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An Al-125vVZnS powder inoculant for eutectic
silicon in Al-12Si alloy
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Abstract: To obtain high-performance Al-Si-based cast alloys, refinement and modification of Si phases are
required. An Al-12Si/ZnS powder inoculant was designed and fabricated using a chemical bath deposition
method. The efficiency of the inoculant for modifying the eutectic Si phase in as-cast Al-12Si alloy was studied.
Results show that Al-12Si/ZnS powder can significantly refine the eutectic Si in Al-Si cast alloys. The best
refinement effect for eutectic Si is achieved with 17.5wt.% Al-12Si/ZnS powder. Coarse long needle-shaped
eutectic Si with a length of 18 ym was modified into approximately spherical shape with a diameter of 6.53 ym,
which is evenly distributed throughout the alloy. The E2EM model calculation indicates that the inter-plane misfit
(F,) and inter-atomic spacing misfit (F) between ZnS and Si are all less than 0.5%, which confirms that ZnS is a
potential nucleation site for Si phase. The hardness, tensile strength, and elongation of Al-12Si alloys modified
with 17.5% Al-12Si/ZnS powder increase 6.30%, 16.18% and 55.45%, respectively, compared to the unmodified
Al-12Si alloy. The fracture behavior of the alloy with 17.5wt.% Al-12Si/ZnS powder is dominated by transgranular
fracture supplemented by intergranular fracture.
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1 Introduction

In recent decades, aluminum-silicon (Al-Si)-based cast
alloys have been extensively used in the automobile
industry owing to their many advantages, such as
low coefficient of thermal expansion, good wear
resistance, and light weight, which can help meet energy
conservation and emissions reduction requirements "),
The high Si content improves the fluidity of eutectic Al-Si
alloys, resulting in good casting properties . However,
a large amount of long, coarse needle-like eutectic Si in
the microstructure can seriously dissever the matrix and
adversely affect the mechanical properties of the alloy ™.
Therefore, it is necessary to refine and modify eutectic
Si to improve the mechanical and machining properties
of hypereutectic and eutectic Al-Si-based cast alloys.
There are two principal mechanisms for modification of
eutectic Si: growth theory and nucleation theory . Based
on these theories, many strategies have been investigated
for achieving grain refinement or modifying the long,
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coarse needle-shaped Si in Al-Si alloys . Techniques
such as melt quenching via rapid cooling, semi-solid
state processing, melt shearing technologies based on
ultrasonic vibrations or external fields, and chemical
modification via the addition of certain elements have
been proven to be efficient methods for refining the
eutectic Si structure in Al-Si alloys “"'%. In particular,
adding chemical modifiers to refine the alloy is a simple
and efficient method for industrial production "',
To date, investigators have mainly focused on eutectic
Si modification by chemical modifiers ). The
morphology of eutectic Si can be modified by adding
chemical modifiers such as Na, La, Sb and Sr to the
melt, which inhibit the growth of eutectic silicon, to
achieve refinement ****. Liu et al. * reported that
adding Sr to the A356 melt decreased the eutectic
temperature, increased the volume fraction of the a-Al
phase, and shortened the dendrite lengths. However,
the industrial application of chemical modifiers remains
limited due to potential side effects, such as more oxide
inclusions by adding Sr into the Al-Si alloy. So, it is
necessary to develop a new simple, efficient, and low-
cost heterogeneous nucleating agent for refining eutectic
Si in Al-Si alloys.

