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Abstract: The rheo-diecasting mold filling capacity and the microstructure of the semi-solid A380 aluminum alloy slurry were investigated. 
The results show that the mold filling capacity was strengthened with increasing pouring temperature or increasing injection pressure. Under 
certain process parameters, the mold cavity was fully filled. However, the mold filling capacity decreased with increasing holding time. The 
mold filling capacity was improved with increasing shape factor of primary α(Al) grains; however, the solid fraction and the grain size sig-
nificantly increased at the same time. In addition, the microstructures along the route of the spiral samples obviously differed. The grain size 
decreased gradually from the near-end to the far-end, whereas the shape factor increased gradually. 
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1. Introduction 

During the process of rheo-diecasting mold filling, the 
semi-solid slurry exhibits thixotropic, pseudo-plastic, and 
shear-thinning characteristics [1]. In addition, its flow pat-
tern and mold filling capacity strongly influence the surface 
qualities and mechanical properties of the products. Mold 
filling is actually influenced by many process parameters, 
and these process parameters are mutually restricted and in-
teracted [2]. The issue of how to obtain reasonable process 
parameters for the rheo-diecasting process has been studied 
by many researchers.  

Although in situ X-ray visualization [3–6] and transpa-
rent glass slide die films [7–8] have been used by many re-
searchers, alloy experiment and numerical simulation are the 
two most popular investigative approaches. Bai et al. [9] 
and Gao et al. [10], through alloy experiments, deduced that 
a greater punch velocity or injection pressure can impart the 
semi-solid slurry with better mold filling capacity; they 
subsequently found through numerical simulation that 

increasing the size of the inner gate facilitates mold fill-
ing [11]. Haga and Fuse [12] adopted different molds and 
obtained similar results. Using the orthogonal experiment 
range method, Zhong et al. [13] deduced the rank of the 
process parameters affecting the mold filling capacity. A 
step mold has been developed by the Aluminum Associa-
tion [14]; this mold can reduce the influence of the process 
parameters on mold filling [15] and reduce their effects 
during the process of rheo-diecasting mold filling in the ab-
sence of turbulent flow [16]. The short-shot process, in con-
junction with the formula LN = Lf / W (LN is the length of the 
normalized flow interface, Lf is length of the flow front in-
terface, and W is the width of the flow channel), has been 
used by Janudom et al. [17] to investigate the flow pattern 
of the semi-solid slurry.  

In addition to alloy experiments, numerical simulation is 
another important method to investigate parameters for the 
rheo-diecasting process. In numerical simulations, the 
semi-solid slurry is usually assumed to have constant tem-
perature, pressure, or viscosity. In fact, these parameters 
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vary because of heat transfer and the solidification phase 
transformation, making the simulated results inaccurate [18]. 
Fortunately, researchers have recognized these problems. 
Recent numerical simulations have been based on the rheo-
logical theory and on the apparent viscosity data recorded in 
previous experiments [11,19–20]. Nevertheless, semi-solid 
slurries are still assumed to be incompressible single-phase 
alloy melts. Although Modigell et al. [21] has predicted sol-
id–liquid segregation through two-phase numerical simula-
tions, they used two relatively independent liquid and solid 
mathematical models. Thus, numerical simulation methods 
require further improvement. 

The aforementioned studies have been mainly devoted to 
the mold filling capacity and the flow pattern of the 
semi-solid slurry, whereas the analysis of the microstructure 
of the mold filling samples is usually omitted. In this study, 
the influence of different process parameters on the mold 
filling capacity, the microstructures of spiral samples under 
different process parameters, and the variation of the micro-
structure along the route of the rheo-diecasting mold filling 
were investigated. 

2. Experimental procedure 

Commercial A380 aluminum alloy with the chemical 
composition (wt%) of Si 7.83, Cu 3.2, Fe ≤ 0.21, Zn ≤ 0.01, 
Mg ≤ 0.02, Mn ≤ 0.46, Pb ≤ 0.01, and Sn ≤ 0.01 (balance Al) 
was used. The liquidus and the solidus temperatures of the 
alloy melt were 525 and 596°C, respectively, as tested using 
a differential scanning calorimetry (DSC) method.  

