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Dynamic recrystallization kinetics of as-cast AZ91D alloy
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Abstract: The flow behavior and dynamic recrystallization (DRX) behavior of an as-cast AZ91D alloy were investigated
systematically by applying the isothermal compression tests in temperature range of 220—380 °C and strain rate range of 0.001—1 s .
The effect of temperature and strain rate on the DRX behavior was discussed. The results indicate that the nucleation and growth of
dynamic recrystallized grains easily occur at higher temperatures and lower strain rates. To evaluate the evolution of dynamic
recrystallization, the DRX kinetics model was proposed based on the experimental data of true stress—true strain curves. It was
revealed that the volume fraction of dynamic recrystallized grains increased with increasing strain in terms of S-curves. A good

agreement between the proposed DRX kinetics model and microstructure observation results validates the accuracy of DRX kinetics

model for AZ91D alloy.
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1 Introduction

In recent years, magnesium alloys have drawn much
industrial and scientific interest due to their excellent
properties, such as low density, high specific strength
and high specific rigidity [1-5]. Magnesium alloys are
commonly produced by hot forming process because of
the poor workability at room temperature owing to the
hexagonal closed-packed (HCP) crystal structure. As one
of the most important microstructural
mechanisms in hot processing, dynamic recrystallization
(DRX) is beneficial to obtaining fine grains structure,
eliminating defects and improving mechanical properties
for magnesium alloys [6,7]. Therefore, it is of great
practical importance to understand the relationship
between the thermal-mechanical parameters and DRX
behavior of magnesium alloys during hot processing. In
the past, some DRX kinetics models have been proposed
for different magnesium alloys. Although there are
differences in parameters and forms in these models,
they are all on the basis of Avrami function. QUAN et al
[5] described the microstructure evolution due to DRX
for AZ80 magnesium alloy by the modified Avrami

evolution

equation of Xprx=1—exp{—[(e—e.)/e']"}, where & is the
critical strain; ¢ is the strain for maximum softening rate;
m is the Avrami constant. In this model, ¢, and ¢ are
considered functions of dimensionless parameter, Z/A.
Furthermore, the accuracy of the proposed kinetics
model was validated by the microstructure graphs. LIU
et al [8] proposed a new DRX kinetics model for
AZ31B alloy, which is expressed as Xprx=[l+
felr (e G5~ D171 Iy this model, & is the critical
strain; gy is the strain for 50% DRX; %, is a constant
related to the velocity of DRX. According to this model,
the DRX development of AZ31B alloy was divided into
three phases of slow-beginning, rapid-increasing and
slow-rising-to-balance. However, limited investigations
have been addressed regarding for the dynamic
recrystallization behavior of AZ91D alloy.

The aim of the present work is to investigate the
flow behavior and dynamic recrystallization behavior of
an as-cast AZ91D alloy by applying the hot compression
tests at different temperatures and strain rates. The
kinetics model of DRX is established to predict the
microstructural evolution of the recrystallized grains.
The validity of the proposed DRX kinetics equations is
confirmed by the microstructure observation.
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2 Experimental

The experimental material was the commercial
AZ91D cast rod with dimensions of d 70 mm X 350 mm,
and its chemical composition (mass fraction) was 8.83%
Al, 0.578% Zn, 0.175% Mn, 0.1% Si, 0.005% Fe,
0.005% Cu, 0.002% Ni, balance Mg. Cylindrical
compression specimens were cut from the as-cast rod
with dimensions of d 8§ mm x 12 mm. The tests were
carried out on a Gleeble—1500D thermal simulator at
temperatures from 220 to 380 °C and strain rates from
0.001 to 1 s ' with a height reduction of 60%. Specimens
were heated to the predetermined temperature and then
held isothermally for 180 s. The specimens were water-
quenched immediately after deformation and were
sectioned perpendicular to the longitudinal compression
axis for microstructure observation by optical
microscopy (OM) technique. The cutting surface was
processed by normal preparing grinding and polishing
process, and then was etched with a picric acid etchant.

3 Results and discussion

3.1 Initial microstructure
The initial microstructure of AZ91D alloy is shown
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in Fig. 1. The cast structure consisted of dominant a-Mg
and an amount of f-Mg;Al;, phases along the grain
boundaries, and the average grain size was determined to
be 95 pm approximately.

