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Abstract: For the compromise of mechanical properties and product cost, the end-chilled sand casting technique was applied to
studying the microstructure evolution of A356 Al alloy with cooling rate and the effect of different as-cast microstructures on the
subsequent solution-treatment process. The experimental results show that the secondary dendrite arm spacing (SDAS) of primary
a(Al), the size of eutectic Si and the volume fraction of Al-Si eutectic are reduced with increasing the cooling rate. Eutectic Si,
subjected to solution treatment at 540 <C for 1 h followed by water quenching to room temperature, is completely spheroidized at
cooling rate of 2.6 K/s; is partially spheroidized at cooling rate of 0.6 K/s; and is only edge-rounded at cooling rates of 0.22 and
0.12 K /s. Whilst the microhardness is also the maximum at cooling rate of 2.6 K/s. It consequently suggests that subjected to
modification by high cooling rate, the eutectic Si is more readily modified, thus shortening the necessary solution time at given

solution temperature, i.e., reducing the product cost.
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1 Introduction

A356 Al alloy has been widely used in automotive
industry as material for wheel hub. In order to achieve
required mechanical properties, this alloy is often
subjected to the heat treatment process, which mainly
includes solution treatment process followed by rapidly
quenching and aging process [1]. However, the heat
treatment on Al alloys is a time and energy consuming
process. The high energy cost and competitiveness in the
automotive market have forced the industry to redesign
the procedure to reduce the product costs.

Upon solution treatment process for Al-Si—Mg
alloys, the alloying elements are dissolved into Al matrix
to form a supersaturated solid solution in aid of
quenching techniques, which then precipitate from the Al
matrix in the form of G.P. zones, 4", p’ and 3, depending
on aging temperature and time to harden the alloys [2].
Meanwhile, the eutectic Si is modified by many methods
to improve the ductility property of alloys. However, it
was reported that the solidified coarse Mg,Si is
completely dissolved at 540 <C within 0.5 h [3], but the

perfect modification of coarse Si particles needs much
time. Accordingly, much work of eutectic Si
modification was performed. Additions such as Sr [4]
and rare earth elements [5] have been used to modify the
eutectic Si morphology, namely chemical modification.
SAMUEL et al [6] used mischmetal together with
cooling rate to modify eutectic Si. Whereas, these trace
additions in the rang of 0.1%—6% (mass fraction) are not
only difficult to control in practice, but make the
metallurgical process too complex to precisely analysis,
even producing the porosity defects, thus reducing the
mechanical properties [7]. Therefore, a novel approach to
modify eutectic Si well in short time, without declining
the mechanical properties, is inevitable, but still not
available.

The cooling rate, as an important solidification
parameter, can significantly modify eutectic Si
morphology, i.e., quenching modification, and eliminate
some detrimental effect of the impurity intermetallic
compound induced in solidification process. Several
studies [6,8] were carried out to investigate the
microstructure evolution as a function of cooling
rate. However, the available results, especially for the
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mechanical  properties, are sometimes scarcely
comparable, since the experiment conditions are not
always consistent. For instance, CHEN et al [9]
suggested that the liquid melt temperature can influence
the subsequent solidification microstructure. Whilst XU
and JIANG [10] suggested that the pouring temperature
can significantly alter the eutectic Si morphology.
Therefore, to create a uniform experimental condition
but cooling rate, the end-chilled plate casting was used
for the solidification of A356 Al alloy to obtain different
solidification microstructures due to different cooling
rates, further to study the Si morphology evolution as a
function of cooling rate and the effect of variation of
solidified Si morphology on solution treatment process,
and to simply stress the effect of post-solidification heat
on eutectic Si. Finally and importantly, a combination of
solidification with solution heat treatment is suggested to
efficiently modify the eutectic Si morphology to increase
the mechanical properties of alloys with the minimum
product cost.