Zinc sulfide (ZnS) is a relatively new inoculant being
used to refine Si in Al-Si alloys. Kawther et al. ***")
reported the refinement of ZnS on primary Si in
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hypereutectic Al-Si alloy. The Al-ZnS master alloy was
prepared by in situ reaction of Zn and Na,S in the Al melt, and
then was used to refine the primary Si in Al-22Si alloy *. The
mechanism of primary Si refinement using ZnS particles and
Al-ZnS master alloy in Al-24Si cast alloy was studied *" ",
The degree of lattice mismatch between Si (5.421 A) and ZnS,
which exists as a face centered cubic lattice structure with
a lattice constant of 5.410 A below 1,020 °C, is 0.20% .
Hence, according to heterogeneous nucleation theory, ZnS is
a promising nucleus for the Si phase, and can simultaneously
refine primary and eutectic Si. What is more, in our previous
experiments, a phenomenon was found that the morphology
of some eutectic Si changed from long needle-like to short
rod-like by adding micro-nano ZnS particles into the Al-24Si
alloy. So, developing a ZnS modifier for refining eutectic
Si becomes possible. However, there are few reports on
eutectic Si refinement using ZnS. Quested et al. ®” recently
verified a model which could predict the grain size in Al
alloys with commercial refiner. They found grain size of Al
alloy decreased at first and then increased when the size of
the refiner (TiB,) particles increased in the range of 0-6 um.
Similarly, the modification effect of ZnS on eutectic Si should
also be related to the particle size of ZnS, and the refinement
of eutectic Si could be achieved only when the particle size
of ZnS is at the nanometer level. In addition, it was reported
that the particle size of nano-sized ZnS particles prepared by
chemical water bath deposition methods was easily controlled
by adjusting reaction time P"**. Therefore, design and
synthesis of nano-sized ZnS on the Al-12Si alloy matrix using
the chemical water bath deposition method is feasible.

This study aims to design and synthesize an inoculant
Al-12Si/ZnS to provide nuclei for eutectic silicon. The Al-12Si/
ZnS powder was prepared via a simple chemical water bath

deposition method using tri-sodium citrate and tartaric acid as
complexing agents. The size and morphology of eutectic Si in
the Al-128Si alloy were modified by the addition of Al-12Si/
ZnS powder. The effect of different Al-12Si/ZnS additions on
the refinement of eutectic Si in Al-12Si alloy was compared,
the morphology of eutectic silicon was observed, the grain size
and area of eutectic silicon were analyzed. Tensile testing and
analysis of alloy fracture mechanism were performed.

2 Experimental procedure

2.1 Materials

Commercial pure Al alloy (99.5wt.% purity), Al-24Si alloy
(99.95wt.% purity) and Al-12Si powder (99.995wt.% purity,
90% of the particles are 34-70 pum in size) were used. The
chemical composition of the A1-24Si alloy, pure Al and
Al-12Si powder are given in Table 1.

2.2 Preparation of Al-12Si/ZnS inoculant

Figure 1 shows a schematic illustration of the Al-12Si/ZnS
preparation process. First, 0.728 g of ZnS was completely
dissolved in 20 mL distilled water, 0.249 g thiocarbamide
was dissolved in 10 mL distilled water, 0.24 g tartaric acid
was dissolved in 10 mL distilled water, and 0.249 g trisodium
citrate was dissolved in 10 mL distilled water. Next, the zinc
sulfate solution, tartaric acid solution, and trisodium citrate
solution were mixed in a 100 mL beaker by magnetic stirring.
Subsequently, the thiocarbamide solution was slowly dripped
into the mixture, then 15 g Al-12Si alloy powder was added.
The pH value was adjusted to about 10 with ammonium
hydroxide, and the solution was placed in a water bath at 80 °C
and stirred for 0.5 h. Finally, the solution was filtered, washed,
and vacuum dried at 50 °C to obtain the Al-12Si/ZnS powder.

Table 1: Chemical compositions of pure Al, Al-24Si alloy and Al-12Si powder (wt.%)

Alloy Si Mg Mn Cu Fe Ti Al
Al-24Si 24 0.0373 0.043 0.003 0.197 0.0167 Bal.
Pure Al 0.003 - - 0.003 0.005 - Bal.

Al-12Si powder 12 - - - 0.15 - Bal.
. Zinc sulfate Al-12Si powder Ammonium hydroxide Stirring at 80 °C for 0.5 h Filtration
- Trisodium citrate Washing
! Tartaric acid Vacuum drying
@ Thioourea

Mixed solution Adding powder

Altering pH

Water bath Al-12Si/ZnS powder

Fig. 1: Schematic illustration of preparation of Al-12Si/ZnS inoculant preparation
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2.3 Melt processing

