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Abstract: The microstructure evolution and mechanical properties of a ZK60 magnesium alloy produced by the semi-solid thermal
transformation (SSTT) route and the recrystallization and partial melting (RAP) route were studied, respectively. The microstructure
evolution during partial remelting was studied at different temperatures for different time. The tensile mechanical properties of
thixoformed components by the two routes at room temperature were examined. The results show that coalescence is dominant in the
SSTT alloy and Ostwald ripening is dominant in the RAP alloy. Compared with the SSTT route, the RAP route can produce finer
semi-solid microstructure under the similar isothermal holding condition. The microstructure of the RAP alloy is much more
spheroidized compared with the SSTT alloy. Thixoforming for the ZK60 magnesium alloy produced by the SSTT and RAP route
results in successful filling of the die, and the thixoforming process improves the mechanical properties of ZK60 magnesium alloy.
The RAP alloy shows significantly advantageous mechanical properties over that of the SSTT alloy.
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1 Introduction

Magnesium alloys have received much attention as
important materials in aerospace, automobile and
electronic industries due to their low density, high
specific strength and stiffness, good electromagnetic
shielding characteristics and good machinability [1,2].
Currently, almost magnesium alloys are used mainly in
high pressure die-casting (HPDC) form for structural
components in the automobile industry. However, HPDC
components contain a substantial amount of porosity due
to gas entrapment during die filling which affects the
mechanical properties adversely [3]. It has been
recognized that semi-solid processing offers significant
[4-6].
Thixoforming is a semi-solid processing route which
involves the preparation of a feedstock material with
thixotropic characteristics, reheating the solid feedstock

advantages over traditional casting routes

material and shaping the semi-solid billet to components,
so the main requirement of this process is that the
microstructure of the starting material must be spheroidal

rather than dendritic [7,8]. There are several routes to
obtain the spheroidal microstructure, such as
strain-induced melt activation (SIMA), recrystallization
and partial remelting (RAP) and semi-solid thermal
transformation (SSTT) [9,10]. The SIMA route involves
working above the recrystallization temperature followed
by reheating to the semi-solid state. The advantages of
the SIMA route are that some alloys can supply in the
extruded state in any case and the spheroids are more
fully rounded. The RAP route involves working below
the recrystallization temperature followed reheating to
the semi-solid state. On the semi-solid state,
recrystallization occurs and liquid penetrates the
recrystallized boundaries resulting in spheroids which
were surrounded by liquid. A significant difference
between the RAP route and the SIMA route is that the
working  below  the
recrystallization temperature, while the latter involves
hot working above recrystallization temperature. The

former involves  warm

SSTT route involves simply heating a dendritic structure
to the semi-solid temperature range for a period of time
sufficient to get a spheroidal structure.
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Up to now, the evolution of microstructure
produced by the SIMA route in magnesium alloys was
reported that the SIMA route can obtain fine
microstructures [11,12], but there is only a few
information concentrating on the RAP route [13] and the
SSTT route [14]. The SSTT route is a promising
alternative for the production of feedstocks for
thixoforming due to its simplicity. Moreover, magnesium
alloys currently used in semi-solid processing are
restricted to a few commercial alloys such as AZ91D
[15,16] and AZ31 [17-19]. There are few reports
concerning the microstructure evolution and thixoforging
of ZK60 magnesium alloys produced by the RAP and
SSTT route. In the present study, the microstructure
evolution of ZK60 magnesium alloy produced by the
SSTT and RAP route is examined in the semi-solid state
and compared under the almost similar conditions.
Moreover, the mechanical properties of the thixoformed
SSTT alloy and the thixoformed RAP alloy are also
presented.

