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Dynamic recrystallization behavior of AZ61 magnesium alloy®
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Abstract: An AZ61 alloy was subjected to hot compression at temperatures ranging from 523 K to 673 K,

with strain rates of 0.001 = 1s™'.

Flow softening occurs at all temperatures and strain rates. There are peak and

plateau stresses on flow curves. The initiation and evolution of dynamic recrystallization( DRX) were studied by the

flow softening mechanism based on the flow curves and microstructural observations. A linear relationship was

established between the logarithmic value of the critical strain for DRX initiation(In &) and the logarithmic value of

the Zener Hollomon parameter (InZ). The volume fraction of DRX grain ( %) is formulated as a function of the

process parameters including strain rate, temperature, and strain. The calculated values of % agree well with the

values extracted from the flow curves. The size of DRX grain(d) was also formulated as a function of the Zener

Hollomon parameter. This study suggests that DRX behavior of AZ61 can be predicated from plastic process param-

eters.
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1 INTRODUCTION

Magnesium alloys are the lightest metallic
structural materials that are attracting more re
search interest because they have some specific
properties like low density, good damping charac
teristics and stable machinability. However, mag-
nesium alloys have poor formability and limited
ductility at room temperature due to the intrinsic
characteristics of HCP structure!™. Since non-
basal slip systems can be activated at high tempera-
tures ( higher than the recrystallization tempera-
ture), hot deformation processes have been fre-

(31

quently proposed for magnesium alloys During

hot deformation, some metallurgical phenomena
such as work hardening( WH), dynamic recovery
(DRV) and dynamic recrystallization( DRX) may

: 6. 7]
occur simultaneously ™ ",

resulting in grain refine
ment and reduction of deformation resistance. For
magnesium alloys, due to their lower stacking fault
energy (60 ~ 78 kJ/ mol), DRX predominates dur-
ing hot deformation (e. g. above 513 K)'*'. Based
on the study of recrystallization behaviors of Mg~
0.8% Al at a temperature range from 423 K to 523
K, Ion et al'” suggested that the strain is preferen-
tially located in the vicinity of initial grain bounda-
ries below 603 K, and it was suggested that new
grains form at some severely rotated sites ( so-
called “rotation recrystallization”). Tan et al''

studied the DRX behaviors of AZ31 alloy and pro-

posed that grain refinement can be attributed to the
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continuous DRX process that was caused by the
progressive formation of grain boundary disorienta-
tion and the change of low angle grain boundaries
into high angle grain boundaries. Galiyev et al''
studied the relationship between DRX and deform-
ation mechanism. However, most of these studies
are concentrated on microstructure evolution, de
formation mechanism or superplasticity. Only few
reports are available about the conditions (e. g.
critical strain) for DRX initiation, nor has the rela-
tionship between processing variables and final mi-
crostructures been thoroughly explored.

In the present study, we conducted hot de
formation experiments on the AZ61 alloy and re-
corded the flow stress curves. Typical characteris-
tics of the flow stress curves, i. e. the critical
strain ( &), the peak strain ( &), the strain of
maximum softening rate ( &) for DRX initiation
are evaluated. Then, these parameters are formu-
lated as functions of the Zener-Hollomon parame-
ter with which the volume fraction of DRX can be
predicated.

2 EXPERIMENTAL

An AZ61 alloy with chemical compositions of
Mg5.8AF1.0Znl. 0-0. 18M n-0. 003Cu ( mass frac
tion, %) was made by chill casting. The ingots
were solutionized at 673 K for 15 h. Cylindrical
specimens of d10 mm X 15 mm were cut out from
these ingots.
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Hot compression was performed on a Gleeble
1500 machine. Prior to hot compression, the speci-
mens were heated to the deformation temperature
in 5 min. The deformation temperature was meas-
ured by thermocouples welded onto the center of a
specimen surface. The deformation strain, temper-
ature and strain rate were automatically controlled
and recorded. Compression was conducted in a
temperature ranging from 523 K to 673 K. The

to 1s'.

strain rates were varied from 0. 001 s~
The total true strain was 1 in all experiments. Af-
ter hot compression, the specimens were water
quenched. Samples for microstructure observations
were cut from compressed specimens along the sec
tions parallel to the compression axis. Grain sizes

were determined by the linear intercept method.
3 RESULTS AND DISCUSSION

3.1 Analyses of flow curves
Fig. 1 shows the stress —strain curves of the
AZ61 alloy under different deformation conditions.