Figure 2 shows the preparation of Al-12Si alloy modified with
Al-12Si/ZnS powder. The pure Al and Al-24Si alloy in a weight
ratio of 1:1 were put into a graphite crucible, and heated to
900 °C, stirred and held for 15 min to obtain the Al-12Si alloy.
Then, the alloy was modified by adding different amounts of Al-
12Si/ZnS powder (12.5wt.%, 17.5wt.%, 22.5wt.%) at 730 °C,
manually stirred for 30 s, then held for an additional 10 min.
Finally, the molten metal was skimmed and poured into a
metal die (preheated at 200 °C for 2 h). According to the
GB/T228.1-2010, the tensile testing was carried out using the rod-
shaped specimens with a diameter of 10 mm, as shown in Fig. 3.
The crystal structure of the synthesized Al-12Si/ZnS
powder was characterized using a Rigaku D/Max-2200 X-ray
diffractometer with Cu Ka radiation (1=1.5406A) at room
temperature within the range 26 of 10°-80°. The powder
morphology was observed using scanning electron microscopy
(SEM, JSM-6700F, JEOL, Japan), and the elemental content
of the powder was determined by energy dispersive X-ray
spectroscopy (EDX). The transmission electron microscopy
(TEM, JEM-2100, JEOL) and high-resolution transmission
electron microscopy (HRTEM) were employed to observe the
morphology of ZnS growing on the surface of the Al-12Si/ZnS
powder. The microstructure of Al-12Si alloy was observed and
characterized using SEM and optical microscopy (OM; XJP-
200, Jiangnan) and analyzed with software provided by Nanjing
Jiangnan Novel Optics Co., Ltd. The HB hardness of the Al-12Si
alloy was measured using a Brinell hardness tester (320HBS-
3000, Laizhou Hayin Testing Instrument Co., Ltd., China) at a
load of 1,000 g for 30 s, and the tensile testing of the Al-12Si alloy
was performed on a Taiwan SARTEC SS-8900 testing machine.

Al-24Si alloy

Al-12Si/ZnS powder Stirring Casting

Preheating
at 200 °C

Fig. 2: Preparation of Al-12Si alloy modified with
Al-12Si/ZnS powder
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Fig. 3: Shape and size of tensile test specimen

3 Results and discussion

3.1 Phase analysis and morphology of
Al-12Si/ZnS powder

The XRD patterns are shown in Fig. 4. It is difficult to
distinguish the ZnS and Si peaks since their peak positions are
almost exactly the same, so the monocrystalline Si slice/ZnS
and polycrystalline Si slice/ZnS were used as the analytical
reference. As shown in Fig. 4(a), there is only one diffraction
peak in the X-ray diffraction spectrum of the monocrystalline
Si slice/ZnS at 26=69.10°, which is identical to the (400)
planes of cubic Si (PDF#27-1402) and ZnS (PDF#05-0506).
In Fig. 4(b), three main diffraction peaks can be observed at
260=28.62°, 47.80°, and 56.36°, which are identical to the (111),
(220), and (311) planes of cubic Si (PDF#27-1402) and ZnS
(PDF#05-05006), respectively. In Fig. 4(c), the XRD pattern
of the Al-12Si/ZnS powder has strong diffraction peaks at
20=38.46°, 44.72°, 65.10°, and 78.26°, which are identical
to cubic Al (PDF#04-0787), and at 260=28.42°, 47.30°, and
56.16°, which are identical to cubic Si and ZnS. Certainly,
amorphous peaks as marked by the arrows can be observed
in all samples. According to the XRD results, it can be
concluded that ZnS grown on different matrixes has the same
crystallographic orientation as the matrix Si.

To find evidence of the presence of ZnS, the Al-12Si/
ZnS powder was also analyzed by EDX, as shown in Fig. 5.
A uniform distribution of Al, Si, Zn, and S elements can be
confirmed. Locations where there is more Si element also
correspond to more S and Zn elements. In other words,
the Si phase distribution affects the ZnS distribution. The
combination of XRD patterns and EDX mapping images
reveals that the powder is composed of Al, Si and ZnS. It can
be inferred that ZnS particles successfully deposited on the
surface of Al-Si powder and can act as the nucleus of Si due to
the similar crystal structure of ZnS and Si.

(c) Al-12Si powder/ZnS

Amorphous peaks

(b) Polycrystalline Si slice/ZnS

l (a) Monocrystalline Si ilice/ZnS

| ZnS PDF#05-0566
1

Intensity (a.u.)

