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Abstract: Through studying the effects of the Al–5Ti-x(Mg–30%Ce) refiner on the microstructure of
the Al–7Si alloy, we investigated the hardness, tensile, and impact properties of the Al–Si alloy before
and after refinement. The refinement results show that Mg–30%Ce can improve the refinement effect
of Al–5Ti on Al–7Si, and also refine α-Al and eutectic Si in Al–7Si. When 2%Mg–30%Ce is added,
the refining effect of the aluminum–silicon alloy is most obvious. After refinement, the hardness and
tensile properties of the Al–7Si alloy improve. When 2%Mg–30%Ce is added to the refiner, the tensile
properties of the Al–Si alloy are the best. Dynamic mechanical tests were conducted on refined Al–7Si
alloy. The impact toughness of Al–7Si–(Al–5Ti-2(Mg–30%Ce) improved and the impact toughness
reached 34.91 J/cm2, which is 78.7% higher than that of Al–7Si–(Al–5Ti) specimens. The separate
Hopkinson pressure bar test results show that, under a high strain rate, the strain rate sensitivity of
the prepared Al–Si alloy is significant. The specimens of Al–7Si–(Al–5Ti-2(Mg–30%Ce) demonstrated
the best anti-impact performance at the same velocity.
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1. Introduction

Aluminum alloys have a wide range of applications in various industrial fields and they are
important engineering structural materials. With the development of modern industry, the demand for
aluminum alloys are increasing, as is the demand for better aluminum alloy mechanical properties [1–3].
However, traditional aluminum alloys face the problems of coarse grains after casting and solidification,
and defects, such as composition segregation, cracks, and shrinkage cavities, are often caused by
coarse grains, which seriously affect the mechanical properties of aluminum alloy [4–8]. Therefore,
to refine aluminum alloy grains and optimize the microstructure, examining the mechanical properties
of aluminum alloy has become a research focus. In modern industry, adding the grain refiner to
aluminum melt is the most simple and effective method of refining the grain and improving the
mechanical properties of aluminum alloy. Currently, the refining agents commonly used are Al–Ti,
Al–Ti–B, Al–Ti–C, and other intermediate alloys [9–11]. The addition of rare earth elements to the
Al–Ti refiner can improve its refining effect and reduce the decay time. Rare earth elements have
a large atomic radius, which much larger than the radius of the aluminum atom, and it is more
active. Rare earth elements that are dissolved in aluminum liquid can easily fill the surface defects in
the alloy phase of an aluminum alloy, easily forming a surface active film to prevent the growth of
TiAl3. Accordingly, the TiAl3 phase of the alloy is remarkably refined, thereby improving the refining
effect [12]. The Mg can further stimulate the refining effect of rare earth elements, but few experimental
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and theoretical studies on improving the Al–Ti refiner of aluminum alloy via the interaction of Mg
and rare earth have been reported. The addition of Mg to Al–Si alloy further improves the mechanical
properties of the alloy by forming a Mg2Si dispersion strengthening phase [13].

Several researchers have investigated the mechanical properties of Al–Si alloy after refinement.
Pio et al. [14] investigated the effect of Al–5Ti–B on the mechanical properties of LM6 Al–Si alloy sand
casting. The experimental results showed that the mechanical properties of LM6 sand casting are
optimally improved by grain refinement with 0.5 wt% Al5Ti1B. A further increase in grain refiner
quantity did not provide any additional significant improvement. Jigajinni et al. [15] evaluated the
effect of a grain refiner cum modifier on the mechanical properties of Al–7Si and Al–11Si alloys.
The results showed that boron-rich (Al–3B–Sr and Al–1Ti–3B–Sr) master alloys are more efficient
than the Ti-rich (Al–3Ti–Sr and Al–5Ti–1B–Sr) master alloys when considering their combined grain
refinement and modification effect on Al–7Si and Al–11Si alloys. Wang et al. [16] analyzed the effects
of Al–Ti–B–RE grain refiner on microstructure and mechanical properties of the Al–7.0Si–0.55Mg alloy.
The tensile strength of Al–7.0Si–0.55Mg alloys with the Al–5Ti–1B–3.0RE grain refiner reached the
maximum with the same addition (0.2%) of grain refiner. Timelli et al. [17] researched the effect of grain
refinement and cooling rate on the microstructure and mechanical properties of secondary Al–Si–Cu
alloys. The results showed that the grain refinement improves the plastic behavior of the alloy and
increases the reliability of castings, as was evidenced by the Weibull statistics. The research on the
refinement of aluminum alloys has mainly focused on the theoretical mechanism of grain refinement,
refinement process, refiner, and type and amount of modifier [18–20]. The research on the properties
of Al–Si alloys has mainly focused on basic static mechanical properties. The influence of the addition
of refiner on the mechanical behavior of Al–Si under dynamic loading has been much less studied.