The general characteristics of the flow stress
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curves are similar under all deformation condr
tions. The flow stress increases to a peak (initial
strain hardening) and then decreases to a steady
state.

Generally, such flow stress behaviors are typ-
ical characteristics of hot working that is accompa-
nied by DRX'"* " which can be described by the
thermally activated stored energy developed during
deformation controlled softening mechanisms''"'.
With decreasing strain rate or increasing tempera-
ture, the strain hardening effect becomes weaken,
while the degree of strain softening becomes nota-
ble (e.g. 673 K). As a result, the peak stress va-
ries according to processing parameters, so does
the peak strain. Under a constant strain rate, the
peak stress and the peak strain increase with de-
creasing temperature. Under the same tempera
ture, the peak stress and the peak strain increases
with increasing strain rate. Thus, it can generally
be concluded that DRX is responsible for the high
temperature deformation mechanism of AZ61 alloy
and can be confirmed by comparison of microstruc
tures. Fig.2 shows the microstructural evolution
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Fig. 1 Flow stress —strain curves of AZ61 alloy in compression
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Fig.2 Flow stress curve and microstructures under 623 K and 0. 01 s™'
(a) —Flow stress curve; (b) —& 0.10; (c¢) —& 0.3; (d) —& 0.5; (e) —& 1.0

along with the strain at 623 K and strain rate of
0.01 s '. The microstructure of the specimen at
the peak strain (0. 10) is composed of both strain-
hardened grains and DRX grains. When the strain
is larger than the peak strain, the volume fraction
of DRX increases gradually. When the strain is
large enough (e. g. 1.0), only DRX grains can be
observed. Especially, Figs. 2(b) and 2(¢) show
the recrystallized grains along the original grain
boundaries.

3.2 ©—0 analysis

The flow stress dependence of the strain hard-
ening rate O(dd d€) is illustrated in Fig. 3 under
various conditions. The strain hardening rate de-
creases rapidly at the early stage of deformation.
However, the decreasing rate changes with tem-
perature and strain rate. As the temperature de-

creases and strain rate increases, © linearly increa

ses. For instance, €= 0.001 s " as the flow stress
increases, the rate of decrease of ® decelerates un-
til the critical stress ( 0.) corresponding to the oc
currence of DRX reaches, and it changes until ©®
reaches zero at which the flow stress approaches its
peak, and then keeps steady. It should be noted
that the point at ®= 0 is just the inflection differ-
ent from other alloys''. In most of the curves of
®, ®is around ®~ 0 after the curves are the inflec
tion point. This illustrates that strain hardening
rate and strain softening rate balance each other af-
ter the peak stress. As shown in Fig. 3, the ®—0
curves can be divided into four segments. The ap-
proximately linear segment of the ®—0curve is ex-
trapolated to ©= 0 with an idealized method' .
Based on this method, critical stress ( 0.), peak
stress ( G) and steady stress ( 0) can be obtained.
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When the critical stress (driving force) originated
from a large difference in dislocation density within
subgrains or grains is attained, new grains or sub-
grains are nucleated along the grain boundaries,
twin bands and dislocations, resulting in equiaxed
DRX grains'"”'. Therefore, DRX can be decided by
the curve, and the formation of substructures can
be predicated " '
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Fig. 3 Flow stress dependence of
strain-hardening rate under different conditions

(a) —€=0.001s™'; (b) —&=0.15s"'

Fig. 4 shows the analysis of ®—0curves under
various deformation conditions. These curves indi-
cate the evolution of DRX with strain. The strain
that corresponds to the maximum softening rate
( &) increases with increasing strain rate or decrea-
sing temperature. From such a curve, the onset
and finish of DRX, i. e. the peak strain ( §) and
the strain for maximum softening rate ( &) can be

decided' "™ '
softening is progressed against & Therefore, a

The negative value of ® means that

minimum value of ® corresponds to the maximum
softening rate, after which the evolution of DRX
over the strain slowly decreases and then approa-
ches to the steady state.

Based on the analysis of 0—¢ ®—0and ©®—¢
Egs.(1)7(3) can be obtained through linear re
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Fig.4 Strain hardening rate —strain curves
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Fig. 5 Relationship between & and &

gression as shown in Figs. 5 and 6.

