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Abstract: In this work, Al(OH)3 nanosheets are synthesized in situ on the surface of an Al-20Si alloy
via the water bath method, and Al–20Si@Al2O3 composites are then obtained after calcination. The
growth mechanism of the Al(OH)3 nanosheets is revealed, and a pathway is demonstrated to obtain
Al–20Si@Al2O3 nanosheets with the desired structure and thickness. Furthermore, the influence of
different Al–20Si@Al2O3 contents on the primary silicon phase in the Al–20Si alloy is investigated,
and the mechanism of such an influence is theoretically analyzed. The mechanical properties of the
modified Al–20Si alloy are tested, and the effects of the morphology and particle size of the silicon
phase on the alloy properties are studied. The results show that Al–20Si@Al2O3 synthesized in situ
by water bath has good dispersion in the melt. There is a lot of γ-Al2O3 dispersed in the matrix of
the alloy, and the primary silicon of the Al-20Si alloy is obviously refined. By increasing the content
of the modifier, the average size of primary silicon decreases first and then increases. When 15 wt%
of the modifier is added, the refinement effect of primary silicon reaches its peak, and the size of
primary silicon is reduced from unmodified 86.4 µm to 28.5 µm. The hardness and tensile strength
of 75.2 HB and 120.3 MPa are increased to 107.2 HB and 185.9 Mpa by 42% and 55%, respectively.
Compared with adding γ-Al2O3 directly, this experiment provides a simple method to synthesize the
modifier, and γ-Al2O3 can be dispersed evenly in the aluminium-silicon alloy melt more easily by
in-situ generation, without ultrasonic treatment or other ways. During mass production, the cost can
be better controlled and good results can be achieved at the same time.
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1. Introduction

Hypereutectic Al–Si alloy has been widely used in automobile manufacturing, aerospace,
shipbuilding, marine, chemistry, and chemical industry due to its advantages of low density,
high specific strength, good casting performance, excellent wear resistance, low thermal
expansion coefficient, continuous adjustment, etc. [1–6]. In traditional casting, when the
rate of cooling is slow and the Al–Si alloy is not changed, a lot of plate- or needle-shaped
eutectic Si forms, and stress is concentrated at the tip and edges of the Si phase. This stress
results in the fragmentation of the alloy substrate and deterioration of the tissue, which
significantly degrades the mechanical properties of the alloy [7], especially its plasticity
and resistance to wear. These are the main reasons behind the limited industrial use of
Al–Si alloys. Over the past few decades, several strategies have been developed to achieve
primary Si refinement [8], which can be roughly divided into two main routes. One is to use
physical methods, such as rapid solidification treatment [9], ultrasonic melt treatment [10],
and electromagnetic stirring [11], to control the nucleation and growth of the Si phase
during solidification. However, these methods usually have some shortcomings, such as
high cost, low efficiency, and complicated equipment, which limit their application in large-
scale industrial production. The other is to refine primary silicon by adding trace elements,
including P [12], Sr [13], Na [14], Ce [15], Er [16], Y [17], Eu [18], etc. Compared with the
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above technologies, modification treatment can simply and efficiently refine the size and
morphology of the silicon phase in the Al–Si alloy and make it more evenly dispersed in
the matrix, thus improving its comprehensive properties. Additionally, it is convenient to
combine with other methods. It is the most widely used refinement method in industrial
production at present.

Among them, phosphorus is considered the most effective refiner and improver of
primary Si in the industry [19]. Adding a small amount of P to the hypereutectic Al–Si alloy
can refine coarse primary silicon into fine particles. However, in industrial production, P is
usually added to alloy melt in the form of phosphorus salt. In this case, adding alloy melt
will lead to a large number of toxic gases, which will seriously pollute the environment.
Sr, as an effective modifier, can refine eutectic silicon into a hypereutectic Al–Si alloy.
However, strontium is easy to oxidize, which makes Al–Si alloy absorb oxygen, resulting
in many pores in the cast alloy that reduce the mechanical properties of the material [20].
Furthermore, rare-earth elements, such as Ce, Er, and Y, can be simultaneously used to
refine the primary Si phase in the hypereutectic Al–20Si alloy. However, their high cost,
complex processing, and poor chemical activity limit their application in the industry. In
addition to rare-earth elements, γ-Al2O3 particles can also refine the primary Si phase
in the Al–20Si alloy. Choi et al. [21] found that the primary Si phase can be significantly
refined through the addition of γ-Al2O3 nanoparticles to the Al–20Si alloy under the action
of ultrasounds. However, under normal conditions, ceramic particles may aggregate due
to van der Waals forces, resulting in an unstable thinning effect that adversely affects the
mechanical properties of the alloy, especially when nanoparticles are added [22]. Therefore,
it is of great practical significance to develop a simple, economical, and effective one-step
method for simultaneously refining and modifying Si phases using dispersed γ-Al2O3
nanoparticles. In this study, Al-20Si@Al2O3 synthesized by the hydrothermal method
was added to the Al-20Si alloy melt as a modifier, and γ-Al2O3 was generated in situ.
The dispersibility was obviously better than that of direct addition, so the refining effect
was better.

