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Abstract: The microstructural evolution and kinetic characteristics were studied during solution treatment of AM60B Mg alloy
prepared by thixoforming. The results indicate that the microstructural evolution includes two stages: the first stage involves rapid
dissolution of eutectic f (Mg;;Al},) phase, homogenization and coarsening, and the second stage is regarded as normal grain growth
consisting of primary a-Mg particles (primary particles) and secondary a-Mg grains (secondary grains). In the first stage, the
dissolution completes in a quite short time because the fine £ phase can quickly dissolve into the small-sized secondary grains. The
homogenization of Al element needs relatively long time. Simultaneously, the microstructure morphology and average grain size
obviously change. The first stage sustains approximately 1 h when it is solutionized at 395 °C. Comparatively, the second stage needs
very long time and the microstructure evolves quite slowly as a result of low Al content gradient and thus low diffusivity of Al
element after the homogenization of the first stage. The growth model of primary particles obeys power function while that of the
secondary grains follows the traditional growth equation in the first stage. In the second stage, both of the primary particles and

secondary grains behave a same model controlled by diffusion along grain boundaries and through crystal lattice.
Key words: AM60B Mg alloy; thixoforming; solution heat treatment; microstructure; kinetics

1 Introduction

Magnesium alloys, as the lightest structural alloys
commercially used, have wide applications in various
fields such as automotive, aircraft and electronics
industries[1]. Energy conservation is the main factor
which drives drastically the latent consumption demand
of magnesium alloys. AM60B alloy is one of the most
widely used commercial magnesium alloys and most of
its components are fabricated by high pressure diecasting
(HPDC) at present[2]. However, this forming technology
has the shortcomings like gas poles in the resulting
components. So the mechanical properties of the
components are relatively low and they cannot be heat
treated, which limits its applications. The promising
technology, semisolid forming or semisolid processing
(SSF/SSP), combined the advantages of both casting and
forging, has been concerned extensively on the view of
low porosity, reduction of macrosegregation, fine
microstructure, especially low gas entrapment and

further improvement of  mechanical properties by
following heat treatment[2—3].

The reported heat treatment procedures of SSF
products are mostly those that are adopted to
conventional dendritic castings and are deemed to be not
suitable to SSF castings due to their different
solidification histories and microstructures[4]. The
dissolution and precipitation of f (Mg;;Al};) phase for
the conventional casting Mg-Al-based alloys and the
related mechanical properties have been extensively
investigated in  previous  works[5—10].  During
solutionizing, the dissolution of hard § phase into the
o-Mg matrix causes the decrease of hardness and
ductility and the increase of tensile strength. Subsequent
aging induces significant precipitation hardening[11].
However, the f phase without Guinier—Preston (GP)
zones preferentially precipitates along grain boundaries
in a discontinuous form, which results in relatively poor
strengthening  response[12].  Favorable
precipitation (CP) that competes with discontinuous
precipitation (DP) is related to the Al content in solid

continuous
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solution[13]. However, few studies have focused on the
microstructural evolution during solid solution treatment
of SSF alloys, especially in the early stage, which often
exerts a huge influence on the final mechanical
properties. Furthermore, the solution kinetics has rarely
involved.

Therefore, in this study, the microstructural
evolution process of AM60B magnesium alloy prepared
by thixo-diecasting (TDC) was investigated during solid
solution treatment, and the kinetics of grain growth was
also discussed. The variation characteristics of f phase
and other phases during the solution process, especially
in the early stage of solution treatment, were particularly
discussed.

2 Experimental

The AM60B alloy used in this work was prepared
by TDC process. The preparation details have been
reported elsewhere[14—15]. Here, the brief process was
only described. A quantity of commercial AM60B alloy
was first remelted at 790 °C in a resistance furnace. The
melt then was held for 10 min after 1.2% MgCO; (mass
fraction) was added for grain refinement, and finally at
(72045) °C poured into a permanent mould with a cavity
of 70 mm in diameter and 160 mm in length. Following,
the cast rods were machined into small rods with
dimensions of d 68 mmx110 mm. The small rods were
heated in a resistance furnace at 610 °C for 130 min
under protection of argon gas and then transferred into
the chamber of a HPDC machine and formed. The
chamber temperature of 400 °C, mould temperature of
300 °C and injection speed of 3 m/s were employed. A
photograph of the formed product is shown in Fig.1.

Cross gate @

Fig.1 Photograph of thixoformed AM60B alloy

The samples used for heat treatment with
dimensions of 8 mmx8 mmx10 mm were machined from
the cross gate of a formed product. These samples were
solutionized at 395 °C for different time, ranging from 2
min to 60 h, and then were quickly water-quenched. The
temperature fluctuation was kept within +1 °C.

