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Abstract: Two kinds of semi-solid samples of AZ80—0.2Y—0.15Ca (wt.%) (AZ80M) magnesium alloy were prepared
by semi-solid isothermal heat treatment of materials with and without equal channel angular pressing (ECAP) process.
The microstructures of initial and semi-solid treated samples were compared and analyzed. The results showed a
significant difference in the liquid phase distribution between three-pass ECAP processed (3P) and as-received samples
during the isothermal heating process. The semi-solid 3P sample showed a more uniform liquid distribution due to its
smaller dihedral angle. Besides, the coarsening processes of solid grains of as-received and 3P samples were dominated
by the coalescence and Ostwald ripening mechanism, respectively. The difference of coarsening processes was mainly
related to the proportion of the high-angle grain boundaries in materials, which further affected the evolution behavior
of the liquid pools.
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1 Introduction

Magnesium alloys have been considered as
promising light metals in aerospace, rail
transportation and automobile because of their low
density, high specific strength and stiffness,
machinability, and good recyclability [1]. Thixo-
forming, a semi-solid processing (SSP) method, has
many apparent advantages compared with
conventional casting and forging, including the
ability to produce a more compact structure with
fewer solidification defects, as well as a
near-net-shape forming capability and a prolonged
die life [2—4]. The critical issue of thixoforming is
preparing a semi-solid billet with a fine and
spheroidal microstructure, which can be obtained

by recrystallization and partial melting (RAP) or
strain-induced melt activation (SIMA) method to
apply plastic deformation to the initial billet [5].
Using severe plastic deformation (SPD), such as
equal channel angular pressing (ECAP), in the
SIMA route to obtain highly-strained material
before partial remelting, is the most effective way
to acquire fine and spheroidal grains accompanied
by more liquid [6].

Many studies have shown that solid grains
with a smaller size and a higher roundness, and
a sufficient liquid phase uniformly distributing
among them are beneficial to improving
thixoforming performance [7-9]. Up to now,
although much work has been devoted to study the
effects of preparation processing parameters of the
billet on semi-solid microstructure, these studies
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were mainly focused on the size, roundness and
coarsening rate of the solid grains [10—15].
Nevertheless, there are rare documents on the liquid
phase, which plays a significant role in the
thixoforming process in fact. The liquid phases in
semi-solid microstructure are divided into the
intragranular and intergranular liquid phase, termed
as “the liquid droplet or pool” and “the liquid film”,
respectively. The existence of coarse liquid pools
usually leads to the formation of micro-porosity and
thus impairs the mechanical properties of
thixotropic products [16,17], while the liquid phase
outside the solid grains can provide a lubrication
action during thixoforming process [18]. However,
if the liquid phase gathers at the triangular grain
boundaries, even outside the solid grains, it cannot
play a lubricating role. Therefore, the sufficient
and uniform liquid phase between solid grains is
the key to ensuring the proceeding of the
thixoforming process and the high quality of
thixotropic products.

Many researchers suggested that the liquid
distribution was determined by the dihedral angle
(D) [19-22]. The @ value is a crucial physical
parameter representing an angle between two
adjacent solid grains in contact with the liquid
phase [20], as illustrated schematically in Fig. 1.
The smaller the dihedral angle is, the more deeply
the liquid phase penetrates into the grain boundary
(GB), which is more conducive to the formation of
a continuous liquid network structure [23,24].
Therefore, the average dihedral angle of the
semi-solid system determines the permeability of
liquid networks and liquid distribution under a
certain volume fraction of the liquid phase. WALTE
et al [22] suggested that an interconnected liquid
network would form when the @ value was lower
than 60°, even if the liquid volume fraction was far
smaller than 1 vol.%. However, when the & value
was above 60°, the liquid phase would stay at
triangular grain boundaries and fail to form a
continuous liquid network. In addition, the liquid
phase in the high @ system tended to be
non-uniformly distributed; in contrast, the liquid
phase distribution in the low @ system was much
more uniform. Although these researchers
concluded that the liquid distribution was related to
the @ wvalue, no detailed studies have been
conducted regarding the liquid distribution and the
@ value of SPD-treated magnesium alloys in a

semi-solid system. Investigations on the effect of
SPD on the liquid distribution of alloy during
semi-solid isothermal heat treatment will provide
valuable guidance for the application of the SSP
technology.

