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Abstract

The formation of the microstructure in the rheo-diecastings were studied by the experiment of rheo-diecasting with semi-solid
A380 Aluminum alloy slurry. The results show that the grain diameter and shape factor of primary a-Al grains decreased and
increased along the rheo-diecasting direction, respectively, making the primary a-Al grains gradually distributing uniformly.
The combination of injection pressure and narrow gate of the runner and ingate was the main reason for the evolution of the
primary a-Al grains, moreover, the collision and friction among primary a-Al grains during the filling were helpful for the
refinement and spheroidization of the primary a-Al grains. The residual liquid solidified into the secondary solidification
microstructure accompanied by the evolution of the primary a-Al grains. The accumulation of the fragments of the primary
a-Al grains, the secondary o,-Al nuclei or grains which formed in previous positions, the effective nucleation rate of the
residual liquid, and the collision and fraction among the secondary a,-Al grains and between the secondary o,-Al grain
and the primary o-Al grains made the secondary solidification microstructure of the residual liquid present multiplex and

complicate characteristics.

Keywords Semi-solid slurry - A380 aluminum alloy - Rheo-diecasting - Evolution of primary a-al grains - Secondary

solidification of residual liquid

1 Introduction

The semi-solid slurry possesses the high viscosity and low
superheating [1], which makes semi-solid slurry fill the mold
cavity in laminar flow, resulting in the oxidation inclusion,
shrinkage porosity and macro segregation being reduced effec-
tively in rheo-diecastings [2—4]. Moreover, the rheo-diecast-
ings with the smaller shrinkage, higher density and lower cost
compares with the vacuum die casting [5, 6] and pore-free
die casting [7, 8], so it has a broad application prospect. At
present, most researches on the rheo-diecasting mainly focus
on the process parameters of the rheo-diecasting [9], filling
capacity [10, 11] and mechanical properties [12, 13], but lacks
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those on the formation of the microstructure. General speak-
ing, the liquid fraction of semi-solid slurry during filling is
greater than 50% [14, 15], which means that the formation
of the microstructure in rheo-diecastings involves the evolu-
tion of primary a-Al grains and the secondary solidification
of residual liquid. Without doubt that when the semi-solid
slurry passed through the narrow gate, the primary grains are
broken and fractured easily, furthermore, the friction and col-
lision among the primary and secondary grains also affect the
refinement and spheroidization of the primary grains [16, 17].
However, the essential factors and mechanism that affects the
evolution of primary grains need to be studied deeply. The
solidification of the residual liquid in semi-solid slurry during
rheo-diecasting was very different from that of the melt during
traditional die casting [18, 19]. Moreover, there are different
views on the secondary solidification of the residual liquid.
Fan [20, 21] pointed out that the shearing in the preparation of
the semi-solid slurry can affect the secondary solidification of
the residual liquid, meanwhile, he stressed that the secondary
nucleation was independent and the secondary nucleus grow-
ing in a steady before the completion of the secondary solidifi-
cation, which made the secondary grains be the near-spherical.
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But Li [22, 23] held that the preparation parameter of semi-
solid slurry has no influence on the secondary solidification
of the residual liquid, and there are three ways for the growth
of the secondary nucleus, i.e. the steady, unsteady and merge
growth. However, above mentioned viewpoints based on the
different preparation processes of the semi-solid slurry. There-
fore, the solidification of residual liquid and the evolution of
the secondary grains needs more extensive study.

In this paper, semi-solid A380 Aluminum alloy slurry
was prepared by a graphite serpentine channel [24], and the
rheo-diecastings of semi-solid A380 Aluminum alloy slurry
was produced. The evolution distribution of the primary a-Al
grains during rheo-diecasting were studied by analyzing the
change of microstructure at the different positions of the rheo-
diecastings along its rtheo-diecasting direction. Meanwhile, the
secondary solidification behavior of the residual liquid and
the evolution of the secondary o, Al grains was studied by
comparing the microstructures of the center region and edge
region of the same cross section in the rheo-diecastings and
comparing the microstructures of the different positions along
the rheo-diecasting direction.

