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Abstract: The effect of Ca addition on the solidification microstructure of hypoeutectic Al-Si casting alloys was
investigated using scanning electron microscopy (SEM) and differential scanning calorimetry (DSC) methods
with particular attention focused on the change of morphologies of primary a-Al and eutectic silicon. Meanwhile,
solute distribution in solid-liquid was simulated according to Scheil-Gulliver law. Results showed that primary a-Al
and eutectic silicon were refined as Ca content increased because of the variation of the solute concentration in
liquid. The addition of Ca increased the nucleation sites like Al;Ti or Al,Cu to promote the nucleation of primary
a-Al. Affected by modification effect of Ca, the shape of eutectic silicon changed from flake to fibrous structure. In
addition, coarse plate Ca-rich phases could be found along the grain boundary with high Ca content.
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Due to their high strength, light weight and excellent
casting properties, hypoeutectic Al-Si casting alloys
are widely applied in automotive parts like the automobile
hub, steering wheel and dash board "), The microstructure
of hypoeutectic Al-Si alloys comprised primary a-Al,
eutectic silicon and intermetallic compound . Refining
and regulating these microstructures becomes an
important way to improve the mechanical properties and
the casting quality "\

Microalloying elements such as Ti, B, and Sr usually
serving as grain refiner or modifier are added to improve
alloy properties. The Al-Ti-B master alloys are effective
nucleating agents for Al-Si alloys. By adding Al-5Ti-B
master alloys, Riestra et al.!"" found that the AL Ti and
TiB, particles were formed and primary a-Al was
refined. After adding 0.15wt.% B, Wu et al."” found
that a-Al dendrites were significantly refined. Numerous
AlB, particles formed prior to the a-Al grains in the
melts increased the heterogeneous nucleation sites. As
for eutectic silicon, it is a common understanding that
the impurity induced a twinning effect "> ', Li et al.!"”

discovered that Sr atoms segregated at the intersection
of Si twins inducing multiple twinning growth. In
addition, Timpel et al.!'” found Sr-segregations were
more extended structures restricting the growth of
eutectic Si and changing its morphology.

Similar with Ti, B and Sr, Ca element can also act as
grain refiner or modifier in hypoeutectic Al-Si alloys.
Based on thermal analysis, Kumariet al."” found Ca
decreased the eutectic temperature and changed the shape
of eutectic Si from acicular to fibrous. Using EPMA and
EBSD analysis, Zaldivar et al.""* observed a plate-like
calcium-rich phase, i.e., hexagonal Al,Si,Ca with space
group P-3 ml (164), a=0.413 nm, ¢=0.7145 nm. Ludwig
et al."™ did not find a flake-to-fibrous transition even if
Ca additions were 300 ppm.

However, unlike other microalloying elements,
microstructure modification of hypoeutectic Al-Si alloy
by Ca was not clear. In this study, the effect of Ca addition
on the microstructure of hypoeutectic Al-Si casting alloys
was investigated by employing OM, SEM and DSC.
Particular focus was on the effect of Ca addition on
the evolution of microstructure and solute distribution

. L. during solidification.
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AlSil0MnMg was used, and its chemical composition is listed
in Table 1. The alloy was melted in a graphite crucible at 720 °C,
and was held for 30 min to avoid potential solute segregation.
The element Ca was then added in the form of Al-10wt.% Ca.
The nominal addition levels were Owt.%, 0.02wt.%, 0.1wt.%,
and 0.5wt.%. The melt was stirred for 30 s and then kept at 720
°C for 30 min, and finally poured into a preheated permanent
H13 mold with a cooling rate of 20 °C's”. The casting was a ®15
mm % 100 mm cylindrical bar. Samples for SEM (5 mm x 5 mm
x 10 mm), DSC (5 mm x 5 mm % 1 mm), CT (@1 mm x 10 mm)
and tensile test bar (@10 mm x 90 mm) were extracted along the
centerline of the casting using a wire-electrode cutting method.
The metallographic samples were mounted by epoxy

