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Abstract: To shorten the preparation process of semi-solid billets, semi-solid billets of 2A14 aluminum alloy were
prepared by wrought aluminum directly semi-solid isothermal treatment (WADSSIT) process. Three-dimension (3D)
combined microstructure evolution, namely transverse direction (TD) surface, rolling direction (RD) surface, and
normal direction (ND) surface, was studied. Effects of temperature and holding time on average grain size and average
shape factor were investigated. The results showed that the optimum conditions for preparation of 2A14 semi-solid
billets by this process were 615 °C and 20 min (average grain size of 124 pm and shape factor of 0.81). Electron
backscatter diffraction (EBSD) observations indicated that the microstructure was completely recrystallized when it was
heated to 600 °C. Grain size was increased with the increase of temperature and grew up slowly with the holding time

prolonging. Roundness was increased with increase of holding time but was not sensitive to temperature.
Key words: 2A 14 aluminum alloy; three-dimensional microstructure; semi-solid billet; microstructure evolution

1 Introduction

2A14 aluminum alloy is a wrought aluminum
alloy of AIl-Cu series, and its comprehensive
mechanical properties are significantly better than
those of cast aluminum alloys [1,2]. Because of its
high strength, great machining performance, good
contact welding and spot welding performance, it is
often used to manufacture aircraft die forgings that
carry high loads [3—5]. In addition to copper, the
alloy also contains alloying elements such as
silicon, magnesium, and manganese, which can be
heat-treated and strengthened by using solution
treatment and artificial or natural aging. The main
strengthening phases of the 2xxx series aluminum
alloys are Al,Cu and Al,CuMg [6].

Semi-solid processing (SSP) is a special near-

net-shape technology [7—10]. SAMAT et al [11]
reported the mechanical properties of thixoformed
Al-Si—Cu alloy automotive connecting rods, and
comparison with the gravity-cast parts showed
improvement of 95% and 22% in UTS and hardness
with the resulting values of 340 MPa and HV 122,
respectively. CHEN et al [12] conducted a
compound forming method of the 7075 aluminum
alloy. The complex zone of semi-solid thixoforming
and the simple zone of solid plastic deformation
forming were realized by gradient heating. The
Vickers hardness was increased from semi-solid
forming zone to the transition zone and then to the
plastic forming zone in gradient. ABBASIPOUR et
al [13] compared the tribological behavior of
A356-CNT nanocomposites fabricated by various
techniques, and found that the existence of the solid
phase in semi-solid process could improve the wear
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properties of the nanocomposite samples than fully
liquid casting.

SSP requires special steps to prepare suitable
semi-solid billets for thixoforging [14—16]. There
are many methods for preparing semi-solid billets,
such as magnetohydrodynamic stirring (MHD) [17],
cooling slope casting [18], strain induced melt
activated (SIMA) [19], and recrystallization and
partial melting (RAP) [20,21]. CAMPO et al [22]
investigated the globular microstructure formation
and coarsening of semi-solid Ti—Cu alloys
fabricated by RAP method, and concluded that
refined globular microstructure was attributed to the
break-up mechanism of the applied hot forging
process prior to heating to the semi-solid state.
CZERWINSKI [23] gave a detailed review of the
specific classification of SSP, various methods and
differences for preparation of semi-solid billets. In
addition, severe plastic deformation (SPD)
processes have been used for pre-deformation to
prepare semi-solid billets, for example, equal
channel angular extrusion (ECAE) [24,25], equal
channel angular pressing (ECAP) [26], repetitive
upsetting-extrusion (RUE) [27], cyclic upsetting-
extrusion (CUE) [28], rotary swaging (RS) [29],
and accumulative back extrusion (ABE) [30].
These methods are similar in principle, increasing
the deformation energy storage to facilitate
recrystallization and remelting of the semi-solid
billets.