The A380 aluminum alloy was melted in the resistance 
furnace with a graphite clay crucible. The alloy melt was 
cooled to a fixed pouring temperature and poured into the 
serpentine channel; after the alloy melt flew through the 
serpentine channel, it became a semi-solid slurry and was 
subsequently collected and transferred into the shot sleeve 
of a horizontal die-casting machine using a preheated pre-
servation scoop. A schematic of the serpentine channel 

preparation process and the rheo-diecasting mold filling 
process are shown in Fig. 1. A spiral mold was used, and 
the scales were designed in the mold cavity (unit scale was 
50 mm), as shown in Fig. 2. During the rheo-diecasting 
mold filling, the mold and shot sleeve were preheated to 200 
and 350°C, respectively, and the punch velocity was 0.3 m/s; 
under this punch velocity, the semi-solid slurry was pushed 
into the inner gate of the mold, and the filling velocity in the 
mold cavity was 11.8 m/s. The process parameters of the 
rheo-diecasting mold filling are shown in Table 1. 

 

Fig. 1.  Schematics of the semi-solid slurry preparation and 
rheo-diecasting processes. 1 — Graphite clay melting crucible; 
2 — Serpentine channel; 3 — Heat preservation scoop; 4 — 
Vacuum intake device; 5 — Horizontal die casting machine. 

The microstructures of spiral samples were observed us-
ing a Neuphoto21 optical microscope, and the Image-Pro 
Plus analysis software was used to calculate the average 
grain diameter and the shape factor of the primary α(Al) 
grains by applying Eqs. (1) and (2), respectively: 
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where D, Fs, A, N, and P are the average diameter, shape 
factor, area, number, and perimeter of the primary α(Al) 
grains, respectively, and Fs is a value close to 1, corres-
ponding to better globularity of the primary α(Al) grains. 
The distribution of elements in the spiral samples was ob-
served using a ZEISS SUPRA40 scanning electron micro-
scope. 

Table 1. Process parameters of rheo-diecasting mold filling 

Sample 
Process parameter 

Sample 
Process parameter 

T* / °C P# / MPa t& / s T* / °C P# / MPa t& / s 

A 610 70 0 F 650 35 0 

B 630 70 0 G 650 105 0 

C 650 70 0 H 670 70 30 

D 670 70 0 I 670 70 60 

E 650 15 0     

Note: T* — pouring temperature; P# — injection pressure; t& — holding time. 
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3. Results and discussion 

3.1. Mold filling capacity of the rheo-diecasting 

Figs. 2(a)–2(d) show four samples produced at pouring 
temperatures of 610, 630, 650, and 670°C, respectively; 
their corresponding lengths are approximately 695, 790, 
875, and 1030 mm, respectively. These results indicate that 
the length of the spiral sample increases with increasing 
pouring temperature. As shown in Fig. 3(a), when the 
pouring temperature is less than 650°C, the relationship 
between the length of the spiral samples and the pouring 
temperature is approximately linear. However, when the 
pouring temperature is increased to 670°C, the length of 
the spiral sample is increased sharply. This phenomenon 
may be related to the solid fraction and the apparent vis-
cosity of the semi-solid slurry. When the pouring tempera-
ture is decreased, increases in the solid fraction and the 
apparent viscosity of the semi-solid slurry are inevitable. 
However, during mold filling, the higher the solid fraction 
of the semi-solid slurry, the more primary α(Al) grains ga-
thering at the inner gate of the mold cavity, which reduces 
the size of the inner gate. Thus, the time of mold filling is 
prolonged and the heat loss of the semi-solid slurry is in-
creased, decreasing the flow capacity of the semi-solid 
slurry and the mold filling capacity of the semi-solid slurry. 
However, the semi-solid slurry with a higher solid fraction 
has a higher apparent viscosity, increasing the friction 
force between the mold cavity and the semi-solid slurry 
and eventually decreasing the mold filling capacity. Thus, 
the length of the spiral sample changes as the pouring 
temperature varies, and a stronger mold filling capacity 
corresponds to a higher pouring temperature, and vice 
versa.  