resin, ground on SiC papers (#400, #800, #1200, #1500 and
#2000) and polished with ethyl alcohol based colloidal silica
suspension (2.5, 1 and 0.5 pum). After ultrasound cleaning,
the microstructure was observed using an optical microscope
(OM). Image-Pro Plus 6.0 software was used to identify the
secondary dendrite arm spacing (SDAS). For SEM observation,
the samples were etched for 30 s with 0.5 vol% HEF. The phase
transition temperature was obtained by the Differential Scanning
Calorimetry (DSC, NETZSCH STA 449F3) with a cooling rate
of 10 °C:min™ from 800 °C to 400 °C. To further understand
the effect of Ca addition on solute distribution, JMatPro®
software was used to simulate the solute change in liquid during
solidification.

Table 1: Chemical composition of AlSi10MnMg hypoeutectic Al-Si alloy (wt.%)

9.5-11.5 <0.15 <0.03 0.5-0.8 0.1-0.5

Tensile tests were performed on a WDW electronic universal
testing machine with a loading rate of 1 mm-min™. All tests
were performed at ambient temperature. After tensile testing,
the fracture location was sampled to analyze the fracture

morphology with different Ca additions.

2 Results

2.1 Microstructure

Figures 1(a—d) show the optical micrograph of AlSi10MnMg
with different Ca contents from 0 to 0.5 wt.%. It is clear that the
microstructure comprises primary a-Al and eutectic. Primary
a-Al existed in a form of dendrite and globular. As Ca increased
from Owt.% to 0.5wt.%, the primary a-Al grains became smaller
while eutectic remained unchanged, and when the Ca content

<0.07 <0.07 0.04-0.15 0.01-0.025 Bal.
reached 0.5wt.%, coarse plate-shaped Ca-rich phases appeared.
To further analyze the effect of Ca addition on the size and shape
of primary a-Al, the secondary dendrite arm spacing (SDAS)
and grain size in different alloys were measured using Image-Pro
Plus 6.0 software. The SDAS could be estimated by ****":

SDAS = £ )

n

where L is the length of the straight line drawn from one
secondary dendrite arm to another; # is the number of secondary
dendrite arm passed by the line. Three different straight lines were
used in the same sample to ensure the accuracy of experiment

results. The grain size (D) could be expressed by Eq. (2) ***

D= 2\/5 Q)
T

where 4 is the average area of primary a-Al grains.
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Figures 2(a—d) show the SEM observation of the
microstructure of AlSi10MnMg with 0, 0.02, 0.1 and 0.5wt.%
Ca, respectively. The microstructure comprised of a-Al, eutectic
and acicular Fe-rich phases. In Fig. 2(d), coarse Ca-rich phases
existed along the a-Al grain boundary. Fine AL;Ti particles were
present in the inner grain. From Figs. 2(a) and (b), it can be
seen that the size of eutectic Si particles did not change while
the shape changed from plate to fibrous. After adding 0.1wt.%

or 0.5wt.% Ca, the size of eutectic Si particles decreased
significantly and more particles exhibited a fibrous shape.
Figure 3(a) shows the results of SDAS and grain size in
AlSi10MnMg with different Ca levels. Both the SDAS and grain
size decreased as Ca content increased. Without Ca addition, the
average of SDAS was 24.8 um. After adding 0.02wt.% Ca, the
average SDAS decreased to 16.9 um, and the average SDAS
reached the lowest value of 13.7 um when 0.1wt.% Ca was
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Fig. 3: (a) Secondary dendrite arm spacing and grain size in AlSi,,MnMg with different Ca contents; 3D dendrite morphology
of AISi10MnMg with (b) 0.02wt.%Ca, (c) 0.1wt.% Ca and (d) 0.5wt.% Ca extracted from shrinkage region after fracture
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employed. As Ca further increased, the average SDAS increased
to 15 um. In addition, the grain size of AlISil0MnMg without Ca
addition was 34.8 um. After adding 0.02wt.% Ca, the grain size
decreased rapidly to 28.9 um. As Ca content further increased to
0.1wt.%, the grain size of a-Al decreased to 25.9 um. When Ca
content in AISi10MnMg was 0.5wt.%, fine dendrites with a size
of 22.0 um were present.

