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Abstract: Al-75i-0.5Mg aluminum alloy semi-solid slurry with good spherical grains was prepared
by gas induced semi-solid process (GISS) and the effects of both holding time and medium alloy
addition on the microstructure of the semi-solid slurry were investigated. These two parameters
have a great influence on the solid fraction, the size and the sphericity of the grains. With holding
time increased from 85 s to 270 s, the solid phase fraction of the semi-solid slurry decreased from
~0.77 to ~0.67, the average grain size increased from ~95 pm to ~225 pm and the average shape factor
decreased from ~0.80 to ~0.33. When medium alloy addition varied in the range of 0.5-2.0 wt%, a
better slurry microstructure was obtained at about 1.5 wt%. Compared with the conventional liquid
die-casting, the semi-solid die-casting improved the mechanical properties of tensile bars; yield
strength, tensile strength and elongation of tensile bars reached ~240 MPa, ~307 MPa and ~8.8%
after heat treatment, respectively. In conclusion, GISS process can prepare the semi-solid slurry with
uniform and round microstructure, and the semi-solid die-casting can improve mechanical proper-

ties of Al-75i-0.5Mg aluminum alloy.

Keywords: Al-75i-0.5Mg; GISS; semi-solid die-casting; microstructure; mechanical properties

1. Introduction

Aluminum alloy parts manufactured by traditional liquid forming are prone to tur-
bulent flow filling and air entrainment during the production process, resulting in defects
such as shrinkage porosity, shrinkage cavities, pores and slag inclusions, which affect the
mechanical properties of parts and limit the applications for aluminum alloys [1].

Compared with traditional liquid forming, when the high-viscosity melt moves for-
ward smoothly during the filling process of semi-solid die-casting, the gas in the cavity is
discharged smoothly and entrainment does not easily occur [2]. Due to the existence of
solid phase, the shrinkage produced during the solidification process is small, and it is
not easy to produce hole defects [3], so that the semi-solid forming products have high
compactness and can be heat treated to improve the mechanical properties again [4,5].
Initially, semi-solid processing techniques, such as mechanical stirring method [5,6] and
electromagnetic stirring method [7,8], were mainly used for experimental research with
few industrial applications. In recent years, researchers have designed preparation meth-
ods with simple equipment and low cost, such as gas induced semi-solid process [9,10],
self-inoculation method [11], rapid slurry forming [12,13], cooling ramp method [14],
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serpentine channel method [15], helical groove method [16], etc., and the formation mech-
anism of the slurry is also being continuously improved and developed [17,18].

GISS (gas induced semi-solid process) promotes nucleation by supercooling of
graphite rod and high-purity argon gas, and then uniformly distributes the formed nuclei
into the melt under the action of stirring to obtain semi-solid slurry. Wannasin et al. [10]
prepared the A357 slurry structure with fine grains by controlling the gas flow rate, the
ratio of the surface area of the graphite stirring head submerged into the melt to the melt
volume, and the ventilation time. Kang et al. [2] studied the semi-solid structure of 7075
aluminum alloy and found that increasing the stirring speed and prolonging the stirring
time within a certain range was conducive to the refinement and spheroidization of pri-
mary grains. Qi [3] studied the effect of gas flow on Al-85i aluminum alloy slurry and
believed that with the increase of gas flow, the critical nucleation energy required to form
grains decreased, leading to an increased nucleation rate, which was beneficial to obtain
more fine grains. Gao et al. [19] used orthogonal experiments to study the effects of gas
flow, stirring temperature, stirring time and sampling temperature on the semi-solid mi-
crostructure, and found that stirring time and stirring temperature were the main factors
affecting the microstructure, with a reliability of 95%.

There are many studies on the parameters such as the starting ventilation tempera-
ture, rotation speed, ventilation time and ventilation flow in the GISS method [20-22].
However, there is not much research on the effects of holding time and medium alloy
addition on the microstructure evolution, although they have a great influence on the
spheroidization and refinement process of the slurry. With the extension of holding time,
the composition of the alloy will be homogenized due to atomic diffusion, resulting in the
gradual disappearance of dendrite branching characteristics. The addition of master alloy
increases nucleation particles to refine aluminum grains. This paper further investigates
these two parameters.

