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In non-equilibrium conditions, the coring phenomena may occur in the o-Mg solid solution and
Yv-Mg Al , phase forms in the microstructure of AZ magnesium alloy series. This eutectic phase may

introduce detrimental effect on workability of wrought alloys. In the present work, the dissolution
characteristics of y phase have been investigated in AZ31 wrought magnesium alloy. Considering
the eutectic temperature of AZ31 alloy, the homogenization treatment was executed in temperature
range of 300-437 °C (i.e., somewhat below eutectic melting temperature of y precipitate) and 437-
500 °C (i.e., higher eutectic melting temperature of vy precipitate) for different durations. A thorough

microstructural investigation and also thermodynamic calculations were executed. The results indicated
that the dissolution rate of y phase is very low even at temperatures just below the eutectic point of
the alloy, whereas it dramatically increases at temperatures higher than eutectic point. Moreover, it
is suggested that partial melting of y phase due to eutectic melting reaction (a+y—L) may lead to

reduced formability.
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1. Introduction

As the lightest structural metallic material, magnesium
alloys not only hold low density (almost two-thirds of
aluminum), but also possess high specific strength, excellent
damping and good ecology properties (easy to recycle and
abundant in resources). Owing to these desirable properties,
magnesium alloys are attractive in electronic, aeronautical
and transportation industries!. Accordingly a thorough
investigation of high temperature plastic deformation
behavior of magnesium alloys is highly necessitated.
This may assist enhancing the alloy workability which
in turn plays an essential role in the industrialization
of component fabrication. Among magnesium alloys,
AZ31, as the most common wrought magnesium alloy,
is of particular interest because of the good balance of
strength and ductility. A number of previous investigations
have studied hot formability of this alloy under specified
conditions*’. These researches made many attempts to
develop suitable deformation condition for AZ31 alloy.
In fact the important thermomechanical parameters such
as temperature, strain rate and deformation ratio were
considered, and yet less attention has been paid to the effects
of second phase particles in initial microstructure.

AZ31 alloy may contain a small fraction of y-Mg Al ,
particles (as a part of eutectic transformation) distributing
either in grain interiors or along grain boundaries.
Dissolution Rate of y phase is very low even at temperature
just below the eutectic point of the alloy®. Some researches
have been reported the detrimental effect of these particles
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at low temperatures®!'°. Moreover, considering the reported
eutectic reaction temperature (~437 °C)'' and also the
melting point of y particles (~462 °C)'?, the presence of
Y phase may possibly introduce a significant detrimental
effect on high temperature mechanical response of AZ31
magnesium alloy.

As the wrought magnesium alloys are usually
homogenized before applying any manufacturing process,
in the present work dissolution characteristics of y phase
were studied in AZ31 Mg alloy. This was carried out
applying homogenization treatment at temperatures below
and higher than that of eutectic point of the alloy. To assist
explaining dissolution kinetic of y phase, differential thermal
analysis, microstructural investigation and thermodynamic
calculations were employed.

2. Experimental Procedure

An AZ31 magnesium alloy Mg-2.9%Al1-0.85%Zn-
0.3%Mn (All in wt. %) was selected as the experimental
material. This was received as-hot rolled plates with
22 mm thickness. The alloy initial back scattered SEM
microstructure is shown in Fig. 1. From this the existence
of the second phase particles is realized. Energy dispersive
spectroscopy (EDS) results indicate that the second
phases (i.e., -Mg Al , as well as few particles of Al-Mn
compounds) are distributed either in grain interiors or
along grain boundaries (Figure 1b and c). To determine the
characteristics of y precipitates, differential thermal analysis
(DTA) was performed at 5 k/min heating/cooling rate. The
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Figure 1. (a) The SEM image of the as-received experimental
alloy, (b) EDS result of y precipitates, and (c) EDS result of Al Mn

compounds.
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size and distribution of Al-Mn intermetallic compounds were
not affected by the homogenization treatment due to their
high temperature melting (~705 °C), which is well higher
than the temperature range of thermo-mechanical processing
of the magnesium alloy (250-450 °C)>