As shown in Figs. 2(e)–2(g), the spiral samples were 
produced under different injection pressures of 15, 35, 70, 
and 105 MPa, and their corresponding lengths are ap-
proximately 500, 685, 875, and 1205 mm, respectively. As 
shown in Fig. 3(b), the length of the spiral sample increas-
es with increasing injection pressure; when the injection 
pressure is increased from 70 to 105 MPa, the length of the 
spiral sample is increased sharply and the mold cavity is 
filled fully. Under the condition that the resistance of mold 
filling is constant, the effective mold filling power in-
creases and the punch velocity and the mold filling capac-
ity are also enhanced as the injection pressure is streng-
thened; thus, the time of mold filling is shortened and the 
heat loss of the semi-solid slurry is decreased. At the same 
time, because the semi-solid slurry exhibits pseudo-plastic 
behavior, its apparent viscosity decreases with increasing 

shear rate (τ = ηD, where τ, η, and D are the shear stress, 
apparent viscosity, and shear rate, respectively [22]). On 
the basis of the aforementioned considerations, the appar-
ent viscosity of the semi-solid slurry and the viscous fric-
tion between semi-solid slurry and the mold cavity can be 
reduced by increasing the injection pressure. We con-
cluded that the length of the spiral sample can be extended 
with an increase in injection pressure. However, when the 
injection pressure is too high, the spiral sample will be-
come several fragments because the semi-solid slurry is 
dispersed.  

The mold filling capacity of the semi-solid slurry is not 
only related to the solid fraction but also to the morphol-
ogy of primary α(Al) grains [2]. Thus, we held the 
semi-solid slurry for 0, 30, and 60 s to investigate the in-
fluence of the morphology of primary α(Al) grains on the 
rheo-diecasting mold filling capacity of the semi-solid 
slurry. Figs. 2(d), 2(h), and 2(i) show three spiral samples 
whose semi-solid slurry was held for 0, 30, and 60 s, re-
spectively, before rheo-diecasting mold filling. As shown 
in Fig. 3(c), the length of the spiral samples decreases 
with increasing holding time. When the holding time is 
prolonged from 0 to 30 s, the length of the spiral sample is 
sharply reduced from 1030 to 740 mm. When the holding 
time is further prolonged from 30 to 60 s, the length of the 
spiral sample is shortened from 740 to 655 mm, which is 
relatively slight. We concluded that the mold filling ca-
pacity of the semi-solid slurry decreases rapidly at the 
early stage of holding but changes are not obvious at the 
later stage of holding. We therefore inferred that the hold-
ing of the semi-solid slurry is not conducive to mold fill-
ing at the early stage of holding. However, the later stage 
of holding is different from the earlier stage; the mold 
filling capacity is weakened slightly. Obviously, the solid 
fraction, the average grain diameter, and the shape factor 
of the primary α(Al) grains will be increased, enlarged, 
and improved with increasing holding time, respectively. 
Without doubt, the first two parameters decrease the mold 
filling capacity and the last parameter enhances the mold 
filling capacity. During mold filling, the influence of the 
first two parameters on the mold filling capacity will be 
canceled out by the last parameter. At the early stage of 
holding, the first two parameters obviously increase, but 
the last parameter improves only slightly; thus, the mold 
filling capacity is weakened substantially. However, at the 
later stage of holding, the last parameter is sufficiently 
improved, whereas the first two parameters increase only 
slightly; thus, the mold filling capacity is weakened 
slightly.  
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Fig. 2.  Spiral samples under different
process parameters: (a) sample A; (b)
sample B; (c) sample C; (d) sample D;
(e) sample E; (f) sample F; (g) sample
G; (h) sample H; (i) sample I. 
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Fig. 3.  Curves of the lengths of samples vs. different process 
parameters. 

3.2. Microstructures of the spiral samples 

To further understand and explain the influence of dif-
ferent process parameters on the mold filling capacity, the 
microstructures at the middle of the spiral samples under 
different process parameters are observed.  

