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Abstract: Aluminium alloys are becoming increasingly popular due to the demands for high-
performance lightweight components, and semi-solid metal processing (SSM) is a technique for
forming near-net-shape and complex components with far fewer defects associated with turbulent
filling. The deformation mechanisms of semi-solid 7075 aluminium alloy were studied through
the direct partial re-melting method using as-extruded billets. It is found that inter-granular and
intra-granular deformation occur simultaneously during compression under the semi-solid condition;
the deformation of solid primary α-Al grains can compensate for the shrinkage of inter-granular
liquid and increase the integrity of shaped parts. The intra-granular deformation at the final stage of
SSM can change the morphology of spherical solid grains and induces sub-grain boundaries.

Keywords: aluminium alloys; microstructure; mechanical properties; semi-solid processing;
deformation

1. Introduction

Semi-solid metal (SSM) processing is a relatively new technique to process alloys
at a temperature between the liquidus and solidus, at which the alloys exhibit unique
pseudoplastic and thixotropic properties during deformation [1,2]. Owing to the existence
of solid phase in the slurry/billets, SSM greatly decreases the solidification shrinkage
during shaping and thus is capable of controlling the solidification microstructure for
excellent mechanical performance in products [3–5]. However, the shrinkage behaviour
in the late-stage solidification can also cause undesirable inter-granular defects and thus
downgrades the mechanical properties [6–8].

Generally, the thermomechanical behaviour of alloys in the semi-solid state greatly
depends on its mechanical properties of microstructural parameters, including the size and
shape of the constituent phases [7], and it is known that the thixotropy originates from
the competition between the agglomeration of solid particles and the deagglomeration
during shear [8]. Owing to the rearrangement or deformation of solid grains under forces,
liquid in the semi-solid alloy may be expelled to cause segregation [7,9]. Dilatancy happens
simultaneously with the expanding interstices between grains during deformation [10].

The microstructural formation in engineering components is closely associated with
the initial microstructure and deformation mechanism of semi-solid alloys [11–15]. As a
mixture of non-dendritic solid and liquid phase, the microstructural evolution of semi-
solid alloys during forming is mainly considered to be transient behaviour under pres-
sure [16–18]. For example, the friction and collision among solid grains can further refine
and spheroidise the primary α-Al grains [19]; solid grains are subjected to plastic deforma-
tion to some extent [20]. The secondary solidification under pressure in the mushy region
also refines the microstructure and even improves feedability [13,21–23]. Despite huge
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progress having been made to enhance the integrity of engineering components, the physi-
cal mechanism, especially the synergy of intra-granular and inter-granular features during
semi-solid deformation, is still not fully understood. Further examination is essential to
enhance the microstructural control ability in SSM.

Therefore, the present study aims to explore the deformation micro-mechanism of
semi-solid alloy during the final solidification stage of deformation. Semi-solid compression
of 7075 aluminium alloy was conducted using the direct partial re-melting method (DPRM).
The microstructure and mechanical properties in the shaped samples were studied at
different scales. The discussion focuses on the deformation mechanism and the relationship
between the microstructural characteristics and the deformation behaviours.

2. Experimental Procedure

As-extruded 7075-T6 aluminium alloys were supplied in 75 mm round bars as starting
materials for the present investigation. The chemical compositions of the alloy are listed in
Table 1.

Table 1. Chemical compositions of the experimental 7075 aluminium alloy obtained by OES (wt.%).

Zn Mg Cu Cr Si Fe Mn Ti Al

5.6 2.5 1.6 0.23 0.4 0.5 0.3 0.2 Bal.

Differential scanning calorimetry (DSC) was used to measure the thermal properties
between solidus and liquidus using a NETZSCH DSC 404 F3 instrument. The test was
performed under an atmosphere of pure argon at a flow rate of 10 mL/min with the heating
rate of 5 ◦C/min. Liquidus and solidus temperatures as well as the variation in liquid
fraction with temperature were determined using DSC results.

