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Abstract: Cooling rate plays a critical role in determining the thermal conductivity of Al-Si alloys.
Although the effect of morphology and size of Si (changed by heat treatment) on its thermal conduc-
tivity has been investigated, the effect of cooling rates on thermal conductivity has not been well
studied. In this study, we investigated the microstructure of an Al-8Si (with and without modification
by Strontium (Sr)) alloy with cooling rates from 46.2 ◦C/s to 234 ◦C/s. It was found that the effect
of cooling rate on thermal conductivity of Sr modification and Sr-free samples are opposite from
each other. As a result, while the cooling rate increased from 46.2 ◦C/s to 234 ◦C/s, the calculated
thermal conductivity increased from 145.3 MS/m to 151.5 MS/m for Sr-free Al-8Si alloy, and the
calculated thermal conductivity was reduced from 187.5 MS/m to 176.7 MS/m for the Sr-modified
Al-8Si alloy. By discussing how thermal conductivity correlates with eutectic silicon morphology
and secondary dendrite arm spacing, the relationship between cooling rate and thermal conductivity
were explained. This work suggests a new design strategy for improving the thermal conductivity of
Al-Si hypoeutectic alloys.

Keywords: Al-Si alloy; cooling rate; modification; thermal conductivity; microstructure

1. Introduction

Al-Si alloys usually present good thermal/electrical conductivity as well as excellent
casting properties [1–4]. As a structural material, it has light-weight structural materials
with low cost. Additionally, Al-Si alloys have a wide range of applications in industries
such as automobiles, construction, and communications [5]. Especially since 5G base
stations in communication began springing up all over the world recently, aluminum alloy-
based radiators are required to possess excellent thermal conductivity due to high power
consumption and severe heat generation [6–8], along with enough mechanical properties
and a light weight. Al-Si hypoeutectic alloys are a potential and powerful candidate for the
requirement of radiators in 5G base stations. Therefore, it is important to determine how to
improve the thermal conductivity of Al-Si hypoeutectic alloys.

Generally, thermal conductivity is mainly controlled by the mobility of electrons,
lattice elastic vibration (phonons), and heat dissipation process. Since the contribution
of phonons is negligible for metals or alloys, the thermal conductivity is mainly affected
by the mobility of electrons. For Al alloys, the mobility of electrons usually depends on
the solid solution degree of solute elements in Al matrix, which has been investigated
thoroughly in the past few decades [9,10]. However, when the chemical composition of
solute elements is fixed for a given Al-Si hypoeutectic alloy, it is generally believed that the
micro-structures of the alloy play a decisive role on the thermal conductivity, for example
the morphology and size of the Si phase [7,11,12], and the density of defects such as grain
boundary and phase boundary [10,13], which can be reflect by the secondary dendrite arm
spacing (SDAS) in as-cast conditions.
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The control of microstructures of Al-Si hypoeutectic alloys is mainly implemented
through a casting process or heating treatment. It can be refined and spheroidized by
solid solution or/and aging treatment, and different heat treatment processes result in
Si particles with different sphericities, which also has significant impact on the thermal
conductivity of the alloy [12,14,15]. In addition, Vandersluis et al. [16] studied the effect of
cooling rate of solidification on thermal conductivity by controlling the mold temperature,
which revealed that the Si particles are longer and larger at higher mold temperatures. After
the heat treatment, the long needle shaped eutectic silicon particles are broken down into
smaller ones and then gradually spheroidized, which improves the thermal conductivity
of the alloy.

The morphology of the eutectic silicon in Al-Si alloys can also be influenced by
modification, leading to significant changes in the thermal conductivity. Guo et al. [7]
found that the eutectic Si changes from a long needle shape to a short rod shape due to the
addition of Sr, which reduces the scattering effect of electrons and improves the thermal
conductivity of the alloy. Wang et al. [14] found that the addition of Sr can effectively
increase the thermal conductivity of Al-Si hypoeutectic alloys, due to the formation of
Al2Si2Sr phases on the surface of silicon. They inferred that the addition of Sr increases
the contribution of free electron migration to the thermal conductivity. Additionally, the
SDAS, which is controlled by cooling rate or modification, also has a great influence on
the thermal conductivity of Al-Si alloys. Some researchers studied the changes in the
thermal conductivity of alloys with cooling rates during solidification in the range of
(0.127–8.25 K/s) [17]. However, they did not find a significant effect of the increase in the
cooling rates during solidification on the thermal conductivity, which means that although
the rise of the cooling rate increases the number of paths for thermal energy carriers
(electrons), the decrease in SDAS might offset this increase.