Figs. 4 (a)–4(d) show the microstructures of the spiral 
samples under different pouring temperatures of 610, 630, 
650, and 670°C, and their corresponding average grain di-
ameters are about 18, 20, 22, and 25 μm, respectively, and 
their shape factors are 0.84, 0.81, 0.79, and 0.78, respective-
ly. This rule agree with the results in reference [23]; that is, 
most microstructures of the semi-solid slurry can be retained 
under a certain injection pressure, the average grain diame-
ter is increased, and the shape factor is decreased with in-
creasing pouring temperature; however, compared with the 
results reported in reference [23], the average grain diame-
ters of the spiral samples are smaller and the shape factors 
are higher, which may be related to the rapid solidification 
and to frequent impact and friction among the primary α(Al) 
grains during mold filling. In addition, the solid fraction of 
primary α(Al) grains is decreased and the number of sec-
ondary α2(Al) grains is increased per unit area with increas-
ing pouring temperature, especially when the pouring tem-
perature is greater than 630°C, as shown in Figs. 4(c) and 
4(d). During mold filling, a higher pouring temperature re-
sults in a lower solid fraction of primary α(Al) grains in the 
semi-solid slurry; as a result, the mold filling resistance 
created by the primary α(Al) grains is lower. When the 
pouring temperature is too high, the viscosity of the 
semi-solid slurry will be approximately equal to that of the 
liquid melt; a higher pouring temperature results in a greater 
mold filling capacity, though, the filling is instability.  

Figs. 4(e)–4(g) show the microstructures of the spiral 
samples under different injection pressures (15, 35, 70, and 

105 MPa); their corresponding average grain diameters are 
28, 24, 22, and 16 μm, respectively, and their shape factors 
are 0.69, 0.74, 0.79, and 0.83, respectively. That is, the av-
erage grain diameter decreases and the shape factor increas-
es with increasing injection pressure. At the same time, the 
number of the secondary α2(Al) grains is increased per unit 
area. In particular, when the injection pressure is 105 MPa, 
the number of primary α(Al) grains and the number of sec-
ondary α2(Al) grains are equivalent, as shown in Fig. 4(g). 
During mold filling, the injection pressure has an important 
influence on the interfacial heat transfer, the solidification of 
semi-solid slurry, and the melting point of the alloy as well 
as the critical energy of nucleation. When the injection 
pressure is greater than 70 MPa, it will easily deform the so-
lidified shell and reduce the gap formed because of the soli-
dification shrinkage of the alloy, resulting in the interfacial 
heat transfer coefficient increasing with increasing cooling 
rate. Eq. (3) can be used to describe the effect of the injec-
tion pressure on the melting point of the alloy [24]: 
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where Tm is the melting point of the alloy under normal 
pressure; dTp is the change of melting point under injection 
pressure; Vl and Vs are the molar volumes of the alloy liquid 
and the solid phase; respectively; Lm is the latent heat of 
crystallization.  

Eq. (3) indicates that the melting point of the alloy is im-
proved when the injection pressure is increased, which 
means that the corresponding supercooling degree is im-
proved; thus, its critical radius is decreased when the resi-
dual liquid of the semi-solid slurry solidifies under pressure. 
Its critical radius can be described as Eq. (4) [25]: 
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where rc is the critical radius; σls is the solid–liquid interfa-
cial tension; T0 is the melting point of the alloy under nor-
mal pressure; Lm is the latent heat of crystallization under 
injection pressure; ΔT is the supercooling degree under in-
jection pressure; K is a constant; ε is the volume shrinkage; 
and P is the injection pressure.  

Moreover, the enhancement of the injection pressure can 
improve the effective mold filling power, reduce the influ-
ence of the mold filling resistance, and shorten the mold 
filling time. As a consequence, the impact and the friction 
among the primary α(Al) grains are more energetic and 
more frequent, respectively, and the primary α(Al) grains are 
refined and spheroidized; the residual liquid of the 
semi-solid slurry rapidly solidifies and forms the secondary  
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Fig. 4.  Microstructures of the spiral
samples under different process parame-
ters: (a) sample A; (b) sample B; (c) sam-
ple C; (d) sample D; (e) sample E; (f)
sample F; (g) sample G; (h) sample H; (i)
sample I. 
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α2(Al) grains. The relation between the grain diameter and 
the cooling rate can be described by d = BTm, where d is the 
grain diameter, T is the supercooling degree, and B and m 
are constants [26].  

