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Abstract: In this study, an enclosed cooling slope channel (ECSC) was used to produce a semi-solid
slurry of the 7075 aluminum alloy. The effects of the pouring temperature and the rate of cooling
water on the microstructure of the semi-solid slurry were studied. The microstructure, solidification
behavior, mechanical properties, and fracture mechanism of rheological squeeze casting (Rheo-SC)
and liquid squeeze casting (LSC) samples were compared. The results indicate that lowering the
pouring temperature and increasing the rate of cooling water can refine the crystals of the semi-solid
slurry. The best process is a pouring temperature of 670 °C and a rate of cooling water of 200 L/h. The
microstructure of the LSC samples was made up of coarse dendritic crystals, but the microstructure
of the Rheo-SC samples was made up of almost spherical primary «;-Al and refined secondary o,-Al
under this method. The ultimate tensile strength, yield strength, and elongation of the Rheo-SC
samples were 238 MPa, 151 MPa, and 5.2%, respectively, which were 10%, 10.5%, and 44.4% higher
than those of the LSC sample. The key factor contributing to the increased performance of the
Rheo-SC samples is the combination of decreased casting flaws, strengthened grain refinement, and
improved segregation.

Keywords: 7075 aluminum alloy; semi-solid slurry; rheological squeeze casting; microstructure;
mechanical properties

1. Introduction

Al-Zn-Mg-Cu alloys are frequently employed in the aerospace and automotive in-
dustries due to their high specific strength and low density [1-3]. The conventional casting
method, which is regarded as being unsuitable for casting, makes it easy for defects, like
hot cracking, porosity, and shrinkage cavities to occur because of the high level of Al-Zn-
Mg—Cu alloying. Currently, Al-Zn-Mg—Cu alloy components are primarily manufactured
using forging, rolling, extrusion, and other plastic processing methods. However, these
procedures are costly, and it is difficult to fabricate parts with complicated shapes, which
severely restricts the range of applications for Al-Zn-Mg-Cu alloys [4-6].

Squeeze casting is a highly efficient and environmentally friendly near-net forming
technology that applies pressure to the molten alloy inside the mold so that the melt
can be filled and solidified under pressure [7]. However, conventional squeeze casting
products have a series of problems, such as shrinkage, porosity, and coarse dendrites in
the microstructure. Rheological squeeze casting (Rheo-SC) uses a semi-solid slurry with
a certain fraction solid, which can flow smoothly during the filling process and has a
small solidification shrinkage, which helps to avoid shrinkage and porosity and reduce
defects such as hot cracking. The materials produced by rheological squeeze casting are
characterized by high density, low defects, and excellent mechanical properties [8-11].
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Al-Zn-Mg—Cu alloy components with complex shapes and great performance can
be produced using Rheo-SC. The semi-solid slurry production and squeeze casting are
two steps that make up the Rheo-SC process; creating a high-quality semi-solid slurry
is essential to produce components with better mechanical properties [12]. A number
of researchers have been studying the way to prepare semi-solid slurries in recent years.
For example, LIU et al. produced an Al-8 Si-0.5 Fe alloy semi-solid slurry by vibrating
a sloping plate and then combined that with die-casting to develop castings with good
mechanical and thermal conductivity [13]. Large thin-walled parts of the Al-Zn-Mg-Cu
alloy were prepared by QI et al. using an air-cooled stirring rod rheological die-casting
technique supported by ultrasonic vibration, and research on the microstructure and
corrosion resistance of the parts was conducted [14]. By changing the pneumatic pressure
to oscillate the melt flow, GAO et al. generated a semi-solid slurry of the A356 alloy and
then utilized numerical simulations for analyzing the melt flow rate and temperature field
during the formulation of semi-solid slurries. According to the results, the oscillating
melt flow altered the solute distribution and substantially decreased the grain size [15].
ZHOU et al. studied the planetary stirring process parameters affecting the semi-solid
slurry quality of the A356 alloy. The findings verified that the melt flow effect favors
the development of spherical crystals and that strong shear and turbulent flow effects
encourage grain nucleation and uniform growth. An oscillation at 20 Hz for three minutes
had the best effect on the refinement of the melt, the average grain diameter was 50 pm, and
the mechanical properties of the casting were also improved [16]. Jahanbakhshi et al. used
a cooling slope during the solidification of the A356 alloy while introducing mechanical
vibration to the melt to refine the grains [17]. The rheological forming of aluminum alloys
has been the subject of numerous studies, but little is known about the process when it
comes to the Al-Zn-Mg—Cu alloy, particularly when it comes to the integration of the slurry
preparation and forming processes.

