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Abstract
Using the flow stress curves obtained by Gleeble thermo-mechanical testing, the processing map of extruded magnesium

alloy AZ31 was established to analyze the hot workability. Stress exponent and activation energy were calculated to

characterize the deformation mechanism. Then, the effects of hot deformation parameters on deformation mechanism,

microstructure evolution and hot workability of AZ31 alloy were discussed. With increasing deformation temperature, the

operation of non-basal slip systems and full development of dynamic recrystallization (DRX) contribute to effective

improvement in hot workability of AZ31 alloy. The influences of strain rate and strain are complex. When temperature

exceeds 350 �C, the deformation mechanism is slightly dependent of the strain rate or strain. The dominant mechanism is

dislocation cross-slip, which favors DRX nucleation and grain growth and thus leads to good plasticity. At low temperature

(below 350 �C), the deformation mechanism is sensitive to strain and strain rate. Both the dominant deformation mech-

anism and inadequate development of DRX deteriorate the ductility of AZ31 alloy. The flow instability mainly occurs in

the vicinity of 250 �C and 1 s-1.
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1 Introduction

Magnesium (Mg) alloys have been widely used in auto-

motive, aerospace and electronics industries owing to their

low density, high specific strength and good electromag-

netic shielding [1]. Owing to high strength and good duc-

tility, aluminum–zinc (AZ) series of Mg alloys, such as

AZ31, can be rolled, extruded and forged into a variety of

sheets, profiles and pipes [2]. However, having a hexagonal

close-packed (hcp) structure, AZ31 alloy exhibits a narrow

window of plastic formability and is sensitive to the

deformation temperature and strain rate. The deformation

mechanisms of Mg alloys vary with the deformation con-

ditions, which subsequently has a direct influence on the

kinetics during the microstructure evolution and then hot

workability of Mg alloys [3, 4]. Therefore, it is of great

scientific and engineering significance to understand and

explore the inherent relationship between deformation

mechanism, microstructure evolution and plastic

workability.

So far, studies on deformation mechanism, microstruc-

ture evolution and plastic formability of Mg alloys are

usually independent of each other. Some scholars studied

the influence of deformation conditions on the deformation

mechanism through calculating the values of stress expo-

nent n and activation energy Q [5]. On microstructure

evolution and hot workability during plastic deformation,

many scholars adopted processing map based on dynamic

material model to study the hot deformation behavior

[6–10]. Effects of grain size [11], homogenization [12] and

deformation texture [13] on the workability of Mg alloy

AZ31 were also investigated by the processing map. Some
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scholars attempted to combine the processing map and

material constants mentioned above to analyze the defor-

mation behavior of Mg alloys. Srinivasan et al. established

the processing map of Mg–3Al alloy (wt%) at a true strain

of 0.5, calculated the value of n and Q in a flow instability

regime and a peak efficiency of power dissipation regime

and then analyzed the deformation mechanisms of Mg–3Al

alloy in those above-mentioned typical domains [14]. Peng

et al. [15] studied the hot deformation behavior of as-rolled

AZ31 alloy in different domains of processing map.

Considering the occurrence of dynamic recrystallization

(DRX) during the hot deformation for Mg alloys, the

deformation mechanism is not only related to the pre-

treatment state of materials, deformation temperature and

strain rate, but also to the strain and the microstructure

evolution during deformation. In this work, a correlation

model between stress exponent, deformation activation

energy, hot workability and processing parameters (i.e.,

deformation temperature, strain rate and strain) was

established for as-extruded Mg alloy AZ31. Furthermore,

the influence of processing parameters on deformation

mechanism, microstructure evolution and workability was

discussed.