Despite the advantages of SSP in resource
conservation, green manufacturing and sustainable
production, the fabrication of wrought aluminum
alloy parts is still dominated by forging due to the
complexity of the SSP. Hence, the study of short
process SSP forming technology is necessary. The
preparation of semi-solid billets is the most
important part of the SSP. Commonly, SIMA and
RAP methods are used for fabricating semi-
solid billets, both of which are complex
processes [12,31,32]. Therefore, it is valuable to
shorten the preparation process of semi-solid
billets. A short process called wrought aluminum
directly semi-solid isothermal treatment (WADSSIT)
was proposed by heating the mass-supplied
hot-deformed wrought alloys directly to fabricate
semi-solid billets [33,34]. Excellent formability and
good mechanical properties of formed parts can be
achieved by these billets. However, the
microstructure evolution of 2A14 aluminum alloy

during the semi-solid isothermal treatment of the
WADSSIT has not yet been investigated.

In this work, semi-solid billets of 2A14 alloy
were prepared by a novel short process called
WADSSIT method. This method has important
guiding significance for shortening the semi-solid
billet preparation process and reducing the
semi-solid billet cost. The size and morphology of
the solid particles in the semi-solid billet and the
distribution of solid and liquid phases play an
important role in the properties of the semi-solid
billet. In the semi-solid billet of wrought aluminum
2A14, the solid phase is an Al-based solid solution,
and the liquid phase is a multi-element eutectic
component with a low melting point. The effects of
the holding temperature and holding time on the
microstructure evolution were studied from the
three-dimensional direction. The kinetic analyses
of the coarsening process were carried out via
the Lifshitz and Slyozov and Wagner (LSW)
coarsening kinetics [35,36] model.

2 Experimental

The material used in this work is a 2A14
aluminum alloy hot-rolled plate purchased from
Northeast Light Alloy Co., Ltd., China. The
original ingot thickness is 500 mm, and the final
rolled thickness is 50 mm, so the cumulative
deformation ratio is 90%. With an Axios PW4400
X-ray fluorescence spectrometer (XRF) equipment,
the chemical composition of the aluminum alloy is
shown in Table 1. The main alloying element in the
alloy is copper, with a content of 4.37 wt.%, which
is lower than the maximum copper content that can
be dissolved in solid high-temperature aluminum
(5.65 wt.%). Due to deviating from the copper
content of the aluminum and copper binary eutectic
alloy, the solid—liquid temperature range is very
wide, but the casting performance is poor. As
shown in Fig. 1, a differential scanning calorimetry
(DSC) curve was obtained via a STA449F3
differential scanning calorimeter. The semi-solid
temperature range of the aluminum alloy is between
512 and 663 °C, and there is a pre-melted eutectic
absorption peak between 512 and 530 °C. The
heating rate during the test is 10 °C/min. To
determine the fraction of solid (f;), it is assumed
that the solid and the liquid phases have the same
heat capacity (c,), the latent heat of fusion (L) is
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Table 1 Chemical composition of 2A 14 aluminum alloy (wt.%)

Alloy Cu Si Mn Fe Ti Zn Ni Al
Standard 3.9-4.8 0.6-1.2 0.4-1.0 0.4-0.8 <0.7 <0.15 <03 <0.1 Bal.
Sample 4.3700 0.9164 0.7811 0.5893 0.1765 0.0249 0.0274 0.0064  Bal.
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Fig. 1 DSC curve and solid fraction versus temperature
of 2A14 Al alloy

constant. Derived from the enthalpy of fusion
equation H=c,T+fiL, fs can be determined by
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(1)
where H is the enthalpy, fi is the fraction of liquid,
and T is the temperature. We integrated the DSC
results and obtained the theoretically calculated
solid fraction vs temperature curve of the alloy, as
shown in Fig. 1. Although the solid fraction of the
alloy is not only related to temperature, but also
affected by the residence time at that temperature, it
is most affected by temperature, so it still has a
strong reference value [37].

A muffle furnace was used for semi-solid
isothermal treatment. Dozens of rectangular
parallelepipeds with dimensions of 8 mm x
10 mm x 12 mm were cut from the hot-rolled plate.
The three-dimensional dimensions were all
different in order to distinguish the relative
direction of the rectangular parallelepiped on the
rolled plate. The temperature of the muffle furnace
was heated to the target temperature and kept for
more than 30 min to make the temperature in the
furnace uniform. The samples were then placed in a
muffle furnace for heating. A high-temperature
sensitive thermocouple was placed at the bottom of
the sample to monitor the temperature of the sample

Seven temperatures were set as 580, 590, 595, 600,
610, 615 and 620 °C, and six holding time was set
as 5, 10, 15, 20, 25, and 30 min. There were a total
of 42 (6 x 7) experimental conditions.