The Al-Zn-Mg—Cu alloy is a typical heat treatment-strengthened alloy, which can
only be heat treated to obtain excellent overall properties to meet service performance
requirements. However, this article only discusses the properties of Al-Zn-Mg—Cu alloy
semi-solid slurry preparation and rheological forming castings to provide quality castings
that must be heat treated at a later stage. In this paper, a bottom injection squeeze casting
machine was used in conjunction with an independently created and designed enclosed
cooling slope channel (ESCS) [18] to produce a semi-solid slurry of the 7075 aluminum alloy
to make thin-walled bushing parts. The impact of two variables—the pouring temperature
and the rate of cooling water—on the development of the microstructure of the semi-solid
slurry of the 7075 aluminum alloy was carefully examined. The Rheo-SC and liquid squeeze
casting (LSC) samples’ microstructure, solidification behavior, mechanical properties, and
fracture mechanisms were also explored.

2. Experimental Procedure
2.1. Material

The basic material for this study was a commercial 7075 aluminum alloy, and the
chemical composition (measured in weight percentages) was 5.45% Zn, 2.17% Mg, 1.26%
Cu, 0.12% Si, 0.15% Fe, 0.04% Mn, and Al balanced. The alloy’s solidus and liquidus
temperatures, which were discovered using differential scanning calorimetry (DSC) at a
heating rate of 10 °C/min, are 584 °C and 643 °C, respectively, and the eutectic phase
melting point is 477 °C. The DSC curve is shown in Figure 1a, and the fraction solid
of the 7075 alloy at different temperatures calculated from the DSC curve is shown in
Figure 1b [19].
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Figure 1. (a) DSC curve; (b) Fraction solid of 7075 alloy.

2.2. Production of Semi-Solid Slurry and Rheo-SC

Figure 2a shows the production of a semi-solid slurry. First, about 2 kg of alloy ingots
were first heated to 750 °C by an intermediate frequency induction furnace. C,Cls powders,
which made up 0.5% of the melt weight, were then added for degassing and were allowed
to stand for 10 min. When the melt reached the predetermined pouring temperature, it was
poured into the ECSC to generate a semi-solid slurry. The melt’s temperature was detected
using a K-type thermocouple. The channel length of the ECSC was 300 mm, the height was
5 mm, and the inclination angle was 45°. At the channel’s outlet, a copper container that
was water-cooled was used to collect the semi-solid slurry. To investigate the fraction solid
of the slurry, the temperature of the slurry was measured once it had been collected. To
obtain its microstructure, the semi-solid slurry was then quickly quenched in water. As
shown in Figure 2b, the semi-solid slurry for Rheo-SC is instead transferred to the bottom
barrel of the injection squeeze casting process using a preheated graphite crucible. In the
Rheo-SC process, the injection punch moves at a speed of 21 mm/s, the die is preheated to
300 °C, the forming pressure is 90 MPa, and the holding pressure is maintained for 15 s. At
the same time, the LSC parts were also prepared using the above process parameters; the
resulting thin-wall bushing castings are shown in Figure 2c.
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Figure 2. (a) Slurry preparation process; (b) Diagram of the squeeze casting process and mold;
(c) Thin-wall bushing casting; (d) Diagram of metallographic and tensile samples sampling location.
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2.3. Microstructure Analysis and Tensile Test

The center of the water-quenching block is where the microstructure of the slurry is
found. The casting’s metallographic and tensile samples were cut in accordance with the
locations illustrated in Figure 2d. Following rough grinding, fine grinding, and polishing,
the metallographic samples were etched with Keller reagent. Using scanning electron
microscopy with quantitative energy dispersive X-ray spectroscopy (SEM, Nova Nano SEM
450, FEI, Hillsboro, OR, USA), as well as optical microscopy (OM, Leica, Buffalo Grove,
IL, USA), the microstructure of the semi-solid slurry and casting samples was examined.
The distribution and size of the grains in the Rheo-SC and LSC samples were investigated
using electron back-scattered diffraction (EBSD, NordlysNano, Oxford, UK). To ascertain
the phase composition of the casting samples, X-ray diffraction (XRD, Empyrean, Malvern
PANalytical, Almelo, Netherlands) was utilized. The image analysis software Image Pro
Plus 6.0 was used to calculate the average grain diameter (D = (4A/m)!/2, A is the grain
area) and the shape factor (F = (4Am)/P?, P is the grain circumference) [20] of the grains.
The tensile test was conducted using a universal testing device (AG-X plus 100KN, Japan)
in accordance with the GB/T 228.1-2010 standard, and the final tensile property index was
determined by averaging the measurement results of three tensile samples.