Considering the eutectic temperature of experimental
alloy, the homogenization treatment was executed in
temperature ranges of 300-437 °C (below the eutectic
invariant temperature of y phase) and 437-500 °C (higher
than the eutectic invariant temperature of y phase).
Homogenization treatment was performed in a resistance
furnace at 420 °C for 3, 6, 12 hr and also at 450, 475 °C for
5 min. Homogenization times were adopted based on the
low kinetics rate of the process below eutectic temperature®
and the related thermodynamic calculation at temperatures
higher than eutectic point. The specimens with size of
8 mm x § mm x 1.5 mm were used to facilitate the fast
heating response. The specimens were immediately water
quenched right at the end of homogenization treatment.
To reveal the obtained microstructure, the specimens were
prepared using standard metallographic methods. The
microstructural observation was performed at the center
and mid-height of the treated specimens.

3. Results and Discussion

Figure 2 shows the microstructure of homogenized
specimens at 420 °C for different homogenization times. In
the initial equiaxed microstructure of the as-received alloy
(Figure 2a) many twins are observed. This surely indicates
the occurrence of twining during previous rolling schedule.
The initial grain size was measured to be about 11 pm. As
is seen in Figures 2b and c, after homogenization for 3 and
6 hr at 420 °C the twins are completely disappeared, but a
significant amount of y phase particles remains the same in
appearance. The latter confirms that the dissolution, which
is governed by solid state diffusion, is a very slow process at
this temperature. However, increasing the homogenization
time to 12 hr at 420 °C results in dissociation of y phases in
o-Mg matrix where a noticeably grain growth is observed
(Figure 2d). Therefore, it is concluded that the dissolution
rate of divorced Y phase is very slow even at temperature
just below (and very close to) the eutectic point of the alloy.

Figure 3a demonstrates the microstructure of the alloy
treated at 450 °C for 5 min. The occurrence of incipient
melting within the 7y particles is evident. This may imply
to the initiation of a local melting due to the reaction of the
small yphase particles with the surrounding o phase region.
Providing more time, this incipient melting will be extended
to the whole 7y particles.

To determine the characteristics of y precipitates and to
assist explaining the dissolution rate of this eutectic phase,
differential thermal analysis (DTA) was also performed. The
thermal analysis curve of the experimental alloy (Figure 4)
exhibits only one strong peak during heating/cooling cycle
related to the extensive melting and re-solidification of o--Mg
solid solution, respectively. However, two strong signals
were reported to be clearly observed for other alloys of
Mg-Al-Zn system such as AZ61 and AZ91 alloy'""®. These
researches reported that the second signal at about 437 °C
in thermal analysis of AZ alloy series with higher Al content
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Figure 2. (a) The as received initial microstructure, (b) homogenized microstructure at 420 °C/3 hr, (c) 420 °C/6 hr and (d) 420 °C/12 hr.

(a)

Figure 3. The homogenized microstructure at (a) 450 °C/5 min and (b) 475 °C/5 min.
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may be attributed to the precipitation of y phase under the
non-equilibrium cooling condition (Scheil condition) and
Y eutectic melting reaction during subsequent equilibrium
heating.

The solidification curve of experimental alloy (the
variation of liquid fraction versus temperature), which was
calculated under equilibrium conditions (solid line) as well
as Scheil condition (dashed line), are shown in Figure 5.
As is seen the liquid fraction markedly decreases as o-Mg
solid solution phase forms at about 630 °C. In equilibrium
condition, the solidification ends at about 575 °C, but in
non-equilibrium condition a kink (arrowed in Figure 5) is
observed at about 431 °C which closely corresponds to the
precipitation of y phase under Scheil conditions.