The samples were quenched into cold water
immediately when the holding time reached the
target time to retain their microstructure
morphology. Then the samples were ground using
200, 400, 600, 1200, 1500 and 2000 grit sandpapers
in turn. After that, the samples were polished on a
real velvet polishing disc sprayed with 1 um
diamond micro-powder at 1200 r/min for 5 min.
And then the samples were etched by chemical
etching. The chemical solution for etching was
Keller reagent with a solution formulation (2.5%
HNO; + 1.5% HCI1 + 1% HF + 95% H,0). The
etching time was 25s. The microstructure of the
samples was observed by using a GX71 optical
microscope (OM) and a SUPRASS scanning
electron microscope (SEM). Each sample was
processed on three different directions of surfaces
according to the above steps to characterize the
microstructure changes in the three-dimensional
direction. The three-dimensional microstructure in
this work shows the combined structure of the three
main directions, namely TD, RD and ND surfaces.
The image pro plus (IPP) software was used to
calculate the size and roundness of the solid
particles. The average diameter (D) and shape
factor (Feq) are defined by Egs. (2) and (3),
respectively.

N[44,
Deq ZZI T/N (2)
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N dmd,

Fq=2
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where N is the total number of the solid grains, 4; is
the area of the grain i, and P; is the perimeter of the
grain i.

3 Results and discussion

3.1 Microstructural evolution in semi-solid state
Figure 2 shows the recrystallization process
during continuous heating. The temperature change
of the sample in the muffle furnace with time
was monitored by a high-temperature sensitive
thermocouple in real time. The three colors of red,
yellow and blue represent deformed grain structure,
sub-grain structure and recrystallized grain structure,
respectively. This was obtained by calculating the
grain orientation spread (GOS) index of every grain
in the electron backscatter diffraction (EBSD)
results. The GOS value of grain can reflect
recrystallization because there is a mean orientation
in grain, and GOS of the grain is the average value
of the misorientation between all pixels in the grain
and the mean orientation [38]. The average
misorientation between each pixel point relative to
the grain mean orientation in the deformed grain is
relatively large, while the GOS in the recrystallized
grain is relatively small. There is no strict definition
of the GOS value among the three grain structures,
and different metals will also produce different
definition standards. According to the commonly
used values of aluminum alloy, in this work, the
GOS value below 1.8° was regarded as the
recrystallized grain structure, that between 1.8° and
3° was regarded as the sub-grain structure, and that
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Fig. 2 Evolution of recrystallization during continuous
heating of hot-rolled 2A 14 aluminum alloy

greater than 3° was regarded as the deformed grain
structure [39,40].

The hot-rolled microstructure Fig.2 had a
dynamic recrystallized (DRX) structure, so there
were some recrystallized structures and sub-
structures. When the temperature was continuously
increased to 505 °C, the corresponding heating time
was only 2 min, some crystal grains merged and
grew up. The relative proportions of the three
structures changed little. When the sample was
heated to 555 °C, the corresponding heating time
was 3 min. The proportion of recrystallized
structure was slightly increased, indicating that
recrystallization starting temperature was 555 °C.
When the specimen was heated to 580 °C, the
corresponding heating time was 5 min, the grain
size grew up further, and the proportion of
recrystallized structure increased to 0.967. It shows
that the termination temperature of recrystallization
was 580 °C. The results show that the hot-rolled
2A14 aluminum alloy underwent complete
recrystallization after the continuous heating
process, and the size of the grains begun to grow.

Figure 3 shows the evolution of the three-
dimensional microstructures of 2A14 aluminum
alloy held at 580°C for 5-30min. The
corresponding liquid fraction was 0.07. The
isothermal time was measured after the sample was
heated to the target temperature. The black area in
the figure was the liquid phase in the semi-solid
structure. It can be seen that the semi-solid structure
included two parts: solid phase and liquid phase.
The solid phase was an aluminum-based solid
solution, while the liquid phase was a low melting
point copper-rich eutectic structure. In the
semi-solid structure, the liquid phase existed in
three forms: liquid film (LF), liquid droplets (LD)
inside the solid grain, and grain boundary liquid
(GBL) [34].