For Al-Si hypoeutectic alloys, as mentioned above, the morphology and the size
of eutectic silicon as well as the SDAS which matter to the thermal conductivity are
significantly influenced by both cooling rates during solidification and modification by Sr
elements. However, it is not clear which degree of influence is more significant if comparing
cooling rate with modification by Sr element. Moreover, cooling rates may also cause
different modification mechanisms [18,19], which indicates that the influences of cooling
rates and modification on the thermal conductivity are coupling and complicated. In this
study, therefore, the individual/coupling influences of cooling rates and modification by Sr
element on the thermal conductivity of Al-Si hypoeutectic alloys will be investigated, which
aims to clarity the mechanism for linking microstructures with the thermal conductivity,
and evaluate the degree of their individual/coupling influences. In the investigation, the
as-cast Al-8Si hypoeutectic alloy is chosen, without addition of any other alloy elements
and without heating treatment. It is guaranteed that only the two factors of cooling rates
and modification by Sr element will be investigated, excluding the influences of other
factors on the thermal conductivity.

2. Materials and Methods

In this paper, a resistance furnace (SG2-7-12, Rongfeng, Shanghai, China) was used to
melt the alloy. Pure Al (99.8%) and Al-24.4Si master alloys were used to prepare the Al-8Si
alloy (wt.% unless otherwise specified, used throughout the paper). Firstly, pure Al and
Al-24.4Si master alloys were put into a graphite crucible and heated to 800 ◦C in a resistance
furnace. As the alloy started melting, the temperature was adjusted to 750 ◦C. After the
alloy was completely melted, Al-10Sr alloy wrapped in aluminum foil was added (this step
was omitted when there was no Sr modification). The alloy was stirred well and kept at
temperature for 15 min. Finally, high-purity Ar was passed into the melt to degas for 2 min.
After the slag was removed, the melt was poured into a variable thickness water-cooled
copper mold with a length of 50 mm and a height of 80 mm (there is a hole at the bottom
of the mold for inserting a thermocouple). K-type thermocouple and a data acquisition
hardware (EM9104C, ZTIC, Beijing, China) were used to set the data acquisition frequency
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to 50 Hz to measure the real-time temperatures of cooling during solidification. Four Al-8Si
alloys and Al-8Si-0.08Sr alloys with different thicknesses of 5 mm, 10 mm, 15 mm, and
20 mm were obtained. During the above operation, two brand new crucibles were used
to avoid the introduction of impurities, and all of the tools that were in contact with the
melt were coated with ZnO on the surface and heated and dried in advance. After the
sample preparation was completed, a spectrum analyzer (ARL 4460, Ecublens, Ecublens,
Switzerland) was used to determine the composition of the sample. At least 4 points was
measured of each sample, and the average value was calculated. The measurement results
are shown in Table 1. Samples for SEM observation were prepared by traditional grinding
and polishing. The polished sample was deeply corroded in 5 vol.% HF aqueous solution.

Table 1. Chemical compositions of Al-8Si alloys (wt.%).

Alloy Si Fe Cu Mg Mn Ti Sr Al

Al-8Si 7.97 0.21 0.004 0.001 0.004 0.001 - Bal.
Al-8Si-0.08Sr 8.08 0.18 0.004 0.001 0.003 0.001 0.081 Bal.

The microstructure of eutectic Si was observed by scanning electron microscope (SEM,
Zeiss Evo 18, Zeiss, Jena, Germany), and the average diameter and shape factor were
measured by image-pro plus software (6.0, Media Cybernetics, Rockville, MD, USA). The
shape factor (S) is defined as follows

S = 4πA/P2 (1)

where S, A and P are the shape factor, area and perimeter of a single eutectic silicon phase.
More than 5 photos and 500 particles were measured in each sample.