A356 aluminum alloy is a typical cast aluminum alloy with a wide semi-solid tem-
perature range, low temperature sensitivity and good fluidity. It is widely used in the
automotive industry (cylinder head, wheel hub, frame), aerospace and other fields [23-
25], but the A356 parts produced by traditional casting have a tensile strength of 255 MPa
after T6 treatment [26], and their mechanical properties are poor, which cannot any longer
meet the needs of lightweight automobiles. To solve this problem, researchers have taken
many measures, such as changing alloy composition, choosing better refiners and modi-
fiers, and optimizing the casting process and heat treatment (generating strengthening
phases, such as Mg:S5i).

In this paper, the Mg content is appropriately increased on the basis of A356 alumi-
num alloy, and mechanical properties are expected to be further improved. The GISS
method is used to study the effects of holding time and medium alloy content on the mi-
crostructure of semi-solid slurry. Finally, combined with the die casting process, the mi-
crostructure and mechanical properties of traditional liquid die casting and semi-solid die
casting were compared and analyzed.

2. Materials and Methods
2.1. Experimental Materials

The experimental alloy considered is a self-prepared Al-75i-0.5Mg aluminum alloy.
The raw materials were high-purity aluminum (4N), aluminum-magnesium alloy (Al-20
wt%Mg) and high-purity silicon (7N). The prepared melt mass was 2 kg. The samples
were analyzed by LAB M12 direct reading spectrometer (SPECTRO, Kleve, Germany); the
chemical composition is given in Table 1.
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Table 1. Chemical composition of Al-7Si-0.5Mg aluminum alloy (Wt%).
Si Cu Mg Mn Fe Ti Al
6.84 0.0261 0.492 0.0086 0.0271 0.0371 92.5

2.2. DSC Test

The liquid and solidus temperatures of the prepared materials were measured by
NETZSCH-404c DSC device (NETZSCH, Selb, Germany). Sample mass was 19.06 mg,
tested according to the set temperature program (heating rate 20 °C/min, cooling rate 20
°C/min, final temperature 700 °C). During the test, the thermocouple (K-type, with an ac-
curacy of +0.75%T) was placed in the crucible for monitoring and recording the tempera-
ture of the sample.

2.3. Slurry Preparation and Die-Casting

Al-75i-0.5Mg aluminum alloy was melted in a KGPS-50/2.5 box resistance furnace
(Jiande Xin'anjiang Electric Control Equipment Co., Ltd., Jiande, China) and degassed by
hexachloroethane (C2Cls) at 720 °C, then medium alloy (Al-5Ti-1B) was added into the
melt at 680 °C for refining, and finally the molten aluminum was transferred to the GISS
station to start pulping, as shown in Figure 1. This device is different from the previous
GISS, the stirring rod can revolve, and the purpose is to improve uniformity of the melt
and prepare a qualified slurry. Table 2 lists the detailed process parameters of the GISS
process. Slurry taken during pulping process was quenched in water immediately. After
pulping, slurry was transferred to Lijin DCC280 die-casting machine (LK TECH, Hong
Kong, China). To investigate the possibility of heat treatment on the Al-75i-0.5Mg alloys
and to study the difference in the mechanical properties of the material processed by tra-
ditional die casting and semi-solid die casting, the final test bars were heat-treated (T6).
Here, the T6 heat treatment refers to the solid solution at 540 °C for 30 min, followed by
natural aging >6 h, and then artificial aging at 170 °C for 6 h.

. Revolution-motor Flow meter
Inlet . /
d } ! /Adjusting
Holder slider — m
- .
Rotation-motor
Control center A |
Thdrmocouple 1
Crucible Ceramic rod Ar

.

Figure 1. Schematic diagram of GISS.
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Table 2. The process parameters of GISS.

Process Parameters Varied Value Fixed Value Remark
85
Holding time/s 160 Ventilation temperature 625 Medium alloy addition 1.0
220 . ) wt%,
270 °C, revolution 90 r/min, rota-
05 tion 150 r/min, ventilation
. . . 5
Medium alloy ad- 1.0 e m;?(;_rf 1(:Owl?rfﬁ i Holding time 85 s
dition/wt% 15 W 00HNg odmng
2.0

2.4. Metallographic Observations and Tensile Tests

Samples used to analyze the microstructure were ground with P180-P1500 grit paper
(Wuxi Gangxia Precision Sandpaper Factory, Wuxi, China), polished using 2.5-0.5 um
diamond paste and etched with Keller’s etchant for 10-20 s. Then the microstructure was
observed and recorded on a metallographic microscope (Zeiss Axio Vert Al, Oberkochen
Germany). Solid fraction, average shape factor (F) and average grain size (D) of the slurry
were counted by Image ] software (version of 1.48, National Institutes of Health, Bethesda,
MD, America), using the formulas as follows:

4A
D= |— M
T
4mA
Pt @)

where A is the area of grain measured by Image J, and P is the perimeter of grain. For F =
1 the grain is an ideal spherulite.