Fig. 1 Initial microstructure of AZ91D alloy

3.2 Flow behavior

The true stress—true strain curves obtained under
different conditions are shown in Fig. 2. It is observed
that the flow stress firstly increases severely to the peak
value and then decreases gradually to steady-state stress
as the strain increases. This flow behavior is a typical
DRX softening behavior accompanied by work
hardening. It is also revealed that the peak stress, critical
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Fig. 2 Typical true stress—true strain curves for AZ91D alloy under various deformation conditions: (a) & =0.001 s '; (b) £=0.01s";
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stress, and steady-state stress increase with decreasing
temperature and increasing strain rate, indicating that the
flow behavior of AZ91D alloy was sensitive to
temperature and strain rate. The previous researches on
AZ31 magnesium alloys reported by LIU et al [9] and
FATEMI-VARZANEH et al [10] also exhibited the
typical DRX behavior.

3.3 Kinetics model of dynamic recrystallization
3.3.1 Models for main strains

A typical hardening rate (6=do/de) versus flow
stress (o) plot obtained at 220 °C and 0.001 s™' is shown
in Fig. 3. It can be obviously seen that the 6—¢ plot is
divided into three segments. Segment I begins from
initial stress to the critical stress (o.), where the value of
6 decreases sharply. Segment II indicates the deformation
from the onset of DRX (corresponding to o) to the peak
stress (o,), where @ has positive value with lower slop
and decreases slowly to zero. This is due to the
interaction of work hardening and DRX softening, and
work hardening is not counteracted by the softening.
Segment III begins from o, to the steady-state stress (o),
where DRX is the predominant microstructure evolution
mechanism and € is negative. When the steady-state
stress (6=0) reaches, equilibrium between work
hardening and DRX softening is obtained [11].
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Based on the analysis above, the #—¢ curves at
different deformation conditions are plotted in Fig. 4,
from which the values of o, 0, and o, could be
determined easily. Then the corresponding values of &,
&p and & would be obtained based on the true stress—true
strain data. The strain for maximum softening rate, &
(corresponding to o in Fig. 3), is determined when the
value of 8 reaches the negative peak which corresponds
to a valley point in 6—o plot. The values of &, ¢ and &p
are often described as functions of dimensionless
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parameter of Z/A [5,12,13], as shown in Fig. 5. The
simplified forms are expressed as Eqs. (1)—(3). The
relationship between ¢, and ¢, can be usually represented
as e~ke,, and the values of k range from 0.2128 to
0.6667 in this study. It was reported from the previous
researches that the coefficient values of & were various
for different materials. QUAN et al [5] and KIM et al
[14] summarized that the values of k were 0.270-0.522
and 0.60—0.70 for AZ80 alloy and AISI 304 stainless
steel, respectively. And the values of k£ were determined
to be 0.81 for AZ31B alloy by LIU et al [8].
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Fig. 5 Relationship of dimensionless parameter, Z/4, with & (a),
¢ (b)and g, (c)

£.=0.0334(Z/4)""%" (1)

£ =0.1633(Z/4)""*"” )
£,=0.0751(Z/4)" " (3)
where Z is the Zener-Hollomon parameter,
. 181980
Z =¢-exp(———
p( 831T )

and 4 is the structure factor (4=1.59x10'*), which were
reported in the work [15].
3.3.2 Kinetics model of DRX

The onset of DRX depends on the density of the
dislocations. When dislocations of the deformed alloy
increase and accumulate to an extent that at a critical
strain in hot process, DRX nucleus would form at
original grain boundaries firstly. When the steady-state
flow reaches, the full of dynamic
recrystallization occurs and complete DRX grains would
keep equiaxed shape and constant size. The evolution of
microstructure due to DRX can be predicted by the
modified Avrami type equation [12]:

Xprx =1- exp{— k[g ;*gc } } )

where Xpry is the volume fraction of DRX grains; ¢ is
the strain for the maximum softening rate; e, is the
critical strain; k£ and n are material constants.

The flow stress of materials characterized by DRX
can also be expressed as [8]

evolution

O-_O-p:_XDRX(O-p_O-s) (5)

where Xprx is the DRX volume fraction; o, and o; are the
peak stress and steady-state stress, respectively. So,
Eq. (5) can also be written by

O —0,

. (6)

o5~ 0,

Xprx =

Then k and n under various conditions could be
obtained by regression analysis. The values of Ink and
Inn can be described as a quadratic function of In(Z/4),
and the fitting coefficients are 0.965 and 0.931,
respectively. Thus, the kinetic model of DRX is as
follows:

Xprx =1- exp{— l{ i ;*gc } } (7)

k = exp[—1.37309236 + 0.00745888 x In(Z/4) +

0.02248822x In(Z/4)*] (8)
n = exp[0.7448719 + 0.09481055 x In(Z/4) —
0.0054608x In(Z/4)*] )