2 Experimental

A commercial Mg alloy AZ31 ingot with chemical com-

position of 2.8 wt% Al, 1.26 wt% Zn and Mg in balance

was used as raw material. After smelting, homogenization

and pre-extrusion treatments, it was machined into

U10 mm 9 15 mm cylindrical samples. Isothermal com-

pression tests were carried out on a Gleeble-1500 thermo-

mechanical simulator. To ensure uniform deformation of

the specimens, a graphite flake was placed at both ends of

the samples to reduce the friction between specimens and

die. During the experiments, the samples were heated to

certain experimental temperature at a heating rate of

5 �C s-1, held for 180 s and then compressed. Maximum

true strain was set as 0.9. The experimental temperature

varied from 250 to 400 �C, and the experimental strain rate

range is from 0.001 to 1 s-1. After compression, the

samples were immediately quenched in water to maintain

the deformation microstructure. Both the as-extruded and

the compressed specimens were cut along the longitudinal

direction, and the microstructure on the axial section was

observed by the Leica DMI3000 M optical microscope

(OM) and the Zeiss Supra 55 field emission scanning

electron microscope (SEM). The metallurgical samples

were prepared by grinding with 1200 grit SiC papers and

then were polished down to 1 lm surface finish. Finally,

samples were etched with solution containing 1 g of oxalic

acid, 1 ml of acetic acid, 1 ml of nitric acid prior to

metallographic observation. The samples for SEM exami-

nation were prepared similarly but without etching.

The initial microstructure of AZ31 is shown in Fig. 1.

Average grain size of 15.3 lm was obtained from the OM

images by the linear intercept method as shown in Fig. 1a.

In Fig. 1b, SEM image shows that there are a large number

of second phases in the as-extruded samples.

The true stress–strain curves of Mg alloy AZ31 obtained

by hot compression are shown in Fig. 2, which exhibit a

typical flow stress curves of dynamic recrystallization. At

the beginning of the deformation, the flow stress increased

rapidly due to work hardening [16]. For the low stacking

fault energy, the dislocations were multiplied with the

increasing strain, which led to the dynamic recrystalliza-

tion nucleation and grain growth when the dislocation

density increased to the critical value [17]. The newly

formed DRX grains were of low dislocation density and of

no distortion. With a continuous increase in strain, the

dynamic softening effect was gradually enhanced and the

rate of the increase in flow stress was slow down. After

reaching the peak stress, the flow stress decreased and

tended to be stable. At this point, the work hardening and

dynamic softening approached to an equilibrium. However,

fluctuations of flow stress were observed as deformed at

400 �C and 0.001 s-1. This may be ascribed to a high rate

of nucleation and grain boundary migration at high tem-

perature and low strain rate, leading to sudden drop in flow

stress and thus the occurrence of fluctuation as combined

with work hardening effect.

3 Establishment of Processing Map

The processing map established by Prasad et al. [18] is

based on dynamic materials model and is the superimpo-

sition of power dissipation map and flow instability map.

The power dissipation map reflects the power dissipation

due to microstructure evolution, while the flow instability

map provides the domain where it is likely to incur insta-

bility defects such as shear bands and cracks. For the bulk

plastic forming process, such as forging, rolling and

extrusion, processing map can predict an excellent work-

ability domain, and it is thus useful for process optimiza-

tion [19].

In the dynamic materials model, materials are consid-

ered as a power dissipater. The power dissipation per

volume P consists of two parts: (1) G, power dissipation

due to plastic deformation, large part of which transfers

into heat by viscoplastic deformation; and (2) J, power

dissipation induced by the microstructure evolution during

deformation [18]. P, G and J can be calculated through

flow stress curve:
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P ¼ r _e ¼ Gþ J ¼
Z _e

0

rd _eþ
Z r

0

_edr; ð1Þ

where r is the flow stress, _e is the strain rate. At a given

temperature T and strain e, the ratio of G and J is deter-

mined by the strain rate sensitivity of the flow stress, i.e.,

m, defined as:

m ¼ oJ

oG
¼ _edr

rd _e
¼ o ln r

o ln _e

� �
T ;e

: ð2Þ

For pure metal, m is independent of T and _e, while a

function of T and _e for alloys [20].
Prasad et al. [18] proposed a dimensionless parameter,

i.e., efficiency of power dissipation g, to represents the

dissipating ability of the workpiece as normalized with

respect to the total power input to the system. g is the ratio

of the nonlinear power dissipation to the linear power

dissipation in the deformed material and can be expressed

as:

g ¼ J

Jmax

¼ P� G

P=2
; ð3Þ

when m = 1, the material is in a linear dissipated state, and

J reaches its maximum Jmax ¼ r _e=2 ¼ P=2. Substituting

Eq. (1) into Eq. (3), it obtains:

g ¼
2 r _e�

R _e
0
rd _e

� �

r _e
: ð4Þ

When g is calculated by Eq. (4), the integral term used to

calculate G should be accounted from the strain rate of 0,

which, however, cannot be obtained by experiment. To

overcome the issue, Murty et al. [21] transformed the

integration of G into:

G ¼
Z _e

0

rd _e ¼
Z _emin

0

rd _eþ
Z _e

_emin

rd _e; ð5Þ

where _emin is the minimum strain rate of the experimental

test. To calculate the first term on the right side of Eq. (5),

it is assumed that the constitutive relation of the material

Fig. 1 OM a and SEM b morphologies of extruded AZ31 magnesium alloy

Fig. 2 True stress–strain curves of AZ31 magnesium alloy at 250 �C a, 400 �C b
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fits the power function relation, i.e., r ¼ k _em [22], and then

Eq. (4) can be re-expressed as:

g ¼
2 r _e�

R _e
0
rd _e

� �

r _e
¼

2 r _e� r _emin

mþ1
þ
R _e
_emin

rd _e
� �� �

r _e
: ð6Þ

Meanwhile, Murty et al. proposed the instability crite-

rion which is applicable for any kinds of flow stress curves

based on dynamic materials model. This instability crite-

rion is expressed as:

2m� g\0 or g� 0: ð7Þ

In this work, Eqs. (6) and (7) were used to calculate the

power dissipation efficiency and the flow instability

parameter. The map showing the variation of g with T and _e
is the power dissipation map, and that showing the flow

instability parameter f [the left-hand side of Eq. (7)] with T

and _e is the flow instability map. On the two-dimensional

map of T and _e, superimposing the power dissipation map

and the flow instability map obtains the processing map.

Figure 3 shows the processing map of Mg alloy AZ31 at

different strains. The shaded part represents the flow

instability regime, the grid filled part represents the peak

efficiency of power dissipation area, and the value of the

contour represents the efficiency of power dissipation,

respectively. As shown in Fig. 3a, there is an instability

regime when strain equals to 0.2, which locates at low

temperature and high strain rate zone (Domain I). When

the strain is higher than 0.2, the instability regime disap-

pears and the processing maps under different strains are

similar (Fig. 3b). The efficiency of power dissipation

increases with either increasing temperature or decreasing

strain rate, and thus, the peak efficiency of power dissi-

pation is located at high temperature and low strain rate.

The efficiency of power dissipation is related to

microstructure evolution. Generally, a high efficiency of

power dissipation indicates dynamic recovery or dynamic

recrystallization [23]. However, when the efficiency of

power dissipation is greater than 50%, it may be due to the

initiation of crack [14].

4 Calculation of Stress Exponent
and Activation Energy

4.1 Values of n and Q Under a Constant Strain

Stress exponent n and deformation activation energy Q are

two important parameters which characterize the defor-

mation mechanism and can be calculated from flow stress

curves. According to Fig. 2, the flow stress of Mg alloy

AZ31 at high temperature is relevant to temperature, strain

rate and strain. In general, the relationship between flow

stress, temperature and strain rate can be expressed by a

hyperbolic sine function [24]:

_e exp
Q

RT

� �
¼ A sinh arð Þ½ �n; ð8Þ

where A and a are material constants, R is the gas constant.

Taking the natural logarithm for both sides of Eq. (8), it

obtains:

ln _eþ Q

RT
¼ lnAþ n ln sinh arð Þ½ �: ð9Þ

When temperature is constant, n can be calculated by the

expression as follows:

n ¼ o ln _e
o ln sinh arð Þ½ �

����
T

: ð10Þ

When strain rate is constant, Q/(nR) is calculated as:

Fig. 3 Processing maps of AZ31 alloy at strains of 0.2 a, 0.4 b
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Q

nR
¼ o ln sinh arð Þ½ �

o 1=Tð Þ

����
_e

: ð11Þ

Substituting Eq. (10) into Eq. (11), it obtains:

Q ¼ R � o ln _e
o ln sinh arð Þ½ �

����
T

�o ln sinh arð Þ½ �
o 1=Tð Þ

����
_e

: ð12Þ

In the case of true strain of 0.8, n and Q were calculated.

Before calculating n and Q, firstly the value of a should be

determined. In this work, a is determined as 0.0161, and

the details of calculation can be referred to Ref. [25, 26].