2 Experimental

A356 Al alloy, whose composition is given in Table
1, was melted in a graphite crucible by the electrical
resistance furnace. The liquid melt was held at 750 <C
for 30 min, and then degassed with carbon trichloride
shielded by inert gas at 750 <C. Subjected to two cycles
of degassing process, the liquid melt was held at 720 <C
for 15 min, and then poured into the sand mould to
obtain the sample with a shape shown in Fig. 1. It is
noted that the chemical modification process was not
applied in order to avoid potential contaminant, and all
additions and melting handing tools were cleaned with
ethanol and coated with daugh along their surface before
operation. After casting, the samples were prepared from

Table 1 Composition of A356 Al alloy (mass fraction, %)
Si Mg Fe Zn Al
7.4 0.38 0.09 0.01 Bal.

_____ ®\®®®

Thermocouples

20

(o )

Circulating water
Copper chill

Fig. 1 Schematic diagram of end-chilled plate casting of A356
Al alloy (unit: mm)

the cast step-like plate perpendicular to copper chill
direction. All as-cast samples were treated with a same
T4 process, i.e., the samples were held at 540 <C for 1 h
and then quenched by water bath to room temperature
followed by 24 h natural aging.

The K-type thermocouples were used to examine
the cooling curve upon solidification, and the relevant
data were recorded by an LU—-R3000 color paperless
recorder. Differential scanning calorimetry (DSC) was
performed using a NETZSCH STA 409 PC/PG to
determine the phase transforming sequence, the
corresponding temperatures, the appropriate pouring
temperature in casting process and the maximum of the
solution temperature. In the DSC experiment, 20 mg
disc-like sample was prepared, and the heating rate of
0.16 K/s and argon flux of 70 mL/min were set. The
metallographic samples were etched in 0.5% HF for 30 s
after mechanically ground and polished procedures to
reveal microstructure morphologies. X-ray diffraction
(XRD) combined with energy-dispersive spectroscopy
(EDS) was utilized to identify the micro-constituents.
Optical microscopy (OM) and scanning electron
microscopy (SEM) were used to characterize the as-cast
microstructures. Microstructural quantitative analysis
was performed on the deeply etched samples using the
software IMAGE J. Each sample was measured
repetitively by 20 times, and then the mean value was
selected.

Microhardness tests were performed using Vickers
method (SHIMADZY, Japan). The indentation was made
on the well-polished surface of specimens with a
diamond square-based pyramid under a load of 9.8 mN
for 15 s. The measurements were repeated 10 times and
the mean value was calculated.

3 Results

3.1 Solidification behavior

The DSC curves corresponding to the melting of
A356 Al alloy cast at different cooling rates (R) are
shown in Fig. 2. Two endothermic peaks occur at cooling
rates of 2.6 and 0.6 K/s, but an additional small peak
occurs at cooling rate of 0.12 K/s, implying that the
microstructure constitution depends on the cooling rate.
From Ref. [11], the peaks 1, 2 and 3 at about 620, 580
and 554 <C in Fig. 2 are relevant to the transformation of
primary o(Al) dendrite, Al-Si eutectic and Al+Si+Mg,Si
ternary  eutectic, respectively. Accordingly, the
solidification sequence of A356 Al alloy can be
described as: L—a(Al) dendrite phase — Al+Si binary
eutectic — Al+Si+Mg,Si ternary eutectic.

For the solidification of A356 Al alloy, the cooling
curves shown in Fig. 3 were measured by the K-type
thermocouples, whose positions in sand mould are shown
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Fig. 2 DSC curves of A356 Al alloy with different cooling rates:
(a) 2.6 K/s; (b) 0.6 KIs; (c) 0.12 K/s
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Fig. 3 Cooling curves of end-chill casting with different
cooling rates: (a) 2.6 K/s; (b) 0.6 K/s; (c) 0.22 K/s; (d) 0.12 K/s
(Post-solidification stage is the temperature range of
350-567 < and the solidification time of curve (a) is 10 min)