Figures 3(b—d) show the 3D dendrite morphology of
AlSi10MnMg with 0.02, 0.1 and 0.5 wt.% Ca, respectively. The
3D dendrite microstructure was extracted from an area close to
shrinkage. It is clear that the size of dendrite decreased with the
addition of Ca. When Ca content reached 0.5wt.%, the growth of
dendrite was restricted and the secondary dendrite arm was refined.

2.2 Solidification thermodynamics
Figure 4 shows the DSC solidification exotherms of AISi10MnMg

(a) —— AISi10MnMg

—— AISi10MnMg + 0.02% Ca
—— AISi10MnMg +0.1% Ca
—— AISi10MnMg + 0.5% Ca

Heat flow (mW-mg™)

1 1 1 1 1
400 450 500 550 600 650 700
Temperature (°C)

with different Ca levels. There are two exothermic peaks in each
curve. Between 550 °C and 600 °C, the latent heat was released
due to the nucleation of primary a-Al. Between 500 °C and
550 °C, the latent heat was released due to the nucleation
of eutectic. Comparing with primary a-Al, solidification of
eutectic would release more latent heat. To further analyze
the effect of Ca addition on the phase transformation of
AlSi10MnMg, a local enlarged DSC diagram is shown in
Fig. 4(b). The precipitation temperature of primary a-Al
in AlSi10MnMg was 581 °C. An addition of 0.5wt.% Ca
raised the nucleation temperature (~1.5 °C) of primary a-Al.
Meanwhile, the nucleation temperature of eutectic also rose
from 557.5 °C to 561 °C. However, 0.02wt.% Ca addition
would not affect the nucleation temperature of primary a-Al
and eutectic.

— AISi10MnMg

—— AISi10MnMg + 0.02% Ca
—— AISi10MnMg +0.1% Ca
—— AISi10MnMg + 0.5% Ca

—
O
~—

Heat flow (mW-mg™)

- -
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Temperature (°C)

Fig. 4: Differential scanning calorimetry solidification exotherms of AISi10MnMg with different Ca
levels: (a) from 400 °C to 700 °C; (b) from 550 °C to 590 °C

3 Discussions

3.1 Refinement of primary a-Al

Figure 5 shows the morphology of the second phase particles
in AISil0OMnMg with 0.5wt.% Ca. It is clear that both Ca-rich
phases and Al;Ti exist in the microstructure. In particular, coarse
plate Ca-rich phases existed along the a-Al grain boundaries,
in which the Ca content was 13.4wt.% (Fig. 5c). The Al Ti
phase existed in the inner grain with a size <5 um. It is well-
known that the AI;Ti phase served as heterogeneous nucleation
sites to promote a-Al nucleation. Employing the first-
principle density functional method, Li et al.”” found it was
easier for Al(111) to nucleate on Al,Ti (112) due to epitaxial
coherency and stronger adhesion. Nayak et al.”" believed
stable reinforcement phases like Al,Ti, AL;Ni, Al;Fe and Al,Zr
had good interfacial bonding with Al matrix. Gupta et al.””
found the Al;Ti particles generated in the melt promoted
heterogeneous nucleation and had significant grain refinement
effect. In addition, because of a higher melting point (~1,623
K), AL;Ti was stable at lower temperatures. Accordingly,
0.5wt.% Ca promoted the precipitation of Al;Ti from a-Al
matrix, while Ca-rich phases and Al,Ti were not discovered in
other cases (Fig. 2). Furthermore, in Fig. 4(b), the precipitation
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temperature of primary a-Al phase increased with increasing
Ca content which indicated more heterogeneous nucleation
sites formed induced by Ca addition. To further analyze the
precipitation of ALTi during solidification, the precipitation
of Ti was simulated using IMatPro® software based on Scheil-
Gulliver theory:

c.=ca-£)"" 3)

where C, is the concentration of solute in liquid, f; is the solid
fraction, C, is the actual solute concentration (C=0.15%), k, is
solute partition coefficient and dependent on the ratio between
C, and Cs. In Eq. (3), the relationship between f; and Ti content
in liquid (CTLi) is shown in Figs. 6(a) and (b).