2 Experiments
2.1 Materials

Commercial A380(YL112) Aluminum Alloy was used as
experimental material, whose chemical compositions were
shown in Table 1. Its solid-liquid temperature rang was from
525 to 597 “C, as shown in Fig. 1, which was test by a differ-
ential scanning calorimeter, and whose heating rate was10 °C/
min during the test.

2.2 Methods

Firstly, the A380 aluminum alloy was put in a graphite clay
crucible and melted to a fixed temperature by a resistance fur-
nace. When the melt was cooled to 630 ‘C, it was poured into
a serpentine channel that was assembled by two symmetrical
graphite blocks which had five bends whose inner diameter
was 25 mm. The melt in the serpentine channel became the
semi-solid slurry under the chilling effect of the inner wall and
the self-stirring of the melt. The temperature of the semi-solid
slurry that flew out the serpentine channel was about 572 ‘C
that was measured by the thermocouple, and the corresponding
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Fig.1 Curve of solid fraction vs temperature

solid fraction was about 20%, as shown in Fig. 1. The semi-
solid slurry was collected and transferred into the shot sleeve
(@57x%1350 mm) by a preheating heat-insulated ladle within
3 s. The semi-solid slurry was filled into the mold cavity from
shot sleeve through the runner and ingate under the injection
pressure, the injection pressure was 70 MPa without intensifi-
cation of pressure, the slow and fast shot speeds of the plunger
were 0.5 m/s and 2 m/s respectively, and the filling speed at
the ingate was about 16 m/s. What’s more, the diameter of
the plunger was 55 mm and the section area of the ingate was
4% (18 mm x4 mm). The schematic of the semi-solid slurry
preparation and rheo-diecasting was shown in Fig. 2. Before
rheo-diecasting, the shot sleeve and mold were preheated to
about 350 °C and 200 C, respectively.

And then, the specimens A, B, C, D, E and F were got at
the different positions along the rheo-diecasting direction,
as shown in Fig. 3. In order to study the evolution of the pri-
mary a-Al grains, the secondary solidification of the residual
liquid and the evolution of the secondary o,-Al grains, the
edge regions and center regions of specimens A-F were
fabricate into the standard metallographic specimens after
polishing and etching. Finally, the microstructures of the
above mentioned metallographic specimens were observed
and analyzed by Neuphoto21 optical microscope and Image-
Pro Plus analysis software, respectively. The grain diameter
and shape factor of the primary a-Al grains were calculated
by D=(4A/n)"* and F, =4A/C? respectively. Where D, F,,
A, N, and C are the grain diameter, shape factor, area and
perimeter of the primary a-Al grain, respectively [24].

Table 1 Chemical compositions Si Cu Fe
of A380 aluminum alloy (wt%)

Mn Mg Zn Others Al

7.83 32 0.21

0.46 <0.1 <0.07 <1.0 Bal
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Fig.2 Schematic diagram of
the semi-solid slurry prepara-
tion and rheo-diecasting. 1.
Resistance furnace; 2. Graphite
clay melting crucible; 3.
Thermocouple; 4. Pouring cup;
5. Serpentine channel; 6. Heat
preservation ladle; 7. Horizontal
die casting machine; 8. Mold
cavity

Fig. 3 Different positions along the rheo-diecasting direction

3 Results
3.1 Microstructure of the Biscuit

Figure 4a was the microstructures in center region of the
biscuit front-end that was marked "A" in Fig. 3. The big
white particles were primary o-Al grains, the dark region
and small size particles among the primary a-Al grains
were secondary solidification microstructure of the resid-
ual liquid. The primary a-Al grains accounted for most
of the area in two dimension, moreover, the most of the
primary a-Al grains were near-spherical and rose-like
except a few of the degenerated dendrites or dendritic
arms, as shown in Fig. 4a. The grain diameter and shape
factor were 42 pm and 0.72 respectively. The residual liq-
uid mainly solidified into the protrusions of the primary
a-Al grains, which was quite different from those in the
references [20-23]. They rapidly grew into the developed
dendrites, the length of the principal axis reached 10 pm
under free growth, as shown by arrow in Fig. 4a. However,
in some regions, the protrusions grew and touched each
other, which formed a region mixture with the granular
and equiaxed grains, as shown by rectangle in Fig. 4a. The