in Fig. 1. Obviously, each of cooling curves contains an
inflexion and a plateau. From the DSC results (Fig. 2),
the inflexion and plateau occurring at ~615 (T,) and
~567 T (T.) are associated with the transformation of
primary «(Al) dendrite and AI+Si binary eutectic,
respectively, implying an identical and reliable
experimental condition. However, the ternary eutectic
transformation (L— Al+Si+Mg,Si), i.e., peak 3, on the
DSC curve cannot be observed in Fig. 3, because less
Al+Si+Mg,Si ternary eutectic releases the trivial latent
heat beyond the K-type thermocouple measurement
range. The existed small amounts of Al+Si+Mg,Si
ternary eutectic do not significantly influence the
experimental analysis result.

3.2 Identification of phases

The micro-constitutions of samples cast at cooling
rates of 2.6 and 0.12 K/s were identified by XRD
(Fig. 4), where, both the as-cast microstructures are

mainly composed of Al phase and Si phase. With
increasing the cooling rate, the diffraction angles slightly
shift toward higher values, and the half-width of
diffraction peaks becomes slightly larger, implying an
increased dissolubility of Si and Mg atoms in the Al
matrix due to the solute entrapping effect induced by the
increased cooling rate [12]. Furthermore, a few of Mg-
and Fe-containing intermetallic phases are examined by
EDS except for Al phase and Si phase. It is found that the
Fe-containing phase presents g-AlsFeSi at high cooling
rate and z-AlgFeMgsSi at low cooling rate (Fig. 5) [13].
Accordingly, the solidification microstructures of
A356 Al alloy are mainly composed of primary a(Al)
phase, Al-Si eutectic and a few Mg- and Fe-containing
intermetallic compounds.

(a1
v— a(Al)
v—Si

(311)
(200)
(a) (III ’ a1 G e
(b) l J A a A il

20 30 40 50 60 70 80 90
20/(°)
Fig. 4 XRD patterns of A356 Al alloys cast at 2.6 K/s (a) and
0.12 K/s (b)

3.3 Metallurgical characteristics of samples cast at
different cooling rates

The metallurgical characteristics of samples cast at
four different cooling rates are illustrated in Fig. 5,
where, for all the samples, a(Al) dendrite and the coarse
plate-like eutectic Si distributed within the interdendritic
network are readily identified. In order to further
characterize the microstructures, the secondary dendrite
arm spacing (SDAS) of primary a(Al) as a function of
cooling rate and solidification time, and the shape-factor
parameters of eutectic Si as a function of cooling rate
were analyzed, respectively.

As shown in Fig. 6(a), the SDAS decreases from
~68 to ~25 um with increasing the cooling rate from 0.12
to 2.6 K/s. Based on the inverse relationship between the
solidification time (t;) and R, the measured SDAS can be
predicted by an empirical equation related to t;[14,15]:

2,=10.23t> (1)

where 1, is the SDAS and t; is the solidification time.
The empirical Eq. (1) offers a considerably precise
approach to predict the variation of SDAS as a function
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Fig. 6 Measured sizes of a(Al) and eutectic Si for A356 Al alloys: (a) SDAS plotted against cooling rates and solidification time;

(b) Comparison of SDAS between experiment data and calculated results from equation 4,=10.23t;
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with 4, as secondary dendrite

arm spacing and t; as solidification time; (c) Measured shape-factor parameters of eutectic Si as function of cooling rates
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of solidification time, as a good agreement between the
calculative and experimental results is shown in
Fig. 6(b). In order to precisely describe the morphology
of eutectic Si, shape-factor parameters, such as the length,
the width and the ratio of length to width of eutectic Si,
as a function of cooling rate, were measured, as shown in
Fig. 6(c). It is found that with increasing the cooling rate
from 0.12 to 2.6 KI/s, the values of the length, the width
and the ratio of length to width of eutectic Si decrease
from ~24.8 to ~4.53 pm, ~4.2 to ~0.75 pum and 10.8 to
4.8, respectively. One can see that with increasing the
cooling rate, the eutectic Si tends to be of short-rod shape,
even of spherical shape.