Optical micrographs were segmented using a thresholding-based histogram algo-
rithm to separate objects (solid phase) from the background. Figure 2 shows an example
of this segmentation process, where an optical micrograph (Figure 2a) was subjected to a
thresholding-based histogram algorithm to separate the solid phase (bright phase) from
the background (Figure 2b). After the binarization, the solid phase fraction could be cal-
culated by the area ratio. In order to identify the boundaries of each solid grain, watershed
segmentation method [27] was used (Figure 2c¢). In addition, a pre-flooding algorithm was
used to exclude small grains which were thought to be formed during cooling from semi-
solid slurry. A set of 20 optical images were selected per sample for the measurements.

) (<) gt am® 2 i

Figure 2. Segmentation of optical micrographs using a thresholding-based histogram algorithm. (a)
Optical micrograph showing brighter solid grains and darker liquid phase; (b) binary image where
black areas correspond to liquid phase; (c) grain boundaries identification by watershed segmenta-
tion method.

The tensile properties were tested using a Zwick-Z250 universal testing machine
(ZwickRoell, Ulm, Germany) with a tensile speed of 1 mm/min (GB T 6397-1986), as
shown in Figure 3.
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Figure 3. Al-75i-0.5Mg aluminum alloy sample dimensions(unit: mm).

3. Results
3.1. DSC Tests

As shown in Figure 4a, the liquidus temperature of the Al-75i-0.5Mg alloy was de-
termined to be 612.9 °C during cooling from liquid state, and the crystallization enthalpy
obtained from the calculation is AH,.,,s; = 136.49 J/g. Then the DSC curve was integrated
and converted to obtain the corresponding relationship between the solid fraction and the
temperature, as shown in Figure 4b. It reveals relatively low temperature sensitivity for
temperatures ranging from ~560 °C to ~610 °C. The working temperature window was
chosen equal to 590-610 °C in order to get a proper low solid fraction (Fs, ranging from
~0.1 to ~0.25), which is favored for GISS method. The liquid and solidus temperatures
were determined using the tangent method. We assume that the liquid fraction is propor-
tional to the energy absorbed during the transformation. Using the method of partial ar-
eas, the solid fraction (F;) can be calculated by Equation (3):

S _ ko
Stotar [ f

®)

where S;,¢qis total area of peak, S; is the area of peak from solidus temperature (t) to
t;, f(t) is the measure of DSC signal per mass unit and baseline is already subtracted, as
shown in Figure 4a.
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Figure 4. The result of (a) heat flow vs. temperature at heating and cooling rates of 20 °C/min and
(b) solid fraction vs. temperature analyzed by DSC tests.

3.2. Influence of Different Holding Time on Slurry Structure

The temperature change of the semi-solid slurry during holding was recorded by
thermocouple as shown in Figure 1. Three temperature curves were taken from various
experiments to minimize the possibility of getting non-representative results due to the
artificial interferences (Figure 5). The three curves in the figure correspond to the
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temperature changes during the holding stage when the holding time and medium alloy
addition parameters are studied. From the figure, it can be calculated that during the hold-
ing period the average cooling rate is about 0.08 °C/s.

615

= Medium alloy addition Iwt%,
the first experiment, y |

. |— Medium alloy addition 1wt%,

the second experiment, y2

I~ Medium alloy addition 1wt%,

the third experiment, y3

b -Fitting, y'| =-0.076x + 611.31

b - Fitting, y'2 = -0.084x + 611.52]

- Fitting, y'3 = -0.091x +611.29

610

605

600

Temperature/°C

595

590

585 L L L L L L L L
0 30 60 90 120 150 180 210 240

Time/s

Figure 5. Temperature curve of semi-solid slurry during holding.

In order to investigate the influence of holding time, the microstructure of the mate-
rial taken from the center of the crucible was observed by optical microscope. It can be
seen from Figure 6 that with the increase of holding time, the primary phase continues to
grow in the direction of dendrites, the average grain size is getting larger, the average
shape factor is getting smaller and the solid fraction does not change much. When holding
time is 270 s, as shown in Figure 6d, coarse dendrites appear in the microstructure and the
spherical grains obtained in the early stage basically completely disappear.