The samples were re-ground and re-polished by traditional grinding and polishing,
and the as-polished samples were anodized in fluoroboric acid solution. It was observed
by an optical microscope (OM, Carl ZEISS-Axio Imager. A2m, Jena, Germany), and its
SDAS was measured by Nano Measurer 1.2 software (1.2.5, Fudan University, Shanghai,
China) using the linear intercept method. The conductivity of the alloy was measured by a
conductivity measuring instrument (Sigmatest 2.069, Foerster, Reutlingen, Germany) at
room temperature (approximately 25 ◦C, and the measuring frequency is 120 Hz). More
than 5 data were measured and averaged in each sample. The measurement results were
converted to International Annealed Copper Standard (% IACS) and the average value
was calculated. The thermal conductivity of the alloy was obtained from the electrical
conductivity by the Wiedemann-Franz law.

λ = LTσ (2)

where λ is the thermal conductivity, L Lorentz number, T is the temperature, and σ is the
electrical conductivity. For aluminum alloy, L is 2.1 × 10−8 WΩK−2. In the Si-containing
aluminum alloy, L increases with the increase of Si content, and L is 2.1 × 10−8 + 0.021
× 10−8 × wt.% Si WΩK−2. For aluminum alloys, the revised Widman-Franz law is
applied [20–22].

λ = LTσ + c (3)

where c is 12.6 W/(m·K). For hypoeutectic alloys, under the measurement conditions from,
according to the modified Wiedemann-Franz law, there is a linear correlation between
the calculated thermal conductivity and the measured value. The calculated thermal
conductivity in the article was calculated by the revised Wiedemann-Franz law.

3. Results and Discussion
3.1. Cooling Rate

Figure 1 (reference colorful version) shows the cooling curves when the sample
thickness is 5 mm, 10 mm, 15 mm, and 20 mm, respectively, which was measured by
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the K-type thermocouple. The section above 610 ◦C was used to calculate the average
cooling rates during solidification (610 ◦C is the liquidus temperature of the alloy under
this composition simulated by JMatPro7.0 (Sente Software, Surrey, UK) The measurement
results of the average cooling rate of the solidification of four thicknesses were about
234 ◦C/s, 136 ◦C/s, 63.2 ◦C/s, 46.2 ◦C/s. Since the temperature of the cooling water
and the pouring temperature of the copper mold were fixed, the cooling rates during
solidification decreases with the increase of the thickness of the sample.
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Figure 1. Cooling curves and the measurement approach of cooling rates during solidification of
four different thickness of samples: (a) 5 mm, (b) 10 mm, (c) 15 mm, and (d) 20 mm.

3.2. Microstructure Characteristics

In previous studies on SDAS(λ) [23], the function of estimating the distance between
secondary dendrites was summarized as follow:

λ = Ci(GV)−a, (4)

where G is thermal gradient, Ci is constant and V is cooling rates during solidification.
Or

λ = K(tSL)a, (5)

