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Effects of cooling rate on solution heat treatment of as-cast A356 alloy
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Abstract: The effect of cooling rate of the solidification process on the following solution heat treatment of A356 alloy was
investigated, where the cooling rates of 96 K/s and 3 K/s were obtained by the step-like metal mold. Then the eutectic silicon
morphology evolution and tensile properties of the alloy samples were observed and analyzed after solution heat treatment at 540 °C
for different time. The results show that the high cooling rate of the solidification process can not only reduce the solid solution heat
treatment time to rapidly modify the eutectic silicon morphology, but also improve the alloy tensile properties. Specially, it is found
that the disintegration, the spheroidization and coarsening of eutectic silicon of A356 alloy are completed during solution heat
treatment through two stages, i.e., at first, the disintegration and spheroidization of the eutectic silicon mainly takes place, then the

eutectic silicon will coarsen.
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1 Introduction

A356 alloys are available for casting components of
complex geometry in automatic and aircraft industries
due to good -castability, corrosion resistance, and
weldability [1-4]. However, the plate-like silicon is
unfavorable for the desired better mechanical
properties [5]. Then, it is important and necessary for the
as-cast A356 alloys to modify the eutectic silicon
morphology from plate-like to particle or sphericity by
the solution heat treatment process in order to improve
the alloy strength and ductility.

However, the modification of eutectic silicon during
solution heat treatment is affected strongly by solution
heat treatment temperature and morphology and size of
eutectic silicon in the as-cast condition [6]. Moreover, it
has been shown that the morphology and size of eutectic
silicon are depended on cooling rate in the as-cast
conditions [7-9], which indicates that the cooling rates
in the solidification process have an influence on the
solid solution heat treatment. Considering that the
relationship between the solidification process and the
solid solution treatment is not still clear, in order to

further improve the effect of the solution treatment and
reduce production cost, in the present work, the
unmodified as-cast A356 alloys prepared by different
cooling rates were chosen to investigate the influence of
cooling rate on the evolution of morphology of eutectic
silicon in the solution heat treatment in detail, and then to
discuss the tensile properties change.

2 Experimental

The commercial as-cast A356 aluminum alloy was
chosen as an object alloy and the chemical composition
is listed in Table 1. Firstly, the commercial A356 alloy
ingots were melted at 720 °C in a resistance furnace.
After the degassing process using dry argon for 15 min
and C,Clg for 10 min, the alloy melt was held at 680 °C
for 20 min to homogenize temperature. Then, the alloy
melt was poured into two metal molds with the same
height of 50 mm (one is copper mold (CM) with an inner
diameter of 15 mm cooled by the cycled water; the other
is stainless steel mold (SSM) with an inner diameter of
60 mm without cycled cooling water) to prepare the alloy
samples with two different cooling rates. During
the alloy melt solidification, two K-type thermocouples

Foundation item: Project (3102014KYJD002) supported by the Fundamental Research Funds for the Central Universities of China; Projects (50901059,
51431008, 51134011) supported by the National Natural Science Foundation of China; Project (2011CB610403) supported by the
National Basic Research Program of China; Project (51125002) supported by the China National Funds for Distinguished Young
Scientists; Project (JC20120223) supported by the Fundamental Research Fund of Northwestern Polytechnical University, China
Corresponding author: Chang-lin YANG; Tel: +86-29-88460622; E-mail: ycl@nwpu.edu.cn

DOI: 10.1016/S1003-6326(15)63952-8



3190 Chang-lin YANG, et al/Trans. Nonferrous Met. Soc. China 25(2015) 31893196

Table 1 Composition of A356 alloy (mass fraction, %)
Si Mg Fe Ti Zn Sr Al
740 040 009 0.15 0.01