The cup-shaped parts for the compression test are illustrated in Figure 1. The hydraulic
press used for compression has a maximum load capability of 20 kN with an average ram
speed of 28 mm/s. During compression, the extruded bars were firstly cut into billets with
52 mm in length and 75 mm in diameter. Then, the billets were heated to 620 and 630 ◦C in
an electric resistance furnace and the temperature was monitored by two thermocouples
in the centre and the edge of the billets. Once the billet’s semi-solid heating was finished,
it was transferred into a steel die cavity that was pre-heated to 300 ◦C for shaping, with a
ram speed of 28 mm/s for 40 s of holding time to produce the final parts.
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Figure 1. Schematic of the semi-solid process to fabricate the cup-shaped part and samples, unit
in mm.

Samples used for microstructural examination of semi-solid billets were obtained by
quenching the semi-solid billets in cold water after reheating to 620 ◦C and 630 ◦C for 10,
20 and 50 min. In order to examine the microstructural uniformity, the samples were sliced
from the edge to the centre of as-extruded and partial re-melted billets along the extrusion
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direction. The samples of cup-shaped parts were taken from the edge and the centre
of parts according to the method shown in Figure 1. These as-received and as-processed
samples were mounted and mechanically polished following a standard procedure. Keller’s
reagent was used as the etchant. Metallographic examination was completed using optical
microscopy (OM), scanning electron microscopy (SEM, ZEISS SUPRA 35) equipped with
energy-dispersive X-ray spectroscopy (EDS), and electron backscattered diffraction (EBSD).
The samples used for EBSD examination were electrochemically polished in a solution
of 10% HClO4 and 90% absolute ethanol at −20 ◦C at 20 V for 25 s to produce a strain-
free surface. The EBSD maps were obtained using a ZEISS SUPRA 35 scanning electron
microscope with an HKL OIM system operated with an accelerating voltage of 20 keV and
steps of 0.8 µm.

To investigate the tensile behaviour of shaped parts, samples with gauge section of
13 mm × 8 mm × 3 mm (L × W × H) were cut from the cup-shaped parts, and a series of
direct tensile tests was conducted using a Zwick Z100/SN3A universal testing machine.
Room temperature tension tests were performed at a strain rate of 1 × 10−3 s−1.

3. Results
3.1. Thermal Property and Microstructure of 7075 Aluminium Alloy via Partial Re-Melting

Figure 2 shows the DSC result of as-extruded sample from room temperature to
700 ◦C. Two endothermic peaks were detected at the temperatures of 538 ◦C and 620 ◦C,
respectively. The semi-solid temperature interval for the as-extruded 7075 Al alloy was
determined to be 526–645 ◦C. Through integration of the DSC curve, the variance of liquid
fraction with temperatures was calculated based on enthalpy measurement using the Scheil
assumption. The liquid fractions of 0.50 and 0.70 of the semi-solid alloys corresponded to
619 and 630 ◦C between solidus and liquidus temperatures, respectively.
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Figure 2. (a) DSC curve and (b) calculated curve of liquid fraction versus temperatures using the
Scheil assumption for the 7075 aluminium alloy sample from 400 ◦C to 700 ◦C.

Microstructures of the as-extruded 7075 Al bars along the extrusion direction (ED)
are shown in Figure 3, and EDS results (at.%) of secondary phases in the as-extruded 7075
aluminium alloy marked in Figure 3 are listed in Table 2. The microstructure of the alloy
consisted of deformed and elongated α-Al grains with coarse intermetallic particles aligned
in the ED. It should be noted that a wider range of elongated α-Al microstructures and
coarser intermetallic particles could be found in the centre of as-extruded rods comparing
with those at the edge of the rod. The 7075 alloy usually included fine strengthening
precipitates, dispersoid particles and constituent particles based on the study by Chay-
ong [24] and B. Binesh [25]. Based on the EDS results shown in Table 2, the light white
phase marked as points 1 and 4 could be Al3MgZn2 and the black particles marked as
points 2 and 5 could be Al5FeSi or Al8Fe2Si due to some fraction of Fe and Si in them. The
light grey phase marked as points 3 and 6 could be Al7Cu2Fe. In addition, Zn, Cu and
Mg in 7075 alloy could form precipitates including Al2CuMg and MgZn2, which could
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only be observed by transmission electron microscope (TEM) technique due to their few
dimensions in nanometres.
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Figure 3. The SEM backscattered electron images of the as-received 7075 aluminium alloy in ED
plane for: (a,b) sample at the edge position of the as-extruded rod; (c,d) sample at the centre position
of as-extruded bars.