2 Experimental

Alloy ingots of ZK60 were produced from high
purity Mg (99.9%), Zn (99.9%) and Mg—30Zr (mass
fraction, %) master alloys in an electric resistance
furnace under the mixed atmosphere of CO, and SFs
with the volume ratio of 100:1. When the temperature
reached 780 °C, molten stirred
homogeneously for about 8§ min and held for 20 min,
after that the metal was poured in a metal mold with a
diameter of 140 mm. ZK60 alloy with a composition of
Mg—4.5Zn—0.5Zr in mass fraction. As-cast ingots were
machined into cylinder-shaped ingots with dimensions of
d120 mmx 120 mm. The cylinder-shaped ingot was then
subjected to deformation by compression at 360 °C, and
the compression ratio was 50%. The compression ratio
was defined as the relative reduction of height of the
sample, which was (H,—H)/H,, where Hy is the original
height and H is the height after compression. This was
designated by the deformed samples.

Investigation of microstructure evolution during
partial remelting was done on as-cast and deformed
samples with a diameter of 8 mm and a length of 12 mm.
The isothermal holding experiments were preformed in a
vertical tube furnace under the protective atmosphere of
flowing argon. Samples were partially remelted
isothermally at various temperatures and time in the
range of 5—60 min. To preserve the morphology and
content of the unmelted fraction, in removal from the
furnace, the samples should be immediately quenched in
cold water after removing from the furnace. Care was
taken to ensure that the beginning time of isothermal
holding was defined as the time when the samples were

metal  was

heated to predefined temperature without holding
partially remelted. The samples were sectioned at a
sufficient depth from the surface to avoid errors in the
microstructural analysis due to anomalous coarsening of
grains on the surface. Mean grain size and shape factor
of solid particles were calculated from the following
equations: D=(4A/n)"? and F=(4nA)/P*, where A and P
are area and perimeter of grains respectively [20,21]. For
each sample, measurements were taken from the whole
sectioned area with 250—300 grains per sample. The
approximate relationship between solid fraction f; and
temperature (T) was determined using the Scheil
equation: f=1-[(Ty—T)/A(Ty=T)]"' ™%, where Ty is the
melting point of pure metal, T is the temperature of
isothermal holding, Ty is the liquidus temperature of
alloy and Kk, is the equilibrium distribution coefficient
[22]. In this study, Ty, Ty and k, were taken as 650, 629
°C and 0.123, respectively. Therefore, the expected solid
fraction (f;) of ZK60 alloy was 0.78 at 570 °C in this
study.

For the thixoforming, the cylindrical slugs with a
diameter of 58 mm and a length of 40 mm were
machined from as-cast and deformed ZK60 bars,
respectively. Thixoforming was carried out on the
vertically upwards acting thixoforming press. The as-cast
slugs and deformed ZK60 slugs were heated to 570 °C
for 10 min isothermal holding. The temperature of the
slug was monitored by a K-type thermocouple embedded
in the slug. After reaching the required temperature, the
thermocouple was removed and the heated slug was
placed into the die. The preheat temperature of the die
was 350 °C. Molybdenum disulphide (MoS,) was used
as a lubricant. During thixoforming, the punch speed was
about 1 mm/s. The pressure exerted by the punch on the
slug was gradually increased to a pre-determined level of
200 MPa and kept at this level for 60 s.

Microstructure was examined by optical microscopy
(OM). Samples for tensile testing were machined from
the side wall of thixoformed components and were tested
using an Instron 5569 material testing machine at a cross
head speed of 1 mm/min. Tensile curves were analyzed
to assess the ultimate tensile strength (UTS), yield
strength (YS) and elongation to failure. Each tensile
value was the average of at least five measurements.

3 Results

3.1 As-cast and deformed microstructures

Figure 1 shows the optical micrographs of as-cast
and deformed ZK60 magnesium alloy. As shown in Fig.
1(a), the grains were coarse and equiaxed (100—150 pm),
some low-melting point phase (as the second phase) was
precipitated as discontinuous network primarily at grain
boundaries. The formation of the second phase was
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attributed to the non-equilibrium solidification. As
shown in Fig. 2(b), the grains underwent severe plastic
deformation and the boundaries of the grains were not
clear, the brittle second phase was elongated and
distributed over the grain boundaries and showed a
remarkable orientation along the deformation direction.