<0.001 Bal
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Fig. 1 Cooling curves of two step-like molds

were placed in the center of the mold to record the
cooling curve, and the average cooling rates were
calculated as 96 K/s for CM sample and 3 K/s for SSM
sample. Thirdly, the flat-like tensile test specimens with
20 mm in gauge length and a cross section of 2 mm X
Smm were cut from the as-solidified sample.
Subsequently, the tensile test specimens were annealed at
540 °C for different time from 5 min to 50 h, and then
the specimens were rapidly quenched into 20 °C water to
complete solution heat treatment. After quenching, the
tensile tests were immediately carried out at room
temperature on Shimadzu apparatus (AutoGRAPH AG-X
5 kN). Herein, the duration between quenching and
tensile test was not longer than 15 min, and the tensile
data were taken from the average value of 3 tensile
specimens.

After the alloy samples were etched by 0.5% HF,
silicon morphologies were observed and measured from
more than eight microstructure photos with different
fields by Zeiss optical microscope and software Imagel,
in which the surface area of every photo is between
54000 pm” and 60000 um®. Then, the eutectic silicon
morphology was characterized by three parameters of
aspect ratio, circularity, and mean area. Herein, the
aspect ratio is an average ratio of length to width of all
the measured eutectic silicon, which can represent the
disintegration degree of plate-like silicon. The circularity
is a numerical representation of the eutectic silicon
roundness. The schematic diagram of circularity is
shown in Fig. 2, the larger the circularity, the rounder the
silicon particles. The mean area represents the size of
silicon phase, which is an average section area of the
eutectic silicon phase. Additionally, in order to describe

the number change of eutectic silicon, the number
density of eutectic silicon is also measured. In the
present work, the circularity is defined as follows: [10]

4
chi? (1)
where C is the circularity, 4 and P, which are shown in
Fig. 2, are the area and the perimeter of eutectic silicon
phase, respectively. Mean area and aspect ratio are
calculated as follows [11]:
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where 4, is the mean area, R is the aspect ratio, m is the
number of viewing fields in one sample, # is the eutectic
silicon number in one viewing field, L, and L are the
length and width of eutectic silicon phase, respectively.
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Fig. 2 Schematic diagram of circularity and parameters

3 Results

3.1 Microstructures of solution heat treated A356
alloy

The as-cast microstructures of the CM samples
(cooling rate of 96 K/s) and the SSM samples (cooling
rate of 3 K/s) are shown in Fig. 3, in which the white
dendrite phase is a(Al) and the dark grey plate-like phase
which is marked by black arrow is the eutectic silicon. In
terms of dendrite spacing depending on cooling rate, it
can be found that the a(Al) phase and the eutectic silicon
of the CM sample are finer due to a higher cooling rate
compared with the microstructure of the SSM sample.
Moreover, the eutectic silicons are not all plate-like,
some of them are coral-like in the CM sample.

Figure 4 shows the microstructure of the CM
samples and SSM samples after solution heat treatment,
in which Figs. 4(a)—(c) correspond to solution treatments
of CM samples for 0.5, 2 and 8 h, respectively, and
Figs. 4(d)—(f) correspond to solution heat treatment of
SSM samples for 0.5, 4 and 20 h, respectively. Compared
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Fig. 3 Optical microstructures of as-cast A356 aluminum alloy: (a) CM sample (solidification in copper mold with cycled water);

(b) SSM sample (solidification in stainless steel mold)

Fig. 4 Optical microstructures of A356 alloys after solution heat treatment at 540 °C for different time: CM samples solution heat
treated for 0.5 h (a), 2 h (b) and 8 h (c); SSM samples solution heat treated for 0.5 h (d), 4 h (e) and 20 h (f) (The insert picture in
Fig. 4(b) is the SEM image)

with as-cast microstructure in Fig. 3, most of the
plate-like eutectic silicon phases disintegrated into
particle (Fig. 4), except for the large ones that only the
edges of some of them became smooth and round, and
the mean length also decreased obviously. Especially, for