In addition, the transformed fraction of AIl-Si
eutectic phase was calculated by Newton thermal
analysis (NTA) [16]. The evolution of solid transformed
fraction ¢ (T) during solidification was calculated based
on the cooling curve, as shown in Fig. 7, where, ¢, (T) is
composed of two parts: the primary phase fraction,
oa (T), and the Al-Si eutectic fraction, ¢, (T), which are
identified by a remarkable inflexion appearing at
~568 T positioned by a vertical dash line. At cooling
rate of 2.6 K/s, however, the inflexion occurs much
beyond the Al-Si eutectic temperature (Fig. 7) due to an
unremarkable plateau duration for AI-Si eutectic
transformation (Fig. 3). With an assumption of ¢a(T)+
»¢(T)=1, reducing the cooling rate can lead to a decrease
of pa(T), and consequently an increase of ¢.(T) (Fig. 7).
Therefore, the high ¢ (T) due to high cooling rate
restricts the dendrite coarsening, thus reducing the SDAS
and consequently changing eutectic Si morphologies
from coarse plate-like to short-rod shape even spherical
shape because Al-Si eutectic usually forms within the
interdendritic space.
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Fig. 7 Calculated results of solid transformed fraction vs
temperature of A356 Al alloys by NTA at different cooling rates

3.4 Characteristics of as-cast microstructure after T4
treatment

After T4 treatment, the microstructures of as-cast

samples are shown in Fig. 8. Compared with Fig. 7, the

eutectic Si is clearly modified and its modification
degree depends on the cooling rate. For instance, eutectic
Si is efficiently spheroidized at R=2.6 K/s (Fig. 8(a)),
partially spheroidized and fragments at R=0.6 K/s
(Fig. 8(b)), and only edge-rounded at R=0.22 K/s and
R=0.12 K/s (Figs. 8(c) and (d)). This suggests that under
the same solution treatment condition, the eutectic Si
modified by increasing the cooling rate is more readily
modified. In addition, except for a(Al) phase, Si phase
and a little Fe-containing intermetallic phase, Mg,Si
phase is not examined by EDS, implying that annealing
at 540 < for 1 h is sufficient for the dissolution of
coarse Mg,Si produced in solidification into the Al
matrix, meeting to the results from Ref. [3], as well as
for a good modification of eutectic Si solidified at higher
cooling rate, e.g., R=2.6 K/s.

3.5 Microhardness evolution before and after T4

treatment process

Figure 9(a) shows the microhardness evolution of
primary a(Al) and eutectic Si phase as a function of
cooling rate. As can be seen that with decreasing the
cooling rate from 2.6 to 0.12 K/s, the microhardness of
both «(Al) and eutectic Si phase reduces slightly. The
microhardness of HV 84 and HV 101 of a(Al) and
eutectic phase, respectively, is achieved at R=2.6 KI/s,
much larger than that of other samples. Subjected to T4
treatment, the microhardness of both primary a(Al) and
Al-Si eutectic phase is shown in Fig. 9(b). By
comparing with Fig. 9(a), the microhardness subjected to
T4 heat treatment is much higher than that not subjected
to T4 heat treatment. Interestingly, the maximum
microhardness (HV 98 and HV 118 corresponding to
a(Al) and AI-Si eutectic phase, respectively) is still
achieved on the sample cast at R=2.6 K/s.
4 Discussion
4.1 Effects of cooling rate on solidification

microstructure

In Section 3.3, the microstructure evolution is
significantly dependent on the cooling rate. As shown in
Fig. 6(a), the precise relationship between the SDAS, 1,,
and the cooling rate, R, can be described by Eq. (1)
(Fig. 6(b)) based on an assumption that R is inversely
proportional to the solidification time, t;, and the similar
results were reported in Ref. [17]. Clearly, the SDAS is
significantly refined by increasing the cooling rate, and
the fine SDAS can contribute to an improvement of
microhardness of A356 Al alloy (Fig. 9(a)) due to more
grain boundaries to hinder dislocation movement [18]. In
addition, the increased volume fraction of primary a(Al)
with increasing the cooling rate (Fig. 7) can lead to:
1) the modified eutectic Si morphology changing from
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Fig. 9 Microhardness of A356 Al alloy vs cooling rate at cast state (a) and after T4 treatment (b)