According to Eqs. (10) and (11), plots of ln _e�
ln sinh arð Þ½ � and ln [ sinh (ar)] - 1/T were drawn with the

experimental data, as shown in Fig. 4. Then the linear

regression is carried out by the least squares method. The

straight slope obtained by the regression is the value of

n and Q/(nR), respectively. Subsequently, Q is calculated

by Eq. (12).

Figure 4 indicates that n increases from 4.8 to 6.6 with

increasing deformation temperature. Q/(nR) increases from

2951.0 to 3888.4 with increasing strain rate. Figure 5

shows n–T and Q/(nR) – ln _e plots, and the adjusted

determination coefficient, Radj, from least squares regres-

sion is 0.97 and 0.98, respectively. Thus, n–T and Q/

(nR) – ln _e approximately fit the linear relationship, and

the regression equations are:

n Tð Þ ¼ 0:01241T � 1:71274: ð13Þ
Q=nRðln _eÞ ¼ 141:66034 ln _eþ 3901:08118: ð14Þ

Therefore, when the true strain is at 0.8, Q can be

expressed as a function of T and _e as:

Q T ; _eð Þ ¼ 14:61605T ln _eþ 402:5008T � 2017:2036 ln _e
� 5:555� 104:

ð15Þ

Figure 6 shows contour map of the deformation acti-

vation energy over a range of temperature and strain rates

where the experiment achieved when the true strain is 0.8.

It can be seen the activation energy increases with

increasing temperature and strain rate. The activation

energy is 115.7 kJ mol-1 at low temperature and low strain

rate (250 �C, 0.001 s-1) while increases to 214.9 kJ mol-1

at high temperature and high strain rate (400 �C, 1 s-1).

4.2 Influence of Strain on n and Q

Similarly, n and Q can be calculated under different strains,

in which n is a function of temperature and strain [i.e.,

n(T, e)], and Q is a function of temperature, strain rate and

strain [i.e., Q T; _e; eð Þ]. Figure 7 shows the three-dimen-

sional and two-dimensional contour maps of stress expo-

nent varying with temperature and strain. In the

experimental temperature range, the stress exponent

decreases firstly and then increases with increasing strain.

In the early stage of deformation (strain is less than 0.2),

the stress exponent decreases with increasing temperature,

while when the strain is greater than 0.2, the stress expo-

nent increases with increasing temperature. This indicates

that in the early stage of deformation, the flow stress is

more sensitive to strain rate. When strain is greater than

0.2, sensitivity of the flow stress to strain rate reduces. The

maximum stress exponent is 7.1, corresponding to the

initial deformation stage under 250 �C, while the minimum

stress exponent is 4.3 corresponding to the strain of 0.5

under 250 �C.
Figure 8 shows the variation of the activation energy

with temperature, strain and strain rate. When e\ 0.2, Q

decreases with increasing T and _e. When e[ 0.2, Q

increases with increasing T and _e. It can be seen the change

of Q with T has a same trend as n with T, because

Fig. 4 Determination of n and Q at strain of 0.8: a ln _e� ln sinh arð Þ½ �; b ln [ sinh (ar)] - 1/T
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according to Eq. (13), the change of Q with T comes from

the change of n with T. The variation of Q with _e is derived
from the parameter Q/(nR), which characterizes the sensi-

tivity of r to T at the same _e. In the early stage of defor-

mation, Q decreases with the increase in _e, which indicates

that the sensitivity of r to T decreases with the increasing _e.
In the late stage of deformation, it behaves oppositely.

Regarding the variation of Q with e, Q decreases with an

increase in strain at a low-temperature range; Q increases

firstly and then decreases with the increase in strain at a

high temperature and high strain rate regime, while almost

has no change at high temperature and low strain rate

regime. As shown in Fig. 8, the maximum Q of

220.8 kJ mol-1 appears at 400 �C, strain rate of 1 s-1 and

the strain of about 0.5–0.7, which is much higher than the

lattice self-diffusion activation energy (135 kJ mol-1

[27]). Minimum Q of 113.6 kJ mol-1 is observed at low

temperature, low strain rate and the strain of about 0.5–0.7,

which is higher than the grain boundary self-diffusion

activation energy (92 kJ mol-1 [27]).

5 Analysis and Discussion

5.1 Effect of Temperature on Deformation
Mechanism and Workability

Several studies have been carried out on the influence of

temperature on the deformation mechanism of Mg alloys.