At 580 °C, the fraction of the liquid phase was
low, and the liquid phase was mainly composed of
LF and LD inside the solid grain, and the thickness
of the LF was very thin. With the extension of
holding time, the size of the solid phase grains was
gradually increased. On the normal direction (ND)
surface, the size of the solid phase particles was
very uniform, and the shape was almost circular. On
the transverse direction (TD) surface, the size of the
solid phase particles was not uniform, and all were
elliptical. On the rolling direction (RD) surface, the
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ND
RD TD
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RD TD RD TD

Fig. 3 3D microstructures of 2A14 samples treated at 580 °C for various time: (a) 5 min; (b) 10 min; (c) 15 min;
(d) 20 min; (e) 25 min; (f) 30 min

size of the crystal grains was extremely uneven and The distribution of droplets inside the grain was
the shape was irregular, and huge polygonal crystal relatively uniform, and there was no convergence
grains appeared in the heat preservation for 15 min. phenomenon as the holding time increased.
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Fig. 4 3D microstructures of 2A14 samples treated at 590 °C for various time: (a) 5 min; (b) 10 min; (c) 15 min;
(d) 20 min; (e) 25 min; (f) 30 min

Figure 4 shows the evolution of the 3D solid particles was slightly smaller than that at the
microstructures of 2A14 aluminum alloy held at corresponding time at 580 °C. The LF at 590 °C
590 °C for 5-30 min. The corresponding liquid was slightly thicker than that at 580 °C. At 590 °C,
fraction is 0.10. At 5 min and 10 min, the size of the the change tendency of solid phase particle size and
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the distribution of solid phase particle shape were
consistent with those at 580 °C.

The size of the solid phase particles was
affected by many factors. WANG et al [41]
concluded that initial grain size was related to the
pre-deformation process and the subsequent
recrystallization. Besides, grain size is increased
with isothermal holding time and temperature.
Coarsening of grain is mainly attributed to
coalescence and Ostwald ripening, with increasing
isothermal holding time and temperature, the latter
plays an increasingly important role. When the
temperature was low, the main aspects were
recrystallization and coarsening of solid particles.
Increasing the temperature would promote the
occurrence of recrystallization but at the same time
would also accelerate the coarsening of the solid
phase particles. The effect of increasing temperature

on the acceleration of solid-phase particle
coarsening existed in the entire semi-solid
isothermal treatment process. However, the

promoting effect of increased temperature on
recrystallization only occurred in  the
recrystallization process.

Factors that promote recrystallization include
increasing the temperature (raising the liquid phase
fraction), increasing the deformation of the alloy,
and extending the holding time. LI et al [24] studied
the recrystallization process of Mg alloy after
ECAP and found that the second phase particles
(I phase) hinder recrystallization. ATKINSON et
al [42] reported the pinning effect of the dispersoid
particles present in the 7075 aluminum alloy, which
were resistant to the recrystallization of the alloy.
Extending holding time can make the liquid phase
dissolve the second phase particles, thus promoting
recrystallization.

The thickness of the LF was also determined
by many factors, mainly including the liquid phase
fraction and the size of the solid phase particles.
Calculation by TZIMAS and ZAVALIANGOS [43]
showed that assuming liquid uniformly surrounding
the solid grain, the average liquid film thickness was
1.8 wm with a spherical grain size of 50 pm at £=0.2,
and the increase of solid-phase grain size thinned
the liquid film. An increase in the liquid phase ratio
would thicken the liquid film. The increase in the
size of the solid particles would reduce the total
surface area of the liquid film per unit volume and
increase the thickness of the liquid film.