Figs. 4(d), 4(h), and 4(i) show the microstructures of 
spiral samples under different holding times (0, 30, and 60 s); 
their corresponding average grain diameters are 25, 32, and 
36 μm, respectively, and their shape factors are 0.78, 0.81, 
and 0.87, respectively. Both the average grain diameter and 
the shape factor increase with increasing holding time, con-
sistent with the Ostwald ripening mechanism [27]. In addi-
tion, when the holding time is prolonged from 0 to 30 s, the 
average diameter and the solid fraction of the primary α(Al) 
grains are increased dramatically, whereas the shape factor 
of the primary α(Al) grains is improved only slightly. How-
ever, when the holding time is prolonged from 30 to 60 s, 
the average diameter and the solid fraction of the primary 
α(Al) grains are increased slightly, whereas the shape factor 
of the primary α(Al) grains is improved substantially. On the 
basis of the mold filling results, we inferred that, when the 
semi-solid slurry has a higher solid fraction and a larger av-
erage grain diameter, the mold filling capacity can likely be 
decreased. However, the mold filling capacity can undoub-
tedly be improved when the primary α(Al) grains have a 
larger shape factor. 

3.3. Microstructure of the route of mold filling 

Under different process parameters, the variation of the 
microstructures along the route of mold filling has similar 
rules. With sample D taken as an example, Figs. 5(a) and 
5(b) show the microstructures of the center and edge in the 
near-end, respectively. The primary α(Al) grains mainly 
consist of grains with rosette-like, near-spherical-like, and a 
small number of dendritic-like shapes, where the average 
grain diameter and shape factor of the primary α(Al) grains 
are 28 μm and 0.67, respectively. Figs. 5(c) and 5(d) show 
the microstructures of the center and the edge in the middle, 
respectively. The primary α(Al) grains mainly display the 
morphology of the grains with spherical-like and rosette-like 
shapes, where the average grain diameter and the shape fac-
tor of the primary α(Al) grains are 20 μm and 0.73, respec-
tively. Compared with the near-end, both the number of 
primary α(Al) grains per unit area and the solid fraction of 
the primary α (Al) grains are lower in the middle. The num-
ber of primary α(Al) grains per unit area decreases from 
1050 to 940 mm−2, and the solid fraction decreases from 
87% to 82%; however, the shape factor is improved from 0.67 
to 0.73. Figs. 5(e) and 5(f) show the microstructures of the 
center and the edge in the far-end, respectively. Compared 

with the middle position, the microstructure of the far-end 
differs substantially. Both the number and solid fraction of 
the primary α(Al) grains per unit area decrease: the number 
of primary α(Al) grains per unit area decreases from 940 to 
760 mm−2, and the solid fraction decreased from 82% to 69%. 
However, the shape factor of the primary α(Al) grains is ob-
viously improved from 0.73 to 0.81. This phenomenon is 
likely related to aggregation of the primary α(Al) grains at the 
inner gate and to pressure shearing. However, the aggregation 
of the primary α(Al) grains at the inner gate increases the 
mold filling resistance for the subsequent semi-solid slurry; 
thus, the number of primary α(Al) grains per unit area and the 
solid fraction both decrease. By contrast, large primary α(Al) 
grains are sheared and broken under the pressure shearing; at 
the same time, mutual impact and friction among primary 
α(Al) grains occur during mold filling, resulting in the prima-
ry α(Al) grains getting refined and spheroidized [28].  