We prepared a new type of aluminum-silicon alloy refiner. The microstructure of the aluminum
alloy under the action of the new refiner (Al–Ti–Mg–Ce) was studied, and the synergistic refinement
mechanism and refining effect of Al–Ti and Mg–Ce were analyzed. Experimental studies on the
hardness, tensile, and impact properties of the Al–Si alloy are presented in this paper. The influence of
the refiner on the static and dynamic mechanical properties of the Al–Si alloy was analyzed.

2. Materials and Methods

Pure aluminum ingot (99.9%), titanium powder (99.9%), and Mg–30%Ce intermediate alloy were
used as raw materials, all being supplied by Yueyang Yuhang New Materials Co., Ltd. (Yueyang,
China). The melting of Al–5Ti-x(Mg–30%Ce) was completed in a vacuum induction furnace. After the
alloy was melted, the alloy liquid was stirred for 5 min under an electromagnetic field and then poured
into a metal mold after standing for 2 min to obtain a new refiner for refining the Al–Si alloy [21].

Pure aluminum ingot (99.9%) and silicon (99.9%) were used as raw materials, with all being
supplied by Yueyang New Materials Co., Ltd. (Yueyang, China). The Al–7Si alloy was melted using
a well crucible resistance furnace at a melting temperature of 730 ◦C. After the pure aluminum was
melted, the eutectic silicon particles were added and kept for 20 min. Subsequently, 1 wt% new
Al–5Ti–x(Mg–30%Ce) refiner was added, and, after holding for 20 min, the mixture was blown out
for 5 min. Afterwards, the mixture was poured into the finished sand mold cavity and the sand mold
specimen was taken out after cooling [22].

The microstructure of the alloy was observed using an Inverted Material Microscope
(OLYMPUSGX71) (Beijing Ruike Zhongyi Technology Co. LTD, Beijing, China). The nano-measurer
1.2 software (Fudan University, Shanghai, China) was used to calculate the grain size. The statistical
method that was used to determine grain size involved measuring the length of the scale on the
metallographic chart, and setting its length as the length represented by the scale. We cross-measured
the crystal grains in the metallographic diagram by measuring the diameter distance of the crystal
grains. All of the grains in the figure were counted to obtain a grain size report. A metallographic
microscope and Hitachi SU-70 (Hitachi, Tokyo, Japan) scanning electron microscope (SEM) were
used, and the alloy SEM energy dispersive spectrum (EDS) was also utilized. We obtained the same
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part of the sample at both ends in order to eliminate the influence of different parts on the grain
size. Before observation, the specimen was polished and then etched with a volume fraction of 5%
hydrofluoric acid solution [23].

The hardness test was carried out using an HXS-1000 AY (Hangzhou Yaset Instrument Equipment
Co., LTD, Hangzhou, China) Vickers micro-hardness tester. Measurements were recorded at five
different positions on each specimen for hardness testing, and the average value was taken as the final
value of the hardness of the specimen [24].

Tensile testing was conducted using a CMT 5305, (Uhong Measurement and Control Technology
Co., LTD, Shanghai, China) microcomputer-controlled universal tensile testing machine at a
crosshead rate of 2 mm/min [25,26]. Five specimens were taken from the same blank cast with
the aluminum-silicon alloy and their dimensions are schematically shown in Figure 1. The elongation
of the tensile test piece was measured.
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Figure 1. The dimensions of tensile specimen. (unit: mm).

The Charpy pendulum impact test was carried out using JB-30B (Jinan Kairui Testing Machine
Manufacturing Co., LTD, Jinan, China) impact tester. The dimension of the test specimen was
10 × 10 × 55 mm. Figure 2 shows a picture of an impact specimen with a 2 mm deep V-shaped
notch in the middle of its length. The potential energy difference before and after the pendulum blows
to the specimen is the impact absorption energy Ak of the specimen [27–30]. If energy losses, such as air
resistance and friction force, are not considered, then the impact absorption energy Ak of the punched
specimen can be calculated using Equation (1):

Ak = FL(cosβ− cosα) (1)

where F is the weight of the pendulum, L is the pendulum length (the distance between the pendulum
axis and the center of gravity of the hammer), α is the maximum angle (initial angle) to which the
pendulum is raised before impact, and β is the maximum angle (end angle) to which the pendulum is
raised after impact.
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Figure 2. The dimensions of the impact specimen.

The dynamic stamping test was carried out using a separate Hopkinson pressure bar (SHPB)
tester. The impact bar, incident bar, transmission bar, and absorption bar in the split Hopkinson
pressure bar were all made of steel with a density of 7.85 g/cm3. We chose two impact velocities of the
bullet in the dynamic stamping experiment: 5 m/s and 12 m/s. The dimensions of the specimen were
10 × 10 × 6 mm. Figure 3 shows the SHPB experimental device and the schematic diagram of the size
of the experimental device. The tests were conducted at room temperature in different strains [31].