3. Results and Discussion
3.1. Effect of Pouring Temperature on Slurry’s Semi-Solid Microstructure

Table 1 lists the different parameters of the microstructure of the semi-solid slurries
using various techniques. The microstructure of the semi-solid slurry of the 7075 alloys
can be seen in Figure 3 at various pouring temperatures, and the rate of the cooling water
was 200 L/h. According to Figure 3, the semi-solid slurry’s microstructure is primarily
subspherical and rosette-like, with a tiny proportion of slightly coarse petal-like grains and
damaged dendrites. According to the circle position in Figure 3c, as the pouring tempera-
ture increases, the microstructure becomes coarser, the roundness of the grains declines,
and some grains maintain a dendritic shape. This partially reduces the homogeneity of the
slurry’ microstructure and is unfavorable for the ensuing forming process.

Table 1. Characteristic parameters of the microstructure of semi-solid slurries under different casting

processes.
Pouring Rate of Outlet A . Average
No. Temperature Coolin, Temperature verage Grain Shape
P 8 p Diameter (um) P

() Water (L/h) °O) Factor
1 660 200 627 34+14 0.71£0.16
2 670 200 629 35+17 0.67 +£0.18
3 680 200 634 41 + 15 0.61 4 0.20
4 670 100 631 42 £23 0.56 £+ 0.21
5 670 300 625 36+ 19 0.64 +0.19

Wy
Spherical o-Al

)Spherical a-Al

Figure 3. Microstructure of semi-solid slurry at different pouring temperatures: (a) 660; (b) 670;
(c) 680.
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The ECSC is where the primary x-Al forms crystals in the slurry. Figure 4 depicts a
schematic diagram of grain production at various periods of slurry preparation. When
the superheated alloy melt is poured into the channel at the beginning of the pouring
procedure, the dual action of the channel surface and cooling water causes the melting heat
in contact with the channel surface to be rapidly lost and cooled to below the liquid phase
line temperature. Most of the primary o-Al crystals will drain out with the melt due to melt
flow inertia, but a tiny amount will stick to the inner channel walls and create a residual
solidification shell [21]. The temperature and concentration gradients inside the melt have
a substantial impact on nucleation in the early period of pouring. Some of the grains grow
in a dendritic pattern as a result of the inhomogeneity of the temperature and concentration
fields. In comparison, others are remelted at high temperatures when they do not reach
the essential nucleation radius [22]. As seen in Figure 4a, some of the dendrites can also be
seen in the microstructure images.

Figure 4. Evolution of primary a-Al in semi-solid slurries at different periods of pouring: (a) Early
period; (b) Middle period; (c) Final period.

During the middle period of pouring, the melt continuously descends due to gravity,
changing its density, temperature, and solute concentration. Some of the dendrites’ necks
and fragments separate as a result of convection and melt solute enrichment. The amount
of primary «-Al crystals increases as the dendritic fragments progressively develop into
free grains. The microstructure photographs of the slurry, as shown in Figure 4b, reveal an
increase in the number of grains and a propensity for the shape to become more spherical
and equiaxed.

The initial grains formed on the surface of the cooling channel at the end of the
pouring process (Figure 4c) separate from the channel surface as a result of the vigorous
scouring and shearing caused by the flow inertia of the melt, as the cooling plate surface
chilling effect results in a significant amount of explosive nucleation of the melt. As a result,
new nucleation and continuous separation are continuously encouraged by the cooling
channel’s free surface, increasing the amount of primary «-Al [23-25]. At the same time,
the relatively uniform temperature, solute, and concentration fields within the melt inhibit
the anisotropic growth of the nuclei, resulting in a uniform production rate in all directions
of the nuclei. In addition, the increase in the number of nuclei, which creates competition
during growth, also inhibits the anisotropic growth of nuclei. Under the combined effect of
these factors, the nuclei eventually grow into equiaxed, spherical, or rose-shaped crystals.