where tSL is solidification time, and K is constant. The exponent a has been recently
summarized in the literature for a number of alloys [24]. It can be seen from the formula
that the higher the cooling rates during solidification (the shorter the solidification time)
is, in other words, the greater the degree of subcooling is, the smaller the SDAS will be.
The OM photographs of the modified and unmodified samples with different cooling
rates are shown in the Figure 2. Figure 2a–f can clearly show that as the cooling rate
increases, the size of α-Al gradually decreases. The SDAS changes of α-Al with and
without modification are showed in Figure 2. The SDAS decreases with the increase of the
cooling rate. In addition, because of the addition of Sr, the SDAS of the sample with Sr
added is smaller than that of the sample without Sr under the same cooling conditions.
As shown in Figure 3d, when the cooling rate is 46.2 ◦C/s, the average SDAS of samples
without Sr is 53.7 µm, while the average SDAS of samples with Sr modification is only
47.8 µm. The error bar in this paper is calculated from the standard deviation (S.D.). Similar
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phenomena have also been observed in the experiments of others [25]. In the process of
dendrite growth, since the addition of Sr reduces, the interfacial energy at the front of
the α-Al dendrite solidification interface, the supercooling of the dendrite tip is reduced,
which suppresses the nucleation of liquid equiaxed crystals and promotes the formation of
columnar dendrites. During the dendrite growth process, the SDAS of columnar dendrites
decreases as the increase of Sr for the same reason [7,26].
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Figure 2. OM microstructure of α-Al in Al-8Si alloys under different cooling rates: (a) Sr + 234 ◦C/s,
(b) Sr + 136 ◦C/s, (c) Sr + 63.2 ◦C/s, (d) Sr + 46.2 ◦C/s, (e) 234 ◦C/s, (f) 136 ◦C/s, (g) 63.2 ◦C/s,
(h) 46.2 ◦C/s.
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Figure 4 shows the SEM photographs of the alloys with different cooling rates with
and without modification. Figure 4i–l shows that in the case of the unmodified alloy, as the
cooling rate increases, the shape of the Si particles gradually becomes shorter, and the shape
factor S also increases with the cooling rate (Figure 3a). It can be seen from Figure 4a–h that
eutectic silicon is mainly formed by fibrous shape, short rod shape and nearly spherical
shape with the addition of Sr, and the shape factor S is not significantly related to the change
of the cooling rate. As is showed in Figure 3b, the Si particle size decreases slightly with
the increase of cooling rate. As the cooling rate increased from 46.2 ◦C/s to 234 ◦C/s, the
average diameter of Si in the unmodified samples decreased from 4.1 µm to 2.9 µm, while
the average diameter of the Sr modified samples only decreased from 1.6 µm to 1.2 µm.
The changes of particle length are shown in Figure 3c. As the cooling rate increases from
46.2 ◦C/s to 234 ◦C/s, the average length of Si in the unmodified sample decreases from
8.1 µm to 5.2 µm, while the average length of the Sr-containing sample only decreases from
2.41 µm to 1.79 µm. In the unmodified sample, Si crystals are grown in the <112> phase
due to its facet properties. Reentrant twins can appear on the (111) crystal plane, which
facilitates the formation of two-dimensional growth steps. It also facilitates the landing
of Si atoms, which is twin plane re-entrant edge (TPRE) mechanism. At this time, as the
cooling rate increases and the supercooling degree increases, the heterogeneous nucleation
of Si becomes easier. When a large amount of Si grows up together, the Si particles have not
grown for a long time before the eutectic reaction is almost over. Therefore, the length of Si
is significantly reduced when the cooling rate is increased. Due to the TPRE mechanism
of Si, the width change of Si is far less significant than the length change, and S is also
significantly increased with the increase of the cooling rate [7]. In Al-Si with Sr modified,
the growth mechanism of Si phase is different between the early and late growth stages. In
the early growth stage, Sr adsorbs on the growth steps of Si to prevent Si from growing in
steps, which reducing the effectiveness of twin planes. At this time, the shape of Si is flaky,
and its growth is mainly based on the impurity-induced twinning (IIT) mechanism. The
adsorption of Sr also produces a large number of twins in Si, and at this time Si turns to be
dominated by the TPRE mechanism. The presence of Sr interrupts the step growth trend of
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Si and has made Si sufficiently refined. At this time, the degree of subcooling on the size
and morphology of Si is no longer the major factor that effect. Therefore, in the case of Sr
modification, increasing the cooling rate only has a small change in length, and the shape
factor does not show a significant relationship with the cooling rate.
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+ 234 ◦C/s, (b) amplification of Sr + 234 ◦C/s (c) Sr + 136 ◦C/s, (d) amplification of Sr + 136 ◦C/s,
(e) Sr + 63.2 ◦C/s, (f) amplification of Sr + 63.2 ◦C/s, (g) Sr + 46.2 ◦C/s, (h) amplification of Sr +
46.2 ◦C/s, (i) 234 ◦C/s, (j) 136 ◦C/s, (k) 63.2 ◦C/s, (l) 46.2 ◦C/s.
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3.3. Thermal and Electrical Conductivity