coarse plate-like to short-rod shape (Figs. 5 and 6(c)) due
to the small interdendritic spacing of primary a(Al) to
restrict the nucleation and growth of Al-Si, namely as
known “quenching modification”, by which the AI-Si
eutectic is hardened (Fig. 9(a)); 2) less volume fraction
of Al-Si eutectic due to the coupled growth manner upon
Al-Si eutectic transformation, and the similar results
were reported in Ref. [19] which calculated the volume
faction of transformed phase according to baseline
method applied on cooling curve.

On the other hand, the solid solubility of Si and Mg
atoms in the Al matrix is enhanced by increasing the
cooling rate. The EDS shows that the solubility of Si

atom in the Al matrix at room temperature is ~1.32%
(mole fraction) (much larger than the equilibrium value
of 0.06%) at R=2.6 K/s. Therefore, the lattice parameter
of Alg, matrix is significantly influenced (Fig. 4), thus
the microhardness of primary a(Al) is improved due to
its lattice distortion. This effect is thus named as
solid-solution strength [20]. Moreover, the more
supersaturated Si and Mg atoms in the Al matrix with
increasing the cooling rate can significantly reduce the
content of Fe-containing intermetallic, e.g., AlsFeSi
(Fig. 5), and Al+Mg,Si+Si ternary eutectic (Fig. 2) in
lack of sufficient free Mg and Si atoms to supply their
transformation, as a result, both the tensile strengthen
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and elongation of alloys are improved to some
extent [21].

Finally, it is valuable and necessary to stress the
positive effect of post-solidification heat on the
modification of eutectic Si. As shown in Fig. 3, the
cooling curves in the post-solidification stage shows the
low temperature drop in the temperature range of
350-567 <C, implying that the solidification heat is not
released as quickly as possible to the surrounding
environment, thus the post-solidification heat is defined
herein. In theory, this post-solidification heat can lead to
the slight modification for eutectic Si due to the widely
known “thermal modification” [22], especially for the
refined eutectic Si (the detail will be shown in Section
4.2). This hypothesis was confirmed by the experiment
results. For instance, Fig. 5(a) shows that the edges of
eutectic Si at R=2.6 K/s are slightly rounded, but the
samples at R=0.6, 0.22 and 0.12 K/s are not
(Figs. 5(b)—(d)). Two reliable reasons can be interpreted:
1) the samples at R=2.6 K/s suffer more effect of
post-solidification heat, e.g., in the temperature range of
350-540 <€ for ~10 min, than others; 2) the refined
as-cast microstructure can accelerate eutectic Si
modification process (see Section 4.2). On this basis, if
the post-solidification heat is used efficiently, the
solution treatment procedure will be shrunk, even
abolished. The preliminary relevant investigation has
been reported in Ref. [23]. Therefore, the further
investigation on the post-solidification heat effect should
be performed in future for a minimum product cost,
especially in the sand casting process.

In conclusion, the size, morphologies and volume
fraction of solidification microstructure are significantly
dependent on the cooling rate. The special
microstructures, such as small SDAS, fine AI-Si
eutectic, a few of Fe-containing phases, Al+Si+Mg,Si
brittle phase and high solubility of Mg and Si in the Al
matrix due to the increased cooling rate, not only can
lead to the maximum hardness but are beneficial to the
subsequent solution treatment (see Section 4.2).

4.2 Modification of eutectic Si in solution treatment

To gain the significant mechanical properties
especially the ductility of Al-Si—Mg alloys, eutectic Si is
usually modified from flake-like to the fibrous or
spherical shape by three ways [24]: chemical, quenching
and thermal modifications.