Spherulite

Liquid phase ¢

(a) 85 s-605 °C (b) 160 s-600 °C

() 220 5-595 °C (d) 270 5-590 °C

Figure 6. Microstructure of semi-solid slurry for different holding time.
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Image ] software is used to determine the solid fraction, average grain size and aver-
age shape factor of the Al-75i-0.5Mg semi-solid slurry under different holding time, as
shown in Figure 7. From the statistical results, it can be seen that with holding time in-
creased from 85 s to 270 s, the solid phase fraction of the semi-solid slurry decreases from
~0.77 to ~0.67, the average grain size increases from ~95 pm to ~225 um and the average
shape factor reduces from ~0.80 to ~0.33. In conclusion, a relatively ideal semi-solid slurry
structure can be obtained by holding for 85 s.

240

0.88 - % —A— Solid volume fraction + los
\ —®— Average grain size 1220 .
0.84 | § —m— Average shape factor
' 4200 - 0.7
Sosof ES 5
2 H180 o ]
b 0.76 G 406y
o .
s {160 § £
E 2 Joss
- Y.
207 ¥ {140 £
S g ]
%] 2 =
o681 {120 o4
064r 4100
¢ 103
0.60 —* L L g0

85 160 220 270
Time /s
Figure 7. Effects of different holding time on the solid fraction and microstructure of semi-solid
slurry.

3.3. Effect of Medium Alloy Addition on Slurry Microstructure

Figure 8 shows the semi-solid microstructure of Al-75i-0.5Mg aluminum alloy with
different addition amounts of Al-5Ti-B medium alloy at 605 °C. It can be seen from Figure
8 that when the addition amount of medium alloy increases from 0.5 wt% to 1.5 wt%, the
solid fraction, sphericity and grain density gradually increase, whereas the grain size
gradually decreases. However, when the addition amount of medium alloy increases to
2%, the sphericity of grains decreases significantly, large rose-like and elongated grains
appear and tiny fine secondary grains disperse in the liquid phase. These secondary grains
are linked to secondary solidification stage when the semi-solid slurry leaves the GISS
device, which will be discussed in Section 4.2. Although the secondary grains are smaller
than the primary solid grains, they are counted for solid fraction measurements (except
very small grains), because of the difficulties in their identification by image analysis.

Secondary grain

(a) 0.5 wt%-605 °C (b) 1.0 wt%-605 °C
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(¢) 1.5 wt%-605 °C (d) 2.0 wt%-605 °C

Figure 8. Microstructure of semi-solid slurry for different medium alloy additions.

The quantitative results are shown in Figure 9. When the addition amount of medium
alloy increases from 0.5 wt% to 1.5 wt%, the solid fraction increases from ~0.69 to ~0.80,
the average grain size decreased from ~100pm to ~68 um and the average shape factor
changes from ~0.71 to ~0.83. When the addition amount of medium alloy increases from
1.5% to 2.0%, the solid fraction decreases by 20%, the average grain size increases by 90%
and the average shape factor decreases by 30%. It can be seen that better sphericity and
finer grain size were obtained at 1.5 wt% of Al-5Ti-B medium alloy within the experi-
mental range, which is a suitable semi-solid slurry microstructure.

0.90 150 50.90
—A— Solid volume fraction
—®— Average grain size 4 140
0.85 |-|—®— Average shape factor 10.85
/ % 4130
=10.80
.5 0.80 |- 1120 = 5
S o S
£ {11057075 &
o
2o7st £ &
2 1100 @070 =
> i ) &
% 0.70 | 190 E g
a 27065 2
80
0.65 4
i 170 0.60
0.60 60  -0.55

L L L L
0.5 1.0 1.5 2.0
Addition quantity of Al-5Ti-B/%

Figure 9. Effect of medium alloy addition on solid fraction and microstructure of semi-solid slurry.