area proportion of the primary a-Al grains decreased in
two dimension with the semi-solid slurry solidified into
the back-end of the biscuit that was marked "B" in Fig. 3.
The morphology of the primary a-Al grains changed
slightly, and they tended to aggregate in certain direction,
as shown in Fig. 4c. The primary a-Al grains mainly con-
sisted of the near-spherical, rose-like grains besides a few
of degenerated dendrites. The grain diameter and shape
factor reduced to 41 pm and improved to 0.73 respectively.
Compared with the front-end, the secondary o,-Al grains
had undergone a certain evolution, which made the sec-
ondary a,-Al grains have the different morphology in local
regions, as shown in Fig. 4c. There were three representa-
tive region in Fig. 4c, the region dominated by the fine
developed dendrites was shown by arrow, the region of the
mixture of the fine dendrites and protrusions was shown by
rectangle, and the mixture region with protrusions, granu-
lar and equiaxed grains was shown by ellipse, which was
mainly related to that the fragments of the primary a-Al
grains and secondary a,-Al grains were brought into the
semi-solid slurry.

Both the primary a-Al grains and secondary o,-Al grains
in edge region were different from those in center region
either in front-end or in back-end of the biscuit. In edge
region of the biscuit front-end, the area proportion of the pri-
mary o-Al grains decreased obviously. Even so, there were
a quite number of the primary a-Al grains distributed in the
outmost edge region. The primary a-Al grains composed
of the near-spherical, rose-like grains and a few of degen-
erated dendrites, whose shape factor and grain diameter
improved and reduced to 0.74 and 40 pm, respectively. The
residual liquid solidified into the fine equiaxed secondary
a,-Al grains and the short protrusions, as shown in Fig. 4b.
With the filling of semi-solid slurry, the number of the pri-
mary o-Al grains decreased significantly in edge region of
back-end, and the primary a-Al grains were rarely brought
into the outmost edge region. With the degenerated den-
drites disappeared completely, the primary a-Al grains were
mainly near-spherical. The grain diameter and shape factor
were 39 pm and 0.75 respectively. The morphology of the
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Fig.4 Microstructures of the biscuit. a Center region of the biscuit front-end; b edge region of the biscuit front-end ¢ center region of the biscuit

back-end; d edge region of the biscuit back-end

secondary a,-Al grains was diverse, which was composed
of the super fine dendrites, granular and equiaxed grains.

3.2 Microstructure of the Runner

When the semi-solid slurry filled into the runner that was
shown by "C" in Fig. 3, the area proportion of the primary
a-Al grains in center region increased obviously because
of the blocking of the narrow gate, as shown in Fig. 5a. At
same time, the impact stress from injection pressure made

the dendrites break or bend from the necking at the root
of the dendritic arms [25], as shown by "1"-"4" in Fig. 5a.
Moreover, the collision and friction among the primary
a-Al grains made themselves get further spheroidization
and refinement. As a result, the primary a-Al grains were
mainly spherical, near-spherical and rose-like, whose grain
diameter and shape factor were 39 pm and 0.75, respectively.
With the primary «-Al grains increased, the secondary o,-
Al grains decreased significantly, and they mostly consisted
of the granular secondary o,-Al grains and short rod-like

Fig. 5 Microstructures of the runner a center region of the runner; b edge region of the runner
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protrusions, moreover, the short rod-like protrusions re-
formed only locally because of a few of the residual liquid,
as shown by solid arrow in Fig. 5a. No matter compared with
the center region in same cross section or the edge region
of the back-end, the area proportion of the primary a-Al
grains in edge region of the runner was obviously reduced.
However, there were a fair amount of small size degenerated
dendrites mixed in the near-spherical and spherical primary
a-Al grains, as shown in Fig. 5b, so the grain diameter and
shape factor reduced to 37 pm and 0.74 respectively. The
secondary o,-Al grains were mainly the equiaxed, granular
and dendritic secondary o,-Al grains except for some pro-
trusions and the fine secondary o,-Al dendrites, as shown
in Fig. 5b.