Metals 2018, 8, x FOR PEER REVIEW  4 of 17 

 

 
Figure 2. The dimensions of the impact specimen. 

The dynamic stamping test was carried out using a separate Hopkinson pressure bar (SHPB) 
tester. The impact bar, incident bar, transmission bar, and absorption bar in the split Hopkinson 
pressure bar were all made of steel with a density of 7.85 g/cm3. We chose two impact velocities of 
the bullet in the dynamic stamping experiment: 5 m/s and 12 m/s. The dimensions of the specimen 
were 10 × 10 × 6 mm. Figure 3 shows the SHPB experimental device and the schematic diagram of the 
size of the experimental device. The tests were conducted at room temperature in different strains 
[31]. 

 
Figure 3. Separate Hopkinson pressure bar (SHPB) experiment device. 

3. Results and Discussion 

3.1. Energy Spectrum Analysis of Al–5Ti-(Mg–30%Ce) 

Figure 4 shows the scanning electron microscopy images and energy spectrum analysis of Mg–
30%Ce. Figure 4a shows that the two phases are mainly distributed in the alloy matrix: a uniform 
gray-white phase and a network phase in which the off-white phase is mixed with gray-black phase, 
and a small amount of white particle phase is additionally included. The reticular structure consists 
of a black flake phase and a white flake phase. The grain phase of the Mg–30%Ce alloy is bright white. 
In Figure 4b, the crystal contains Mg and Ce elements: 91.22% Mg elements, mixed with 8.78% of Ce 
elements, and the atomic number ratio of Mg and Ce is about 1:10.38. According to the Mg–Ce alloy 
phase diagram, we judged that the crystal phase may be MgCe10.3 phase. As can be seen from Figure 
4c, the atomic number ratio of Mg and Ce elements in the gray-black phase in the mesh phase is about 
36:1, and the Ce element content is very small and it should be distributed in the Mg matrix. In Figure 
4d, the mass fraction of Ce element is large, the atomic number ratio of Mg and Ce elements is about 

Figure 3. Separate Hopkinson pressure bar (SHPB) experiment device.

3. Results and Discussion

3.1. Energy Spectrum Analysis of Al–5Ti-(Mg–30%Ce)

Figure 4 shows the scanning electron microscopy images and energy spectrum analysis of
Mg–30%Ce. Figure 4a shows that the two phases are mainly distributed in the alloy matrix: a
uniform gray-white phase and a network phase in which the off-white phase is mixed with gray-black
phase, and a small amount of white particle phase is additionally included. The reticular structure
consists of a black flake phase and a white flake phase. The grain phase of the Mg–30%Ce alloy is
bright white. In Figure 4b, the crystal contains Mg and Ce elements: 91.22% Mg elements, mixed with
8.78% of Ce elements, and the atomic number ratio of Mg and Ce is about 1:10.38. According to the
Mg–Ce alloy phase diagram, we judged that the crystal phase may be MgCe10.3 phase. As can be seen
from Figure 4c, the atomic number ratio of Mg and Ce elements in the gray-black phase in the mesh
phase is about 36:1, and the Ce element content is very small and it should be distributed in the Mg
matrix. In Figure 4d, the mass fraction of Ce element is large, the atomic number ratio of Mg and
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Ce elements is about 3:1, and the second phase particle is estimated to be CeMg3, according to the
Mg–30%Ce alloy phase diagram.
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Figure 4. Scanning electron microscopy and energy spectrum analysis images of Mg–30%Ce:
(a) Mg–30%Ce, (b) Analysis of gray-white phase energy spectrum in Mg–30%Ce, (c) Analysis of
black network phase energy spectrum in Mg–30%Ce, and (d) Phase energy spectrum analysis of bright
white particles in Mg–30%Ce.

From the above analysis, MgCe10.3 in Mg–30%Ce alloy is the main body, contains a small amount
of second-phase CeMg3 particles, has a uniform structure, does not contain other impurities, and is
suitable for modification in the Al–5Ti refiner.