The specific solid content f, of experimental alloy which
is mostly 7y eutectic phase can be calculated according to
Scheil’s equation ':

fo=1-{(T, ~T) /(T - T,)} )

Where T is the melting temperature of pure metal,
T, is the liquidus temperature and k is the equilibrium
distribution coefficient of the alloy. The volume fraction
of 7y eutectic phase in non-equilibrium solidification state
of experimental alloy is estimated to be about 1.7%. As is
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Figure 4. The DTA curve of AZ31 alloy (The heating/cooling rate
is 5 K/min).
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Figure 5. The calculated solidification behavior of the experimental
alloy; Equilibrium (solid line) and Scheil (dashed line) conditions.
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reported, a complete mixture in liquid state and a negligible
diffusion in the solid are considered in Scheil model™.
Therefore the real values of f, should be smaller than that
of calculated one. Thus, it may be deduced that in contrast
to the AZ61 and AZ91 alloys, due to small volume fraction
of 7y precipitates in AZ31 Mg alloy, no significant signal
related to precipitation of y phase or y eutectic melting would
be detected. A similar behavior was observed in thermal
analysis curve of AM50 magnesium alloy'®. However,
solidification process of Mg-Al-Zn system is far from an
equilibrium condition even at extremely slow cooling rate
of 1 K/min', and coring in o-Mg solid solution occurs and
v phase forms in the microstructure of Mg-Al alloys with
down to about 2 wt. % Al". It is worth mentioning that
the coring occurs even in alloy with 0.01 % solute atom's.
Consequently, even though in the present DTA no peaks of
Y eutectic phase could be monitored, still the local formation
of this phase is anticipated.

Accordingly, the observed semi-divorced morphology
of yeutectic phase in homogenized microstructure at 450 °C
for 5 min (Figure 3a) can be discussed relying on the partial
melting of y-Mg Al , phase. This is due to the eutectic
melting reaction which is appeared to occur at ~ 437 °C.
Increasing the temperature to 450 °C (just higher than the
eutectic temperature of experimental alloy), local melting
occurs by the inverse eutectic reaction of the y-phase region
with the surrounding o-phase matrix.

The microstructure of the specimen which was
homogenized at 475 °C for 5 min is shown in Figure 3b.
Further increasing the temperature to 475 °C (above
melting point of 7y precipitates ~462 °C), the incipient
melting of 7y particles may be completed. This would be
ended to a homogenized single phase microstructure. The
dissolution of melted eutectic precipitates can be estimated
based on the thermodynamic calculation. The dissolution
kinetics of plate-shaped melted eutectic films at any given
temperature can be evaluated using Whelan method" (see the
Appendix A). In this way the time required for dissolution
of a plate shaped liquid film and spherical liquid droplets
are determined by the following equations, respectively:

B=BO—%\/E ()
R=Ry kDt 3)

Where B is half the thickness of the liquid film, & is
the thermodynamic driving force for dissolution and D
is the solute diffusion coefficient for a given temperature.
The times required for dissolution of y phase, at various
temperatures of 450, 475 and 500 °C, were calculated and
plotted against film thickness in Figure 6. Therefore it is
concluded that in thermomechanical processing during
soaking time at the test temperature, may not provide
adequate time for melting and dissolution of y phase in
matrix. Thus the presence of partially melted y phase may
results in the strain concentration, reduced elongation and
premature fracture.

In according to the above discussion, the eutectic
reaction and incipient melting of y phase are occurred during
thermomechanical treatments. This imposes a detrimental
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effect on hot workability of AZ31 alloy. This may be
considered as a rationale for previously reported formability
change in AZ31. The ductility data of AZ31 alloy reported
in the literature for the hot rolled® and as-cast condition®!
have been used to re-plot the ductility-temperature curve as
shown in Figure 7. As is clearly realized the ductility reduces
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Figure 6. The dissolution time of 7 films at different temperatures.
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Figure 7. The re-plotted variation of ductility as a function of
temperature for as-cast’' and hot rolled” AZ31 alloys.
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Appendix A

Figure A.1 shows the binary Mg—Al equilibrium phase diagram. The driving force for diffusion and dissolution of
liquid droplets is determined by the relation:
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Figure A1. Mg-rich portion of the binary Mg—Al equilibrium phase diagram.
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The diffusion coefficient depends on temperature as is follows:
D =Dy expl--2] (A2)
RT

Where R = 8.314x107 kJ/ (mol K) and the diffusion rate of Al in Mg is'":
Dy =1.53x10" um? /5, Q = 125 kJ/mol

For AZ31:

D 1.42x1072um? / s at 450 °C

Alin Mg =

D 2.85x102um? /s at 475 °C

Alin Mg =

D 5.46x102wm? /s at 500 °C

Alin Mg =