Dihedral angle
D

Solid grain Solid grain

Grain boundary

Fig. 1 Diagram of dihedral angle for solid—liquid
system [20]

Accordingly, this work aims to provide insight
into the effect of the ECAP process on the liquid
distribution of AZ80-0.2wt.%Y—0.15wt.%Ca
(AZ80M) during isothermal semi-solid treatment.
Semi-solid billets of the AZ8OM magnesium alloy
were prepared using different passes of ECAP
followed by a semi-solid isothermal heat treatment.
Subsequently, the optimal semi-solid billets were
selected according to the semi-solid microstructure
characteristics. For comparison, the as-received
materials were also subjected to the same semi-
solid heat-treatment process. In order to clarify the
influence of the ECAP process on the liquid phase
distribution, the original and semi-solid micro-
structures of the alloy employing the ECAP process
or not were analyzed comparatively. Finally, the
evolution mechanisms of the liquid phase in the
alloys undergoing two treatments were also
discussed.

2 Experimental

2.1 Material and process

The starting materials used in this work were
extruded rods (430 mm) of AZ80—0.2Y—0.15Ca
(wt.%) (AZ80M) magnesium alloy. The extrusion
temperature and extrusion ratio were 350 °C and
9:1, respectively. The purpose of adding Y and Ca
elements is to improve the quality of billets, which
can refine grains and improve the high-temperature
performance and flame-retardancy of magnesium
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alloys [25,26]. Their chemical composition is listed
in Table 1, which was tested using inductively
coupled plasma-atomic emission spectrometry
(ICP-AES) [27].

Table 1 Chemical composition of AZ80M magnesium
alloy (wt.%)

Al Zn Y Ca
6.76 0.33 0.19 0.073

Mg
Bal.

The cubic specimens with dimensions of
20 mm x 20 mm x 70 mm for ECAP deformation
were cut from the center of extruded rod, as shown
in Fig. 2(a). These cubic samples were subjected to
one pass, two passes, three passes or four passes of
ECAP using route Bc at (320£5) °C, which was
termed as “1P”, “2P”, “3P” and “4P” samples,
respectively. The ECAP die was made of H13 steel
with an internal angle of 90° and external angular of
37°. A heating jacket was placed around the die and
a thermometer was put inside the die to control the
extrusion temperature. Before ECAP, the cubic
specimens were preheated at 320 C for 15 min in a
resistance furnace. Both the die and specimens were
lubricated by molybdenum disulfide (MoS,) to
reduce friction. After each pass of ECAP, the
deformed specimens were immediately quenched in
cold water.

The samples for the semi-solid isothermal
treatment were cylinders with a diameter of 8 mm
and a height of 12 mm, which were cut from the
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ECAP deformed specimens parallel to the extrusion
direction, as shown in Fig. 2(b). The isothermally
treated samples were heated to different semi-solid
temperatures (560, 580 and 600 °C) in a PID-
controlled resistance furnace, with the temperature
of the samples monitored using a K-type
thermometer. The selection of the semi-solid
temperature range has been carefully described
in our previous study based on DSC curve
analysis [27]. Before heating, a sufficient amount of
FeS was put in the resistance furnace to prevent the
sample from oxidizing or even burning during the
heating process. After the electric resistance furnace
reached the target temperature for 10 min, the
separate samples were put into the furnace and held
for 10-30 min separately. Finally, the semi-solid
heat-treated samples were immediately taken out
for water quenching to keep the semi-solid
microstructure.