Figure 5 shows the evolution of the three-
dimensional microstructures of 2A14 aluminum
alloy held at 595°C for 5-30min. The
corresponding liquid fraction is 0.12. The
microstructure at 595 °C exhibited a thinner
thickness of LF compared to 580 and 590 °C. This
is because although the temperature increased, the
fraction of the liquid phase changed very little (0.10
at 590 °C while 0.12 at 595 °C). And the increase in
temperature promoted the recrystallization during
the heating process, making the size of the solid
phase particles smaller. As a result, the surface area
of the liquid film per unit volume increased and the
thickness of the liquid film became smaller.
However, with the extension of the holding time,
the solid phase particles grew faster at 595 °C, so
that the final solid phase particle size was close at
580 and 590 °C when the temperature was held for
long time.

At the three temperatures of 580, 590, and
595 °C, the fractions of the liquid phase were very
similar (0.07 at 580 °C, 0.10 at 590 °C, and 0.12 at
595 °C), the influence of the liquid phase could be
ignored, and the difference in microstructure
evolution was considered to be caused only by
temperature changing. Deformation energy storage
and external heat input are the driving forces for
recrystallization [44]. The hot-rolled plate consumed
a lot of deformation energy in the process of hot
rolling. Compared with cold deformation and warm
deformation, the deformation energy storage of
hot-rolled plates is lower, and higher energy input
is required for recrystallization. The increase in
temperature could promote recrystallization in the
recrystallization stage, but at the same time, the
high temperature would aggravate the coarsening of
solid particles [42,45]. For this hot-rolled plate, in
the process of the WADSSIT, semi-solid billets with
equiaxed solid particles in three dimensions cannot
be obtained at 580, 590 and 595 °C.

If considering the need to control the size and
roundness of the solid particles in the semi-solid
billet, it is more conducive to theoretically speed up
the heating rate during the heating stage, increase
the temperature of the sample during the
recrystallization process, but reduce the temperature
of the sample during the heat preservation process
to obtain a semi-solid billet with fine solid particles
and a high roundness.
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Fig. 5 3D microstructures of 2A14 samples treated at 595 °C for various time: (a) 5 min; (b) 10 min; (c) 15 min;
(d) 20 min; (e) 25 min; (f) 30 min

Figure 6 shows the evolution of the 3D significantly on the DSC curve near 600 °C,
microstructures of 2A14 aluminum alloy held at indicating that the alloy melted significantly at this
600 °C for 5-30 min. With the further increase of = temperature and the liquid phase fraction increased
the holding temperature, the alloy absorbed heat significantly. The LF was obviously thick, the LD
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ND
RD TD

Fig. 6 3D microstructures of 2A14 samples treated at 600 °C for various time: (a) 5 min; (b) 10 min; (c) 15 min;
(d) 20 min; (e) 25 min; (f) 30 min

inside the grains increased, and the GBL began to compared with low temperatures (580, 590 and
appear. On the ND surface, the solid phase particles 595 °C), the roundness of the solid grains was
were nearly round. On the TD surface, the solid improved. On the RD surface, the size of the solid
phase particles were still elongated grains, but grains was uneven and the shape was irregular.
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Recrystallization is a process of nucleation and
growth. The pinning effect of the insoluble matter at
the grain boundary is major resistance to
recrystallization [42,46]. As the temperature rises,
these insoluble substances either dissolve or lose
the pinning effect due to further melting of the

grain boundaries. This makes the degree of
recrystallization at 600 °C higher than that at low
temperatures (580, 590 and 595 °C) [41].

Figure 7 shows the evolution of the three-
dimensional microstructures of 2A14 aluminum
alloy held at 610 °C for 5—30 min. At this time, the

ND
RD D

ND
D D

ND ND
RD TD RD TD

Fig. 7 3D microstructures of 2A14 samples treated at 610 °C for various time: (a) 5 min; (b) 10 min; (c) 15 min;
(d) 20 min; (e) 25 min; (f) 30 min
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corresponding liquid fraction is 0.2. With the
extension of the holding time, the solid phase
particles gradually grow up, the edges of the solid
phase particles gradually become rounded under the
infiltration of the GBL, the GBL becomes more,
and the LDs merge into big ones. There is a
phenomenon that the GBL is connected to the LD
inside the grain. The coarsening mechanism of solid
particles includes coalescence mechanism and
Ostwald ripening mechanism. Coalescence is the
merging of solid particles with close orientations.
Ostwald ripening is the melting of small grains and
the growth of large grains.