the CM samples with increasing solution treatment time
(Figs. 4(a)—(c)), not only the distribution of the eutectic
silicon phase was more uniform, the number density of
the eutectic silicon phase and the size of plate-like silicon
phase decreased, but also silicon particles became
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rounder and bigger. These similar phenomena were also
found in the SSM samples, but it took more time for the
disintegration of the plate-like eutectic silicon. For the
same time of solution heat treatment, as shown in
Figs. 4(a) and (d), the eutectic silicon phases were almost
globular in Fig. 4(a), whereas, in the Fig. 4(d), only a
few of the small plate-like eutectic silicon phases broke
down, and the most still kept plate-like similar to as-cast
state except that the edges were smoothed. Even for 20 h
solution heat treatment, there were still some large and
plate-like eutectic silicon particles in Fig. 4(f). However,
only after 8 h for the CM samples, almost all the eutectic
silicon phases have become globular particles.

3.2 Tensile properties of solution heat treated A356
alloy

Figure 5 shows the ultimate tensile strength (UTS)
and the elongation of the prepared A356 alloys by
different solidification cooling rates after solution heat
treatment at 540 °C for different time. It is evident that
for both of CM and SSM samples, the elongation
increases rapidly just after a short time solution and then
it always increases with the increase of solution time.
The elongation increases to about 2 times that of the
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Fig. 5 Ultimate tensile strength and elongation of A356 alloys
after solution heat treatment for different time: (a) CM samples;
(b) SSM samples

as-cast state for just 0.5 h solution time for both alloys.
This indicates that the disintegration and roundness of
plate-like silicon can reduce the stress concentration
largely, and thus unfavorable for the crack generation,
and contribute to a large elongation. Additionally, the
corresponding UTS is determined by the shape of
eutectic silicon and the number density of reinforcement
eutectic silicon. Consequently, the UTS values of the two
alloy samples increase firstly, they continue for about 1 h
for CM samples and for 6 h for SSM samples, and then
they decrease slowly with increasing the solution time
(see Fig. 5). This indicates that the modification of
eutectic silicon can improve the ductility of A356 alloy
and affect the strength significantly. What’s more, the
effect of solution heat treatment on tensile properties can
be accelerated by high cooling rate, i.e., the tensile
properties of CM samples change more rapidly than
those of SSM samples.

3.3 Characteristics of eutectic silicon morphology
Figure 6 shows the evolution of aspect ratio of the
eutectic silicon particles as a function of solution time.
The aspect ratio of silicon particles in CM samples
rapidly decreases to about 2 just after 1 h of solution heat
treatment. Subsequently, it changes very slowly and
there is a plateau from 2 h to 8 h. For SSM samples, the
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Fig. 6 Aspect ratio of eutectic silicon particles as function of

solution heat treatment time: (a) CM samples; (b) SSM samples
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aspect ratio of silicon particles is almost similar to that of
the CM samples with solution time elongating.
Nevertheless, the aspect ratio of the eutectic silicon in
SSM samples is larger and the decreasing rate is slower
than that in CM samples, i.e., the aspect ratio reaches
about 2 only after 1 h solution treatment of CM samples
while it takes 40 h for SSM samples to reach about 2.2.
So, it is evident that fast solidification cooling rate can
shorten a lot of solution time.

The evolutions of circularity of eutectic silicon
particles of CM samples and SSM samples with
increasing solution time are shown in Fig. 7. It is obvious
that the evolutions of circularity of both of the CM
samples and SSM samples are similar. It increases very
fast firstly, almost linearly within 1 h for CM samples,
while it is 6 h for the SSM samples. Subsequently, there
is a slow increase and stable stage, the circularity of CM
samples is about 0.8, larger than that of SSM which is
about 0.7. This infers that the modification of eutectic
silicon mainly takes place at the early several hours of
solution time and the effect of following extending the

0.85

(a)

0.80

.75

Circularity

0.70 I

0.65

0.60 1 1 1 1
0 2 4 6 8

Solution heat treatment time/h

10

3193

solution time is slight. And then the eutectic silicon
particles prepared by high cooling rate alloy are easy to
disintegrate and spheroidize.