2.2 Microstructure characterization

The microstructure observation surfaces of all
samples were perpendicular to the extrusion
direction in this study. The samples were polished
and etched with the picric acid solution (2.75 g
picric acid, 2.5 mL acetic acid, 45 mL ethyl alcohol,
and 5 mL distilled water). The microstructure of
as-received and ECAP processed samples after
semi-solid isothermal heat treatment were observed
using an optical microscope (OM, ZEISS Axio Lab.
A1). The initial microstructure of as-received and

(b)
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Fig. 2 Schematic diagrams of ECAP die and sample preparation for ECAP (a) and sampling of semi-solid specimen

from ECAP processed sample (b)
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ECAP processed samples were characterized using
a field emission scanning electron microscope
(FESEM, JEOL JSM 7800F) equipped with
electron back-scattered diffraction (EBSD, Oxford
Instrument  Nordlys Nano) detector. The
microstructural features, such as grain size
distribution, misorientation angle distribution, and
grain boundary character distribution,
analyzed using HKL channel 5 data acquisition
software. The Image-Pro Plus software was utilized
to measure and analyze the average size of solid
grain (D), the liquid film thickness (J) and the
volume fraction of the effective liquid phase (the
volume fraction of liquid film, f;). The D and ¢
values were estimated using the mean linear
intercept method based on the optical micrograph.
At least three images were used for statistical
analysis. The fi value was calculated by the
following equations:

Wwere

fimt=s 34, (1)
=1

where 4, is the area of the solid grain, S is the area
of the optical graph, and n is the number of solid
grains.

3 Results and discussion

3.1 Initial microstructure

Figure 3 shows IPF maps and corresponding
grain size distribution of as-received and ECAP
processed samples. After the first pass, the
refinement of grain size was marginal, but an
apparent reduction in the grain size distribution
could be observed as the number of ECAP passes
increased from one to three. Moreover, the grain
size distribution profile became narrow and the
grain size tended to be more uniform with an
increase in the number of ECAP passes from one to
three. However, further increasing the number of
ECAP passes to four led to an increase in grain size.

3.2 Semi-solid microstructure

To select the optimal semi-solid billet, semi-
solid microstructures of as-received and 1P—4P
alloys subjected to isothermal heating at 580 °C for
10—30 min were compared, as presented in Fig. 4.
After the semi-solid isothermal heating at 580 °C
for 10—30 min, the size of solid grain of the 1P

sample was larger than that of the as-received
sample. As the number of ECAP passes increased to
three, the size of solid grain decreased gradually.
But, further increasing to four passes resulted in a
slight Therefore, when the ECAP
processed samples were isothermally heated at
580 °C for 10—30 min, the size of solid grain of the
3P sample was the smallest. The volume fraction of
liquid film showed the ascending trend with the
increase in the number of ECAP passes. It can be
seen from the liquid distribution in Fig. 4(c, f, 1, I, 0)
that, the amount and uniformity of liquid phase
among solid grains increased with increasing the
number of ECAP passes from one to three. This
was primarily due to the transition from the
coalescence mechanism to Ostwald ripening
mechanism, which was beneficial to forming of
liquid phase among solid particles. When the
number of ECAP passes increased continuously to
four, the uniformity of liquid film distribution
slightly decreased. It was mainly because the higher
nonuniformity of the grain size in the 4P sample
promoted the Ostwald ripening process, resulting in
more liquid phase and inhomogeneous liquid
distribution [28].

Although the liquid film fraction of the 4P
sample subjected to semi-solid isothermal heating
was the highest, some coarsen liquid pools (marked
by yellow arrows) existed in solid grains, obvious
local liquid aggregation occurred among the solid
grains, and some solid grains coarsened
significantly, as shown in Fig. 4(o). Based on
previous researches [29-31], the semi-solid
microstructure with these characteristics was
disadvantageous to the mechanical properties of
thixoforming products. Therefore, the semi-solid
microstructure of the 3P sample was desirable
because of the small size of solid grains, the high
volume fraction of the effective liquid phase, and
the uniformity of liquid phase distribution among
the solid grains.

increase.

3.3 Liquid phase distribution and evolution
Figure 5 shows the semi-solid microstructures
of the as-received and 3P samples after heating
at 560 and 600 °C for 10—30 min. When the
as-received sample was heated at 560 °C for 10 min,
most of the solid grains still stuck together
accompanied by a limited liquid phase (Fig. 5(a)).
With the holding time prolonging from 20 to 30 min
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Fig. 3 EBSD inverse pole figure (IPF) maps (a, c, e, g, i) and corresponding grain size distribution (b, d, f, h, j) of

as-received (a, b), 1P (c, d), 2P (e, 1), 3P (g, h) and 4P (i, j) samples
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As-received

20 and 30 min

(Figs. 5(b, c)), the combination phenomenon of
solid grains was not significantly improved, and the
liquid phase was mainly distributed at the triangular
boundary. When the 3P sample was heated at
560 °C for 10 min (Fig. 5(d)), a continuous liquid
film appeared around almost all solid grains.
Moreover, the number of connected grains of the 3P

sample was significantly lower than that of the
as-received sample. With the increase of holding
time from 20 to 30 min (Figs. 5(e, f)), the liquid
film gradually widened in the 3P sample.