Table 2. EDS results (at.%) of secondary phases of as-extruded 7075 aluminium alloy marked in
Figure 3.

Al Zn Cu Mg Fe Si

Point 1 79.83 1.79 15.54 2.84 - -
Point 2 67.7 2.36 2.43 2.17 0.22 25.12
Point 3 83.44 3.05 8.43 2.43 2.65 -
Point 4 83.97 2.52 10.29 2.69 0.53 -
Point 5 67.43 1.6 0.73 2.06 0.02 28.16
Point 6 43.75 2.64 49.77 1.4 2.44 -

Figure 4 shows the microstructure of 7075 aluminium alloy in the semi-solid state after
isothermal holding at 620 ◦C and 630 ◦C for 50 min. The alloy through partial re-melting
formed non-dendritic solid α-Al grains and intra-granular liquid droplets, as well as both
secondary solidification grains and several porosities located in inter-granular regions.
Combining with the microstructure shown in Figure 3, the elongated α-Al grains in as-
extruded billets were transferred into non-dendritic solid grains in semi-solid feedstock,
which can be attributes to recrystallisation behaviour during reheating [26]. According
to the statistical results shown in Table 3, the average grain size of α-Al grains in the
semi-solid feedstock was controlled between 101 µm and 121 µm with optimal combination
of shape factor ranging from 0.58 to 0.70. These solid grains in semi-solid alloy were almost
near-equiaxed, which was necessary to obtain thixotropic properties. Meanwhile, the solid
grains of the sample at the edge of the feedstock had a slightly bigger and higher shape
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factor than those of the sample located in the centre comparatively, and the higher holding
temperature in the semi-solid state resulted in a bigger grain size and higher shape factor
value for α-Al grains in the semi-solid feedstock.

Crystals 2022, 12, x FOR PEER REVIEW 5 of 14 
 

 

as both secondary solidification grains and several porosities located in inter-granular re-

gions. Combining with the microstructure shown in Figure 3, the elongated α-Al grains 

in as-extruded billets were transferred into non-dendritic solid grains in semi-solid feed-

stock, which can be attributes to recrystallisation behaviour during reheating [26]. Accord-

ing to the statistical results shown in Table 3, the average grain size of α-Al grains in the 

semi-solid feedstock was controlled between 101 μm and 121 μm with optimal combina-

tion of shape factor ranging from 0.58 to 0.70. These solid grains in semi-solid alloy were 

almost near-equiaxed, which was necessary to obtain thixotropic properties. Meanwhile, 

the solid grains of the sample at the edge of the feedstock had a slightly bigger and higher 

shape factor than those of the sample located in the centre comparatively, and the higher 

holding temperature in the semi-solid state resulted in a bigger grain size and higher 

shape factor value for α-Al grains in the semi-solid feedstock. 

  

  

Figure 4. Semi-solid microstructure of 7075 aluminium alloy for 50 min at: (a) 620 °C located at the 

edge of billets; (b) 620 °C located in the centre of billets; (c) 630 °C located at the edge of billets; (d) 

630 °C located in the centre of billets. 

Table 3. Statistical results of microstructure of semi-solid 7075 aluminium alloys. 

 
Average Grain Sizes, μm Average Shape Factors of Solid Grains 

Edge Centre Edge Centre 

620 °C 106 ± 15 101 ± 13 0.66 ± 0.22 0.58 ± 0.34 

630 °C 121 ± 18 116 ± 9 0.70 ± 0.15 0.60 ± 0.21 

3.2. Microstructure and Tensile Properties of the Cup-Shaped Parts by SSM 

Figure 5 shows the microstructure of samples from the cup-shaped parts. The micro-

structure of the samples located in the centre of the cup-shaped parts manifests as irregu-

lar deformed α-Al grains with thin inter-granular regions in Figure 5b, d, differing from 

the near-equiaxed morphology of solid grains in semi-solid feedstock. Whereas the α-Al 

grains in samples located at the edge of the parts almost maintain near-equiaxed morphol-

ogy in Figure 5a, c. In addition, some refined grains that are much smaller than the initially 

Figure 4. Semi-solid microstructure of 7075 aluminium alloy for 50 min at: (a) 620 ◦C located at the
edge of billets; (b) 620 ◦C located in the centre of billets; (c) 630 ◦C located at the edge of billets;
(d) 630 ◦C located in the centre of billets.