Figure 5 shows the results of scanning electron microscopy and energy spectrum analysis of pure
Al–5Ti and Al–5Ti-(Mg–30%Ce). In Figure 5a, the matrix is dark, with coarse strip-shaped second
phases precipitated, and the precipitated phase has a radial dimension of about 20–40 µm. The axial
dimension fluctuates greatly, between 100 and 300 µm, and the other part has an axial dimension of
more than 400 µm. In Figure 5b, the Al and Ti peaks are stronger, indicating that the precipitated
elements are Al and Ti elements. From EDS results analysis, the precipitated phase is the TiAl3 phase.
Figure 5c shows a metallographic photograph of the addition of 1% Mg–30%Ce in Al–5Ti. As can be
seen from Figure 5c, the size of the precipitated second phase has changed, with the radial size that
is basically below 20 µm, the axial size around 200 µm, and the axial size of individual precipitated
phases above 300 µm.
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Figure 6 shows the SEM and energy spectrum analysis images of Al–5Ti-(Mg–30%Ce). As can be
seen from Figure 6a, the matrix is also dark, with coarse precipitated phases with a radial dimension
of 10 to 20 µm. According to Figure 6b, the main component in the precipitated phase is Al, and Al
and Ti still occupy a large proportion of the precipitated phase, so the precipitated phase is still the
AlTi phase. The edge of precipitated phase in Al–5Ti–(Mg–30%Ce) was analyzed using its energy
spectrum. We found that Mg and Ce were enriched around the precipitated TiAl3 phase. The Ce and
Mg contents are much higher than the addition amount, because both Mg and Ce are active elements
that easily adsorb or deflect to form a surface film at the solidification front of the precipitated phase,
which hinders the aggregation and growth of the second phase particles. Therefore, it is possible to
prevent TiAl3 particles from growing up and producing fine and homogeneous heterogeneous nuclei.
The shape and size of the TiAl3 particles significantly affect the grain and dendrite size of aluminum
alloys [32,33]. The enrichment of Mg and RE Ce in front of the melt can reduce the surface energy of
the aluminum melt, making the melt more wettable to the second phase particles and rendering the
second phase particles less prone to precipitation, and increasing the number of heterogeneous crystal
nuclei, thus promoting the refinement of the crystal grains.
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Al–5Ti-(Mg–30%Ce).

3.2. Microscopic Analysis of Al–Si Alloy

In the test of grain size, there are five specimens of each component alloy and at least five
metallographic micrographs of the same multiple are randomly taken on each specimen. 1~5 in the
first column of Table 1 refer to the specimen number of the same alloy composition. The corresponding
data is the average value, as measured by five metallographic micrographs of each specimen.
The final statistical grain size in the table is the average of at least 25 measurements of each
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component alloy. Figure 7 shows the microstructure of Al–7Si refined by Al–5Ti, Al–5Ti–(Mg–30%Ce),
Al–5Ti–2(Mg–30%Ce), and Al–5Ti–3(Mg–30%Ce) refiners, with a magnification of 100×. As can be
seen from Figure 7a, the size of the grain in the alloy is coarse and varies considerably. In Figure 7b,
the grain size decreases, but the change is not obvious. In Figure 7c, the size of grain is obviously
refined and it has an equiaxed tendency. In Figure 7d, the size of grain increased, and the thinning
effect decreased. The right histogram in Figure 7a–d is the statistics of the gain size distribution of
the specimen measured randomly five times by the nano-measurer. The average value of grain size
is shown in the upper right corner (mean/µm), and the final statistical results of the five specimens
are shown in Table 1. The average grain sizes of Al–7Si–(Al–5Ti), Al–7Si–(Al–5Ti–(Mg–30%Ce)),
Al–7Si–(Al–5Ti–2(Mg–30%Ce)), and Al–7Si–(Al–5Ti–3(Mg–30%Ce)) are about 129 µm, 111 µm, 90 µm,
and 103 µm, respectively. With increasing Mg–30%Ce content in the refiner, the dendrite size in
the alloy structure decreases and the refining effect increases. With the addition of 2% Mg–30%Ce,
the refining effect of Al–Si alloy was most obvious. After that, increasing the amount of Mg–30%Ce in
the refiner weakened the refining effect.

Table 1. The average grain size of specimens.

Specimen Al–7Si-(Al–5Ti-x(Mg–30%Ce))

Distance (µm)/x(wt%) 0 1.0 2.0 3.0

1 126 109 90 103
2 130 112 88 105
3 132 108 92 100
4 125 117 86 102
5 129 107 93 106