"Al PDF#04-0787

1 1
Si PDF#27-1402

| |I | | | 1 | |
10 20 30 40 50 60 70 80

26(°)

Fig. 4: X-ray diffraction spectra of as-prepared
monocrystalline Si slice/ZnS (a), polycrystalline
Si slice/ZnS (b), Al-12Si/ZnS powder (c)

151




[T fxescarch & Development

As shown in Fig. 6(a), the Al-12Si/ZnS powder is composed
of Al-Si spheres with diameters of about 70-80 um. As shown in
the enlarged image in Fig. 6(b), a large number of ZnS particles
form on the surface of the Al-Si spheres. The image was further
magnified and Figs. 6(c) and (d) show the enlarged circular
and rectangular regions in Fig. 6(b), respectively. Both of the
magnified images show a large number of ZnS particles with
diameters of about 10-40 nm formed by Volmer-Weber (VW)
growth and evenly distributed on the surface of the
Al-12Si/ZnS spheres P’ The above analyses show that Al-
12Si/ZnS was successfully prepared.

Further characterization of the microstructure and morphology
of the Al-12Si/ZnS powder was performed using TEM and
HRTEM. Figures 7(a)-(c) show the TEM images of the powder
at a low magnification. Figure 7(a) shows a nearly spherical

particle with a diameter of about 45 um. In Figs. 7(b) and (c),
a large number of particles can be observed on the surface of
the powder. High-magnification TEM images are presented in
Figs. 7(d)-(e). Some high contrast areas can be observed,
marked by dotted circles and surrounded by areas of weak
contrast, which are consistant with the SEM results. The degree
of constancy is related to the level of crystallinity, therefore, in
the amorphous ZnS region, the degree of constancy is weaker.
Lattice fringes are clearly visible in the HRTEM images of the
particles, as shown in Figs. 7(f) and (g). The lattice spacings
are about 0.285, 0.128, and 0.218 nm which are consistent with
the d-spacing of (111), (311), and (220) planes of cubic ZnS,
respectively. Based on the XRD, SEM, and EDS results, the as-
prepared powder consists of an Al-Si alloy matrix with a large
number of ZnS nanoparticles on the surface.

Fig. 6: SEM images of Al-12Si/ZnS powder (a) and (b), and (c) and (d) are enlarged images of circular
and rectangular regions in (b), respectively
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3.2 Effects of Al-12Si/ZnS powder addition
amount on modification of eutectic silicon

Figure 8 shows the microstructures of Al-12Si alloys modified
with different amounts of Al-12Si/ZnS powder (ranging from
0 to 22.5wt.%). Figure 9 shows the corresponding area and size
distribution of eutectic Si. The typical needle-like morphology

(2)

{

of eutectic Si is shown in Fig. 8(a). The corresponding mean area
and average size are 76.64 um” and 18.01 um, respectively, as
shown in Figs. 9(a) and (e). The eutectic Si is refined into short
rods when 12.5wt.% Al-12Si/ZnS powder was added, as shown
in Fig. 8(b), with a mean area and average size of 34.91 pm’
and 12.19 um, respectively, according to Figs. 9(b) and (f). In

Fig. 8: Microstructures of Al-12Si alloys modified by different amounts of Al-12Si/ZnS powder: (a) unmodified;

(b) 12.5wWt.%; (c) 17.5wt.%; (d) 22.5wt.%
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addition, the o-Al phase is also refined. As illustrated in Fig. 8(c),
after adding 17.5wt.% Al-12Si/ZnS powder, the size of the a-Al
and eutectic Si phases is further refined, and the morphology
of eutectic Si obviously changes from rod-like to granular. The
area and distribution size of the eutectic Si phases decrease to
13.53 um’ and 6.53 pm, respectively, as shown in Figs. 9(c)
and (g). However, as more Al-12Si/ZnS is added, the eutectic
Si is not further refined and its morphology degenerates from
granular to short rod shape. As shown in Figs. 9(d) and (h),
the mean area and average size of eutectic Si are 20.93 pm’
and 10.17 pm, respectively. In general, the needle-like eutectic
Si can be refined into small, short rod-like or spherical
morphologies with an appropriate amount of Al-12Si/ZnS
powder, which in the present study is about 17.5wt.%.