Figure 8 shows the mean area of the eutectic silicon
as function of solution time of CM samples (Fig. 8(a))
and SSM samples (Fig. 8(b)), respectively. During
solution heat treatment, the small particles will dissolve
and large ones grow, which are controlled by Oswald
mechanism. It is obvious that the mean area of eutectic
silicon of both alloys becomes larger and larger with
solution time increasing. The number density decreases
with solution time increasing, which is shown in Fig. 9.
And both of the mean area and number density undergo a
fast change stage within short solution time, less than 1 h
for CM samples and shorter than 6 h for SSM samples,
and then a relatively slow evolution stage. CM samples
have smaller size of eutectic silicon and larger number
density compared with the SSM samples. Herein, it is
clear that the growth and dissolution of eutectic silicon in
high cooling rate samples (CM) are faster than those of
SSM samples.
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Fig. 7 Circularity change of eutectic silicon with solution heat treatment time: (a) CM samples; (b) SSM samples
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Fig. 9 Number density change of eutectic silicon with solution heat treatment time: (a) CM samples; (b) SSM samples

4 Discussion

The research results have shown that the plate-like
eutectic silicon phases in unmodified as-cast A356 alloy
are interconnected by the nodes, and the cross
section area of the nodes is related to the silicon
plates morphology [7,10]. Then, the eutectic silicon
undergoes three successive processes: disintegration,
spheroidization and coarsening [12,13]. In the present
work, as described above, after the solution heat
treatment, the morphology change trend of the eutectic
silicon phase in the two alloys prepared by different
cooling rates is almost the same, i.e., the initial of
solution heat treatment resulted in the nodes
disintegrating, the plates disconnecting and the edges of
plates rounding. Then, the finer plates begin to
disintegrate, while the coarser plates start to form bays
with a high curvature, which stretched from the
periphery into the plates. With the increase in solution
time, the bays become deep and the plates disintegrate to
round-like particles [14]. While, the small particles
disintegrated from plates will dissolve and the large ones
become larger and rounder by diffusion.

As described above, in the solution heat treatment
process, the aspect ratio of the eutectic silicon (Fig. 6)
decreases with solution time, i.e., the length of the
eutectic silicon decreases and the width increases, which
is in accordance with disintegration stage. Furthermore,
the number density (Fig. 9) of the eutectic silicon
particles always decrease, while the mean area and the
circularity of the eutectic silicon particles increase
(Figs. 7 and 8). So, it is obvious that the three processes
take place at the same time. However, in terms of the
evolution curves of the eutectic silicon morphology, it
seems more reasonable to be divided into two stages, i.e.,
a rapid change (the first stage) and a slow change (the
second stage). In the first stage, the plate-like silicon

disintegration, the fine silicon particles dissolving and
big silicon particles round can take place rapidly, but for
the alloys with high cooling rate, the time of the first
stage is shorter, due to fine grain size (shorter diffusion
distance) and eutectic silicon forming in the as-cast
microstructure and bigger driving force of silicon
diffusing provided by the supersaturation matrix for high
cooling rate CM samples. As shown in Figs. 6—9, the
first stage time for CM alloy is shorter (about 1 h) than
that for SSM alloy (about 6 h). In addition, there are
some small fluctuations in the end of the first stage,
especially obvious for SSM alloy. During this time, the
majority of plate-like silicon particles have completed
disintegrating, and more fine silicon particles are formed,
while the remaining large plate-like silicon particles are
hard to disintegrate, dissolve and coarsen, inducing the
fluctuation of silicon morphology characteristics. Then,
as solution heat treatment goes on, the evolution of
silicon particles steps into the second stage, in which the
morphology changes slightly even for a long period of
solution heat treatment. That is because coarsening by
diffusion is the main mechanism in this stage and it is
only affected by temperature and distance.