When the isothermal temperature was 600 °C
and maintained for 10 min, the number of coarse
liquid pools in the 3P sample was more than that in
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Fig. 5 Evolution of liquid phase distribution of as-received and 3P samples subjected to isothermal heating at 560 and

600 °C for 10, 20 and 30 min

the as-received sample, as represented in
Figs. 5(g,j). For the as-received sample, as the
holding time extended from 10 to 30 min
(Figs. 5(g—1)), the liquid pools became coarser and
the number of coarse liquid pools increased
markedly. Although the volume fraction of liquid
film increased, its distribution was inhomogeneous
and even liquid separation existed (marked by
yellow ellipses in Fig. 5(1)). However, for the 3P
sample, extending the holding time from 10 to
30 min (Figs. 5(j—1)) resulted in the appreciable
descending of the number of coarse liquid pools
and the visible ascending of liquid film fraction. In
general, after the same semi-solid heat treatment

process, there were apparent differences in the
distribution and evolution of liquid phase between
as-received and 3P samples.

3.4 Relationship between liquid distribution and
dihedral angle

According to previous research, the dihedral
angle (@) was related to the distribution of the
liquid phase [19—22]. The smaller @ contributed to
separating adjacent solid grains in the liquid phase,
which then promoted the formation of the liquid
film in the form of a continuous network structure
surrounding the solid grains. Therefore, based on
the results of previous studies and combined with
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the phenomenon of Fig. 5 in this study, it can be
speculated that the @ value of the 3P sample was
lower than that of the as-received sample in
the same semi-solid heat-treatment process (at
560—600 °C for 10—30 min). In order to verify the
speculation, the @ value of as-received and 3P
samples in the semi-solid system would be
calculated subsequently.

As GERMAN [32] reported, the relationship
among the contiguity (Css), the dihedral angle (@)
and the volume fraction of solid phase (fs) in the
semi-solid alloy, can be expressed as

Cys=f0.43sin @+0.35sin* @] (2)

So, the @& wvalue can be calculated by
obtaining Css and fs.

The contiguity (Css) is a typical quantitative
parameter for the microstructural characteristics
of semi-solid materials. It reflects the degree of
mutual contact among solid grains in the semi-solid
system [32]. Generally, the Css value can be
measured by quantitative micrograph using the
intercept method, which can be expressed as [33]

2N

—_ =S8 3
2Ngg+Ng )

CSS

where Nss is the number of intersection points
between the truncation line and solid—solid
interface, and Ng is the number of intersection
points between the truncation line and solid—liquid
interface.

ROEBUCK and ALMOND [34] considered
the effects of solid volume fraction, the thickness of
the liquid film and the size of solid grains based on
measuring Csg by the transversal method:
§0-C=2E @

S
where 0 is the thickness of the liquid film, D is the
average size of solid grains, fg represents the
volume fraction of the solid phase, and f; represents
the volume fraction of the effective liquid phase
(the volume fraction of liquid film).

According to Eq. (4), the Css values were
calculated, as shown in Fig. 6(a). With the increase
of the holding time and isothermal temperature, the
Css values of the as-received and 3P samples
gradually decreased. Meanwhile, the Css value of
the 3P sample was lower than that of the
as-received sample, indicating a lower solid—solid

contact degree of semi-solid microstructure in the
3P sample, which was in accordance with the
micrograph in Fig. 5.
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Fig. 6 Contiguity (a) and relationships of contiguity (Css)
and square of solid volume fraction (f7) (b) of

as-received and 3P samples subjected to isothermal
heating at 560—600 °C for 10—30 min