3.2 Microstructure evolution of SSTT and RAP
processed ZK60 alloys during partial remelting
with increasing holding time
The as-cast ingot during partial remelting can be

classified as being consistent with the SSTT route due to

the fact that it is unrecrystallized microstructure. Figure 2

shows the microstructure evolution of SSTT processed

ZK60 alloy during partial remelting at 570 °C (f=0.78)

for different isothermal holding time. According to Fig. 2,

5 min isothermal holding at 570 °C was not enough for

spheroidization. Solid grains were still stick together and

the separation did not occur. This can be attributed to low
liquid fraction, so the solid grains were not completely
penetrated by liquid film (Fig. 2(a)). Increasing
isothermal holding time to 10 min resulted in the
increased liquid fraction and the separation of contacted
solid grains, and some individual solid grains were
subjected to spheroidization (Fig. 2(b)). When the
isothermal holding time was up to 20 min, parts of the
corners and edges of polygonal solid grains melted,
which resulted in the spheroidization of polygonal solid
grains and the increase in the amount of liquid phase, the
solid grains were almost perfectly spheroidal, but
the microstructure was heterogeneous (Fig. 2(c)).
Simultaneously, liquid was gathered in pools and some
small solid grains suspended in liquid pools. A
comparison between Figs. 2(b) and (c) showed that
significant grain coarsening occurred in the semi-solid
state after 20 min. Disappearance of grain boundaries

Fig. 2 Microstructure evolution of SSTT processed ZK60 alloy during partial remelting at 570 °C (f,=0.78) for 5 min (a), 10 min (b),

20 min (c) and 60 min (d)
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resulted in coalescence as shown in Fig. 2(c), where the
grain boundaries between grains A and B disappeared,
and led to the formation of a larger grain with irregular
shape. With further prolonging holding time, the growing
tendency of the solid grains was obvious and grain
coarsening by coalescence resulted in the irregular shape
grains (Fig. 2(d)).

The deformed ingot during partial remelting can be
classified as being consistent with the RAP route. Figure
3 shows the microstructure evolution of SSTT processed
ZK60 alloy during partial remelting at 570 °C (f=0.78)
for different isothermal holding time. Following partial
remelting state, the microstructure mainly consisted of
spheroidal recrystallized grains with some internally
entrapped liquid. When the holding time stayed for Smin,
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recrystallization occurred entirely. Conglomerated
structures were separated into individual solid grains
because of liquid penetration. The microstructure in the
semi-solid state consisted of fine and almost perfectly
globular recrystallized grains which had intragranular
liquid droplets; solid grains surrounded by liquid had
undergone a significant degree of spheroidization, as
shown in Fig. 3(a). With prolonging holding time, the
thickness of liquid film around the solid grains was
thicker, but the grain size had no obvious change
(Figs. 3(b) and (c)). However, there was a significant
grain coarsening occurring in the semi-solid state when
the isothermal holding time was up to 60 min, as shown
in Fig. 3(d).

Figure 4 shows the variation of grain size and shape

e 2N

N

OS]
L ) dfﬁ =y weu =
ﬁ&%%éé 1

o‘ T .ﬁ.!
eutiieiy
B %.@lgg@:.

Fig. 3 Microstructure evolution of RAP processed ZK60 alloy during partial remelting at 570 °C (f,=0.78) for 5 min (a), 10 min (b),

20 min (c) and 60 min (d)
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Fig. 4 Grain size (a) and shape factor (b) for SSTT and RAP processed alloys during partial remelting at 570 °C (f=0.78) for

different holding time
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factor for the SSTT processed alloy and the RAP
processed alloy during partial remelting at 570 °C
(fs=0.78) for different isothermal holding time. It was
shown that the solid grain size decreased initially and
then increased with the isothermal holding time
increasing for the RAP processed alloy. However, for the
SSTT processed alloy, the grain size measurement
showed a continuous increase of the grain size with
prolonging holding time, as shown in Fig. 4(a).
Compared with the SSTT processed alloy, the RAP
processed alloy has finer solid particles under the similar
isothermal holding conditions. As shown in Fig. 4(b), the
variations of shape factor in both the SSTT processed
alloy and the RAP processed alloy exhibited a similar
trend that the solid grains became increasingly spheroidal
after isothermal holding for 5 min. However, the
spheroids developed more angular shapes and the shape
factor decreased slightly after 40 min isothermal holding.
Moreover, it also can be seen from Fig. 4(b) that the
degree of spheroidization in the RAP processed alloy
was also better than that in the SSTT processed alloy.