2. Materials and Methods
2.1. The Preparation of Al-20Si@Al2O3

Figure 1 shows the preparation of Al-20Si@Al2O3. Al-20Si powder with a particle
size of 38 µm was selected for this experiment. The Al–20Si powder was treated using
deionized water at 80 ◦C for 3 h via the hydrothermal method. The thickness of Al(OH)3
on the surface of Al-20Si powder increased with time. After 3 h, the surface of the Al-20Si
powder was basically covered with Al(OH)3. When the time continued to increase, a
large number of impurities appeared around the core-shell structure, which adversely
affected the subsequent experiments. It was then centrifugated, washed with absolute
alcohol three times, and dried at 50 ◦C for 12 h. This process resulted in Al–20Si@Al(OH)3.
Al-20Si@Al2O3 was obtained through the calcination of Al–20Si@Al(OH)3 at 500 °C for
2 h. The morphology of the as-prepared core–shell composites was observed via scanning
electron microscopy (SEM). X-ray diffraction (XRD) analysis was carried out using a X-ray
diffractometer (Japan) at a scan rate of 10◦/min.
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Figure 1. Preparation flow chart of Al–20Si@Al2O3.

2.2. Experiments on the Modification of Al-20Si

Before adding modifier to Al-20Si alloy, the alloy shall be pretreated. First, weigh
about 300 g of hypereutectic Al-20Si alloy and wash the impurities on the alloy surface
with deionized water. Because the alloy is placed in the air for a long time, the aluminium
in the hypereutectic Al-20Si alloy will react with the oxygen in the air to form a dense layer
of aluminium oxide film on the surface of the alloy. Therefore, the surface of the alloy is
usually polished with sandpaper. After polishing, the surface of the alloy is washed clean
with deionized water. Finally, put the washed hypereutectic Al–Si alloy into a graphite
crucible and then put it together in a box-type resistance furnace. Set the temperature of
the box-type resistance furnace to 200 ◦C and keep it there for 12 h so that the moisture in
the alloy can be fully dried to prevent a thermal explosion.

Since the temperature of the alloy during modification is near the liquidus temperature,
the Si phase in the alloy melt is not completely melted, so it is necessary to overheat the
hypereutectic Al-20Si alloy. First, put the dried hypereutectic Al-20Si alloy into a graphite
crucible and put it into a well-type heating resistance furnace. Set the temperature of the
heating resistance furnace to 900 ◦C. Some researchers [23] found that when a hypereutectic
Al-20Si alloy is heated to 900 ◦C, there will be no solid Si phase in the alloy melt and the
Si phase will be evenly distributed in the alloy melt. This means that the Si phase can be
dispersed in the matrix after the modification treatment, which makes the modification
effect better.

The main purpose of alloy refining is to remove the gas and impurities in the alloy that
formed during melting. After the hypereutectic Al–Si alloy is overheated, the temperature
of the well heating resistance furnace is reduced from 900 ◦C to 700–750 ◦C, and the alloy
quality is refined with about 0.5 wt% refining agent. The main component of the refining
agent is hexachloroethane, which will decompose at high temperatures and react with the
gas in the alloy to draw the impurities and gas out of the melting alloy. The refining agent
is wrapped in aluminium foil and added to the alloy melt. A ladle was used to press the
refining agent into the bottom of the alloy melt. Stir for 2 min to better disperse the refining
agent in the alloy melt, and stand for 10 min. Finally, the impurities on the surface of the
alloy melt are skimmed off to obtain a relatively pure hypereutectic Al-20Si alloy melt.