3.3 Hardness and mechanical properties
of Al-12Si alloy modified with different
amounts of Al-12Si/ZnS powder

3.3.1 Hardness and tensile properties

Figure 10(a) presents the HB hardness values of the
unmodified and modified Al-12Si alloys. The modified Al-12Si
alloys have higher hardness values than the non-modified alloy
as a result of fine-grain strengthening. The maximum hardness
is achieved with 17.5wt.% Al-12Si/ZnS, an increase of 6.3%
compared with the unmodified specimen. Compared with the
specimen modified with 17.5wt.% Al-12Si/ZnS, the hardness
value of the specimens modified with 22.5wt.% Al-12Si/ZnS
is lower due to grain coarsening.
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Fig. 9: Particle area distribution (a)-(d) and size distribution of eutectic silicon (e)-(h) in Al-12Si alloys modified by
different amounts of Al-12Si/ZnS powder: (a) and (e) non-modified; (b) and (f) 12.5wt.%; (c) and (g) 17.5wt.%;
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Fig. 10: Hardness and tensile properties of Al-12Si alloys modified with different amounts of Al-12Si/ZnS
powder (0, 12.5wt.%, 17.5wt.%, and 22.5wt.%): (a) HB hardness; (b) tensile strength; (c) elongation

The mechanical properties of Al-12Si alloys modified with
different amounts of Al-12Si/ZnS powder are presented in
Figs. 10(b) and (c). The tensile strength and elongation of
the unmodified Al-128Si alloy are 118.45 MPa and 10.19%,
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respectively. The tensile strength and elongation increase when
12.5wt.% Al-12Si/ZnS powder is added. The alloy modified
with 17.5wt.% Al-12Si/ZnS powder exhibits the highest
tensile strength, 137.62 MPa, an increase of 16.18% compared
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to the unmodified Al-12Si alloy, and the elongation increases
55.45%. The alloy modified with 22.5wt.% Al-12Si/ZnS
powder exhibits the largest elongation, and its tensile strength
and elongation increase 11.80% and 58.78%, respectively,
compared to the unmodified Al-12Si alloy.

Results mentioned above show that eutectic Si modification
via the addition of Al-12Si/ZnS powder leads to a significant
improvement in the mechanical properties of Al-12Si alloy, in
particular, an increase in ductility.

3.3.2 Fracture characteristics

The tensile fracture morphologies of Al-12Si alloys modified
with different amounts of Al-12Si/ZnS powder (0, 12.5, 17.5,
and 22.5 wt.%) are presented in Fig. 11. Vast cleavage planes
on the surface indicate transgranular fracture of the unmodified
alloy, as shown Fig. 11(a). Meanwhile, crystalline fracture also
occurs at the grain boundaries. The different tensile fracture
behaviors are caused by two distinct eutectic Si morphologies
in the alloy: long needle-like and short rod shape. With
the addition of Al-12Si/ZnS powder, the long needle-like
eutectic Si is refined into short-rod and globular shape. Due
to the spheroidization of eutectic Si, which can reduce stress
concentration at grain boundaries, crystalline fracture decreases,
and the number of cleavage plane increases, as shown in
Figs. 11(b), (c¢) and (d). Therefore, crack propagation is more
likely to be initiated inside the crystal owing to improved

strength at the grain boundary, as evidenced by the cracks shown
in the insets of Figs. 11(b), (c), and (d). Thus, fracture of Al-
12Si alloys modified by Al-12Si/ZnS powder is dominated by
transgranular fracture supplemented by intergranular fracture.

3.4 Refinement mechanism of Al-12Si/ZnS
powder

Below 1,020 °C, the crystal structure of ZnS is cubic crystal 128
which is consistent with the XRD analysis. Table 2
shows the mismatch between the Si and ZnS phase based on
the edge-to-edge matching (E2EM) model. The main possible
matching planes of ZnS with Si are {111}, {220}, and {311},
which have in-plane misfit (F}) values of 0.399%, 0.422%, and
0.275%, respectively. The interatomic spacing misfit (F;) values
between <12 1>gesns <110>gezms, and <121>¢,,.s were calculated
as 0.456%, 0.458%, and 0.456%, respectively. Both F, and F;
are far lower than 6%, which illustrates perfect lattice matching
between ZnS and Si. The above analysis demonstrates that ZnS
phases can effectively act as heterogeneous nucleation sites of Si.
To further characterize the crystal orientation of ZnS, HRTEM
was performed. The results are shown in Fig. 12. As seen in Fig. 4
and Fig. 7, the main planes of ZnS and Si are (111), (311), and
(220). Figure 12 shows the main planes of Si are clearly (111).
The images further reveal that the orientations of all planes
are practically unanimous. The (111) plane of ZnS is parallel