During the process of metal conduction and heat conduction, the main carriers of both
are free electrons. When the free electron meets the vibrating atom during its motion, it
will be scattered by the vibrating atom. Free electrons are affected by defects and phonon
scattering to produce electronic thermal resistance. The main factor that determines its
electrical conductivity and thermal conductivity is the mean free path of free electrons [27].
Any existence that destroys the integrity of the lattice structure in the alloy will increase the
scattering effect of free electrons, such as point defects, solid solution atoms, grain bound-
aries, phase boundaries and so on. Figure 5 shows the % IACS conductivity and calculated
thermal conductivity of modified and unmodified samples under different cooling rates.
Figure 6a,b illustrates the phenomenon that occurs when electrons meet Si particles. With
the increase of cooling rates during solidification, as the Si particle size in the unmodified
alloy becomes smaller and the shape factor S increases, its blocking and scattering effects on
electrons become weaker. The mean free path of electrons increases, and the conductivity
increases accordingly. The electrical conductivity and thermal conductivity of all modified
alloys are higher than that of the unmodified alloys, as shown in Figure 5. The diameter,
S and length of the Si particle of the modified alloy at all cooling rates are smaller than
those of the unmodified alloy. Based on the research results of others [7,12,15], reducing the
particle size or increasing the shape factor through heat treatment will cause the increase of
electrical conductivity, which is also accord with the research results in unmodified alloys.
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conductivity and (b) thermal conductivity.

It is worth noticing that in the modified alloy, the size and shape of the Si particles
change with the cooling rate. However, the change is not as obvious as that in the un-
modified alloy. The change trend of electrical conductivity and thermal conductivity with
cooling rates during solidification of modified alloys is opposite to that of unmodified
alloys (as shown in Figure 5). Compared with heat treatment, except for the change in the
size of Si particles, under the effect of increased undercooling the increase in cooling rates
during solidification promotes the heterogeneous nucleation of Si while also promotes
the heterogeneous nucleation of α-Al and the decrease of both grain size and SDAS. With
the increase of cooling rate, the grain size, the secondary dendrite arm spacing (SDAS)
of α-Al and the size of Si particles all decreased (which, in a way, means the density of
grain and phase boundaries inside the alloy is increased). The experimental results also
prove that when the cooling rate increases from 46.2 ◦C/s to 234 ◦C/s, the SDAS decreases
from 47.83 µm to 33.68 µm (Figure 3d). As two kinds of defect, grain boundary and phase
boundary also have a scattering effect on the movement of electrons. In Figure 6c, the
dendrite has a small interface density and the electrons are more likely to be scattered
when passing through, which leads to a decrease in conductivity. In Figure 6d, the size of
dendrites is larger and the number of interfaces is smaller, and electrons can easily pass
through. The size and shape of the modified alloy Si particles are not significantly affected
by the cooling rate. Due to the increase of grain boundary and phase boundary density,
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the opposite phenomenon form unmodified sample is shown in the modified one that the
thermal conductivity of the modified alloy decreases with the increase of cooling rate.
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Figure 6. Schematic diagrams of electrons being scattered by: (a) eutectic silicon particles under a
slower cooling rate, (b) eutectic silicon particles under a faster cooling rate, (c) α-Al grain boundary
under a faster cooling rate, and (d) α-Al grain boundary under a slower cooling rate.

4. Conclusions

In this work, we studied the effects of different cooling rates and the effects of modifi-
cation (with/without Sr) on the microstructure and thermal conductivity of Al-8Si alloys.
For the Sr-free Al-8Si alloy, while the cooling rate increased from 46.2 ◦C/s to 234 ◦C/s, the
average length of Si particles reduced from 8.1µm to 5.2 µm, the average diameter reduced
from 4.1 µm to 2.9 µm, and the shape facture S increased from 0.29 to 0.52. These changes
have improved the thermal conductivity and electrical conductivity of the alloy. For the
Al-8Si alloy modified by Sr, the cooling rate increased from 46.2 ◦C/s to 234 ◦C/s, the
average length and average diameter of Si particles also reduced. However, the average
length only reduced from 2.4 µm to 1.8 µm, and the average diameter only reduced from
1.6 µm to 1.1 µm. The shape factor S does not change significantly with the cooling rate.
Due to the increase of the cooling rate, the grain refinement, the SDAS decrease, and the
grain boundary phase boundary density increased, which increased the scattering effect
of electrons, resulting in a decrease in thermal conductivity and electrical conductivity.
Although the same situation occurs in unmodified alloys, since the increase of the cooling
rates have a significant impact on the morphology and size of Si particles, the change
of thermal conductivity and electrical conductivity mainly depends on the change of Si
particles in this case. The research in this article can provide references for how the cooling
rate affects the microstructure of Al-Si alloys and how to improve the thermal conductivity
and electrical conductivity of Al-Si hypoeutectic alloys.
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