3.4. Test Bar Analysis
3.4.1. Mechanical Properties

Table 3 shows the performance comparison between liquid die-casting and semi-
solid die-casting of Al-75i-0.5Mg aluminum alloy in as-cast and T6 heat-treated states. It
is found that mechanical properties of liquid die-cast Al-75i-0.5Mg aluminum alloys are
inferior to those of semi-solid die-cast Al-75i-0.5Mg aluminum alloys in both as-cast and
heat-treated states. The yield strength of Al-75i-0.5Mg aluminum alloy GISS semi-solid
die-casting is ~136 MPa, the tensile strength is ~266 MPa and the elongation is ~11.6%.
After heat treatment, the yield strength increases to ~240 MPa, the tensile strength in-
creases to ~307 MPa (yield strength and tensile strength are increased by 76% and 15%,
respectively) and the elongation is reduced to ~8.8%. This indicates that the mechanical
properties of test bars prepared by the GISS semi-solid die-casting process can be im-
proved by heat treatment.
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Table 3. Mechanical properties of traditional liquid die-casting and semi-solid die-casting.

Forming Process

State Yield Strength/MPa  Tensile Strength/MPa  Elongation/%

liquid die-casting as-cast 129+ 6 242+ 8 11.2£0.1
semi-solid die-casting 136 +5 266 + 8 11.6 £0.2
liquid die-casting T6 2107 238+7 1.6+0.3
semi-solid die-casting 240+ 6 307 +7 8.8+0.2

In addition, compared with traditional liquid die-casting, the yield strength and ten-
sile strength of semi-solid die-casting are increased by 5% and 10%, respectively, for as
cast, and by 86% and 27%, respectively, after heat treatment. After heat treatment, the
elongation of liquid die-cast test bars after heat treatment decreased from ~11.2% to ~1.6%,
which proved that the liquid die-casting test bars will expand gas and generate bubbles
after heat treatment, which will seriously lead to the deformation of test bars. In conclu-
sion, GISS semi-solid die-casting Al-75i-0.5Mg aluminum alloy has obvious advantages
over traditional liquid die-casting.

3.4.2. Fracture Analysis

In order to investigate the fracture behavior of the samples treated at various condi-
tions, Figure 10 compares the fracture mode of the as-cast and T6 specimens of traditional
liquid die-casting and semi-solid die-casting. It can be seen from Figure 10 a,b that all
breaking patterns show dimples of different sizes and depths, and there are also cleavage
planes distributed on the fracture, so it is judged that the morphology of liquid die-casting
test bars and semi-solid die-casting test bars are a mixture of ductile fracture and cleavage
fracture. After heat treatment for the traditional liquid die-casting test bar, the pore ex-
pansion becomes larger. It can be seen from Figure 10 c,d that a certain size of pores can
be observed at the fracture of semi-solid die-casting and liquid die-casting after heat treat-
ment. This is because during die-casting process, melt will dissolve and absorb gas to form
pores, and liquid die-casting will form more pores due to its high temperature and high
fluidity. The pore size of liquid die-casting is about ~80-90 um, while it is about ~20-30
um for semi-solid die-casting due to its compactness after heat treatment.

15.0kV 18 3mim 100um

(a) as-cast test bar of liquid die-casting  (b) as-cast test bar of semi-solid die-casting
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(c) T6 test bar of liquid die-casting (d) T6 test bar of semi-solid die-casting

Figure 10. Fracture of tensile specimen of Al-75i-0.5Mg aluminum alloy.

3.4.3. Elements Distribution

Figure 11 shows the element distribution of Al-75i-0.5Mg aluminum alloy semi-solid
die-casting test bars before and after heat treatment. It can be seen from the figure that Mg
and Si atoms are mainly distributed between a-Al grains before heat treatment, but after
heat treatment Mg is dissolved in the matrix. A small fraction of Si atoms enters a-Al, but
most of them still exist in the form of discontinuous granular eutectic. There are some Mg-
enriched microdomains in Figure 11a,c, which may be caused by the uneven distribution
of elements caused by insufficient homogenization.

20um

20 um Si

(a) Mg in as-cast

Mg

20 um
(c) Mg in T6 (d) Siin T6
Figure 11. Element distribution of Al-7Si-0.5Mg test bar.
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4. Discussion
4.1. Formation of Non-Dendritic a-Al Grains

According to previous studies on semi-solid slurry, the formation of spherical micro-
structure of semi-solid slurry includes dendrite arm fragmentation mechanism, dendrite
arm root remelting mechanism and nucleation-controlled mechanism [28-30]. Kirkwood
[31] believed that the agitation applied to the melt created velocity field in the melt, and
the velocity gradient acting on the dendrites generated shear stress leading to the break-
age of the dendrites. Li et al. [32] prepared Al-75i-0.5Mg alloy semi-solid slurry by self-
inoculation method and believed that solute atoms were enriched at the root of dendrites
and caused the root to fuse during the process of grain growth. A broken dendrite arm
would form a new grain. Fan et al. [33] believed that during the pulping process, ideal
semi-solid slurry could be obtained by promoting effective nucleation and controlling
spherical growth, which required uniform temperature and concentration fields, high
shear rate and turbulent flow.

