8 Ω·m), and4ρp−p,4ρSi,4ρVAC,
4ρGB, and4ρi

solu are the resistivity values of the precipitated phases, Si particles, vacancies,
grain boundaries, and solute elements, respectively. Cv and Ci

solu are the vacancy and solute
concentration, respectively. SGB is related to the grain size and calculated from the formula
SGB = 6

d
, where d is the average grain size. In this work, each crystal grain contains many

dendrites, so the dendrite spacing is regarded as d.
Due to the finite growth of grains at high temperatures [29], the data calculated by

Yoji Miyajima (i.e., 4ρGB = 2.6× 10−16 Ω·m2) can quantify the effect of grain boundary
changes on electrical conductivity [30]. The contribution of grain boundaries to the electrical
resistivity of alloys before and after solutionizing were calculated, and the results are shown
in Table 3. In the table, SGB−Cast and SGB−ST represent the fraction of grain boundary per
unit volume of cast alloys and solution-treated alloys, respectively. It can be seen that the
decrease in conductivity through grain growth does not exceed 1% of the resistivity of pure
aluminum, which is extremely limited.

Table 3. Contribution of grain boundaries to the electrical resistivity of alloys before and after solutionizing.

Code |SGB−Cast−SGB−ST|4ρGB(Ω·m/10−11) 4SGB4ρGB/ρAlpure(‰)

Alloy-1 1.13 0.50
Alloy-2 1.24 0.47
Alloy-3 1.82 0.69
Alloy-4 1.24 0.47

The vacancy concentration is temperature-dependent, and quenching retains lots of
vacancies generated by high temperature, according to the vacancy concentration balance
formula [31]:

Cv = A× exp
(
− µ

kT

)
, (6)

where µ is the vacancy formation energy (~0.76 eV), k is the Boltzmann constant (~8.62× 10−5 eV/K),
A is the material constant (~1) and T is the solution temperature (~813 K). Using this equation, we
calculated Cv = 1.95× 10−5. Reference [27] shows that when the vacancy concentration increases



Metals 2022, 12, 377 10 of 16

to 10−3, the resistivity only increases to 2.6× 10−11 Ω·m, which means that the effect of vacancies
caused by solution treatment is negligible.

Considering that the scattering effect of second phase particles (such as Mg2Si) on
electrons is much lower than that when they are dissolved in the matrix [18], ρp−p de-
creases slightly and4ρi

solu increases significantly during solution treatment. Therefore, the
significant reduction of resistivity is attributed to the decrease in ρSi. During the solution
treatment, the morphology of Si particles changes, which will show different blocking
effects on electrons, indicating that the evolution mechanism of Si particles has an impact
on the conductivity.

As Figures 1 and 2 show, the evolution of Si particles is mainly due to the change of
the aspect ratio and the number of particles. To explore the influence of each evolution
mechanism on ρSi, Python was used to build rectangular Si particle distribution models
with different aspect ratios (A.R) and numbers of particles. The models are based on the
following three rules: (1) The proportion of the Si particle area is 8%; (2) The orientation and
position of each Si particle are completely random; and (3) The overlapping area between
particles does not exceed 5%. The randomly constructed shape is shown in Figure 7.

Assuming that electrons pass through the above-mentioned shape horizontally, the
movement of scattered electrons can be ignored. The electron passing rate was calculated,
and a contour map was drawn, as shown in Figure 8, which can characterize the influence
of these factors on the conductivity. The Figure 8 shows that the scattering effect of particles
on electrons is positively correlated with the number of particles and the aspect ratio. In
addition, the effect of the number of particles is stronger. Particle coalescence can signifi-
cantly reduce the number of particles without significantly increasing the aspect ratio of the
particles, which is beneficial to increase the electron pass rate. Similarly, the spheroidization
of particles can effectively reduce the aspect ratio without changing the number of particles,
which means that spheroidization has a strong positive effect on conductivity. Under the
premise of ignoring the spheroidization of particles, splitting reduces the aspect ratio of
the particles but significantly increases the number of particles, which is detrimental to
the electron pass rate. However, more importantly, particle fragmentation provides more
particles with a low aspect ratio which are easier to spheroidize and coalesce, thereby
further catalyzing the increase in electrical conductivity. Coarsening has a lower effect on
the aspect ratio. Although the Ostwald ripening mechanism can reduce the number of
fine particles, the interception of electrons by the fine Si particles is limited. Therefore, the
resistivity at the stable stage seems to be a constant.

3.3. Mechanical Properties

Since the thermal conductivity reaches a stable plateau after 8 h of solution treatment,
8 h is considered to be the best heat treatment time. Then, the mechanical properties of
T4 and T6 heat treatment were tested. The tensile strength and elongation values of the
alloys before and after heat treatment are shown in Table 4. As the strength and elongation
of the alloys vary greatly in different states, the quality index chart, which is commonly
used to evaluate the comprehensive properties of cast aluminum, is used to compare the
performance differences [32]. The quality index diagram includes the elongation and
strength after fracture and the quality index Q, which are calculated by [33]:

Q = UTS + 150× lg(δ), (7)

where UTS is the tensile strength, and δ is the elongation after fracture.
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Table 4. Tensile mechanical properties of the alloys before and after heat treatment.