The curves of DRX kinetics model at various
conditions are shown in Fig. 6 according to Egs. (1), (2)
and (7-9). It can be observed that the volume fraction of
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DRX grains increases as the strain increases and the
evolution exhibits “slow-rapid-slow” growth trend in
terms of S-curves [16]. At a given strain, the volume
fraction of DRX grains is much higher at higher
temperatures and lower strain rates. Meanwhile, the
influence of temperature on the DRX evolution is more
pronounced at lower strain rate. This could be due to the
increased mobility of grain boundaries with the decrease
of strain rate and the increase of temperature. The similar
development processes of DRX were also reported from
other investigations. FATEMI-VARZANEH et al [10]
indicated that the amount and the size of DRX grains for
AZ31 increased as Zener-Hollomon parameter decreased,
and the evolution of recrystallized grains was observed
to increase with increasing strain in a sigmoidal form.
QUAN et al [5] researched the DRX behavior of AZ80
and revealed that as deformation temperature increased,
more deformed metal transformed to recrystallized
microstructure and all the recrystallized grains tended to
be more homogeneous.

3.4 Microstructure observation

Microstructure observation was conducted to
validate the accuracy of the proposed DRX kinetics
model. The DRX evolution at 380 °C and 0.01 s with
various strains is shown in Fig. 7. It is revealed from
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Fig. 7(a) that at a strain of 0.1, only some newly formed
DRX grains occur at original grain boundaries and
around the eutectic f phases, which forms a “necklace”
type microstructure. It is also found that the DRX grains
formed around the eutectic § phases are much finer than
those formed at original grain boundaries, which is
similar to the investigation on AZ91 alloy reported by
XU et al [17]. It was demonstrated that during heating
and holding process before compression deformation, a
lot of f compounds have already precipitated in Al-rich
regions around the massive eutectic S phases at original
grain boundaries. During the compression deformation,
the S precipitates were crushed into a large number of
small blocks. They are effective in retarding the growth
of DRX grains, resulting in remarkable grain refinement
near ff phases. At a strain of 0.36, more fine DRX grains
occur at coarse grain boundaries as well as the core of
coarse grains (Fig. 7(b)). At a strain of 0.6, as shown in
Fig. 7(c), almost all coarse original grains are replaced
by the new fine DRX grains. It is observed from Fig. 7(d)
that as the strain increases to 0.9, the microstructure
exhibits a full evolution of DRX structure and the DRX
grain size remains constant. In addition, from the
comparison of deformed microstructures (Figs. 7(a)—(d))
with as-cast structure (Fig. 1), it can be seen that, initial
eutectic f phases with net-like distribution at original
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grain boundaries have been gradually replaced by
smaller blocks of S phases along the horizontal
deformation bands. This is because more eutectic f
phases precipitate with the development of compression,
and the residual f phases would be crushed into a
number of small blocks by the shear effect of
deformation bands.

The comparison between the proposed DRX
kinetics model and the experimental data at 380 °C and
0.01 s' is shown in Fig. 8, where the experimental data
take the average value of five measured data. It is
revealed that the DRX volume fraction of the
experimental results is in good agreement with the
predicted data. This indicates that the proposed kinetics
model can give an accurate estimate of DRX behavior of
AZ91D alloy during hot deformation. Furthermore, the
average grain sizes of newly formed DRX grains are
determined to be 8.33, 9.86, 9.95 and 9.94 pm at various
strains of 0.1, 0.36, 0.6 and 0.9 by using a mean linear
intercept method, which reveals the visible grain
refinement for as-cast AZ91D alloy after hot
compression deformation. It is also indicated that as the
strain increases from 0.1 to 0.6, more and more DRX
grains nucleate and grow gradually. When the strain
exceeds 0.6, a full evolution of DRX structure exhibits
and the average grain size keeps constant, which
corresponds to the fully recrystallized stage at 380 °C
and 0.01 s ' in Fig. 6(b).
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Fig. 8 Comparison between predicted and experimental data
4 Conclusions

1) The flow behavior of as-cast AZ91D alloy
exhibits a typical dynamic recrystallization softening,
which is affected by temperature and strain rate.

2) The evolution of DRX is sensitive to temperature
and strain rate and DRX grains easily occur at higher
temperatures and lower strain rates.

3) The DRX kinetics equation of AZ91D alloy can
be represented as

Xprx =l—exp{—k{g_*gc} }
&
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k = exp[~1.37309236 +0.00745888 x In(Z/A4) +
0.02248822x In(Z/4)*]

n = exp[0.7448719 +0.09481055 x In(Z/A) —
0.0054608x In(Z/4)*]

£.=0.0334(Z/4)" %"
£=0.1633(Z/4)"'*"
£,=0.0751(z/4)*""!

4) Microstructure observation indicates that the
proposed kinetics model of DRX is basically consistent
with the experimental data. An accurate estimate for the
DRX volume fraction of AZ91D can be given by the
proposed DRX kinetics model.
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