Average 129 111 90 103
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Al–5Ti can provide heterogeneous nucleation particles to refine α(Al) dendrites in the nucleation
process after adding refiners to Al–Si alloy, mainly because TiAl3 has heterogeneous nucleation
conditions [34]. According to the theory of peritectic reaction, TiAl3 dissolution results in Ti-rich
formation in the surrounding aluminum melt. When Ti reaches a certain concentration and
temperature, the peritectic reaction starts and solid aluminum nucleates on its surface. According to
this theory, during the crystallization of aluminum alloy, dendrites that were formed by the peritectic
reaction are broken into small crystal nuclei under the impact of liquid convection, and many crystal
nuclei are simultaneously crystallized to form fine crystal structures.
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The Ce element in Mg–30%Ce mainly exists in MgCe10.3. After adding Mg–30%Ce to Al–5Ti,
the MgCe10.3 phase dissolves, Ce atoms are distributed in the alloy melt, Al has an atomic radius
of 0.144 nm and rare earth Ce has an atomic radius of 0.27 nm, which is quite different from Al’s
atomic radius—a mismatch degree of more than 15%. Therefore, rare earth elements have a low solid
solubility in aluminum and are active elements. In order to reduce the free energy, the defects at the
interface are easily filled. During the solidification process, rare earth atoms tend to accumulate in the
solidification front of precipitated TiAl3 and create enrichment. Rare earth, enriched in the solidification
front, has a relatively slow diffusion rate due to its large atomic radius, and the enrichment layer
prevents Al atoms and Ti atoms from diffusing into the TiAl3 phase in the melt. Therefore, TiAl3 phase
growth is suppressed, thus refining TiAl3. However, Mg redistributes in the alloy melt. Mg-rich phase
was found at the interface between the TiAl3 phase and Al. The atomic radius of Mg is 0.160 nm,
which is larger than that of Al. We inferred that Mg is also enriched at the front of TiAl3 phase during
solidification, assisting rare earth elements in reducing the size of the TiAl3 phase. The segregation
coefficient of rare earth elements is large, which leads to segregation at the solid-liquid interface during
solidification, resulting in larger constitutional supercooling and promoting nucleation, which also
positively influences grain refinement [35]. When 2% Mg–30%Ce was added in the refiner Al–5Ti,
the refining effect was the best. We continued to increase the addition amount of Mg–30%Ce. The rare
earth film around TiAl3 in the alloy was then too thick, which also led to the coarsening of particles
and a reduction of the refining effect.

Figure 8 shows a metallographic micrograph with a magnification of 200×. As Figure 8a displays,
the eutectic silicon in the Al–Si alloy under the action of the Al–5Ti refiner without Mg–30%Ce
precipitated more, the aggregation phenomenon is obvious, the crystal grains are coarse, and most
of them are strip-shaped. In Figure 8b, the eutectic silicon of Al–Si alloy refined by Al–5Ti with 2%
Mg–30%Ce is less precipitated and more dispersed, and the morphology changes from long strips to
small short rods and granules. Figure 9 shows a metallographic micrograph with a magnification of
500×. In Figure 9a, the radial dimension of the eutectic silicon is 10–50 µm, the aspect ratio is mostly
around 10, and a small amount of eutectic silicon is granular. In Figure 9b, the eutectic silicon changes
from thick long strips to small short sticks and granules, with a radial dimension of 8–36 µm and an
aspect ratio of mostly 1–7, but there is still a small amount of eutectic silicon with a large aspect ratio
and disordered distribution.
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There are three main reasons for the change of silicon morphology. (1) The extra TiAl3 particles
existing on the grain boundary can act as nucleation particles of eutectic silicon. (2) Grain refinement
indirectly affects the eutectic morphology, reducing the volume of intergranular melt and limiting the
nucleation area of silicon. Therefore, the silicon particles are dispersed during eutectic transformation.
(3) The addition of Mg and Ce greatly promotes this effect. Under conventional casting conditions,
Si phase growth has the characteristics of small plane growth, which involves a distinct anisotropic
growth tendency, which rapidly grows into sheet or strip Si crystals along the <112> direction. The solid
solubility of Ce in Al and Si is very low, and the diffusion coefficient in the Al–Si alloy is very small,
so Ce atoms must be enriched at the front of the solid-liquid interface. At the Al/Si interface, especially
at the roots of the eutectic Si branches, the enrichment of Ce is relatively significant, so that the dendrite
arms are necked at the roots and fusing even occurs. The point-like Si particles are separated from the
main stem [36].

3.3. Microhardness of Al–Si Alloy

Figure 10 shows the micro-Vickers hardness histogram of aluminum–silicon alloy that was
treated with Al–5Ti–x(Me–30%Ce) master alloy refiner. Figure 10 shows that, with the addition of
intermediate alloy refiners, Al–5Ti–x(Me–30%Ce) alloy refiners with different rare earth Ce additions
impact the hardness of the Al–Si alloy. The overall properties show that the hardness of the Al–Si
alloy increases first and it then decreases with increasing Ce content in the refiner. The hardness of the
Al–7Si-(Al–5Ti-2(Me–30%Ce)) specimen was the highest, which is also consistent with the changing
rule of the refining effect of refiner Al–5Ti-x(Mg–30%Ce) on the Al–Si alloy. The increase in hardness is
mainly due to the series of effects of refining alloy grains after the addition of rare earth.