As discussed in Section 4.1, eutectic Si presents
different modifications due to different cooling rates, i.e.,
quenching modification. Subjected to the same T4
treatment, the finer Si is more readily and sufficiently
spheroidized than the coarser one (Fig. 8), implying that
eutectic Si subjected to the pre-modification, e.g.,
guenching modification in the solidification process,

gives faster response of thermal modification. In fact, the
thermal modification of eutectic Si contains three stages:
edges rounding (Fig. 10(a)), bays occurring (Fig. 10(b))
and fragmentation followed by spheroidization
(Fig. 10(c)), and the same investigation was reported
elsewhere [25]. The EDS is used to describe the thermal
modification process and indicates that the concentration
fluctuation of eutectic Si along its length direction
(Fig. 10(2)) leads to a “bays”, which stretches from the
periphery into the plate with prolonging the solution
time (Fig. 10(b)). With further prolonging the solution
time, these bays become deep and finally fragment

Fig. 10 Morphologies (SEM) and concentrations (EDS) of
eutectic Si subjected to T4 treatment showing three stages of its
modification: (a) Edges rounding; (b) Bays occurring;
(c) Fragmentation and spheroidization
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(Fig. 10(c)), thus a whole spheroidization process is
finished. One can see that the spheroidization of Si
substantially is a process related to the diffusion and
dissolution of Si atoms. Due to much smaller activation
energy (~1.4 eV [26]) of Al-Si inter-diffusion compared
with that (~2.3 eV [27]) of Si surface self-diffusion, the
inter-diffusion is regarded as more probable mechanism
of Si diffusion. As for Si particle dissolution, an
approximate calculation of dissolution time can be
performed by the following equation [28]:
R_,D, [0 @
dt R, Vmt

where Ry is the initial particle size, Q is the
super-saturation and D is the diffusion coefficient.
Obviously, both small Ry and large @ can increase the
value of dR/dt, i.e., reducing the dissolution time.
Consequently, the fact that eutectic Si subjected to higher
cooling rate is more readily modified under T4 treatment
condition is due to refined eutectic Si and large solubility
of Si in the Al matrix. Moreover, because of the
inter-diffusion mechanism for eutectic Si modification,
the small SDAS is also inferred to aid reducing the
solution time due to small diffusion distance between Si
and a(Al).

According to Ref. [29], the modified eutectic Si
after T4 treatment makes the microhardness of alloy
improve significantly. Meanwhile, according to Ref. [30],
natural aging for 24 h is another factor to improve the
microhardness of A356 Al alloy due to the formation of
solution clusters. As a result, the microhardness value in
Fig. 9(b) is larger than that in Fig. 9(a). In addition,
subjected to the same T4 treatment, the maximum
hardness is achieved on the sample cast at R=2.6 K/s
(Fig. 9). This is ascribed to more sufficiently modified
eutectic Si and more amount of solution cluster [31].

In  summary, the optimal combination of
solidification parameters, i.e., cooling rate, with heat
treatment process may achieve the minimum product
cost but a better modification of eutectic Si.

5 Conclusions

1) The end-chilled sand casting method was used
for the casting process of commercial A356 Al alloy. The
different solidification microstructures with cooling rates
of 2.6, 0.6, 0.22 and 0.12 K/s were obtained.

2) With the increase of cooling rate, the SDAS is
reduced; eutectic Si is modified from coarse plate-like to
short-rod shape even to spherical shape; the
Al+Si+Mg,Si ternary eutectic transformation is restarted
and the dissolubility of enriched Mg- and Si-clusters in
a(Al) is enhanced. All of these typical microstructures
result in an improved microhardness.

3) Subjected to the T4 treatment, eutectic Si cast at
higher cooling rate is more readily spheroidized than that
at lower cooling rate, whilst the corresponding
microhardness is also achieved the maximum value at
high cooling rate. This suggests that an optimal
combination of solidification path and heat treatment
may achieve a better mechanical property but a
minimum product cost.
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