Regardless of the growth mechanism, the
driving force for the coarsening of solid particles is
the reduction of interfacial energy. When the liquid
phase fraction is low, the coarsening mechanism is
dominated by coalescence mechanism, and when
the liquid phase fraction is high, the coarsening
mechanism is dominated by Ostwald ripening [21].
TZIMAS and ZAVALIANGOS [43] considered the
effects of coalescence in microstructure evolution
of the SIMA process and concluded that the
frequency of coalescence is related to the number
of adjacent grains since coalescence is closely
related to the migration of grain boundaries.
GHAZANLOU et al [39] reported the texture
evolution of rolled 7075 aluminum, the grain
orientation of the hot-rolled aluminum alloy is
similar on the ND and TD surfaces, and the
close-packed direction tends to be in the RD
direction, while the grain orientation on the RD
surface is random. So the coalescence on the ND
and TD surfaces produced a more uniform
organization, while some small grains cannot merge
with the surrounding grains because of the large
orientation difference on the RD surface.

Figure 8 shows the evolution of the three-
dimensional microstructures of 2A14 aluminum
alloy held at 615°C for 5-30min. The
corresponding liquid fraction is 0.25. On the TD
surface, the solid grains transform from elongated
to near-equiaxed grains. But on the RD surface, the
size and shape of the solid particles are still
extremely irregular. And the large solid-phase
particles wrap the small solid-phase particles. After
holding for 5 min (Fig. 8(a)), a large number of
small equiaxed solid-phase particles can be seen.
When holding at low temperatures (580—610 °C),
even if the holding time is only 5 min, the solid

grains on the RD surface are already solid phase
particles with uneven and irregular sizes
(Figs. 3—7(a)). This shows that increasing the
temperature is beneficial to promoting the
recrystallization of the hot-rolled structure with
insufficient deformation storage energy.

Coarsening mechanism of solid particles on
the RD surface was dominated by the coalescence
mechanism. Because the grain orientations on the
RD surface were relatively close during the hot
rolling process, the grains were easy to merge and
grow. However, the large solid-phase particles
wrapped the smaller grains, as marked with circles
shown in Fig. 8, indicating that there were a few
smaller grains whose orientation was quite different
from that of the large solid-phase particles and the
grains cannot merge. And in the subsequent
isothermal process within 30 min, the small crystal
grains will not merge by the large crystal grains.
Only after the alloy was further melted, the Ostwald
ripening mechanism (small grains melt and large
grains grow) would be further developed, resulting
in extremely uneven solid particle size on the RD
surface.

Figure 9 shows the evolution of the three-
dimensional microstructures of 2A14 aluminum
alloy held at 620°C for 5-30min. The
corresponding liquid fraction is 0.30. On the RD
surface, the evolution of the microstructure is
consistent with that at 615 °C. When the holding
time is 5 min (Fig. 9(a)), the solid particles are
uniform and fine-equiaxed. In the subsequent heat
preservation process, the crystal grains rapidly
coarsen and grow. It is speculated that the growth
mechanism is the coalescence mechanism. With the
extension of the holding time, the liquid phase
increases. When the holding time is 30 min
(Fig. 9(f)), the secondary dendritic structure can be
seen in the structure under water quenching.

3.2 Element distribution of 2A14 aluminum alloy
in semi-solid state

Figure 10 shows the microstructure scanning
electron microscope-structure backscatter electron
(SEM-BSE) images of 2A14 aluminum alloy after
isothermal treatment at 615 °C for 20 min under
different magnifications. Under the BSE image, the
contrast shows the difference in atomic number. As
shown in Fig. 10(a), in the semi-solid structure,
there is an obvious contrast difference between the
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Fig. 8 3D microstructures of 2A14 samples treated at 615 °C for various time: (a) 5 min; (b) 10 min; (c) 15 min;