Table 3. Statistical results of microstructure of semi-solid 7075 aluminium alloys.

Average Grain Sizes, µm Average Shape Factors of Solid Grains
Edge Centre Edge Centre

620 ◦C 106 ± 15 101 ± 13 0.66 ± 0.22 0.58 ± 0.34
630 ◦C 121 ± 18 116 ± 9 0.70 ± 0.15 0.60 ± 0.21

3.2. Microstructure and Tensile Properties of the Cup-Shaped Parts by SSM

Figure 5 shows the microstructure of samples from the cup-shaped parts. The mi-
crostructure of the samples located in the centre of the cup-shaped parts manifests as
irregular deformed α-Al grains with thin inter-granular regions in Figure 5b,d, differing
from the near-equiaxed morphology of solid grains in semi-solid feedstock. Whereas the
α-Al grains in samples located at the edge of the parts almost maintain near-equiaxed
morphology in Figure 5a,c. In addition, some refined grains that are much smaller than the
initially solid grains in semi-solid feedstock can be observed in Figure 5d. It is worth noting
that the inter-granular structure includes refined solidification microstructure and some
porosities. The sample located at the edge of the cup-shaped part has more inter-granular
refined grains than the sample located in the centre, and these refined grains were mainly
formed during secondary solidification of residual liquid in semi-solid alloys. The distribu-
tion difference of secondary solidification microstructure suggests the transfer of residual
liquid in semi-solid feedstock during SSM, leading to the microstructural segregation.
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Figure 5. Metallographic diagram of different positions of the deformed part prepared at different
deforming temperatures: (a) located at the edge and holding at 620 ◦C; (b) located at the centre and
holding at 620 ◦C; (c) located at the edge and holding at 630 ◦C; (d) located at the centre and holding
at 630 ◦C.

Figure 6 shows enlarged SEM images of the inter-granular regions in samples of cup-
shaped parts produced at 620 ◦C. For the sample located at the edge of the cup-shaped part,
coupled laminar eutectic phases solidify on α-Al grains, which is a common phenomenon
in the case of hypoeutectic Al-Zn alloys [5]. Porosity is located in the centre of the inter-
granular regions with a rough surface morphology, exhibiting secondary solidification fine
grains on this surface. In contrast, the sample located in the centre of the cup-shaped part
has little eutectic structure, with deformed porosities in the inter-granular regions, leading
to thin inter-granular layers.
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compressed at 620 ◦C: (a) sample located at the edge of the part; (b) sample located at the edge of
the part.

The mechanical properties of tensile samples produced by semi-solid compression are
listed in Table 4, in which 0.2% proof stresses were determined from load-elongation curves.
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Both samples produced at 620 ◦C and 630 ◦C exhibit elongation of over 9% and tensile
strength of over 250 MPa. Compared with the part produced at 620 ◦C, the part produced
at 630 ◦C has higher tensile strength and larger elongation. Furthermore, the mechanical
properties of the cup-shaped parts via SSM may be enhanced by heat treatments, and a
study reported that the average tensile strength of a part through both thixo-extrusion
and heat treatment can reach 485.49 MPa, and the average elongation to failure can be
5.49% [22].

Table 4. Tensile strength, elongation and 0.2% proof stress of tensile samples in the cup-shaped part
via semi-solid compression.

0.2% Proof Stress, MPa Tensile Strength, MPa Elongation, %

620 ◦C 172 ± 7 268 ± 12 9 ± 2
630 ◦C 199 ± 6 307 ± 11 11 ± 1

According to the fracture morphology shown in Figure 7, both samples are charac-
terised as mixed fractures with ductile and brittle qualities. There are obvious cleavage
facets marked with an arrow and small ductile dimples marked with a circle on the tensile
fracture, and a crack appears and expands along initial grain boundaries due to local stress
concentrations at grain boundaries under applied stress. Comparatively, more fine ductile
dimples can be observed on the fracture of sample produced at 630 ◦C. An inter-granular
crack can also be observed on fracture surfaces in both samples, which can be associated
with inter-granular porosities and a brittle eutectic microstructure.
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Figure 7. SEM micrographs of the tensile fracture for 7075 aluminium alloy produced by semi-solid
compression at: (a,b) 620 ◦C; (c,d) 630 ◦C.