3.3 Tensile mechanical properties

Figure 5 shows the photographs of two successfully
thixoformed demonstrator components. The parts of
starting materials are ZK60 magnesium alloys produced

Fig. 5 Photography of two successfully thixoformed
components produced by STT (a) and RAP (b) routes

by SSTT and RAP route. The reproduction of the
barrel-shaped parts was good, and no problem was
experienced in filling the thin-walled sections. Figure 6
shows the tensile mechanical properties of as-cast and
thixoformed ZK60 alloys produced by the SSTT and
RAP routes. For the deformed alloy, there was strong
dependence of mechanical properties on the methods of
semi-solid processing. The results show that the ultimate
tensile strength (UTS), yield strength (YS) and
elongation of thixoformed ZK60 alloy produced by the
SSTT route were 214 MPa, 146 MPa and 4%,
respectively. The UTS, YS and elongation of
thixoformed ZK60 alloy produced by the RAP route
were 302 MPa, 210 MPa and 12%, respectively.
Compared with those of thixoformed ZK60 alloy
produced by the SSTT route, the UTS, YS and
elongation of thixoformed ZK60 alloy produced by the
RAP route were further improved. Moreover, the tensile
mechanical properties of the thixoformed ZK60 alloys
were better than the as-cast ZK60 alloys. The UTS, YS
and elongation of as-cast ZK60 alloys were 187 MPa,
135 MPa and 3.5%, respectively.
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Fig. 6 Tensile mechanical properties of as-cast ZK60 alloys
and thixoformed ZK60 alloys produced by SSTT route and
RAP route
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4 Discussion
4.1 Microstructural  evolution
remelting
It is well established that the system reduces energy
by the elimination of the interfaces of high curvature and
two mechanisms are generally considered to control solid
grain coarsening: coalescence and Ostwald ripening

during partial

[23—25]. Coalescence is usually defined as the formation
of one large particle upon contact of two smaller ones,
and coalescence by grain boundary migration is
dominant at short time after liquid is formed and at low
volume fractions of liquid. Ostwald ripening is dominant
at a longer time and at high volume fractions of liquid.
Ostwald ripening involves the growth of large particles
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at the expense of small particles, and is governed by the
Gibbs-Thompson effect which alters the chemical
potential of solutes at the particle-liquid interface,
depending on the curvature of the interface. Compared
with the grain size exhibited by the processed RAP alloy,
the SSTT processed alloy obtained much more serious
coarse grains. In the SSTT processed alloy, the thickness
of liquid film which was around the solid grains was
thicker with prolonging holding time in the initial of
holding time, solid—solid
interfacial energy was higher than the solid—liquid
interfacial energy, and the liquid phase would penetrate

isothermal because the

into the solid grains in order to reduce the interfacial
energy [26]. Such as the liquid film between grains A and
B in Fig. 2(a), with the growing of the liquid phase,
grains A and B were separated completely in the end,
which made the number of the grains increase and the
grain size decrease, as shown in Fig. 2(b). With
prolonging isothermal holding time, individual grains
coarsened because these individual grains had relatively
coarse size and irregular shape; liquid phase was few and
nonuniform, under this circumstance coalescence playing
a significant role in grain coarsening which caused grains
continuously to grow [27]. However, due to the diffusion
of liquid phase, the corners and edges of solid grains
melted in order to reduce the solid—liquid interfacial
energy, so the shape factor of grains was also increased.
Therefore, solid grains gradually become more
spheroidal [28]. When the isothermal holding time was
up to 60 min, coarsening in the alloy was controlled by
solid—solid contacts and grain contacts led to an increase
in grain growth rates and especially the irregular shape,
namely, the grains A and B merged into a larger and
longer grain which was irregular shown in Fig. 2(d), so
the shape factor of grains was slightly decreased.