According to Eq.(2), the relationships of
contiguity (Css) and the square of solid volume
fraction (fy) were linear fitted to calculate the &
value. As plotted in Fig. 6(b), there was an excellent
linear correlation between Cgg and fsz. For
as-received and 3P samples, the linear slopes of
Css— fi could be obtained as 0.73 and 0.54, and
then the corresponding @ value was calculated as
72.7° and 50.4°, respectively. The calculation
results confirmed the previous speculation that the
semi-solid microstructure of the 3P sample
possessed a lower @ value than the as-received
sample. Therefore, the liquid phase in the 3P
sample tended to be distributed homogeneously
among the solid grains rather than segregating
inside or outside the solid grains. This result was
consistent with the previously published studies
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performed by HAGHDADI et al [19] and WALTE
et al [22]. For a semi-solid system with low @, the
liquid would tend to spread over the surface of the
grain boundary. However, for a semi-solid system
with high @&, the liquid would remain in the form of
droplets at the trigeminal grain boundary or inside
the solid-grains [19].

3.5 Mechanism of liquid phase evolution

The dihedral angle between two adjacent solid
grains depends on the ratio of solid/solid and
solid/liquid interfacial energy, and the relationship
can be expressed by the following formula [20]:

2c0s(P/2)=yss/yst (5)

where yss is the solid/solid grain boundary (GB)
energy, and ys. is the solid/liquid interfacial energy.
Whether the liquid phase penetrates into GB
depends on the condition of 2ypg<yss [19]. In
general, grain boundary energy between adjacent
solid grains is dependent on the misorientation
angle (0) between them. High-angle grain
boundaries (HAGBs, ¢>15°) usually have larger
GB energy than low-angle grain boundaries
(LAGBs, 2°<6<15°), so HAGBs are easier to
satisfy the condition of being infiltrated by the
liquid phase [30]. Therefore, in the initial stage of
semi-solid isothermal heating, liquid films appear
preferentially at these HAGBs. However, the
adjacent solid grains with LAGBs cannot be
separated by liquid and thus tend to grow by
coalescence mechanism [30,35]. Therefore, the type
of grain boundaries (GBs) in the initial
microstructure plays a vital role in the formation
and distribution of the liquid phase in the early
stage of semi-solid isothermal heating.

Figure 7(a) shows the misorientation angle
distribution of the as-received and 3P samples. It
can be seen that the fraction of HAGBs of 3P
sample (72.5%) was significantly higher than that
of the as-received sample (53.0%). Figures 7(b, c)
reveal the grain boundary distribution images of the
as-received and 3P samples, respectively. The green
lines and black lines correspond to LAGBs and
HAGBS, respectively. Green lines (LAGBs) became
much sparser in the microstructure of the 3P
sample. Inshort, the 3P sample had a higher
proportion of HAGBs. Figure 8 shows the liquid
film distributions of as-received and 3P samples
isothermally heated at 580 °C for 2 min. For the

45
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Fig. 7 Misorientation angle distribution (a) and grain
boundary distribution images of as-received (b) and 3P (c)
samples

as-received sample, only a few grain boundaries
were infiltrated by the liquid phase, and the liquid
film was discontinuous without forming a network
structure. However, for 3P sample, the continuous
liquid film preferentially formed. Therefore, it can
be concluded that the large proportion of HAGBs
was conducive to the formation of the continuous
liquid film around the solid grains in the initial
stage of semi-solid isothermal heating.

With the further increase of the holding time or
isothermal temperature for as-received samples, a
substantial number of the adjacent solid grains
could not be infiltrated by the liquid phase as the
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Fig. 8 Liquid film distributions of as-received (a, b) and 3P (c, d) samples subjected to isothermal heating at 580 °C for

2 min

result of a small proportion of HAGBs. Moreover,
adjacent solid grains were extremely prone to
merge and form an irregular and coarse grain due to
their low misorientation angle. In this case, the
coalescence  mechanism dominated in the
coarsening process of solid grains in the as-received
sample during semi-solid isothermal heat treatment.
Coalescence is a coarsening process in which two
adjacent solid grains combine to form one solid
grain with a complex geometric shape during the
semi-solid heat treatment, resulting in reduced
solid—liquid interface energy [36]. Therefore, the
liquid pools were more likely to remain in the
center of the merged grain. This could explain why
the increase of holding time led to an increase in the
number of coarse liquid pools inside the solid
grains when the as-received samples were heated at
600 °C (Figs. 5(g—1)). Besides, previous researches
have shown that some liquid phase may be carried
into the coarse and irregular grains in the process of
coalescence, increasing the intragranular liquid
pools [7,37].