In order to identify the microstructure of deformed samples, EBSD results shown
in Figure 8 manifest the deformed grains with zigzag grain boundaries marked as a
black line and the amount of sub-grain boundaries in initial semi-solid grains marked
as a white line, in which the unidentified structure is mainly regarded as inter-granular
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defects. Obviously, some fine grains and a certain amount of sub-grains occur in the
deformed samples, and these sub-grains between low grain boundaries maintain a similar
crystallisation orientation, suggesting the origination of sub-grains from previous solid
grains in semi-solid feedstock via plastic deformation. Compared with the microstructure
of samples produced at 620 ◦C, samples produced at 630 ◦C have more low angle grain
boundaries and high angle grain boundaries, which separate previous larger grains and
reduce the overall area of grain boundaries.
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Figure 8. EBSD micrographs and misorientation angle distribution for 7075 aluminium alloy samples
produced at: (a,b) 620 ◦C; (c,d) 630 ◦C; and (e) stereographic triangle of IPF colour map.

Correlated misorientations display the angle distribution of the grain boundaries, and
the theoretical curve represents what one would expect from a random set of orientations.
The sample produced at 620 ◦C causes much more fraction of low angle grain boundaries
than that in the sample produced at 630 ◦C. In addition, the difference between uncorrelated
misorientation and the theoretical curve arises due to the strong texture and a large specific
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fraction of low-angle boundaries present in the sample produced at 620 ◦C. The ductility in
samples is considerably promoted due to refined grains identified as sub-grain boundaries.

4. Discussion
4.1. Microstructural Evolution during Semi-Solid Compression

The semi-solid alloys used for SSM are a mixture of non-dendritic solid particles
and liquid metal surrounding these solid particles, which can be prepared by partial re-
melting or partial solidification to the semi-solid state. In this investigation, the direct
partial re-melting method was used to prepare semi-solid feedstock using as-extruded rods
as initial material. The microstructure of as-extruded billets consists of elongated α-Al
grain structure with a band distribution of coarse intermetallic particles along the ED, and
near-equiaxed grains can be obtained at last via partial re-melting to the semi-solid state
(Figures 3 and 4). In the process of partial re-melting, it has been proven that the deformed
microstructure in initial solid billets changes into equiaxed grains in the semi-solid state by
recrystallisation, coarsening, spheroidisation and growth [1,27].

The microstructure of semi-solid feedstock depends on the recrystallisation behaviour
of pre-deformation billets to some extent [14]. In order to refine the grains in semi-solid
alloys, severe plastic deformation technology is usually used in pre-deformation billets
to promote recrystallisation in partial re-melting [28–30]. However, the microstructure
of large-diameter billets has a somewhat non-uniform distribution [31]; the deformation
microstructure in the centre of the as-extruded bars exhibits a wider fibrous structure and
coarser intermetallic particles in comparison with those of samples located at the edge of
the bars in this investigation. However, the microstructure of the feedstock in the semi-solid
state shown in Figure 5 has a relatively uniform distribution, with near-equiaxed grains
in semi-solid feedstock via a relative retention time at semi-solid temperatures at last.
Our previous study pointed out that optimal pre-deformation processing is suitable for
achievement of solid grains with an excellent combination of grain size and shape factor
for semi-solid feedstock [14].

Uniform microstructural components promote more uniform deformation and ulti-
mately delay failure. Generally, induction heating is used in semi-solid metal processing in
industry [32], which can reduce the temperature gradient in the billet and obtain a globular
microstructure with uniform distribution. This investigation adopted electrical resistance
heating to partially re-melt billets; there was a relative high temperature gradient in the
billet. In order to examine the microstructural evolution of the non-uniform microstructure
in pre-deformation billets during the partial re-melting process, a partial re-melting experi-
ment was conducted at 630 ◦C, as shown in Figure 9. The recrystallisation grains occur on
the boundaries of elongated α-Al grain concentrated with coarser intermetallic particles;
fine grains can be found at these boundaries for samples holding for 10 min according to
Figure 9a,b,d. For the sample located at the edge of the feedstock, the non-dendritic mi-
crostructure comes into being entirely at 620 ◦C (Figure 9c). Because of the wide elongated
structure for the samples in the centre of the billet, only a portion of the recrystallisation
grains transform into equiaxed grains and grow greatly, obtaining a mixture of equiaxed
grains and coarsening grains with a banded structure as shown in Figure 9d. These banded
structures are eventually separated into non-dendritic morphology by recrystallisation
through the melt penetration to grain boundaries in the semi-solid state.
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Figure 9. Microstructure of 7075 aluminium alloy after partial re-melting at 630 ◦C for different
holding times: (a) 10 min at the edge; (b) 10 min at the centre; (c) 20 min at the edge; (d) 20 min at
the centre.