A cross-section of the heated samples was ground
and polished by standard metallographic technique to
0.25 pm-diamond finish, followed by etching using an
aqueous solution of 60% ethylene glycol, 20% acetic
acid and 5% HNO; (volume fraction) to visualize grain
boundaries and examine grain sizes. Subsequently, part
of the samples were ground and polished again and then
etched by an alcohol solution with 4% HNO; (volume
fraction) to show microstructure details and thus deduce
the microstructural evolution. A JSM6700F electron
scanning microscope (SEM) equipped with energy-
dispersive spectroscope (EDS) was applied to observing
the detailed microstructures and examining the contents
of Al in a-Mg phases in the different microstructures.
The related quantitative analysis of § phase was carried
out by IMAGE-PRO PLUS software. The linear
intercept method described in the ASTM standard
E112-96 was used to examine grain sizes.

3 Results and discussion

3.1 As-cast microstructure

To verify the microstructural evolution during
solutionizing, the as-cast microstructure of the TDC
AMO60B alloy should be first clarified. Figure 2 shows
the typical microstructures of the TDC AM60B alloy. It
can be seen that the alloy has a homogeneous
microstructure with nearly globular primary o-Mg
particles uniformly distributed in the secondarily
solidified matrix (Fig.2(a)). There are often several
small-sized secondarily solidified particles (liquid phase
pools within the primary particles in the semisolid
microstructure prior to forming) within each primary
particle (Fig.2(b)). The secondarily solidified structure is
composed of fine secondary a dendrites (to differentiate
from the primary a phase, the primary o phase solidified
from the liquid phase in semisolid sate is named as
secondary a-Mg phase) and discontinuous interdendritic
p phase (Fig.2(c)). As shown in Fig.2(d), the eutectic S
phase distributes in skeleton shapes within the eutectic a
phase.

The solidification of semisolid slurry in die cavity is
named secondary solidification and plays an important
role in determining the final microstructure and
mechanical properties[16]. Three stages can be
considered for the secondary solidification process. First,
some of the secondary primary a phase directly grows up
on the primary o particles without nucleation in order to
rapidly decrease the Mg content in the liquid phase close
to the primary particles, forming the serrated or annular
structures. Then, nucleation occurs and lots of fine
equiaxed a dendrites form in the whole liquid phase.
Finally, the solidification completes by eutectic reaction.
Because the size of residual liquid layers or pools is very
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Fig.2 As-thixodiecasted microstructures of AM60B alloy: (a) OM image; (b—d) SEM images of secondarily solidified particles
within primary particles, details of secondarily sodified structure and eutectic phase, respectively

small when the eutectic reaction occurs, the eutectic o
preferentially attaches the secondary primary dendrites to
directly grow up without nucleation and only the eutectic
[ phase is left between the dendrites (Fig.2(d)), that is to
say, the resulting eutectic structures belong to divorced
eutectic.

3.2 Microstructural evolution during solution heat

treatment

According to Mg-Al equilibrium binary phase
diagram[11], § phase will dissolve into a phase to form
Al supersaturated a-Mg solid solution during solution
heat treatment. Figure 3 shows the microstructures of the
TDC AMG60B treated at 395 °C for different durations.
As the holding time increases, an obvious characteristic
is that the f phase existed in the secondarily solidified
structure disappears gradually. It can be found that when
the alloy is heated for 2 min, more than half of the S
phase has dissolved (comparing with Fig.2(b) and
Fig.3(a)). With increasing the time to 6 min, most of the
f phase disappears (Fig.3(b)). When the time is
prolonged to 10 min, only small-sized f phase particles
are left (Fig.3(c)). From Figs.3(c)—(f), it can be
suggested that the dissolution basically completes in 1 h,
and further treatment only makes the difference between
the primary particles and secondarily solidified structures
unclear. Figure 4 quantitatively exhibits the change of
volume fraction of f phase. It shows that the volume
fraction of f§ phase decreases sharply within 10 min and
then the rate becomes slow in the following 20 min. As

shown in Fig.3(e) and Fig.4, the S phase basically
disappears after being heated for 1 h. Simultaneously, the
morphologies of S phase significantly change with the
variation of its volume fraction. Figure 5 implies that the
irregular and discontinuous f phase becomes small and
diffuses gradually.

It is also found that the contrast difference between
the primary particles and secondarily solidified structures
becomes indistinct as the volume fraction of S phase
decreases (comparing with Figs.3(a)—(e)) and completely
disappears after 60 h. The microstructure becomes into a
uniform gray matrix (Fig.3(f)). But it should be noted
that some white particles always exist regardless of
the solution progress (Figs.3(a)—(f)). EDS analysis
indicates that these particles are Al,Mn, phases. Previous
investigation indicates that Al,Mn, phases are very
stable during the solution treatment and cannot
dissolve[17].