¥
100 pm

Fig. 11: Mechanical properties of Al-12Si alloys modified with different amounts of Al-12Si/ZnS powder:
(a) non-modified alloy; (b) 12.5wt.%; (c) 17.5wt.%; (d) 22.5wt.%
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Table 2: Edge-to-edge mismatching between Si and ZnS

Matching planes F,, (%) Matching rows F, (%)
Si{111}//ZnS{111} 0.399  Si<121>//ZnS<121>  0.456
Si(220)//ZnS{220}  0.422  Si<170>//ZnS<110>  0.458
Si{311}//ZnS{311} 0.275  Si<121>//ZnS<121>  0.456

to the (111) plane of Si, and the ZnS phase grows in the same
direction as the Si phase. Transition zones of several nanometers
in thickness clearly exist between the ZnS and Si phase. The
crystallinity of ZnS is increased with the increasing trisodium
citrate ¥, which is consistent with the XRD analysis above.
However, the structural mismatch between the overlayer (ZnS) and
substrate (Si) due to the transition zone results in the switch from
the Frank-van der Merwe (FM) growth mode (2D morphology)
to the Volmer-Weber (VW) growth mode (3D morphology) °°.
In other words, the transition zones are the key to the growth
of ZnS particles on the surface of Al-12Si powder. In general,
the crystal orientation of Si and ZnS is almost the same, which
also indicates that ZnS can act as a heterogeneous nucleation
site of Si. Unfortunately, the coherence relationship between

(a) Transition zoné
)=0.332 nm

dS

i(111

—|«—

4 Conclusions

(1) Al-128Si/ZnS powder was successfully prepared via a
simple chemical bath deposition method. Wettability was
enhanced by the incomplete crystallization of nano-ZnS
particles distributed on the surface of Al-12Si alloy powder.

(2) The inoculant Al-12Si/ZnS can refine the eutectic Si
phase in Al-12Si cast alloys. The morphology of eutectic Si
changes from needle-like to short rod-like or even spherical in
shape with the increase of Al-12Si/ZnS powder. The refinement
mechanism is Si takes ZnS as the core for heterogeneous
nucleation, accommodated by the low in-plane misfit (£} values
and interatomic spacing misfit (F,) values of ZnS with Si.

(3) The best refinement effect for needle-like eutectic Si can
be achieved in the Al-128Si cast alloy with 17.5% Al-12Si/ZnS
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Si and ZnS was not directly observed in Al-12Si alloy under
HRTEM, but combined with the XRD analysis results (Fig. 4),
we believe that ZnS has the same crystallographic orientation
as the Si phase, or Si takes ZnS as the core for heterogeneous
nucleation.

The mechanism of refinement of Al-12Si/ZnS powder is
illustrated in Fig. 13. Nano-sized ZnS particles on the surface of
the Al-12Si promote wetting by the melt, which also increases
the number of crystal nuclei. In contrast, nano-sized ZnS
particles dispersed on the surface are easily dispersed into the
melt owing to the presence of non-agglomerated particles. As
the powder melts, the ZnS particles are released into the melt,
thereby reducing the undercooling of the silicon phase and
acting as Si nucleation sites. The Si atoms nucleate preferentially
with a ZnS core and grow into short rod-like or globular Si
phase. At the same time, o-Al nucleates and grows until it
comes into contact with the Si phase. The size of the a-Al phase
decreases with further refinement of the Si phase. In summary,
sufficient quantities of ZnS provide excellent heterogeneous
nuclei of Si due to the low mismatch degree, good dispersion,
and wettability.

Untreated

>

1-12Si melt

Fig. 13: Refinement mechanism of Al-12Si/ZnS powder
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powder. Eutectic Si is modified into a granular shape with the
average size of about 6.53 pm.

(4) The hardness, tensile strength and elongation of
Al-128i alloy modified with 17.5wt.% Al-12Si/ZnS powder
are increased by 6.30%, 16.18% and 55.45%, respectively,
compared to the unmodified Al-12Si alloy. Its fracture behavior
is dominated by transgranular fracture supplemented by
intergranular fracture.
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