With the capability of improving the hardness of the alloy, rare earth compounds with substantial
hardness and a high melting point formed in the alloy. The addition of Ce results in fine grain
strengthening, which improves the hardness of the alloy. Rare earth Ce can also adsorb or segregate on
grain boundaries and phase surfaces of aluminum or aluminum melt, which minimizes the defects at
grain boundaries and improves the hardness. The solid solution strengthening and the second phase
strengthening that are caused by the addition of Mg and Ce enhance the hardness. In addition, grain
refining and grain boundary increases can increase the alloy hardness.
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3.4. Tensile Properties of Al–Si Alloy

Figure 11 shows a graph of the tensile properties of aluminum–silicon alloy. The tensile strength
and yield strength of Al–Si refined by Al–5Ti alloy with the addition of the Mg–30%Ce alloy are higher
than those of the Al–Si alloy that are refined with pure Al–5Ti refiner. A trend is depicted of first
increasing and then decreasing with increasing Mg–30%Ce content in refiner. When the addition
amount reached 2%, the tensile strength of the specimen was the highest. The plastic deformation of the
Al–Si alloy at fracture is very small. The elongation A/% of specimen 3 (Al–7Si–(Al–5Ti–2(Mg–30%Ce))
was the largest, carrying a value of 4.86%. Specimen 1 (Al–7Si–(Al–5Ti)) had the lowest value of
2.42%, which is a difference of 2.44% with specimen 3. There was little difference in the macroscopic
deformation of the broken piece, which was mainly due to the brittle fracture that occurs when the
aluminum–silicon alloy is fractured. However, the elongation of specimen 3 was 100.8% higher than
that of specimen 1, indicating that the fracture of Al–Si alloy after refining with rare earth refiner has a
tendency to be tough. The tensile test results of the aluminum silicon alloy after refining are shown in
Table 2.
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Table 2. The tensile test results of aluminum silicon alloy after refining.

Alloy Al–7Si-(Al–5Ti-x(Mg–30%Ce))

Number 1# 2# 3# 4#

x(wt%) 0 1.0 2.0 3.0

Specimen σ0.2/MPa σb/MPa A/% σ0.2/MPa σb/MPa A/% σ0.2/MPa σb/MPa A/% σ0.2/MPa σb/MPa A/%

1 144 195 2.42 154. 209 2.84 161 254 4.84 155 233 4.05
2 144 196 2.45 152 208 2.88 162 255 4.9 154 234 4.22
3 141 197 2.31 150 214 2.78 158 258 4.88 157 231 4.14
4 142 194 2.44 150 214 2.89 159 258 4.75 159 233 4.09
5 142 195 2.49 149 206 2.79 163 256 4.91 152 232 3.99

Average 143 196 2.42 151 210 2.84 161 256 4.86 155 232 4.1
SD 1 1 0.06 2 3 0.04 2 1 0.06 2 1 0.08

The improvement in the tensile strength of Al–Si alloy is mainly due to the two main effects of
refining the alloy grains after adding rare earth refiners. Firstly, grain refinement significantly affects
the strength of the alloy. According to the analysis in Section 3.2, when Mg–30%Ce is not added to the
refiner Al–5Ti, the primary dendrite size of α(Al) in the Al–Si alloy is coarse and uneven, and eutectic
silicon grains are coarse and strip-shaped, damaging the aluminum alloy matrix and seriously affecting
the mechanical properties of the alloy. The primary dendrite size of α(Al) in the Al–Si alloy that is
refined by Al–5Ti–2(Mg–30%Ce) is reduced by 26.84% as compared with the 1# specimen. The eutectic
silicon phase changes from strip-like and rod-like to granular, and the size decreases. The fine and
dispersed granular eutectic silicon can effectively hinder dislocation development and improve the
deformation resistance of the alloy, thus improving the properties of the alloy. Eutectic silicon was
refined according to the Hall-Petch formula [32]:

σs = σi + kyd−0.5 (2)

where σs is the yield strength; σi is a constant, the deformation resistance in reactive crystal; ky is a
constant, which indicates the influence of grain boundary on strength; and, d is the average size of
each grain in the polycrystalline body.

The strength of the alloy increases with the decrease in grain size, so the strength of the Al–7Si
alloy after adding Al–5Ti-x(Mg–30%Ce) improved. Therefore, the strength of the alloy tends to increase
first and then decrease.

Secondly, grain boundaries are the part that provides strength in the crystal and increasing
the number of grain boundaries has a positive effect on improving the strength of the alloy [37–39].
From the study in Section 3.2, it can be seen that the dendrite size of Al–Si alloy was refined and
the number of grain boundaries obviously increased after adding refiners, which can hinder the
development of dislocations and thus improve the strength of the Al–Si alloy.