In the RAP processed alloy, because underwent
plastic severe deformation, the overall grain boundary
and subgrain boundary area may increase [29]. On one
hand, this led to the greater potential for the development
of recrystallization nuclei. On the other hand, this
resulted in an increase in the amount of stored energy in
the alloy and increased driving force towards
recrystallization [30]. Because enough strain hardening
was introduced into the alloy, complete recrystallization
and fragmentation were achieved in a short time, so the
grain was fine when the isothermal holding time was just
5 min. It can be seen from Fig. 3 that the grain size has
no obvious increase when the isothermal holding time
was controlled in 20 min, because the globular grains
were almost free of entrapped pools which were
homogeneously surrounded by liquid films. Under this
circumstance, the contribution of coalescence to the
coarsening has been suppressed, and grain coarsening in

the RAP processed alloy was mainly controlled by
diffusion through liquid rather than by the solid—solid
contacts. So, the Ostwald ripening was thought to play a
dominant role and the corners and edges of solid grains
were melted which led to the shape factor of grains
increase. When the isothermal holding time was up to 60
min, coalescence played the dominant role,
microstructure exhibited significant grain coarsening and
the shape factor decreased. As shown in Fig. 3(d), two
spheroidal grains (such as grains A and B or grains C and
D) which were similar in size merged into larger and
irregular-shaped grains.

From Figs. 2 and 3 we can know that the
microstructure of the RAP processed alloy is finer and
much more is spheroidized compared with the SSTT
processed alloy under the similar isothermal holding
condition. We can also find that properly prolonging
holding time is favorable for liquid penetration of solid
grain boundaries and for the improvement of degree of
spheroidization, but too long holding time results in
excessive grain coarsening. Therefore, the isothermal
holding time may be controlled in 40 min both for the
SSTT processed alloy and the RAP processed alloy.

4.2 Tensile mechanical properties

The tensile mechanical properties of the
thixoformed ZK60 alloys were better than as-cast ZK60
alloys. Moreover, the thixoformed ZK60 alloys produced
by the RAP route were better than those produced by the
SSTT route. The superior mechanical properties of the
components thixoformed by the RAP route had two
reasons. First, thixoformed components inherited the
mechanical properties from their original feedstocks, the
mechanical properties of thixoformed components
depended on the properties of original feedstocks, and
mechanical properties were largely determined by the
number of defects present in the sample. For the alloy
produced by the RAP route, some casting deficiencies,
such as gas pores, hot cracks and microstructural
non-uniformity have been eliminated or reduced during
compression with 50% compressive rate [31-33].
Second, the RAP route produced ideal, fine and
homogeneous semi-solid microstructures, in which
completely spheroidal primary solid grains were
entrapped with a little number of liquid droplets, such
microstructures are ideal for thixoforming [34].
Moreover, the RAP obtained more finer
recrystallized solid grains during partial remelting, and
small-grained alloy would have a higher density of grain
boundaries per unit volume which could effectively

route

hinder the dislocation motion. So, it was reasonable for
the RAP processed alloy to exhibit excellent mechanical
properties.
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5 Conclusions

1) With prolonging holding time, the RAP route
produces finer semi-solid microstructure compared with
the SSTT processed alloy under the similar isothermal
holding condition. In the SSTT processed alloy,
coalescence mechanism plays a dominant role. In the
RAP processed alloy, the Ostwald ripening is thought to
be the dominant grain coarsening mechanism and that
coalescence is also present, although exerting a minor
role.

2) Both for the SSTT processed alloy and the RAP
processed alloy, the isothermal holding time may be
controlled in 40 min.

3) Thixoforming for ZK60 magnesium alloy is
produced by the SSTT route and the RAP processed
route results in successful filling of the die.
Thixoforming process improves the mechanical
properties of ZK60 magnesium alloy. Compared with the
SSTT processed alloy, the RAP processed alloy shows
significant advantageous mechanical properties over that
of the SSTT processed alloy.
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