The modification temperature will directly affect the reaction between the modifier and
the alloy, thus affecting the internal structure of the melt. If the modification temperature
cannot reach the reaction temperature of the two, the modification cannot be played. If the
temperature is too high, the modification will be weakened. According to a large number
of previous comparative tests, the modification temperature of the modifier and Al-20Si
alloy is about 900 ◦C, and the modification effect is best when the holding time is 15 min.
After Al-20Si was overheated and refined, reduce the temperature of the well-resistance
furnace to 730 ◦C.
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Therefore, the overall modification process is as follows: Firstly, the Al–20Si alloy in
the graphite crucible was heated to 900 ◦C, and this temperature was maintained for 15 min.
After the temperature was reduced to 730 ◦C, add a refining agent to obtain a pure Al-20Si
alloy melt. Different Al-20Si@Al2O3 powder amounts (5, 10, 15, and 20 wt%) were then
added to the Al–20Si alloy at a temperature of 730 ◦C, stirred for 2 min, and maintained
for 10 min to modify the alloy. Finally, the scum was skimmed and poured into the metal
mold (which had been preheated at 200 ◦C for 2 h) for casting, as shown in Figure 2. The
metallographic samples were sectioned, mechanically polished, and then etched for SEM
observations. The morphology and particle size of the primary Si phase in the Al–20Si
alloy before and after modification were analyzed via high-resolution TEM (HRTEM) and
element-dispersive X-ray spectroscopy (EDS). The mechanical properties of the alloy were
tested at ambient temperature using a tensile testing machine. The hardness changes of
Al-20Si before and after modification were tested by the Brinell hardness tester. These tests
were carried out three times for each sample, and the three readings were averaged to
obtain the final results.
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Figure 2. Preparation of Al–20Si alloy modified with Al–20Si@Al2O3 powder.

3. Results
3.1. Qualitative Analysis of Al-20Si@Al2O3

Figure 3 shows the XRD patterns of Al–20Si@Al2O3 powder. The Al–20Si@Al2O3
powder is composed of α-Al, Si, and γ-Al2O3 phases as shown in Figure 3. Theoretically,
the formation of γ-Al2O3 phase can be described by the reactions below:

2Al(s) + 6H2O(l) → 2Al(OH)3(s) + 3H2(g) (1)

2Al(OH)3(s)→ Al2O3(s) + 3H2O(g) (2)
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The Al–20Si@Al(OH)3 powder was investigated via SEM, and the corresponding SEM
images are shown in Figure 4. It can be seen that the surface of Al-20Si powder is basically
covered with Al(OH)3 nanosheets. It is found that too much hydrothermal time will make
Al-20Si@Al(OH)3 nanosheets grow abnormally, and more impurities will appear around the
core-shell structure. This is not conducive to the preparation of Al-20Si@Al2O3 powder and
the modification effect. It is found that the particle size of Al-20Si powder has little effect
on the morphology and thickness of the nano-flakes on the surface of Al-20Si@Al(OH)3.
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The Al–20Si@Al2O3 powder was investigated via TEM, and the corresponding TEM
images are shown in Figure 5. These images, combined with the XRD pattern, reveal
the presence of a γ-Al2O3 nanosheet on the surface of the Al–20Si powder. The crystal
plane spacing was calculated to be d = 0.239 nm, which is consistent with the (311) crystal
plane spacing of γ-Al2O3. Overall, the nanosheets are predominantly concentrated at the
interface between the Si phase and the Al matrix, indicating that Al2O3 nucleation occurs
mainly at this interface. With increasing reaction time, the nanosheets cover completely
the surface of the Al–Si particles. This will facilitate the dispersion of nano-Al2O3 in the
alloy melt.
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3.2. Quantitative Analysis of Al-20Si@Al2O3

A thermogravimetric analyzer (TG209F3) made by a German company was used to
test the prepared Al-20Si@Al(OH)3 powder. The heating rate is 10 ◦C/min. According to
chemical formula (2) and thermogravimetric analysis, when Al–20Si@Al(OH)3 powder is
calcined, Al(OH)3 on the surface of Al–20Si particles reacts AT 154.1 ◦C to generate Al2O3,
and when the reaction temperature reaches 515.3 ◦C, the reaction has ended, as shown in
Figure 6. At this time, the weight ratio of the powder is reduced from 100.01 to 99.48%, and
the reduced weight is the water vapor generated via the reaction, which is about 0.53% of
the overall weight of the powder. According to formula (2), the Al2O3 generated by the
reaction is about 1.02% of the overall weight of the powder.
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3.3. Effect of Al-20Si@Al2O3 on Primary Silicon and Properties of Al-20Si Alloy