3.3 Microstructure of the Mold Cavity

The Fig. 6a, c, e were the microstructures in center region
of the near-end, middle-end and far-end of the mold cavity
respectively, those positions were marked by "D","E" and
"F" in Fig. 3, respectively. Their primary a-Al grains all
were mainly included the spherical or near-spherical and
rose-like ones, whose microstructure was essentially similar.
However, the grain diameter and shape factor of the primary
a-Al grains gradually reduced and improved respectively
from near-end to far-end with the rheo-diecasting. The grain
diameter of the primary a-Al grains in center regions of the
near-end, middle-end and far-end were 37 pm, 36 pm and
35 pm, respectively, and the shape factor of the primary a-Al

Fig. 6 Microstructures of the different positions of the mold cavity a center region of the near-end; b edge region of the near-end ¢ center region
of the middle-end; d edge region of the middle-end e center region of the far-end; f edge region of the far-end
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grains in above regions were 0.77, 0.78 and 0.79, respec-
tively. In addition, the area proportion of the primary a-Al
grains gradually decreased from near-end to far-end, which
promoted the gradually diverse morphologies of the second-
ary a,-Al grains. There was few protrusions solidified into
that by residual liquid in the near-end, and the secondary
a,-Al grains mainly were granular, as shown by arrow in
Fig. 6a. In middle-end, the residual liquid solidified into
protrusions on many primary a-Al grains, even some protru-
sions were dendrites, as shown by arrow in Fig. 6¢, mean-
while, the residual liquid solidified into the pseudo-binary
Al-Si eutectic structure in local regions, as shown by circle
in Fig. 6¢. Besides, there were many equiaxed, granular and
rose-like secondary o,-Al grains, as shown in Fig. 6¢. In
far-end, the residual liquid solidified into the protrusions and
the pseudo-eutectic structure, as shown by arrows, ellipse in
Fig. 6e, respectively. In addition, there were many granular
and equiaxed secondary o,-Al grains, moreover, the equi-
axed secondary a,-Al grains tended to merge into dendrites,
as shown by rectangle in Fig. 6e.

Figure 6b, d, f showed the microstructures of the edge
region of the near-end, middle-end and far-end, respec-
tively. In near-end, there were some small size degenerated
dendrites, rose-like and short rod-like primary o-Al grains,
which made the grain diameter and shape factor decreased to
35 pm and 0.76, respectively, as shown in Fig. 6b. The resid-
ual liquid solidified into super fine equiaxed secondary o,-Al
grains in outmost edge region, meanwhile, it solidified into
the protrusions near or away from the outmost edge region,
as shown by arrow in Fig. 6b. It was worth noted that there
were many dendrites, equiaxed and granular secondary o,-
Al grains those mixed together near the outmost edge region,
as shown by rectangle in Fig. 6b. Compare with the near-end
area proportion of the primary a-Al grains in middle-end
edge region slightly decreased, moreover, the degenerated
dendrites completely disappeared. The primary a-Al grains
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were mostly composed of near-spherical or spherical ones,
whose grain diameter and shape factor were 34 pm and 0.77
respectively. The residual liquid solidified into the equiaxed
secondary a,-Al grains, protrusions and quenched micro-
structure, meanwhile, the equiaxed grains merged into the
small size dendrites, as shown by rectangle in Fig. 6d. As
shown in Fig. 6f, the area proportion of the primary a-Al
grains in the far-end increased significantly comparing with
the near-end and middle-end, moreover, the morphology of
the secondary a,-Al grains changed obviously they mostly
were near-spherical and spherical, whose grain diameter
and shape factor were 33 pm and 0.078 respectively. The
secondary a,-Al grains were consisted of equiaxed grains,
protrusions and dendrites, even in some local regions the
dendrites grew into the developed ones, as shown by rec-
tangle in Fig. 6f.