As discussed above, the small-sized Al-rich § phase
particles dispersedly distribute in the Mg-rich a-Mg
phase including secondary a phase and eutectic a phase.
So the dissolution of S phase towards the a-Mg phase is
very quick during the early stage of solution treatment
(Fig.3(a)). As the Al content in the a-Mg phase increases,
the content gradient between the S phase and o-Mg
phase decreases, which makes an obvious decrease in
dissolution rate after 2 min. All of the § phases do not
disappear until the treatment is conducted for 1 h (Fig.4).
The results from line scanning analysis show
that the difference of Al content between the primary a
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Fig.3 SEM images of TDC AM60B alloys heated at 395 °C for 2 min (a), 6 min (b), 10 min (c), 30 min (d), 1 h (e) and 60 h (f)
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Fig.4 Variation of volume fraction of f phase with solution
time at 395 °C

phase and secondarily solidified structures is still large
after being treated for 1 h (Fig.6). This means that the

homogenization is far behind the dissolution of § phase
and the homogenization with long-distance diffusion is
the main phenomenon after 1 h.

To illustrate the homogenization process during
solutionizing, the Al contents of the two structures,
primary o particles and the secondly solidified structure,
were measured. As shown in Fig.7, the Al content of the
secondly solidified structure decreases rapidly while that
of the primary o particle increases quickly within 1 h of
treatment, and then both of them change slowly. It can be
found that this change tendency is consistent to that of
the volume fraction of § phase discussed above. Because
all of the Al-rich S phase structures are in the secondly
solidified structures, there is a large Al content gradient
between the primary particles and the secondly solidified
structures. So Al atoms intensively diffuse from the later
structure to the former structure, resulting in the rapid



HUANG Hai-jun, et al/Trans. Nonferrous Met. Soc. China 21(2011) 745—753 749

Fig.5 SEM images of f phase treated at 395 °C for 6 min (a)
and 10 min (b)

Fig.6 Line scanning analysis maps across primary particles and
secondly solidification structures of alloys treated at 395 °C for
Oh(a)and 1 h (b)
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Fig.7 Variation of Al content in primary particles and secondly
solidified structures with solution time

increase of Al content of the former structure and quick
decrease of the latter structure, namely, the Al content
gradient is decreased. Thus, the driving force of Al atom
diffusion is decreased and the changes of these two Al
contents become slow after 1 h. Even after being
solutionized for 60 h, a large content difference still
exists between these two structures (Fig.7).

With the dissolution of f phase, rapid coarsening
occurs for the primary particles and the secondary a-Mg
grains. Figures 8 and 9 show that both the primary
particles and secondary a-Mg grains rapidly coarsen
during the initial stage of 1 h, and then the coarsening
rates of these two structures all obviously decrease. To
differentiate from the rapid coarsening prior to 1 h, the
slow coarsening after 1 h is named normal growth.

Summarizing the above discussion, it can be found
that the change tendencies of the coarsening rates are
completely consistent to those of the volume fraction of
S phase and the Al contents. All of the changes are
divided into two stages by a critical value of 1 h. So the
microstructural evolution of the TDC AM60B during
solution treatment can be divided into two stages. The
first stage is the quick dissolution of f phase, rapid
homogenization and rapid coarsening during the initial
period of 1 h, and the second stage is the normal growth
of the primary particles and the secondary a-Mg grains
which starts from 1 h.

3.3 Kinetic characteristics of solution treatment

Both the primary particles and secondary grains
grow rapidly in the first stage (within 1 h), but their
growing modes are quite different. For the secondary
grains, the growth is mainly controlled by the dissolution
of f phase while that of the primary particles depends on
swallowing the small secondary grains around them. The
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Fig.8 Optical images showing size change of primary a-Mg particles and secondary a-Mg grains solutionized at 395 °C for different
durations: (a) 2 min; (b) 6 min; (c) 10 min; (d) 30 min; (e) 1 h; (f) 60 h
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Fig.9 Variations of primary particle size and secondary a-Mg
grain size with solution time

dissolution causes two influences. The first is that it
results in the rapid growth of secondary grains; the
second is that it produces obvious difference in Al
content between these two types of particles. It can be
expected that the second influence is helpful for primary
particles to swallow the secondary grains due to the
diffusion of Al atoms. After being solutionized forl h (in
the second stage), either the primary particles or the
secondary grains grow through the mergence of
neighboring grains because all of the S phases have
almost completely dissolved. As shown in Fig.10, a
primary particle has swallowed a small secondary grain
around it in region A4 and a relatively large-sized
secondary grain has also swallowed a small-sized
secondary grain in region B.
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Fig.10 Microstructure of AM60B alloy solutionized at 395 °C
for 6 h

To compare the growth speeds of these two kinds of
grains, growth rates were calculated by the following
formula:

D "
where y is the growth rate, D, and D, are the mean
grain sizes at time ¢, and t,.;, respectively. The results
shown in Fig.11 clearly indicate that both the growth
rates of both the primary particles and the secondary
grains are considerably high during the first stage (within
1 h), but the rate of the secondary grains is higher than
that of the primary a particles (Fig.11(a)). This can be
attributed to their different growth modes. As discussed
above, the dissolution rate of § phase is more rapid than
that of Al atoms, so the growth rate of the secondary
grains depending on the dissolution of S phase is higher
than that of the primary particles controlled by the
interface diffusion of Al atoms. About 10 min later, both
the rates, especially that of the secondary grains, sharply
decrease due to the decrease of f phase. Even so, the
growth rates during the first stage are still higher than
those in the second stage (comparing Fig.11(a) with
11(b)). After 1 h, both the growth rates keep at a low
level below 0.2 h™', but the growth rate of the secondary
grains is still higher than that of the primary particles.
The difference between the two rates decreases as the
solution time increases. Three reasons can be proposed.
Firstly, all of the  phases have completely dissolved and
the growth mode of the secondary grains turns to the
mergence, and thus their growth rate sharply decreases.
Secondly, the Al content gradient between these two
types of grains slowly decreases, so the growth rate of
the primary particles slowly decreases. Thirdly, the
interface energy of the secondary grains occupied
regions should be always higher than that of the primary
particles occupied regions due to grain size difference, so
the growth rate of the secondary grains is higher than
that of the primary particles driven by decreasing the
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Fig.11 Growth rate variations of primary particles and
secondary grains with solution time: (a) Within 1 h; (b) After
lh

interface energy. But due to the decrease of the grain size
difference between these two kinds of grains with the
solution time, the difference of the growth rates also
decreases.

To clarify the growth models of these two kinds of
grains, the grain size data are fitted to estimate which
function is obeyed (Fig.12). The results reveal that the
growth model of the secondary grains obeys the
traditional growth equation well in the first stage:

d = k(Dt)"? )

where d is the grain size; k is the constant of growth;
D is the diffusion coefficient, which can be obtained by

D = Dy exp[~Q/(RT)] (3)

where D, is the diffusion constant related to the
temperature 7 and solute concentration; @ is the
activation energy, 160.5 kJ/mol[17].

However, the growth model of the primary particles
is quite different and follows the following equation:

d =k(Dt)" 4)
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Fig.12 Variations of primary particle size and secondary a-Mg
grain size with solution time: (a) Within 1 h; (b) After 1 h

The fitting results show that the value of n is equal
to 0.1, less than 2, indicating that the growth does not
result from phase transformation controlled by diffusion.
Therefore, two different growth models can be proposed,
the growth of primary particles during the first stage is
governed by the mergence while that of the secondary
grains is controlled by diffusion transformation (the
dissolution of § phase produces Al supersaturated a solid
solution). And in the second stage, the growth models of
these two types of grains all obey a same relation:

d" —dy =kt 5)

where ‘70 and 67, are the initial and final grain sizes,
respectively; ¢ is the solution time; and £ and n are
constants related to diffusivity, interfacial energy and
solute concentration. The present results indicate that the
n values for the primary particles and secondary grains
are 3.66 and 3.98, respectively, larger than 3, but lower
than 4. According to the mechanistic models for grain
coarsening, if the coarsening is controlled by diffusion
via dislocation cores, diffusion along grain boundaries,
diffusion through the lattice or diffusion across a particle
matrix interface, n can be 5, 4, 3, or 2, respectively[12].

So it can be concluded that the coarsening of the two
kinds of grains is a mixture model including Al diffusion
along grain boundaries and through crystal lattice, and
these two diffusion mechanisms lead to the interface
migration and thus the grain coarsening.

4 Conclusions

1) The TDC AMG60B alloy has homogeneous
microstructure with nearly globular primary o-Mg
particles uniformly distributed in the secondly solidified
matrix. The secondly solidified structure is composed of
fine secondary «a-Mg dendrites and interdendritic
devoiced a+p eutectic.

2) The microstructural evolution during solution
treatment includes two stages. One is the rapid
dissolution of f§ phase, homogenization and coarsening;
the other is the normal growth of primary a-Mg particles
and secondary a-Mg grains. The first stage maintains
about 1 h, and the second stage lasts very long time when
treated at 395 °C.

3) During the first stage, the rapid growth of the
secondary grains is attributed to the quick dissolution of
f phase while that of the primary particles results from
their combination with surrounding secondary grains. In
the second stage, the coarsening of these two kinds of
grains belongs to the mergence of neighboring grains and
this regime exhibits a low growth rate.

4) The growth models of the two types of grains are
different in the first stage. The growth of the primary
particles obeys power function while that of the
secondary grains follows the traditional growth equation
in the first stage. But in the second stage, they all obey a
same model controlled by diffusion along grain
boundaries and through crystal lattice.
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