The most important spheroidization mechanism in GISS semi-solid process is the nu-
cleation-controlled mechanism. Under the dual action of ceramic tube stirring and bubble
stirring, the nuclei formed by argon supercooling and heterogeneous particles will be dis-
persed throughout the melt, resulting in spherulites. In addition, during the double stir-
ring, the temperature and solute distribution in the melt are in a relatively uniform state,
which is beneficial to the spherical growth of grains. However, there is no spherulites for-
mation in the top area in contact with air, which is similar to conventional casting [10]. In
addition, the uniform temperature distribution caused by stirring reduces the thermal
motion between atoms, reduces structural fluctuations and enables a large number of
crystal nuclei to be preserved, which is beneficial to the grains’ refinement. In traditional
casting, the presence of temperature and concentration gradients at the solid-liquid inter-
face causes dendrite growth due to its non-uniform temperature and solute distribution.

4.2. Influence of Holding Time on Semi-Solid Microstructure

After stirring for a period of time, broken dendrites generated in the initial stage of
bubble stirring can be rounded [34], because holding promotes the uniform distribution
of melt temperature. In order to reduce the surface energy, broken dendrites will sponta-
neously develop towards rose-like and spherical shape, as shown in Figure 6a. Nafisi et
al. [35] found that in order to reduce the total energy of the system, particles with arbitrary
morphology would tend to grow spherically to reduce the surface energy during the hold-
ing process. However, as holding time increased, the spherulites collided with each other,
gathered and dispersed from time to time. If positional relationship between their contact
positions was appropriate, they would eventually fuse together to form large ellipsoid
and petal-shaped grains, as shown in Figure 6c,d. If holding time is too long, according to
the Gibbs-Thomson law, solute concentration in the liquid phase around the large grains
is high, and solute concentration in the liquid phase around the small grains is low, re-
sulting in a concentration gradient. Al atoms diffuse from small grains to large grains,
making the large grains larger and the small grains smaller until they melt, the process
called Oswald ripening [36,37]. There is a large difference in solid fraction when compar-
ing the results shown in Figure 4b calculated by DSC analysis and Figure 7 and Figure 9
which were measured by quantitative image analysis. The higher solid fraction measured
by image analysis could be related to the solidification process. The whole solidification
could be divided into two stages, isothermal shearing with continuous cooling or holding
in the crucible and quenching. During isothermal shearing, heterogeneous nucleation oc-
curs continuously and uniformly distributed throughout the entire volume of the melt.
Because of intensive forced convection, the growth of the nuclei takes place in a spherical
manner, resulting in the formation of spherical grains, with the conventional dendritic
primary phase being eliminated. The secondary solidification starts when the semi-solid
slurry leaves the GISS device for water quenching. At this stage, the remaining liquid still
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has largely uniform temperature and composition fields, due to the prior intensive shear-
ing. With the large cooling rate during water quenching, nucleation is expected to take
place throughout the entire remaining liquid with a high nucleation rate and the nuclei
survive and grow. During quenching, a large number of nuclei formed in the remaining
liquid compete against each other to grow and solidification finishes before the growth
instability occurs, preventing the development of dendrites. Therefore, the solid fraction
obtained by image analysis includes not only the primary solidified spherical grains, but
also the ones formed during quenching, resulting in higher solid fraction. Deepak et al.
[38] found that the growth of a-Al in the isothermal process conformed to the kinetic
equation of D — D§ = Kt (where Dt and Do are the average grain size at times t and 0,
and K is the constant of coarsening rate).