The temperature field and velocity field on the channel surface both play a role in
the creation of the primary o-Al. The relationship between the thickness of the velocity
boundary layer (6) and the thickness of the temperature boundary layer (J;) on the cooling
channel surface is shown in the following equation [26]:

6
o = pr1/3



Crystals 2023, 13, 1102

6 of 15

The Prandtl number of liquid metal, Pr, is 0.004-0.029. As a result, the J; is significantly
bigger than the §. While the temperature boundary layers are dispersed throughout almost
the entire melt, there are only very small velocity boundary layers on the surface of the
cooling channels, which promotes uniform melt nucleation.

The pouring temperature is a key factor in the nucleation and development of primary
a-Al during the formation of the semi-solid slurry. The following equation can be used to
express the alloy melt’s nucleation rate [27]:

_ AGy ao®T% 2 — cos B+ 3coscos? §
N; = Agsexp [_kT] exp [— (LmAT)Z. 1

where A; is a constant, AGy4 is the diffusion activation energy, k is the Boltzmann constant,
T is the thermodynamic temperature, « is the shape factor of the crystals (spherical nucleus:
oo = 167t/3), o is the solid/liquid interface energy, L;, is the latent heat, AT is the degree of
melt undercooling, and 6 is the wetting angle. As can be seen from the equation above,
the degree of melt undercooling decreases as the pouring temperature increases, and the
chilling action on the surface of the cooling channel weakens, which lowers the rate at which
the primary «-Al crystallizes. The amount of primary «-Al may also be decreased by higher
pouring temperatures because they may remelt the already produced nuclei. According
to Figure 3¢, the slurry microstructure started displaying coarse dendritic crystals as the
pouring temperature increased from 660 °C to 680 °C. When entering the slurry collection
crucible at a high casting temperature, the slurry’s properties of high temperature and low
viscosity make it easier for it to collide with the wall of the crucible, creating turbulence
and air involvement that impairs the performance of subsequent forming components.

The relative frequency distribution of the grain size at each pouring temperature is
shown in Figure 5 along with the change in the average grain diameter and shape factor
of the slurry” microstructure with the casting temperature. According to Figure 5a, the
average grain diameter of the grains increases from (34 & 14) um to (41 £ 15) um when
the casting temperature rises from 660 °C to 680 °C, while the shape factor decreases from
(0.71 £ 0.16) to (0.61 £ 0.2), making the grains coarser and less rounded. It is clear that
lowering the pouring temperature would help obtain fine spherical grains. If the pouring
temperature is too low, the slurry will fill the channel and reduce the effectiveness of the
slurry preparation while also wasting material because of the high melt viscosity that would
result. In addition, if the casting temperature is too low, the slurry will solidify into a shell,
and the cooling effect of the ECSC will not be fully utilized when the high-temperature
alloy liquid flows through the solidified shell layer, which will affect the impact of refining
the slurry microstructure and is not conducive to the subsequent forming of complex parts.
Therefore, considering the slurry preparation efficiency and slurry quality, the optimum
pouring temperature is considered to be 670 °C.

(a) Average grain diameter 1.0 (b) 18
60 Average shape factor
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Figure 5. Cont.
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Figure 5. (a) The effects of pouring temperature on average grain diameter and shape factor; Relative
frequency distribution of grain size at each pouring temperature: (b) 660 °C; (c) 670 °C; (d) 680 °C.

3.2. Effect of Rate of Cooling Water on Slurry’s Semi-Solid Microstructure

The microstructure of the slurry with different rates of cooling water and a pouring
temperature of 670 °C can be seen in Figure 6. When the rate of cooling water is 100 L/h,
the cooling effect of the ECSC channel to the alloy liquid is weak, and the heat taken away
from the melt in unit time is less, which is not enough to provide subcooling conditions for
the formation of a large number of free crystals at the early stage of solidification, so the
metallographic photographs at this time show that the grain composition of the semi-solid
slurry is not well-developed equiaxed dendritic grains. According to Figure 6a, the primary
o-Al grains had an average grain diameter of (42 & 23) pm and a shape factor of 0.56 &+ 0.21.
As the chilling effect on the melt increases, the quantity of grains increases, and the grains
become finer and circular when the rate of cooling water increases to 200 L/h. As seen in
Figure 6b, at this point, the shape factor increases to 0.67, and the average grain diameter
decreases to 35 um. The microstructure of the slurry does not prominently modify as the
rate of cooling water is further increased to 300 L/h, although the average grain diameter
of the grains does slightly increase, as seen in Figure 6c.