&= 0.002 3+ 1.95¢ (1)
Ing§= - 5.97+ 0.110 InZ (2)
In &= - 4.796+ 0.088 InZ (3)

where Z is the ZenerHollomon parameter ( Z=

€exp( 185/ RT))'"". This suggests that § and &
have a linear relationship with InZ.

Because the first item on the right of Eqn. (1)
is very small (0. 002 3), Eqn. (1) can be simplified
as §= 1.95&. Thus,

€ =0.5¢ (4)

Apparently, Eqn. (4) is different from the
formula €= 0. 6- 0. 8§ for micro-alloyed steel "*',
indicating that the initiation of DRX of magnesium
alloy is easier than that of micro-alloyed steel.

From Eqns. (2) and (4), & can also be as-
sumed to have a linear relationship with InZ.
Thus, &, & and & are all linearly related to InZ.

In€&=6.80+ 0.111InZ (5)

3.3 Predication of recrystallized volume fraction
During hot deformation, grain refinement is
achieved by DRX that generally occurs at grain
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Fig. 6 Dependence of § and & on InZ

boundaries and def ormation bands. Microstructure
observations suggest that DRX grains are almost e-
qually sized and equiaxed, as shown in Fig. 2.
However, the volume fraction ( ®) of DRX is
changed with deformation conditions. Generally,
the kinetics of DRX can be described by an
Avrami s equation under continuous recrystalliza-

tion!” '

. Because magnesium alloy can create con-
tinuous recrystallization, the volume fraction of
DRX grains during high temperature deformation
can be predicated.

%= 1- exp[ - k((& &)/ §)"] (6)
where k, m are Avrami constants respectively.
Using experiment data and nonlinear regression,
the following formula can be obtained.

@=1- exp[- 0.26((& €)/8§)" "] (7)

Since § and &, are functions of the Z-parame-
ter, %iis also a function of Z-parameter. This sug-
gests that % should vary with temperature, strain
and strain rate. Fig.7(a) shows the predicated vol-
ume fraction of DRX with Eqn. (7) under various
conditions. Fig.7(b) shows the calculated % under
various deformation conditions based on the meth-
od of flow curves'”™. Compared with Figs.7(a)

and (b), it is found that the predicated results
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Fig. 7 % under various deformation conditions
(a) —Predicated by Eqn. (6);
(b) —Calculated by flow curves

agree with the calculated results based on flow
curves. All the % curves display S shape.

3.4 Microstructure and grain size of DRX

Fig. 8 shows the evolution of microstructures
at the strain rate of 0. 01 s” 'and various tempera
tures with strain of 1. 0. As shown in Fig. 8(a) and
(b), at 523 =~ 573 K, the grains are broken and
elongated. DRX occurs partially and the grain dis-
tribution is heterogeneous. Most recrystallized
sites are composed of necklace structure, which is
strongly dependent on the crystallographic orienta-
tion of the grain. Since gradients near the grain
boundaries provided potential nucleation site for
DRX"?", DRX generally initiates at grain bounda
ries and finally replaces original grains'”'. Above
573 K, DRX finishes completely, and the DRX
grains have a homogeneous distribution. The new
grains completely replaces the original grains with
features of equiaxed grains. When the average size
of DRX grains (d) in each image is plotted with
the logarithm value of corresponding Z as the horr
zontal axis, Fig.9 is obtained. As the plot shows,



- 1060 - Trans.

Nonferrous Met. Soc. China

Oct. 2005

Fig. 8

20

15+

d/lum

10

T

5 L 1
25 30 35 40

InZ

Fig. 9 Relation between grain size and
Zener-Hollomon parameter

d can be formulated as a linear function of Z (Eqn.

(8)).
d= 49.56- 1.0121InZ (8)

4 CONCLUSIONS

1) Flow softening of AZ61 alloy is found to
occur at all temperatures and strain rates studied,
which has a peak and a stable regime on flow
curves which can be used for analyzing the initia-
tion and evolution of DRX.

2) The critical strain( &), peak strain( §) can
be defined from the analysis of flow stress curves
and have a linear relationship with InZ.

3) The volume fraction of DRX ( %) can be

Micrographs of AZ61 alloy with strain rate 1 x 10" *s™ "
(a) —523K; (b) =573 K; (¢) =623 K; (d) —673K

described by an Avrami equation in terms of pro-

cessing parameters such as strain rate( 8) , temper-
ature(T'), and strain( &, while the recrystallized
grain size (d) can also be expressed by Zener
Hollomon parameter.
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