4 Discussions

As shown in Fig. 7a, both of the grain diameter of primary
a-Al grains in center region and edge region decreased
along the rheo-diecasting direction, which might be
affected by the rheo-diecasting system and the filling of
the semi-solid slurry. On the one hand, the injection pres-
sure made the bigger dendrites fracture when they passed
through the narrow gate of the runner and ingate, as shown
in Fig. 5a. On the other hand, the collision and friction
among the primary a-Al grains made themselves break
into the fragments during the filling of the semi-solid
slurry, the difference among the Fig. 5a—c could support
it. The refinement of the primary a-Al grains was mainly
decided by the injection pressure, especially the fracture
and bending of the dendrites, which could be expressed
by formula (1) and (2). When the impact stress ¢ caused
by injection pressure was higher than the yield strength
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Fig. 7 Characteristic parameters and area proportion of the primary grains a characteristic parameters of the primary grains in different regions;

b area proportion of the primary grains in different regions
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at the necking of dendrite arm or the yield strength of the
dendrites, the dendritic arms or the dendrites would be
bent or even fractured [26].

16 P D Psina
-z > 7 1
wd3wh M
4P B sina
> e 2
xD2wh )

where o is impact stress caused by injection pressure, P is
injection pressure, D is diameter of the primary dendrite, 1
is the length of the dendritic arms, « is the angle between
the direction of the injection pressure and dendritic arm, d
the diameter at the necking of dendrite arm, w and # are the
width and thickness of the mold cavity at the dendrite was
fixed, respectively.

Closer observation would reveal that the decreasing of
the grain diameter along rheo-diecasting direction was
divided into the fast and slow decreasing stage. The grain
diameter decreased quickly from front-end to near-end,
but it decreased gently from the near-end to far-end, which
might be related to the injection pressure loss. During the
rheo-diecasting, the semi-solid slurry filled the mold cav-
ity with laminar flow, moreover, it could be considered as
non-Newtonian fluid which obeys the power law model.
According to the Hargon—Poiseuille equation [27] and the
Reynolds number equation of the laminar flow [28], the
injection pressure loss of the semi-solid slurry in mold
cavity with rectangle cross-section could be described
by formulas (3) and (4) [20]. The injection pressure loss
increased with filling time, and the refinement of the pri-
mary a-Al grains was weakened, which according to the
formulas (1)—(4).

"8K(w+ h) <Z)"“ .

AP= [ ——— 3
o Foufiy \ ®
w21 edw s aR2n—1) s

f(W/h)—zl:E'i'l:l [g—ﬁnz:;tanw—”l/gn—l)

“

where ¢ is the filling time, K is viscosity coefficient, v is the
filling velocity, w and & are width and thickness of the mold
cavity, respectively.

It was worth noted that the grain diameter in center
region was bigger than that in edge region, which might be
due to the chilling effect of the mold and the heat transfer
between the semi-solid slurry and the mold. On the one
hand, the residual liquid rapidly solidified as it contacted
the mold, which greatly restricted the growth of the pri-
mary a-Al grains. On the other hand, the heat transfer
between the center region and mold was relatively slow,

moreover, the residual liquid solidification following the
completion of the heat transfer occurred at a much slower
rate, which is helpful for the Ostwald ripening of the pri-
mary a-Al grains [29]. A heat balance equation was used
to evaluate the heat transfer between the semi-solid slurry
and mold under the condition of the simplify assumptions,
which was the formula (5) [30].

k(T — Tm)dSdt = —pCdVdT ®)
_ df(T)
C=Co——L Q)

where k is the heat transfer coefficient between semi-solid
slurry and mold, T is the temperature of the semi-solid slurry
unit, 7, is the temperature of the mold, S is the surface area
of the heat transfer, p is the density of the semi-solid slurry,
C is the specific heat of the semi-solid slurry, C, is the spe-
cific heat of the A380 melt, df,(T)/dT is the variation rate of
the solid fraction with the temperature, L is the latent heat of
solidification, and V is the volume of the semi-solid slurry
unit. Thus, the formula (5) could be written as:

4T 2KT =T, )(w+h)
dt whp[CO - %L] 7

where T, is the cooling rate, w and & are width and thickness
of the mold cavity, respectively.