Degenerate dendrites Sphericalo=Al

g

)Spherical 0=Al

Figure 6. Microstructure of semi-solid slurry of 7075 alloys at different rates of cooling water:
(a) 100 L/h; (b) 200 L/h; (c) 300 L/h.

The flow velocity of the rate of cooling water has a significant impact on the melt’s
cooling rate, which in turn influences the melt’s nucleation rate. The following equation
can be used to explain how the cooling rate affects the melt nucleation rate [28]:

_ 2
[2 3cosz+cos 6’]' RC

-1 co—m-Ig
N. =10 SV

where ¢y is a constant, m is the material regression coefficient (1m] = 0.54), 0 is the wetting
angle, R, is the cooling rate, S, is the effective heterogeneous core surface area, and V is
the melt volume. A higher melt nucleation rate is produced by a quicker melt cooling rate,
which is accelerated by a higher rate of cooling water. The primary x-Al’s ability to develop
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dendritically was limited by the greater cooling rate, which also reduced solute transport.
However, at a quick cooling rate, primary «-Al nuclei frequently develop into dendrites,
which degrades the quality of the slurry.

The relative frequency distribution of the grain size at each rate of cooling water can be
seen in Figure 7, along with the change in the average grain diameter and shape factor of the
slurry microstructure with the rate of cooling water. It has been discovered that increasing
the rate of cooling water can produce a fine, rounded semi-solid slurry microstructure by
causing the primary «-Al grain size to first decrease and then slightly increase, as well as
causing the shape factor to increase and then slightly decrease. However, the characteristic
parameters of the slurry microstructure appear to change irregularly when the rate of
cooling water increases above 200 L/h, and continuing to increase the rate of cooling water
has little impact on the slurry microstructure, so the rate of cooling water for the ECSC
process should be kept at 200 L/h.

(a) 80 1.0 (b) 18
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Figure 7. (a) The effects of the rate of cooling water on average grain diameter and shape factor;
Relative frequency distribution of the grain size at each rate of cooling water: (b) 100 L/h; (c) 200 L/h;
(d) 300 L/h.

3.3. Microstructure and Mechanical Properties of Casting
3.3.1. Microstructure

The microstructure of the LSC and Rheo-SC samples can be seen in Figure 8. According
to Figure 8, the LSC samples are primarily made up of coarse dendrites, some of which have
grains larger than 200 pm, and numerous fine diffuse secondary a;-Al particles created by
the liquid phase that was left in the melt and scattered between the primary «-Al. Due to
the die temperature (300 °C) being much lower than the melt temperature during the LSC
process, there is a significant temperature gradient when the melt is poured into the die.
This causes a rapid loss of heat from the melt, followed by the formation of a solidified shell
layer with some shrinkage, which causes a barrier to form between the die and the melt,
degrading the pertinent contact conditions and impairing the subsequent heat transfer [29].
Additionally, during LSC, substantial intergranular eutectic phase segregation is typically
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caused by the high casting temperature and quick solidification [30], as shown in the dark
positions in Figure 8a,c,e. As can be seen in Figure 8, the dendrite arms at positions B and
C of the LSC part are coarser and contain more intergranular eutectic phase segregation
than position A. This is because position A is closest to the sprue, and the cooling rate at C
is faster compared to position A, resulting in a much faster solidification rate than position
A. As a result, the casting’s filling direction causes an increase in the segregation of the
intergranular eutectic phase.

Conventional squeeze casting Rheo-squeeze casting

Coagse dendfites
Secondary os-Al
o

Eutectiesphasesegregation
N

& >Spherical ay-Al
Sccondaty o5-Al

Figure 8. Microstructure of 7075 aluminum alloy samples prepared by LSC and Rheo-SC: (a,c,e) LSC;
(b,d,f) Rheo-SC.