It is clear from Figure 9 that the solid grains of the alloy from the sample located at the
centre of the semi-solid feedstock are much larger than those from the sample located at
the edge of the semi-solid feedstock when they are held at 630 ◦C for 20 min. However, the
solid grains of the sample at the edge of the prepared semi-solid feedstock have a bigger
size than those at the centre in Figure 6. This suggests that the solid grains grow much faster
when located at the edge of the semi-solid feedstock during the whole holding period.

It has been known that the growth and coarsening of the solid grains in the semi-
solid alloy are under the control of coalescence and Ostwald ripening. Ostwald ripening
is the dominant mechanism at high liquid volume fractions and it is in favour of the
spheroidisation of solid grains [14], while the coalescence mechanism is more effective
in grain growth, but has a minor effect on the spheroidisation process [33,34]. The liquid
fraction of the alloy in the semi-solid state was determined to be about 0.5 and 0.7 at 620
and 630 ◦C, correspondingly, so it can be deduced that the growth of solid grains is mainly
attributed to the Ostwald ripening, which accompanies the spheroidisation of solid grains
in the semi-solid alloy.

From the microstructural evolution of the sample located in the centre of the semi-
solid feedstock during the isothermal treatment, the large initial grain size of non-dendritic
grains results in a slow growth rate. On the other hand, the morphology of the remaining
banded structure with large size changes into near-equiaxed grains finally, suggesting the
separation of large grains into small grains during this partial re-melting. It is proposed
that the residual melt in the semi-solid alloy penetrates into the solid grain boundaries,
accompanying a certain amount of energy consumption. In contrast, the non-dendritic
grains of the sample located at the edge of the semi-solid feedstock consume energy by
diffusion of the solid material from regions with high curvature to low curvature points,
promoting the spheroidisation of solid grains [35]. Therefore, the shape factor of solid
grains in the sample located at the edge of the semi-solid feedstock is higher than that of
solid grains in the sample located at the centre, as shown in Table 3. Although the large
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strain difference between the edge and the centre of the billets causes varying deformed
microstructures, a reasonable re-melting process is also effective for the achievement of a
uniform non-dendritic microstructure in the semi-solid feedstock.

4.2. Deformation Mechanism

Figures 5 and 8 manifest the microstructural characteristics including the solid grains
and grain boundary structures after the deformation of solid grains in semi-solid alloys. The
sub-grains in the samples produced at 630 ◦C have very uniform distribution of structural
and compositional features. It was proposed that the solid grains in semi-solid alloys can
plastically deform by pile-up and the accumulation of dislocation; at the same time, the
plastic processing can also feed the shrinkage at the last stage of the SSM.

On the other hand, the microstructure in inter-granular regions is accompanied by
solidification defects. Since 7075 aluminium alloy has a long solidification range and limited
eutectic content, traditional casting methods usually result in porosity and solidification
cracking [5]. It is known that porosity formation is associated with the lack of liquid feeding
in the mushy zone, and the solidification cracking often happens due to a lack of liquid
feeding at a high fraction of solids and when tensile or shear deformation is transmitted
through the partially coherent mushy zone. Obviously, sufficient liquid feeding near the
end of solidification is vital to avoid these solidification defects [36], and grain refinement
has long been used to improve hot-tearing resistance during direct chill billet casting.