In addition to what has already been mentioned, obvious 
solid–liquid segregation bands are observed at the edge of 
the near-end and the middle, as shown with the line in Figs. 
5(b) and 5(d). This phenomenon may be related to the order 
of solidification. The mold cavity is filled in the form of re-
sidual liquid encapsulating primary α(Al) grains; as a result, 
the residual liquid of the semi-solid slurry contacts the inner 
wall of the mold cavity before contacting the primary α(Al) 
grains because of its own free characteristics. As a result, it 
rapidly solidifies and forms the surface of the spiral sample. 
Meanwhile, the other residual liquid feeds the solidification 
shrinkage and further accumulates in this region under 
pressure, which impedes the local heat transfer. Thus, the 
solidification of this region and the center may be simulta-
neous. To confirm the relationship between solid–liquid se-
gregation band and the solidification sequence, we investi-
gated the phase compositions and the element area distribu-
tions of the sample by SEM and energy-dispersive X-ray 
spectroscopy (EDS). As shown in Fig. 6, at the edge of the 
sample, the elemental composition consists almost entirely 
of elements Al and Si, with a trace amount of Cu. However, 
near the edge of the sample, elements Al, Si, and Cu are 
present; moreover, the proportion of the Cu is quite high, as 
shown with the red rectangle in Fig. 6. The proportion of Cu 
decreases near the center of the sample. A previous investi-
gation indicated that CuAl2 precipitates at the end stage of 
solidification [29]. We therefore inferred that a portion of 
the primary α(Al) grains and the residual liquid form the 
edge of the sample; moreover, the residual liquid forms 
primary α2(Al) grains and Al–Si eutectic. Because heat 
transfer at the edge is quick, the residual liquid mainly forms 
the primary α2(Al) grains. The residual liquid accumulates  
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Fig. 5.  Microstructures in the near-end and middle position of sample D: (a) center of the near-end; (b) edge of the near-end; (c) 
center of the middle; (d) edge of the middle; (e) center of the far-end; (f) edge of the far-end. 

 
Fig. 6.  Distribution of elements in the spiral sample: (a) scanning electron microscopy image; (b) energy-dispersive X-ray spec-
troscopy mapping image. 
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under the pressure near the edge of the sample, forming 
primary α2(Al) grains, Al–Si eutectic, and CuAl2 precipitates. 
Because of the difficulty of heat transfer in this region and 
the accumulation of the residual liquid, the residual liquid 
mainly forms CuAl2 precipitates and Al–Si eutectic; thus, 
the solid–liquid segregation bands form in this region. Dif-
ficulty of heat transfer also occurs in the center; however, 
the proportion of the residual liquid is smaller and the resi-
dual liquid mainly forms Al–Si eutectic; thus, no sol-
id–liquid segregation occurs. When the proportion of the re-
sidual liquid is too high, the solid–liquid segregation will 
change from bands to a region; shrinkage may occur and 
pores may form, as shown in Fig. 5(f). 

4. Conclusions 

(1) The mold filling capacity of semi-solid A380 alumi-
num alloy is strengthened with increasing pouring tempera-
ture or with increasing injection pressure, and the injection 
pressure strongly influences mold filling. The mold cavity is 
fully filled when the pouring temperature is 650°C, the mold 
temperature is approximately 200°C, the injection pressure 
is 105 MPa, and the holding time is 0 s.  

(2) The mold filling capacity decreases with increasing 
holding time. When the holding time is prolonged from 0 to 
30 s, the mold filling capacity decreases sharply, and when 
the holding time is prolonged from 30 to 60 s, the mold fill-
ing capacity decreases gently. Although the shape factor of 
the primary α(Al) grains is beneficial to mold filling, the 
average grain diameter of the primary α(Al) grains and the 
solid fraction weaken the mold filling capacity of the 
semi-solid slurry.  

(3) Obvious differences exist between the microstructure 
along the route of the spiral samples and the microstructure 
of the cross section; the average grain diameter of the pri-
mary α(Al) grains decreases gradually from the near-end to 
the far-end, but the shape factor increases gradually. The 
primary α(Al) grains evenly distribute in the center area; 
however, they unevenly distribute in the edge area, corres-
ponding to the solid–liquid segregation band at the edge of 
the spiral sample.  
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