Condition Alloy YS (MPa) UTS (MPa) EL (%)

As-cast

Alloy-1 117.3 ± 10.9 187.1 ± 15.3 4.5 ± 0.6
Alloy-2 120.6 ± 9.6 190.2 ± 17.6 5.7 ± 0.4
Alloy-3 123.1 ± 5.4 205.7 ± 18.1 6.2 ± 0.6
Alloy-4 119.4 ± 6.7 194.4 ± 12.4 6.0 ± 0.8

T4

Alloy-1 78.2 ± 8.3 164.9 ± 13.2 8.9 ± 1.2
Alloy-2 82.2 ± 4.6 166.4 ± 9.6 12.7 ± 1.6
Alloy-3 87.5 ± 5.1 181.2 ± 14.3 18.4 ± 0.8
Alloy-4 80.4 ± 6.0 174.4 ± 11.0 16.2 ± 1.4

T6

Alloy-1 179.9 ± 11.8 237.5 ± 17.3 4.2 ± 0.7
Alloy-2 169.6 ± 7.5 242.0 ± 10.7 5.6 ± 0.6
Alloy-3 174.7 ± 6.2 256.8 ± 12.9 9.1 ± 1.2
Alloy-4 178.8 ± 5.7 247.7 ± 14.7 8.1 ± 0.9

As shown in Table 4 and Figure 9, the modification of Sb and heat treatment have
positive effects on mechanical properties, especially the 0.4% Sb-modified alloys (Alloy-3),
which show better comprehensive mechanical properties than other alloys. After chemical
modification by 0.4% Sb, the Q index of the as-cast alloys increased from 285.1 MPa to
324.6 MPa with an increase rate of 13.8%. After solution heat treatment (T4), the strength
decreased slightly and the elongation increased greatly, the comprehensive properties of
the alloys improved significantly, and the Q index of Alloy-3 increased from 324.6 MPa
(as-cast) to 370.1 MPa (T4). The ability of Sb to improve the properties of Al-Si-Mg alloy
was further enhanced by solution treatment, which is due to the strong improvement of
microstructure of Sb-modified alloy by thermal modification. After 7 h of artificial aging
(T6), the strength of the alloys increased, the elongation decreased, the comprehensive
properties improved slightly, and the Q index of Alloy-3 increased to 400.6 MPa.

Figure 10 shows the micrographs of tensile fracture surfaces of the as-cast alloys.
The fracture surface of Alloy-1 is mainly a cleavage fracture and contains lots of tearing
edges, showing obvious brittle fracture characteristics. With the enhancement of the Sb
modification effect, the cleavage plane area decreases, and the tearing edge increases. There
are a lot of cracks in the Si particles, which show obvious characteristics of transgranular
fractures. After solution treatment for 8 h, the fracture modes of Alloy-1 and Alloy-2
changed from brittle fractures to ductile-brittle mixed fractures, and the others all changed
to ductile fractures. The fractures consist of a large number of equiaxed dimples and Si
particles. When the alloy is modified by 0.4 wt. % Sb, the as-solution fracture mode of the
Si particles changes to an intergranular fracture, the dimples are deep and dense, and the
ductility of the alloy reaches the best value.

Figure 11a,b show the metallographic microstructure near the fracture of Alloy-3
before and after solution treatment, and some cracks near the fracture are marked by yellow
circles in the figure. In Figure 11a, the cracks at the as-cast alloy are mainly caused by
needle-like Si particles. Si particles with large aspect ratios are difficult to coordinate with
the deformation of the matrix during the tensile process. The stress concentration at the
sharp corners leads to the germination of microcracks. According to the fiber reinforcement
theory, the stress in the center of the particle is proportional to the shear stress in the
matrix [34]. Therefore, the higher stress in the Si particles with large aspect ratios leads to
the transgranular fracture of the as-cast Si particles, which also promotes the formation
of microcracks. However, this does not explain why the well-spheroidized particles in
Figure 10b still have cracks inside them. Yang’s research reveals that the second phase
with a similar shape but a larger size difference is subjected to different stresses during the
tensile process, while the larger particles are subjected to greater internal stresses during
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deformation [35]. According to Griffith’s theory, the fracture stress of the second phase
particle is inversely proportional to the particle radius [36,37]:

σc = kc × d−1/2, (8)

where kc is the fracture toughness of particles and d is the average diameter of the particles.
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After modification, the fine Si particles obtained a higher expected strength value.
Therefore, a low aspect ratio, small size, and edge passivation are beneficial to reduce the
internal stress of Si particles and the shear stress in the matrix, avoid internal cracking,
and reduce the tendency of transcrystalline fracture and the possibility of microcrack
germination. Both chemical and thermal modification are beneficial to the formation of the
above morphology. Therefore, the simplified models of alloy fracture behavior before and
after solution treatment can be expressed in Figure 11c,d.

4. Conclusions

This paper discusses the effect of solution treatment on the evolution of Si particles
and properties of Sb-modified Al-Si-Mg alloys. Chemical modification has an obvious
promoting effect on thermal modification, and the combination of the above two methods
can achieve the ideal morphology of Si particles, which is conducive to the determination
of the heat treatment system of Al-Si alloys. The following conclusions can be drawn from
this research:

(1) There are four evolution mechanisms of Si particles during the solution treatment:
spheroidization, splitting, coalescence, and coarsening. Spheroidization, fusion, and
coalescence are active at the early stage. The growth of Si particles is a coarsening
process controlled by diffusion.

(2) Sb changes the contribution of each mechanism Si particle, resulting in the thermal
modification of the Sb-modified alloy being more effective. This is because the modi-
fied Si particles have smaller aspect ratios and more branches and faults, leading to
more effective spheroidization and more active fusion and coalescence.
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(3) The improved thermal conductivity of the alloy due to thermal modification benefits
from the effect of Si-particle evolution on phonon propagation and electron transport.
After solution treatment, the interface length of Si particles decreases, which reduces
the anharmonicity of lattice vibration and lattice wave scattering. In addition, the
more spheroidized Si particles also provide more channels for electron transport.

(4) The particles treated by chemical modification and thermal modification have a
smaller size and better morphology, which reduce the stress in its center and the shear
stress in the matrix. Therefore, the crack germination is slowed down, and the alloy
achieves higher mechanical properties.
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