In the final stage of semi-solid compression, the solidification should be controlled
precisely to adjust the inter-granular liquid feeding, which usually leads to inter-granular
defects such as porosity and cracks due to the mass transfer of residual liquid in the semi-
solid alloy [4]. Semi-solid metal forming can be divided into the die filling process and
pressure intensification of semi-solid alloys [37]. The intensification stage during SSM
aims to transport further material into the die cavity to compensate for the subsequent
solidification shrinkage and dilatant shear bands. It has been believed that the pressure drop
in the semi-solid state is associated with solidification shrinkage and shearing dilatancy [38].
Compared with traditional casting processing, the preparation of semi-solid feedstock
promotes the formation of globular grains, and equiaxed or non-dendritic morphology of
solid grains in semi-solid alloy can decrease the pressure drop in solidification channels
significantly [11], subsequently enhancing the feedability in the last stage of solidification.

The semi-solid feedstock has a relatively uniform microstructure, but the microstruc-
ture in the cup-shaped parts varies greatly during semi-solid compression. For the cup-
shaped part produced using semi-solid feedstock via being partially re-melted at 620 ◦C,
the liquid is prone to being transferred from the centre to the edge of the cup-shaped
parts, and the amount of eutectic phase located in the centre region decreases with narrow
inter-granular regions, as shown in Figures 5 and 9. The phenomenon can be attributed to
the decreased liquid fraction. On the one hand, the semi-solid compression was conducted
in non-isothermal conditions; the solid fraction of the semi-solid alloy increases with the
decrease in the temperature of the semi-solid feedstock. On the other hand, the solid frac-
tion of the semi-solid feedstock at 620 ◦C is roughly at a fraction of 50%, which corresponds
to the critical solid fraction for the occurrence of liquid segregation. As a result, the residual
liquid in the semi-solid feedstock is prone to transferring a long distance from the centre to
the edge of the parts under compression [4], resulting in a decrease of inter-granular liquid
for the sample located in the centre of the feedstock, and thus inter-granular porosities in
the shaped parts are easily formed. In contrast, the initially equiaxed grains change into
elongation deformed grains and cause sub-grain boundaries, and less liquid segregation
occurs in the parts produced at 630 ◦C. In fact, the porosity in the sample located at the
edge of the part is much larger than that in the sample located at the centre of the part
based on the results in Figure 6.

Besides the variance of amount in eutectic microstructures in different locations,
redistribution of residual liquid phase to compensate for the deformation can be hindered
by the liquid channels and dense packing of the grain structure [16]. From Figure 10, the
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amount of inter-granular microstructure of the tensile sample from the part produced at
630 ◦C is much more than that at 620 ◦C, and the distribution of the inter-granular phase
is more uniform for the sample produced at 630 ◦C. This phenomenon may be associated
with little liquid segregation happening in parts produced by semi-solid compression at
630 ◦C, and enough liquid phase ensures that there is little pressure drop in solidification
channels and guarantees the penetration of liquid into grain boundaries, resulting in a high
integrity microstructure. What is more, the occurrence of a great number of sub-grain or
grain boundaries can be caused by the penetration of liquid into grain boundaries.
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Therefore, it is believed that both refined solid grains and residual liquid phase hinder
the liquid segregation in semi-solid deformation, which reduces the pressure drop in the
solidification channel and thus feeds the inter-granular solidification. In addition, the
plastic deformation of initial solid grains induces many sub-grain boundaries, which can
not only hamper the liquid segregation but also refine the initial grains. Subsequently, there
is less inter-granular porosity in the microstructure. The experimental evidence includes
the finding that the tensile sample produced at 630 ◦C has higher tensile strength and
elongation. Similar experimental evidence also verifies that the 7075 alloy can achieve
high integrity structure and high mechanical properties through thixo-extrusion under
optimised processing conditions and mould geometry [22].

5. Conclusions

Inter-granular flow and intra-granular deformation occur simultaneously during
semi-solid compression. Solid grain deformation can accommodate the feedability for
the inter-granular liquid at the last stage of solidification by decreasing the pressure drop,
which can improve the integrity of shaped parts.

Intra-granular deformation changes the morphology of initial solid grains in the semi-
solid state and induces sub-grain boundaries in the initially formed grains, which can be
attributed to the pileup of dislocations. The formation of sub-grains decreases the size of
inter-granular regions and provides grain refinement.

The increase of sub-grain boundaries also improves the structural and compositional
uniformity, which results in an improvement in elongation of shaped parts, which is
featured by a mixture of ductile dimples and cleavage facets on the fractured surface.
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