Figure 6(a) shows the change of CTLi during solidification
of AISi10MnMg with different Ca additions. In the early
stage of solidification, solute could not diffuse effectively in
the primary a-Al because of high cooling speed. Solute was
expelled and enriched in liquid. Addition of Ca promoted
precipitation of Ti. However, when f; reached 0.02%, high
Ti concentration in liquid resulted in the formation of stable
Al,Ti, leading to a rapid decrease of Ti content in liquid. The
surface of Al;Ti worked as nucleation site, which increased
nucleation rate. Figure 6(b) shows that AISil0MnMg with
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Fig. 5: Morphology of Ca-rich phases (a) and Al;Ti in AlSi10MnMg with 0.5 wt.%Ca (b), EDS results

of Ca-rich phases (c) and (d) Al;Ti
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Fig. 6: Change of Ti content in liquid with increase of solid fraction simulated by JMatPro® and enlarged

figure with a solid fraction from 0.3% to 0.7%

0.5wt.% Ca addition had the lowest Ti content in liquid.
However, the slope of the four straight lines was the same,
indicating that Ca element would not affect the solute diffusion
after AL;Ti formed. When f; reached 0.9%, Ti content in liquid
rapidly decreased. Meanwhile, the eutectic began to nucleate
and exclude solute at the phase interface.

3.2 Modification of eutectic

The Sr element is added in AISi10MnMg alloy as modifier.
Figure 7(a) shows the change of Sr content in liquid during
solidification. It is clear that Sr element disappeared in liquid
at the beginning of solidification when 0.1wt.% or 0.5wt.%
Ca was added. According to the phase diagram, Ca and Sr
would form solid solution due to the similar chemical property.
Figure 7(b) shows the local solid fraction between 0.3% and
0.7%. Without Ca addition, Sr exhibited a high mass fraction
(~0.005%) in liquid. When high Ca content was added, Sr
content was near 0% in liquid. Because eutectic solidified at

the last stage, Sr would barely modify eutectic Si particles in
AlSi10MnMg with high Ca content. However, from Fig. 1, it
can be seen that Si particles were refined even if Sr content was
low in the last solidified stage. In other words, Ca would replace
Sr to refine eutectic Si particles. Similar as Sr, Ca combined with
Al and Si to form coarse hexagonal Al,Si,Ca distributed in Si
phase interface ", To further analyze the effect of Ca addition
on eutectic Si, AlSi,Cu, alloy (9wt.% Si, 3wt.% Cu) was used
without Sr content.

Figures 8(a) and (b) show DSC solidification exotherms
of AlSi,Cu, with different Ca contents. It is clear that three
exothermic peaks existed in each curve. Compared with
AlSi;,)MnMg, one more exothermic peak existed near 500
°C (Fig. 8a), and the related latent heat was released due to
the nucleation of Cu-rich phases. Similar as AlSi,,MnMg,
the nucleation temperature of primary a-Al was raised with
Ca addition. It raised about 6 °C when the addition of Ca
was 0.5wt.%. Like ALTi, the introduction of Ca induced the
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Fig. 7: Change of Sr content in liquid with increase of solid fraction simulated by JMatPro® and
enlarged figure with a solid fraction from 0.3% to 0.7%
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Fig. 8: DSC exotherm of AlSi,Cu; (without Sr) with different Ca contents

formation of Al,Cu in inner grain, which increased nucleation
sites and promoted the precipitation of primary a-Al. Wang
et al.”™ investigated that the crystallographic orientation
relationships between a-Al and Al,Cu was {211} ALCu|[{111}
Al and <120>A1,Cul[<110>Al. This indicated the formation of
ALCu provided driving force for o-Al nucleation™".