The typical strip shape of the primary Si phase in the Al–20Si alloy before modification
is shown in Figure 7a. The average particle size of the primary Si phase and Brinell hardness
of the Al–20Si alloy are 86.4 µm and 75.2 HB, respectively, as shown in Figure 8. Figure 7b–e
shows the microstructure of the Al–20Si alloy with 5, 10, 15, and 20 wt% Al–20Si@Al2O3
powders. When the content of the added Al–20Si@Al2O3 powder is 5 wt%, the primary
Si phase is clearly refined, the sharp shape tends to be regular, and the average particle
size of the primary Si phase is 41.7 µm. Since the primary Si phase in the alloy is clearly
refined and Al2O3 can be used as a reinforcing phase to make the Al–20Si alloy stronger,
the Al–20Si alloy has a hardness of 89.4 HB in this case. When the Al–20Si@Al2O3 powder
content is increased to 10 wt%, a proportion of the primary Si phase is further refined, and
the average particle size and hardness of the primary Si phase are 33.4 µm and 89.6 HB,
respectively. When the Al–20Si@Al2O3 powder content is increased to 15 wt%, the refining
effect is the strongest, and the average particle size of the primary Si phase reaches the
minimum value of 28.5 µm. Furthermore, the hardness of the Al–20Si alloy reaches a
maximum value of 107.2 HB. Compared with the unmodified Al–20Si alloy, the hardness is
increased by 42%. As the Al–20Si@Al2O3 powder content is further increased to 20 wt%,
the primary Si phase is not further refined; the average particle size increases to 34.6 µm
and the hardness also decreases to 96.7 HB. Thus, we can conclude that an appropriate
amount of the Al–20Si@Al2O3 powder can refine the irregular flakes of the primary Si phase
into a small and regular Si phase, which can greatly improve the mechanical properties of
the alloy. Therefore, the best alloy properties in this study were obtained with a 15 wt%
addition of the Al–20Si@Al2O3 powder.

The modified Al–20Si alloy has a higher tensile strength than the unmodified alloy
because the fine grains have become stronger. A universal tensile tester is used in this
experiment; the tensile speed is 5 mm/min. The tensile strength of the unmodified Al–20Si
alloy is 120.3 MPa, as shown in Figures 9 and 10. The tensile strength of the modified
Al–20Si alloy first increases with increasing Al–20Si@Al2O3 content and then decreases.
When the Al–20Si@Al2O3 content is 5 wt%, the tensile strength of the Al-20Si alloy is
obviously improved, reaching 171.7 MPa. The addition of Al-20Si@Al2O3 powder was
increased to 10 wt%, and the tensile strength continued to increase to 184.3 MPa. When the
Al–20Si@Al2O3 content is 15 wt%, the tensile strength reaches its maximum value, which
is 185.9 MPa. Compared with the unmodified sample, the tensile strength is increased by
55%. If the addition of Al-20Si@Al2O3 powder is increased to 20%, the tensile strength will
begin to decrease. According to the strengthening theory, adding Al–20Si@Al2O3 powder
can modify the primary Si phase, and Al2O3 itself can be used as a reinforcing phase to
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strengthen the alloy, which can significantly improve the mechanical properties of the
Al–20Si alloy.
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3.4. Characterization of Microstructure of Modified Al-20Si Alloy

Figure 11 shows the SEM and EDS image of Al-20Si alloy.
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Figure 11. SEM image (a) and EDS images (b–d) of modified Al–20Si alloy.

The SEM and EDS image displayed in Figure 11. Figure 11a shows that many bright
white spots are evenly distributed in the matrix of the Al–20Si alloy. From Figure 11b–d, it
can be seen that these bright white spots are composed of Al and O elements. The TEM
image shown in Figure 12 also reveals that numerous bright white spots are present in the
Al–20Si alloy matrix. The crystal plane spacing calculated from Figure 12b is 0.239 nm,
which is consistent with the (311) crystal plane spacing of γ-Al2O3. From Figure 13, it can
be seen that the white spots on the surface of the Al–Si powder are composed of γ-Al2O3.
The lattice mismatch between Si and γ-Al2O3 is around 3%, and the γ-Al2O3 particles can
provide heterogeneous nucleation sites for primary Si phases. As the in situ synthesized
γ-Al2O3 particles usually possess a favorable wettability with the matrix, the primary
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Si phases can easily adhere to the γ-Al2O3 substrate for nucleation and growth, which
improves the nucleation efficiency of γ-Al2O3. This is also the main reason why the primary
silicon in the Al-20Si alloy is obviously refined.
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3.5. Strengthening Mechanism of Al-20Si@Al2O3