(d) 20 min; (e) 25 min; (f) 30 min

solid phase and the liquid phase. This shows that
there is a significant difference in composition
between the solid phase and liquid phase.
Figure 10(c) shows the image of LD at 5000 times

magnification. The liquid phase solidifies when
cooled to room temperature to obtain a eutectic
structure in which two phases coexist in a lamellar
structure. The three points 4, B, and C in Fig. 10(b)
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Fig. 9 3D microstructure of 2A14 samples treated at 620 °C for various time: (a) 5 min; (b) 10 min; (c) 15 min;
(d) 20 min; (e) 25 min; (f) 30 min

respectively represent the inside of the solid phase point energy spectrum analysis is performed on
particle, the droplet inside the solid phase particle, these three points respectively, and the chemical
and the liquid phase at the grain boundary. The composition of the three points is shown in Table 2.
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Fig. 10 SEM images of 2A14 aluminum alloy treated at 615 °C for 20 min with different magnifications (a—d), and

EDS results of spot 4 (e), spot B (f) and spot C (g)

Table 2 Chemical compositions of spots corresponding to EDS results in Fig. 10(b) (wt.%)

Spot Al Cu Si Mn Mg Fe Ti Zn o
A 95.73 2.51 0.72 0.03 0.22 - 0.31 0.48 -
B 53.22 35.81 5.60 1.21 3.58 0.46 0.11 - -
C 53.81 35.72 4.22 - 291 - - 0.50 2.83

It should be noted that the point of the
SEM point energy spectrum is not strictly a
mathematically infinitely small point, but a volume
sphere with a radius of about 2 um. Therefore, the
chemical composition in Table 2 is the statistical
composition of a sphere with a radius of about 2 um
at the corresponding point. The internal chemical
composition of the solid particles is that a very
small amount of various elements are dissolved in
aluminum. In the liquid phase, the composition of
the liquid droplets is similar to that of the liquid
phase at the grain boundary, and they are both

low-melting copper-rich eutectic components.

Figure 11 shows the XRD result of 2A 14 alloy.
The dominant phase in the 2A 14 alloy is the a(Al)
matrix phase, followed by the 8-Al,Cu phase. Other
alloying elements are solidly soluble in the
aluminum matrix phase, and no other phases are
evident in the composition of the 2A14 aluminum
alloy. Combined with the SEM results in Fig. 10,
the solid phase is mainly a(Al) matrix with a
variety of dissolved alloying elements, while the
liquid phase is mainly a molten #-Al,Cu phase with
a low melting point.
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Fig. 11 XRD pattern of distribution of phases in 2A14
aluminum alloy

3.3 Quantitative calculation and coarsening
kinetic analysis based on ND surface grain
parameters
In order to quantitatively analyze the size and

shape factor of the solid particles in the semi-solid
billet, the ND surface is selected to calculate the
average particle size and roundness of the solid
particles. The ND surface is chosen because its
crystal grain size and shape are relatively uniform,
and it is not easy to cause large errors due to
manual selection. Although choosing the ND
surface to calculate the size and roundness of the
solid phase particles cannot represent the quality of
the semi-solid billet, it can reflect the overall
change of the solid phase particles with the holding
temperature and time.

Figure 12 shows the average size and shape
factor of solid particles on the ND surface as a
function of temperature and time. The average size
of the solid particles increases with the increase of
the semi-solid isothermal temperature. The average
size of solid particles increases first (5—15 min) and
then stabilizes (20—30 min) with the extension
of isothermal time. The shape factor of solid
particles increases with the increase of isothermal
temperature, but it is not obvious. The shape factor
of solid particles increases rapidly first with the
extension of the isothermal time (5—15 min), and
then slowly increases with the extension of the
holding time (20—30 min). This is different from the
previous experimental results.

Generally, when aluminum alloy is isothermal
at the semi-solid temperature, the solid phase grain
coarsening phenomenon is very significant with

200
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Fig. 12 Average grain size (a) and shape factor (b) on ND
surface of 2A14 aluminum alloy after isothermal
treatment at different temperatures for different soaking
time

the extension of the holding time [43,47,48]. This
may indicate that the average size of solid particles
has a limit size during the isothermal process in the
semi-solid temperature range. Because in this study,
the size of the solid phase particles increases slowly
with the extension of the holding time, then
becomes stable and even occasionally decreases (at
620 °C for 15—20 min, at 595 °C for 10—15 min, at
600 °C for 15—20 min) with the extension of the
holding time. And the size of the solid particles in
this study is much larger than other studies [48].