The Rheo-SC sample’s microstructure is made up of subspherical primary o;-Al and
fine secondary «;-Al generated by secondary solidification, according to Figure 8b,d f.
Two solidification processes, the primary solidification in the ECSC and the secondary
solidification of the slurry during the filling of the die, resulted in the microstructure
of the Rheo-SC sample. The semi-solid slurry created by the ECSC is injected into the
barrel, where it fits tightly against the die wall under the pressure of filling, providing a
significant subcooling for the nucleation of the remaining liquid phase due to the essential
temperature gradient between the die and the slurry. The die wall provides a substrate
for its inhomogeneous nucleation so that a significant amount of nucleation will occur.
The residual liquid phase in the slurry eventually converges at location C as the injection
pressure pushes it in the filling direction, generating a fine secondary solidification sub-
equiaxial grain microstructure with a specific ratio [31]. A semi-solid slurry with a specific
fraction solid (fs = 0.3) is used in Rheo-SC. The solid phase of the slurry in the die slows
down the cooling, increasing the die’s tendency toward equilibrium solidification, lowering
the degree of intergranular eutectic phase segregation, and increasing the homogeneity of
the distribution, all of which improve the performance [32].

Figure 9 displays the microstructure and related grain size distribution of the LSC
and Rheo-SC samples measured by EBSD. Red corresponds to the <001> direction, blue
corresponds to the <111> direction, and green corresponds to the <101> direction, with
the <X0> direction being parallel to the casting filling direction. The various colors in the
picture reflect distinct crystal orientations [33]. Figure 9a,b make it abundantly evident that
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the distribution of blue and green is wider than that of red, indicating that the <111> and
<101> directions are the principal crystal directions of the casting in the filling direction [34].
In the LSC samples, about 1.82% of the grain size is over 200 um, and 10.21% is over 100 um.
In contrast, only 0.86% of grains with a size greater than 100 pum and 85% of grains with a
size less than 50 pm were found in the Rheo-SC samples. In conclusion, compared with the
LSC, the size and morphology of the microstructure of the Rheo-SC samples are refined
and improved significantly, indicating that the Rheo-SC process can obtain 7075 aluminum
alloy castings with a uniform and fine microstructure.

35 35

© (CY)

[ ) w
wn =
%} w
2 =]

Frequency (%)
1]
(=
1]
=

w

Frequency (%)
7

S
S

L
w

00 20 40 60 80 100 120 140 160 180 200 220 240 260 280 00 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Grain diameter (um) Grain diameter (um)

Figure 9. EBSD map and relevant grain size distribution: (a) LSC sample; (b) Rheo-SC sample; (c) Rel-
ative frequency distribution of grain diameter in LSC samples; (d) Relative frequency distribution of
grain diameter in Rheo-SC samples.

Figure 10 shows the EDS of the intergranular second phase of the Rheo-SC samples.
The second phase in the 7075 aluminum alloy is mainly composed of Mg(Al, Cu, Zn),,
Al,Cu, Al,CuMg phase, etc. The microstructure of the Rheo-SC sample has a high per-
centage of Al atoms in the rod-shaped intergranular second phase (as shown at point 1 in
Figure 10) and a low percentage of Zn and Mg atoms, with a possible phase composition of
MgZn;. At point 2, the Cu atomic percentage is higher, and the possible phase composition
is Al,Cu. The intergranular bright white second phase (position 3) has a high Al to Cu
atomic proportion, and the possible phase composition is the Al,Cu phase and Al,CuMg
phase. It is clear to see that during the Rheo-SC process of the 7075 aluminum alloy, Cu
elements are prone to intergranular segregation [4,35]. The XRD patterns of the 7075 alu-
minum alloy samples prepared by LSC and Rheo-SC are shown in Figure 11. It is clear that
the samples obtained by LSC or Rheo-SC, which are both composed of the «-Al, MgZny,
and Al,Cu phases, have the same phase composition. Lower concentrations are indicated
by the MgZn; and Al,Cu phases’ smaller diffraction peaks.
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Figure 10. EDS analysis of Rheo-SC sample: (a) Sampling points for EDS analyses; (b) point 1;
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Figure 11. XRD patterns of Rheo-SC and LSC samples.