However, different from the nucleation effect of Ti element,
most Cu element was expelled to the solid-liquid interface,
inhibiting the further growth of primary a-Al. Figures 9(a) and
(b) show the Cu content in liquid under solidification. It is clear
that the concentration of Cu element increased exponentially
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with the solid fraction [Fig. 9(a)]. Cu element was expelled
and enriched in liquid. Figure 9(b) shows the local enlarged
figure with a solid fraction between 0.48 and 0.52. It is clear
that Ca addition further raised the concentration of Cu element
in liquid. Accordingly, greater segregation formed in grain
boundary restricted the growth of primary a-Al.

According to Fig. 8(b), the nucleation temperature of eutectic
in AlSi,Cuy with 0.5wt.% Ca dropped by 5 °C. The restriction
of a-Al growth would further affect the precipitation of eutectic.
It was found that Cu-rich phases hindered the growth of the
aluminum dendrite which further restricted the precipitation
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Fig. 9: Simulation result of Cu content in liquid using JMatPro®
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of Si P”*" In addition, decrease of nucleation temperature
indicated that the eutectic grew at a lower temperature and
accordingly, the refinement of eutectic Si was achieved.

Figure 10 shows the microstructure of AlSi,Cu; with
different Ca contents. It is clear that coarse flake eutectic
silicon existed (Fig. 10a). As Ca addition increased, coarse

Vol. 16 No. 3 May 2019

flake eutectic silicon was fragmented into smaller flakes. As
the Ca element further increased to 0.5wt.% in AlSi,Cu,, the
shape of eutectic silicon changed into fibrous structure (Fig.
10d). In addition, coarse plate Ca-rich phases and Cu-rich
phases distributed along grain boundaries..

Fig. 10: SEM observation of microstructure of AlSi,Cu; with different contents of Ca: (a) 0wt.%, (b) 0.02wt.%,
(c) 0.1wt.% and (d) 0.5wt.%

The addition of Ca element in AlISi10MnMg alloy induced
the formation of Al;Ti, which increased the nucleation sites
for primary a-Al. Therefore, the precipitation temperature of
primary a-Al increased. Affected by early precipitation of a-Al,
the effective nucleation of eutectic Si was also promoted. For
AlSiy,Cus, the addition of Ca element caused Al,Cu in a-Al
grains, promoting the precipitation of primary o-Al. Meanwhile,
greater solute segregation in front of the solid-liquid interface
restricted the further growth of a-Al. However, different from
AlSi,(MnMg, the precipitation of eutectic was also inhibited,
which was related to the limitation of a-Al growth. Although the
effect of Ca addition on the nucleation temperature of eutectic
was different for the two hypoeutectic alloys, all eutectic Si was
refined. Coarse flake shape transformed to fibrous structure with
the increase of Ca, leading to the refinement of eutectic Si.

4 Conclusions

In this work, the effect of Ca addition on the solidification

microstructure of hypoeutectic Al-Si casting alloys was
investigated. Particular attention was focused on the change
of solute during solidification. Based on the experimental
data and simulation results, the following conclusions can be
drawn:

(1) The increase of Ca content decreases the grain size of
primary a-Al and secondary dendrite arm spacing. The eutectic
Si morphology also changes from coarse flake shape to fine
fibrous structure. When Ca content reaches 0.5wt.%, coarse
plate Ca-rich phases can be found along grain boundaries.

(2) The addition of Ca element increases the nucleation
temperature of primary a-Al by inducing the formation of
heterogeneous nucleation sites like Al;Ti or AL,Cu. Therefore,
primary a-Al is refined with the increase of Ca content.
Eutectic Si morphology is also refined, affected by the
modification effect of Ca.

(3) According to Scheil-Gulliver theory, addition of Ca
element altered the solute concentration in liquid. This affected
the nucleation temperature of primary a-Al and eutectic Si.
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