4.3. Effect of Medium Alloy Addition on Semi-Solid Microstructure

The Al-5Ti-B medium alloy is composed of three phases, a-Al, TiB2 and TiAls. The
nucleation rate increases by increasing the nucleation sites to achieve the purpose of grain
refinement [39]. The addition of medium alloy increases the number and density of grains,
which is beneficial to improve the mechanical properties of test bars. At present, the re-
finement mechanisms of Al-5Ti-B medium alloys include boride particle theory [40,41],
peritectic theory [42] and double nucleation theory [43]. Among them, the double nuclea-
tion theory is relatively complete. This theory holds that Al-5Ti-B medium alloy is added
to melt to release TiB2, TiAls and other particles. TiBz has a high melting point and good
stability and can be used as nucleation particles, while TiAls first dissolves and then pre-
cipitates on the surface of TiB2 to form a thin layer. The layer of TiAls reacts with the liquid
phase to form a-Al to refine the grains [42,44]. Fan et al. [45] used high-resolution electron
microscopy to find that TiAls existed between TiB2 and a-Al, and TiAls could significantly
improve the nucleation ability of TiB2. It can be seen from Figure 8a—c that with the in-
crease of medium alloy content, the average size of grains decreases continuously. How-
ever, excessive addition of medium alloy reduces the sphericity of microstructure and in-
creases the average grain size, as shown in Figure 8d. The reason may be that excessive
medium alloy tends to agglomerate the TiAls particles, which reduces the refining effect.
Therefore, the addition of medium alloy should be appropriate.

4.4. Mechanical Properties of Traditional Die Casting and Semi-Solid Die-Casting

The difference in mechanical properties between traditional die-casting and semi-
solid die-casting is mainly caused by the difference in their microstructure due to the dif-
ferent filling and solidification methods [2]. For traditional die-casting, high-temperature
melt fills the cavity in a turbulent way, and turbulent filling is prone to air entrainment,
resulting in defects such as pores and shrinkage holes in the solidified structure, as shown
in Figure 10c. During semi-solid die-casting, slurry has high viscosity due to the existence
of a certain solid phase, which is not easy to be entrained, and fills the cavity smoothly.
The original fine grains or spherulites in the semi-solid slurry cool and grow in the mold.
Semi-solid die-casting has fewer pores and smaller sizes, as shown in Figure 10d, which
is one of the reasons why the mechanical properties of semi-solid test bars are higher than
liquid test bars.

For semi-solid die-casting test bars, the eutectic silicon is refined due to the stirring
effect during slurry process, the size is reduced and splitting effect on the matrix is re-
duced [35]. This is one of the reasons why mechanical properties of as-cast semi-solid die-
casting bars are better than as-cast liquid die-casting bars. The spheroidization of eutectic
silicon after heat treatment further reduces the splitting effect on the matrix and further
improves the performance.

In addjition, the dispersed and distributed strengthening phase Mg:Si produced after
heat treatment is also an important factor for its performance improvement. During solid
solution, Mg:Si melts into the matrix to form supersaturated solid solution, and then pre-
cipitates during natural aging and artificial aging stages [39,46]. In this paper, the
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distribution results of Mg and Si are obtained by EPMA test. It is found that Mg elements
are uniformly distributed in the matrix after heat treatment, but it is not certain whether
there is formation of Mg:Si. Because Mg in Alis around 1% at room temperature, however,
Jiang et al. [39] used transmission electron microscopy to analyze the morphology and
selected area electron diffraction of Al-75i-0.5Mg aluminum alloy strengthening phase,
and found that the size of the Mg:5i strengthening phase was about 5 nm, and the tensile
strength of the test bar increased after heat treatment up to 38%.

5. Conclusions

1. While preparing Al-7Si-0.5Mg semi-solid slurry by GISS process, increasing a cer-
tain holding time is beneficial to the spheroidization of grains. However, with the increase
of holding time, the sphericity decreases, and grains grow up. At 85 s, the average grain
size and average shape factor of Al-75i-0.5Mg aluminum alloy are ~95 pm and ~0.80, re-
spectively.

2. With the increase of medium alloy addition, the average grain size of the primary
phase decreases and the sphericity increases, but the addition of excess medium alloy in-
creases the size of the primary phase and reduces the sphericity. When the amount of
medium alloy was 1.5%, the average grain size and average shape factor are ~68 um and
~0.83, respectively.

3. Compared with traditional liquid die-casting, the semi-solid die-casting aluminum
alloy has higher mechanical properties. After heat treatment, the plate-like eutectic silicon
is spheroidized and Mg:Si strengthening phase is dispersed and precipitated. The yield
strength, tensile strength and elongation can reach ~240 MPa, ~307 MPa and ~8.8%, re-
spectively.
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