3.3.2. Mechanical Properties and Fracture Morphology

Figure 12 displays the stress—strain curves and tensile properties of the castings made
of the 7075 aluminum alloy using various forming techniques. The Rheo-SC samples had
ultimate tensile strengths, yield strengths, and elongations that were, respectively, 10%,
10.5%, and 44.4% greater than those of the LSC samples at 238 MPa, 151 MPa, and 5.2%. In
the LSC procedure, the high-temperature liquid alloy is injected from the barrel through the
sprue into the die cavity. The flow rate of the alloy liquid increases, and air is easily trapped
when it passes through the thin wall of the die cavity (positions A and B in Figure 1),
causing defects, like pores, to appear in the final solidification microstructure. In addition,
the high solidification shrinkage of the liquid alloy can also form shrinkage holes as well
as shrinkage loosening in the casting. These defects can easily become the source of crack
sprouting during the subsequent tensile experiments, making the specimens fail rapidly



Crystals 2023, 13, 1102

12 0f 15

Stress (MPa)

under the tensile stress, and the sample tensile properties perform poorly, especially in
terms of elongation. Alternatively, the castings prepared by the LSC process have a coarse
dendritic structure, and the coarse dendrites tend to induce stress concentrations, which
also affect the tensile properties of the castings.
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Figure 12. (a) Stress—strain curves; (b) Mechanical properties of 7075 alloys in different forming
techniques.

In the Rheo-SC process, using a semi-solid slurry with a certain fraction solid (fs = 0.3)
allows the slurry to flow similarly to laminar flow during the forming process, even in the
thin walls of the die. In addition, the semi-solid slurry has less solidification shrinkage,
which largely avoids defects, such as porosity and shrinkage, making the castings denser
and tighter and improving the tensile properties of the Rheo-SC samples [32]. In addition,
the grain refinement of the Rheo-SC samples also contributes to improving their properties.
According to the Hall-Petch formula [36]:

where 0 is a constant that represents friction stress, which is approximately 20 Mpa; k is
the Hall-Petch coefficient of the Al alloy, which is approximately 40 MPa-um'/2; and d
is the average grain size. According to the calculation above, the average grain diameter
of 34.9 pm from numerous metallographic images of Rheo-SC samples taken at various
locations equals a contribution value of grain refinement to yield strength of 26.8 MPa. It is
clear that reducing the grain size enhances the yield strength. Additionally, the primary
o1-Al phase is thinned, increasing the number of grain boundaries. This improves the
resistance to dislocation movement during the deformation process, creating a strong
strengthening impact on the grain boundaries [37,38].

Figure 13 depicts the fracture morphology of the LSC and Rheo-SC samples. On the
fracture surface of the LSC samples, casting flaws, including cracks and shrinkage holes, are
easily visible. These defects will be the source of crack initiation and accelerate the fracture
of samples in the tensile test [39]. As illustrated in Figure 13a,c, the tear ridge and cleavage
plane were also visible, but there were no dimples. This suggests that the specimen had
a brittle fracture, as indicated by the low 3.6% tensile elongation at ambient temperature.
Figure 13b,d depict the fracture morphology of the Rheo-SC samples. It is possible to see
several tear ridges and dimples, which are signs of ductile fracture. Further evidence that
the fracture type of the Rheo-SC samples was mixed came in the form of a few microcracks
and foliating surfaces. This explains why it is impossible to further enhance the tensile
properties of the Rheo-SC samples.
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Figure 13. Fracture morphologies: (a,c) LSC sample; (b,d) Rheo-SC sample.

4. Conclusions

In this study, a semi-solid slurry of the 7075 aluminum alloy was prepared using an
ECSC technique, and it was subjected to rheological squeeze casting. The microstructure
characteristics and mechanical properties of the semi-solid 7075 aluminum alloy were
studied. The following are some crucial conclusions that can be drawn:

(1) A pouring temperature of 670 °C and a rate of cooling water of 200 L/h are the ideal
preparation conditions for the semi-solid slurry of the 7075 aluminum alloy, at which
point the primary «-Al’s average grain diameter is 35 um, and its shape factor is 0.67.

(2) Rheo-SC improves the microstructure and the homogeneity of the elemental distri-
bution of 7075 aluminum alloys. EBSD analysis showed that the Rheo-SC samples
had a much finer microstructure than the LSC samples. The XRD and EDS analyses
indicated that the LSC and Rheo-SC samples consisted mainly of two phases: o-Al
and MgZnj,.

(3) The Rheo-SC samples had ultimate tensile strengths, yield strengths, and elongations
that were, respectively, 10%, 10.5%, and 44% higher than those of the liquid squeeze
cast. These values were 238 MPa, 151 MPa, and 5.2%. Reduced casting flaws and the
combined effects of fine grain strengthening and enhanced segregation were primarily
responsible for the performance increase.
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