The coarsening kinetics of semi-solid solid
particles is usually fitted by the LSW empirical
formula [35,36]. There is a linear relationship
between the cube of solid-phase particle diameter
and time, as

D - D} =Kt 4)

where D; is the average grain diameter at the
holding time ¢, Dy is the initial average grain
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diameter, K is the coarsening rate constant, and # is
the coarsening exponent.

As shown in Fig. 13 and Table 3, attempts to
fit the cube of the grain diameter with the formula
failed to meet the LSW coarsening kinetics. The
closer the linear correlation coefficient (R*) to 1, the
stronger the linear correlation, and the closer the R
to 0, the weaker the linear relationship. When the R*
is less than 0, the linear relationship is absence. At
580, 590, 610 and 615 °C, the fitting coarsening
slopes (K) were 360, 114, 1130 and 993, respectively.
At 595 °C, the fitting coarsening slope K was 3.75,
close to 0. At 600 and 620 °C, the fitting coarsening
slope K was —340 and —401, respectively. The R* at
all temperatures was low, and the R> was even
negative at 590, 595, 600 and 620 °C. For this result,
two aspects of information can be summarized. On
the one hand, the coarsening behavior of grain size
with the extension of isothermal time was not
obvious. The evolution behavior of solid particles in
the isothermal process was more complicated, and
the result of the superposition of coarsening and
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Fig. 13 Coarsening rate constant of 2A14 aluminum

alloys after isothermal treatment wunder different

conditions

Table 3 Linear fit results of D3~ scatter plot

Temperature/°C Slope R

580 360 0.287
590 114 —0.184
595 3.75 —0.250
600 —340 —0.233
610 1130 0.338
615 993 0.255
620 —401 0.228

melting phases was uncertain. On the other hand,
the evolution of grain size over time cannot be
described by the classic LSW empirical formula.
This may be due to the lack of deformation and
energy storage in the hot-rolled structure, and the
solid grain size of the structure obtained by
recrystallization at the early stage of heating was
relatively coarse, so that the coarsening behavior
was not obvious when the isothermal time was
extended in the later stage.

In addition, the fact that the grain growth
mechanism is dominated by coalescence is also a
reason why LSW is not applicable. The method
used in this work is to directly heat elongated grains
to the semi-solid state for isothermal holding, while
the orientations of elongated grains are similar. The
microstructure evolution in the manuscript showed
that the coarsening mechanism is dominated by
coalescence. JIANG et al [33] pointed out that LSW
coarsening kinetics is suitable to describe the
growth dominated by Ostwald ripening mechanism.
This also verifies the grain coarsening mechanism,
and the coarsening mechanism is dominated by
coalescence.

4 Conclusions

(1) The optimum conditions are holding at
615 °C for 20 min, corresponding to the solid phase
fraction of 0.61, which has an average grain size of
124 ym and a shape factor of 0.81 on the ND
surface.

(2) Complete recrystallization occurs when
the sample is heated to 600 °C. Increasing the
temperature can promote the recrystallization
process to obtain a more uniform solid—liquid phase
distribution. The solid particle size on the ND
surface is uniform and the roundness is good. The
solid phase particles on the RD surface are not
uniform in size and irregular in shape. On the TD
surface, the solid phase is composed of a small
number of equiaxed grains and most elongated
grains.

(3) Coarsening of the solid particles occurred
before holding time of 15 min, and grain size was
stable after 15 min. The coarsening mechanism is
dominated by coalescence, and the Ostwald ripening
mechanism is not obvious. The LSW coarsening
kinetics is not suitable for describing the change
law of grain size during the isothermal process.



Ying-ze LIU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2091-2109

(4) Distribution of elements is similar to the
distribution of solid—liquid phases. The solid phase
is an aluminum solid solution with a small amount
of alloying elements dissolved. The alloying
elements are mainly distributed in the liquid phase
and exist as eutectic components with low melting
points.
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