Formula (7) clearly showed that the cooling rate of center
region was lower comparing with the edge region as it had
high temperature and longer distance of heat transfer. The
empirical formula D = BT™ (D is grain diameter, B and m
are the constants related to materials, 7, is cooling rate) illus-
trated the relationship between the cooling rate and grain
size [30].

Above mentioned factors not only affected the primary
grain diameter but also affected the shape factor, which
made the shape factor of the center region improve gradu-
ally. However, the increasing of the shape factor included
rapid and gentle increasing stage, coincidentally, the
boundary of the two stages was the near-end that was same
as that divided the change curves of the grain diameter into
two stages, as shown in Fig. 7a. It could be inferred that
when the dendrites bent or fractured, the sharp corners
of the primary a-Al grains was broken or blunted. The
spheroidization of the primary a-Al grains were improved
as the filling process of the semi-solid slurry continued.
The combination of injection pressure and narrow gate of
the runner and ingate was the main reason for the rapid
increase of shape factor from front-end to near-end. But
the collision and friction among primary a-Al grains grad-
ually became the main reasons for the increase of shape
factor with the semi-solid slurry passed through ingate

@ Springer



2102

Metals and Materials International (2021) 27:2095-2105

Fig.8 Morphology of the secondary a,-Al grains in rheo-diecastings a protrusions; b protrusion, fine dendrite and equiaxed grain; ¢ granular

and near-spherical grain; d dendrite and equiaxed grain

and the injection pressure decreased, therefore, the shape
factor increasing slowly from near-end to far-end under the
condition of the primary a-Al grains had got large refine-
ment and spheroidization. There were two distinct stages
in the change of shape factor in edge region those were
quite different from that in center region. The shape factor
in edge region was bigger than that in center regions from
front-end to back-end, but the shape factor in edge region
was smaller than that in center region from runner to far-
end. At the first stage, the chilling effect of the shot sleeve
and the rapid heat transfer of the edge region made the
morphology of primary a-Al grain keep largely similar to
that of the semi-solid slurry preparation stage. At the sec-
ond stage, the primary a-Al grains were probably brought
into edge region by the residual liquid from center region
of the previous position, e.g., the primary a-Al grains in
edge region of "E" *might come from the center region of
"D". Therefore, the shape factor of the edge region was
close to that of the previous center region, moreover, the
change mechanism of the edge region in the second stage
was similar to that of the center region, meanwhile, which
also benefited from the chilling effect of the mold and the
rapid heat transfer between semi-solid slurry and the mold.

@ Springer

In addition, the semi-solid slurry was easily divided
into the leading and subsequent ones during whose filling
because of the hysteresis of solid and the high freedom of
the liquid. The former carried the less primary a-Al grains
and mainly solidified in edge region, and the later solidified
in center region. At the same cross section, the viscosity
of the semi-solid slurry gradually increased to an approxi-
mate constants with the number of the primary a-Al grains
increased, which made the area proportion of the primary
a-Al grains gradually increased from edge region to center
region and distributed evenly in center region, as shown
from Figs. 4, 5 and 6. However, in rheo-diecasting direction,
the viscosity of the semi-solid slurry increased with whose
temperature decreased, which meant that the area proportion
of the primary a-Al grains in center region and outmost edge
region(extending 150 pm from the edge to inside) decreased
with the filling, as shown in Fig. 7b. With the grain diameter
decreased, the shape factor increased, and the area propor-
tion of the primary a-Al grains decreased, the primary a-Al
grains gradually distributed uniformly in center region from
near-end to far-end. It was noteworthy that the area propor-
tion of the primary a-Al grains in rheo-diecastings was big-
ger than that in the semi-solid slurry before entering shot
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Fig. 9 Morphology of the pseudo Al-Si eutectic structure and main elements distribution a pseudo Al-Si eutectic structure; b SEM image; c dis-

tribution of main elements; d distribution of Al and Si elements

sleeve through comparing the Figs. 1 and 6a. Except for
grain growth, it was mainly related to the nucleation of the
residual liquid in shot sleeve [31], however, it was similar to
that of the semi-solid slurry prepared by near liquidus cast-
ing [18]. Therefore, it was difficult to distinguish whether
the primary a-Al grains formed in the early stage or in shot
sleeve.