The tensile fracture morphology of the Al–7Si alloy before and after refinement is shown
in Figure 12. Figure 12a shows the tensile fracture morphology of specimen 1 (Al–7Si–(Al–5Ti)).
The specimen is composed of several large brittle fracture platforms and many tearing ridges, and the
size of brittle platform is between 20 and 40 µm. EDS was used for micro-area analysis. As shown in
Figure 12b, it is known to be a silicon-rich phase (the mark in Figure 12a). Since Al–7Si is a hypoeutectic
alloy that is mainly composed of aluminum matrix and eutectic silicon, it is considered a eutectic silicon
phase. Its presence may promote the brittle fracture tendency and accelerate the crack propagation
speed [40,41]. In addition, high power SEM and EDS analysis were carried out on the local area of
brittle fracture, as shown in Figure 12c,d. The local enlargement of the junction between the brittle
platform and the tearing region shows that the brittle phase that is rich in silicon is subjected to tensile
stress, which leads to cracks, and then cracks develop on eutectic silicon. There are also small cracks
around the large cracks, which indicates that the eutectic silicon phase is brittle. Under excessive
external stress, the damage first occurs and cracks are generated. This further proves that coarse
eutectic silicon can significantly enhance the brittle fracture tendency of the alloy, and it will negatively
impact the elongation or energy of the alloy during tensile strain or impact.
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The tensile fracture of sample 3 (Al–7Si-(Al–5Ti–2(Mg–30%Ce)) is shown in Figure 13. As can be
seen from Figure 13a, after refinement, the larger-sized brittle platform in the alloy fracture disappears,
and a large number of tearing ridges and a small number of smaller-sized brittle platforms appear
in the fracture. The appearance and distribution of tearing are shown in Figure 13b. In Figure 13c,
fine fracture phases are depicted in the fracture surface, which are granular in shape and smaller than
5 µm. They are silicon-rich phases (Figure 13d), as determined by EDS analysis. These silicon-rich
phases are closely bonded to the matrix and they do not tear with the matrix due to stretching.
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From the above analysis, the coarse silicon-rich brittle phase in the Al–7Si alloy matrix refined by
Al–5Ti easily becomes a crack source, and brittle fractures occur due to the tensile stress, thus easily
decreasing the strength and toughness of the alloy. However, the eutectic phase in the Al–7Si alloy
matrix is reduced by the thinning agent Al–Ti–2(Mg–30%Ce), which hinders the dislocation movement
during the deformation of the matrix. In the fracture process, the crack can be prevented from
propagating so that the fracture after refinement has obvious toughness.

3.5. Impact Performance of Al–Si Alloy

Figure 14 shows the impact toughness curve plotted from the impact test results. Figure 14
demonstrates that the impact toughness of the Al–Si alloy specimen increases gradually and then
decreases with increasing Ce mass fraction in the refiner. When x = 2 in Al–7Si-(Al–5Ti–x(Mg–30%Ce))
specimens, the impact toughness αkv reaches 34.91 J/cm2, which is 78.7% higher than that of
Al–7Si–(Al–5Ti) specimens. This occurs because, after the aluminum alloy is refined by the rare
earth Ce-containing refiner, α-Al is basically blocky and spherical, the grain size is refined, and the
grain boundary area increases. Eutectic silicon, rare earth, and rare earth compounds tend to
agglomerate at the grain boundary, resulting in improved cleavage fracture strength at the grain
boundary. The eutectic Si in Al–Si alloy is long-strip and needle-sheet-shaped after being refined by
Al–5Ti. This thick eutectic silicon phase breaks the matrix, which becomes the crack source of cleavage
fractures. The eutectic silicon in the aluminum-silicon alloy that was refined by the refiner containing
Mg–30%Ce is transformed into short rods and fine particles, the structure is more uniform, the impact
energy that is required for fracture improves, the impact toughness of the material improves, and the
ability to resist deformation and fracture of the aluminum alloy material improves.Metals 2018, 8, x FOR PEER REVIEW  13 of 17 
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3.6. Dynamic Compression Properties of Al–Si Alloy

Two basic assumptions need to be satisfied when applying the split Hopkinson pressure bar
experimental technique. One is the assumption of the one-dimensional stress wave and the other is
the assumption of uniform distribution. One is the assumption of one-dimensional stress wave and
the other is the assumption of uniform distribution. One-dimensional stress wave assumption: the
transverse inertial effect will occur when elastic wave propagates in the experimental bar, leading to
wave dispersion. When the wavelength of the incident wave is much larger than the diameter of the
incident bar, the transverse vibration effect of the bar is ignored, i.e. the stress in the specimen and
waveguide bar is a one-dimensional plane, only axial stress exists in the bar, and a weak dispersion
effect is ignored. Uniform Distribution Assumption: It is assumed that the strain and stress in the
specimen that is to be tested are uniformly distributed along the length direction of the specimen.
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Under the condition that the two assumptions are true, the dynamic stress-strain curve of the material
is obtained by the two-wave method, and then its mechanical properties are judged.