For the tensile property of A356 alloy, the grain
size, the eutectic silicon morphology, size and
distribution of silicon are the main effect factors.
Especially, the eutectic silicon in A356 is an important
reinforcement phase for the strength improvement of
A356 alloy. In terms of the curves of the tensile
properties after the solution heat treatment for different
time (Fig. 5), the two stages can also be found which are
similar to the evolution of the eutectic silicon
morphology, i.e., the first stage corresponds to a rapid
increase for the elongation and the ultimate strength in a
short time, while the second stage corresponds to a slow
elongation increase and a slow ultimate strength decrease,
respectively. During solution heat treatment, the
plate-like eutectic silicon disintegrates to particle-like
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silicon, spheroidizes and then grows, which will cause
the aspect ratio decreasing and circularity increasing.
Near-spherical shaped and small eutectic silicon particles
inhibit crack nucleation and resist plastic deformation,
which improves the strength and ductility [15—17]. After
that, in the second stage, the number density decreases
and eutectic silicon still spheroidize and grow larger at
slow rate. There are less reinforcement eutectic silicon
particles and the larger the eutectic particles, the lower
the fracture stress because of larger defects [15]. Then,
the UTS decreases slightly and ductility increases
slightly. Combination with the evolution of eutectic
silicon during solution heat treatment, the optimum
solution time, which is 1 h for CM samples and about 6 h
for SSM samples, would cover the entire first stage of
the evolution of eutectic silicon only because the
saturated and homogeneous solid solution matrix could
be obtained for A356 alloy just after 8—15 min solution
at 540 °C [18].

Similarly, for CM alloy samples, not only the first
stage time is shorter due to a rapid change of the eutectic
silicon morphology, but also the strength and the
elongation are both higher due to the formation of more
fine eutectic silicon particles and matrix grains, which
are favorable to improve the strength and the elongation
in terms of the reinforcement theory. Whereas, in the
second stage, most of the plate-like silicon particles have
broken down, only the silicon particles spheroidization
and coarsening take place. Though the silicon particles
spheroidization is favorable to improve the strength and
the elongation, the coarsening of the eutectic silicon
phases including remaining plate-like silicon reduces the
strength. Thus, combined with the evolution of the
eutectic silicon morphology, it can be obtained that the
lager silicon number density, the finer size of silicon, the
smaller aspect ratio and the larger circularity contribute
to a higher ultimate strength, while high cooling rate can
reduce the solution heat treatment time without
decreasing the tensile property of A356 alloy. This
indicates that, in the practical production, the thin-wall
castings or some small components which are solidified
with higher cooling rate have the finer grain and eutectic
silicon. Therefore, considering improving the mechanical
properties and production efficiency, it is necessary and
important to reduce solution heat treatment time for these
castings with higher cooling rate.

5 Conclusions

1) The eutectic silicon of as-cast A356 alloy could
be modified from large plate-like eutectic with slow
cooling rate of 3 K/s to coral-like and fine plate-like
eutectic coexisted with high cooling rate of 96 Ki/s.
During solution heat treatment, the disintegration,

sphroidization and coarsening of eutectic silicon of high
cooling rate (CM) samples were modified much faster
than that of SSM samples and high cooling rate can
reduce the time of solution heat treatment.

2) With the solution heat treatment time increasing,
the evolution of eutectic silicon morphology of A356
alloy can be divided into a rapid stage (the first stage)
and a slow stage (the second stage). While the
disintegration and spheroidization of the eutectic silicon
mainly take place in the first stage, in the second stage
the coarsening of the eutectic silicon is dominant. What’s
more, modification of eutectic silicon mainly takes place
in the first stage, so the optimum solution time should be
chosen at the end of the first stage, i.e., 1 h for CM
samples and about 6 h for SSM samples.
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