The refining mechanism of the Al–20Si@Al2O3 powder is shown in Figure 14. In
this experiment, γ-Al2O3 was produced in situ by adding modifiers to the alloy melt, so
its wettability and dispersibility in the melt were good. According to the corresponding
γ-Al2O3 (JCPDS no. 50-0741) and primary Si (JCPDS no. 65-1060) in Figure 3 XRD analysis,
γ-Al2O3 has a cubic structure with a = 7.9 nm, and primary Si has a cubic structure with
a = 5.4 nm. This suggests that γ-Al2O3 nanoparticles could serve as a good heterogeneous
nucleation agent for primary Si, as 5.4 nm ×

√
2 = 7.64 nm, which has a small lattice

mismatch of about 3% between primary Si and γ-Al2O3. Thus, γ-Al2O3 serves as the core
of the primary Si nucleation sites and plays an important role in refining the primary Si
phase [24]. At the same time, γ-Al2O3 in Al-20Si alloy melt will be pushed to the solid-
liquid interface of the melt. This will increase the undercooling degree of the alloy melt,
accelerate the nucleation rate of primary silicon in the melt, and improve the nucleation rate
of primary silicon [25]. The silicon phase grows fastest in the <112> direction and slowest
in the <111> direction, so the silicon phase grows anisotropically and finally grows into a
sheet. After γ-Al2O3 is added to the alloy melt, it will be adsorbed at the concave corner
of the twin growth of the silicon phase, which will hinder the TPRE growth mechanism
of the silicon phase and make the growth of the silicon phase change from anisotropic to
isotropic, thus changing its morphology and size.
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Figure 14. The refining mechanism of Al–20Si@Al2O3 powder.

The strengthening mechanism of the Al–20Si alloy prepared in this work is mainly
the second-phase strengthening mechanism. Due to the small Al2O3 content in the alloy,
the primary Si phase is mainly used to analyze the Orowan strengthening grain. Orowan
strengthening, which is due to the second phase, can be quantified as follows [26–28]:

∆σOrowan =
MGb

2π
√

1− v

(
1.123d

√
0.318π

a f
− πd

8
− 1.061d

a

)−1

ln
0.981d

ab
(3)

where ∆σOrowan is the contribution of the second phase’s refinement to the yield strength.
M, G, and b are the Taylor factor (approximately equal to 3 [29]), shear modulus (26.2 GPa),
and the Burgers vector of the base alloy (0.286 nm), respectively. v and f are Poisson’s
ratio (1/3) and the volume fraction of the second phase, respectively. a is defined as d/t,
where d and t are the diameter and thickness of the precipitation, respectively. With the
decrease in the average size of primary silicon grains in the alloy, the grain refinement
strength increases. When the addition amount is 15 wt%, the grain refinement strength of
the alloy reaches its maximum. Meanwhile, the distribution of the second phase becomes
dense and dispersed, which hinders dislocations more efficiently after the manipulation
by nanocrystals. Therefore, the room temperature tensile properties and hardness are
distinctly enhanced.

4. Conclusions

The preparation method of Al–20Si@Al2O3 and its effect on primary silicon and
the mechanical properties of the Al–20Si alloy were studied. The main conclusions are
as follows:

1. A layer of Al(OH)3 nanosheets can be formed on Al–20Si particles by the water bath
method. After calcination, Al(OH)3 is transformed into γ-Al2O3.

2. After the prepared Al–20Si@Al2O3 powder is added to the Al–20Si alloy for modifica-
tion, the primary silicon in the alloy is significantly refined. The average particle size of
the primary Si phase first decreases and then increases with increasing Al–20Si@Al2O3
content. When the content of Al–20Si@Al2O3 is 15%, the refinement of the primary Si
phase is the best, and the particle size of the primary Si phase decreases from 86.4 µm
(for the unmodified alloy) to 28.5 µm. This is due to the in-situ generation of γ-Al2O3
by adding modifiers and its uniform dispersion in the alloy melt.

3. With the addition of Al-20Si@Al2O3 powder with different contents, the average size
of primary silicon in Al-20Si alloy decreases obviously, and γ-Al2O3 can also be used
as particles to further enhance the properties of Al-20Si alloy. When the content of
Al–20Si@Al2O3 is 15%, the hardness and tensile strength are 107.2 HB and 185.9 MPa,
respectively. At this time, the hardness and ultimate tensile strength of Al-20Si alloy
increase the most. Compared with the unmodified sample, the hardness and tensile
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strength are increased by 42% and 55%, respectively. This is also consistent with the
grain size change law of Al-20Si alloy.
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