Figure 15 shows the stress-time curve at 5 m/s of the H0 sample. As can be seen from Figure 15,
at 0.05 ms, the specimen begins to yield, with a yield strength value of 160 MPa, and then the specimen
begins to enter the stage of flow compaction strengthening. With continuous dynamic compression,
multiple slip systems in the aluminum alloy crystal move at the same time, the dislocation density in
the crystal increases, and the resistance of deformation increases. Therefore, the stress curve shows a
trend of plastic flow increase. When the grain deformation finished, the stress no longer increased,
the pulse loading ended, and unloading began.
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Figure 16 shows the stress-strain and strain rate-strain curves of the specimen. In Figure 16a,
when the strain was 0.0052, the H0 specimen began to yield with a yield strength of 160 MPa. The yield
strength of the Hm1 specimen was 343 MPa when the strain was 0.025. In Figure 16b, the strain rate
of the platform section with a relatively gentle curve tends to be constant and the average strain rate
was calculated while using this gentle platform section. The average strain rates of the H0 and Hm1

specimens were 800 and 700 s–1, respectively. According to the corresponding dynamic yield strength
of the two kinds of material, the mechanical properties of the materials at different strain rates were
analyzed. The results of dynamic compression experiments are shown in Table 3.
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Table 3. SHPB experimental data of specimens.

Specimen
H0: Al–7Si-(Al–5Ti) Hm1: Al–7Si-(Al–5Ti-2(Mg–30%Ce))

Average Strain Rate (s−1) Yield Stress (MPa) Average Strain Rate (s−1) Yield Stress (MPa)

Velocity
(m/s) 5 12 5 12 5 12 5 12

1 796 2616 160 349 711 2309 172 393
2 794 2590 153 331 689 2278 174 400
3 803 2589 159 350 695 2287 169 390
4 802 2604 166 348 704 2310 173 389
5 806 2599 164 339 699 2317 178 388

Average 800 2600 160 343 700 2300 173 392
SD 4.49 9.93 4.5 7.34 7.53 14.99 2.93 4.34

When the impact bar velocity is 5 m/s, the average yield strength of H0 and Hm1 specimens are
160 MPa and 173 MPa, respectively. When compared with quasi-static yield strength, the yield strength
is increased by about 10%, with a small rate of change and no obvious strain rate sensitivity. When the
impact bar velocity increases to 12 m/s, the average yield strength of H0 and Hm1 specimens are
343 MPa and 393 MPa, respectively, and the stress change is obvious, which is about 2.4 times that of the
quasi-static stress. This shows that the mechanical properties of the aluminum alloy that was prepared
in this paper are significantly different at different impact velocities, and its impact strength increases
to a certain extent with the increase of impact velocity. When considering that the impact velocity in
the experiment determines the strain rate range of the material, the above phenomenon shows that the
Al-Si specimens that were prepared in this paper are rate-dependent materials, especially at high strain
rates (2.0 × 103 s−1 and above), and the strain rate effect is significant. At the same impact velocity, the
yield strength of Hm1 specimen is always higher than that of the H0 specimen. This is mainly because
the Hm1 specimen is finer and more uniform than the grains in H0 specimen, which can provide more
grain boundaries. However, grain boundaries play an important role in preventing dislocation slip.
The more grain boundaries exist, the finer and more uniform they are. The dislocation entanglement
on grain boundaries is enhanced, providing more dislocation resistance for the alloy, and the resistance
to deformation will further increase.

4. Conclusions

The thinning effect of Al–5Ti–x(Mg–30%Ce) on Al–7Si is remarkable, because Mg stimulated the
thinning effect of the rare earth Ce on the precipitation phase TiAl3 in the refining agent, which provides
more heterogeneous nucleation during the solidification process of aluminum alloy.

The basic mechanical properties of Al–5Ti–x(Mg–30%Ce) alloy after refinement were investigated.
We found that Al–5Ti–x(Mg–30%Ce) significantly improves the mechanical properties of the Al–Si alloy.
The tensile strength, hardness, impact toughness, and yield strength of Al–Si alloy under dynamic
load were significantly affected, and the variation trend of mechanical properties was consistent with
the effect of thinning agent. The microscopic mechanism of the variation of mechanical properties was
analyzed. After adding Al–5Ti-x(Mg–30%Ce) refiners to Al–Si alloy, the crystal grains refined, the grain
boundaries increased, and the eutectic silicon structure improved. All of these aspects can provide
dislocation resistance, hinder the further development of dislocations, and improve the macroscopic
mechanical properties.

SHPB experiments were performed on Al–Si alloys (Al–7Si–(Al–5Ti) and
Al–7Si–(Al–5Ti-2(Mg–30%Ce). The results show that the strain rate sensitivity of the Al–Si
alloys prepared in this paper is significant under high strain rates (2.0 × 103 s−1 and above).
The specimens of Al–7Si–(Al–5Ti-2(Mg–30%Ce) produced the best anti-impact performance at the
same bullet velocity.
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