During rheo-diacasting, the accumulation of the primary
a-Al grain fragments and secondary o,-Al nuclei or grains
formed in previous positions and the effective nucleation
rate would make the morphology of the secondary solidifica-
tion structure gradually present diversity. But the collision
and fraction among the secondary a,-Al grains and between
the secondary a,-Al grain and the primary a-Al grain, the
chilling effect of the mold, and the heat transfer between the
semi-solid slurry and the mold and the solute concentrations
in the residual liquid could not be also ignored. The low
sub-cooling and heat transfer made the residual liquid has
the low effective nucleation rate in center region, resulting in
the residual liquid firstly solidifying into the granular grains
and the protrusions of the primary o-Al grains, as shown in
Fig. 8a. However, the effective nucleation rate of the residual
liquid was high in edge region under the condition of the
chilling effect of the mold and the rapid heat transfer, which
made the secondary a,-Al grains mainly compose of the

protrusions, equiaxed grains and fine dendrites, as shown
in Fig. 8b. The secondary o,-Al grains in edge region were
difficult to break and bring into the semi-solid slurry while
those in center region were easily broken into the small size
rose-like secondary «,-Al grains brought into the semi-solid
to fill the mold as the nucleation sites. On the one hand, a
part of the nucleation cores got further spheroidization and
refinement during filling into center region. They became the
nucleation cores of the granular or near-spherical secondary
a,-Al grains in center region under the low effective nuclea-
tion rate, but the residual liquid also took the primary a-Al
grains as the nucleation sites to form protrusions in center
region, as shown in Fig. 8c. It was worth noted that when
the temperature of the semi-solid slurry decreased and the
solute concentration of the residual liquid increased with the
filling of the semi-solid slurry proceeded, the pseudo Al-Si
eutectic structure might be formed in local center region
under the condition of the slow heat transfer, as shown in
Fig. 9. On the other hand, the other nucleation cores were
brought into edge region. They grew into the developed
secondary a,-Al dendrites and rose-like secondary o,-Al
grains under the rapid heat transfer, meanwhile, the high
effective nucleation rate of the residual liquid made a large
number of the equiaxed secondary o,-Al grains form, as
shown in Fig. 8d. Therefore, the morphology of secondary
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a,-Al grains gradually presented more multiplex and com-
plicate characteristics companied with the effective nucleus
gradually accumulating and being brought into the semi-
solid slurry.

5 Conclusions

1. The grain diameter and shape factor of primary a-Al
grains decreased and increased along the rheo-diecasting
direction, respectively, at the same time, the primary
o-Al grains gradually distribute uniformly. However, the
characteristic parameter changes of the primary a-Al
grains were divided into fast and slow stages at the near-
end of the mold cavity.

2. The combination of injection pressure and narrow gate
of the runner and ingate made the characteristic param-
eters of the primary a-Al grains change quickly. With
the semi-solid slurry passing the ingate and the primary
o-Al grains getting large refinement and spheroidization,
the collision and friction among primary a-Al grains
became the main factors for the evolution of the primary
a-Al grains, therefore, the morphology of the primary
a-Al grains changed slowly.

3. The accumulation of the primary a-Al grain fragments,
secondary a,-Al nuclei or grains which formed in pre-
vious positions and the effective nucleation rate of the
residual liquid that was controlled by the heat transfer
between the semi-solid slurry and mold made the sec-
ondary solidification microstructure of the residual liq-
uid present multiplex and complicate characteristics.
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