When a 3P sample with a large proportion of
HAGBs was heated isothermally at a semi-solid
temperature, firstly, most of the GBs were
penetrated by the liquid phase. Then, a substantial

amount of solid grains were completely isolated and
wrapped by a continuous liquid film. In this case,
the Ostwald ripening mechanism dominated in the
coarsening process of solid grains in the 3P sample
during semi-solid isothermal heat treatment. The
Ostwald ripening is a coarsening process in which
large grains grow by consuming small grains when
the sizes of two globular grains differ greatly. It is
controlled by the Gibbs—Thompson effect, which
changes the concentration of the solid—liquid
interface according to the curvature of the interface,
thereby creating a concentration gradient and
leading to the diffusion of the material [38]. The
solute around the boundary of the large solid grain
transfers to the surrounding of the boundary of the
small grain [38]. Thus, in the process of Ostwald
ripening, small solid grains gradually melt due to
the increase in solute concentration around the
boundary of them, which promotes the formation of
liquid channels around the solid grains. It also can
be confirmed by Fig. 5(1), many small solid grains
exited in the liquid-rich region. However, for large
solid grains, they would continue to spheroidize and
grow owing to the decrease in solute concentration
around their boundary, resulting in the increase of
solid—liquid interface energy of large solid grains.
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Liquid film

Liquid pools

Solid grains Liquid

Fig. 9 Schematic illustration showing semi-solid microstructure evolution for as-received (a) and 3P (b) samples

In order to reduce the solid—liquid interface energy
of large solid grains, the liquid droplets or liquid
pools near the liquid film would first migrate to the
liquid film, while those far away from the liquid
film would merge, spheroidize, and finally migrate
to the liquid film through the solute transport under
the driving of the increase of solid—liquid interface
energy. Similar findings were also reported by other
researchers [7,19,39]. Consequently, the number of
the liquid pools reduced and the thickness of the
liquid film further increased, which could be
confirmed by micrographs of the semi-solid
microstructure evolution of the 3P samples in
Figs. 5G-1).

Based on the above discussion and analysis, a
schematic diagram of the liquid phase evolution of
the as-received and 3P alloy during semi-solid
isothermal heat treatment is given in Fig. 9. It can
be concluded that the proportion of HAGBs had a
significant influence on the dominant coarsening
mechanism in subsequent semi-solid heating. Then,
different coarsening mechanisms would lead to
different changes in the solid-liquid interface
energy of solid grains, thereby affecting the
evolution of the liquid pools inside solid grains.
Therefore, the formation of effective liquid phase
depended on the type of GB and the coarsening
mechanism. To obtain a semi-solid billet with
sufficient and effective liquid fraction, it is
necessary to gain the initial microstructure with a
high proportion of HAGBs and a large number of

fine grains with uniform distribution simultaneously.

The former facilitated most solid grains to be
encapsulated in the liquid phase, which determined
that the Ostwald ripening mechanism dominated in

the subsequent coarsening process. Moreover, the
latter was beneficial to the homogeneous
distribution of the liquid phase and the increase of
liquid fraction among solid grains.

4 Conclusions

(1) ECAPed (3P) sample had a smaller @
value (50.4°) than the as-received sample (72.7°),
resulting in more homogeneous and uniform liquid
distribution among the solid grains.

(2) For the as-received sample, the coalescence
mechanism dominated in the coarsening process,
leading to the liquid pools tending to remain in the
center of the combined solid grains.

(3) For the 3P sample, the Ostwald ripening
mechanism dominated in the coarsening process,
resulting in the migration of the liquid pools in
large solid grains to the liquid film. Additionally,
small solid grains continuously melted. These
promoted an increase in the -effective liquid
fraction.
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