Most Mg alloys are of hcp structure, having four different

slip systems as: (1) basal slip 0002f g 11�20h i, (2) prismatic

slip 10�10f g 11�20h i, (3) first-order pyramidal slip

10�11f g 11�20h i and 10�12f g 11�20h i, and (4) second-order

pyramidal slip 11�22f g 11�23h i. The critical resolved shear

stress (CRSS) for these slip systems at room temperature is

approximately at a ratio of 1:38:50:100 [28]. The CRSS of

basal sip is the lowest at room temperature and does not

obviously vary with increasing temperature. Generally, the

basal slip can operate at room temperature, but, however, it

can only provide two independent slip systems. The CRSSs

of non-basal slips are higher, but decrease with increasing

temperature [29]. In general, the prismatic slip operates

above 177 �C and significantly improves the ductility of

Mg alloys at a temperature higher than 225 �C [30]. The

first-order pyramidal slip system initiates at a temperature

higher than 350 �C [31], and the second-order pyramidal

slip system activates extensively at a temperature higher

than 400 �C [32].

Taking the steady-state flow for example, at a strain rate

of 0.001 s-1, when temperature undergoes from 250 �C up

Fig. 5 Relationship plots of n–T a, Q/(nR) – ln _e b at strain of 0.8

Fig. 6 Relationship between deformation activation energy, temper-

ature and strain rate at strain of 0.8
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to 400 �C, the stress exponent increases from 4.8 to 6.6

(Fig. 7), the activation energy increases from 115.7 to

161.6 kJ mol-1 (Fig. 8), and the efficiency of power dis-

sipation increases from 0.22 to 0.24 (Fig. 3). At 250 �C,
value of n is 4.8 and that of Q is 115.7 kJ mol-1, close to

the lattice self-diffusion activation energy of Mg alloys.

This indicates that the deformation mechanism is domi-

nated by basal and prismatic slip systems, while the rate-

controlling mechanism is the thermally activated climb of

edge dislocation [31]. Due to the low stacking fault energy

of basal and prismatic planes (45 mJ m-2 [33] and

60–78 mJ m-2 [34], respectively), dislocation climbing or

cross-slip is inhibited [35] and DRX nucleation is delayed.

Figure 9a shows the microstructure of Mg alloy AZ31

when it reached the deformation strain of 0.8 with the

strain rate of 0.001 s-1 at 250 �C. It can be seen there are a

large number of fine recrystallized grains appearing at the

grain boundaries of the initial coarse grains, and the

average size of the DRX grain is only 5.5 lm. However,

the recrystallization is not yet completed as a result of low

grain boundary migration rate at 250 �C and a strong

pinning effect from the plentiful second phase in Fig. 9b.

Similar results are also given in Ref. [36, 37]. The

microstructure observation is in agreement with the pre-

diction from processing map.

When temperature rises above 350 �C, n[ 6.0,

Q[ 150 kJ mol-1, abundant pyramidal slip systems start

to operate, which means that the dominate deformation

mechanism of AZ31 becomes cross-slip. Since pyramidal

slip alone can provide five independent slip systems to

better coordinate the deformation in different directions,

the deformation capacity of Mg alloys improves. Mean-

while, the pyramidal plane has higher stacking fault energy

of 173 mJ m-2 [38], favoring cross-slip of dislocation and

Fig. 7 3D a, 2D b maps of variation of n with T and e

Fig. 8 Variation of Q with T, e and _e: a Q at strain rates of 0.001, 0.01 and 0.1 s-1; b Q at temperatures of 300, 350 and 400 �C
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DRX nucleation [39]. In addition, grain boundary migra-

tion rate is higher at higher temperature, and the pinning

effect of second phase on grain boundary is reduced due to

its dissolution into the matrix as shown in Fig. 9d. All these

contribute to a rather full development of DRX as tem-

perature is higher than 350 �C. Figure 9c shows the

microstructure of Mg when it reached a deformation strain

of 0.8 with a strain rate of 0.001 s-1 at 400 �C. The typical
zigzag grain boundary indicates the onset of DRX, and it

can be clearly seen that DRX has been basically completed

with a uniform grain size (25.7 lm on average) distribu-

tion. Therefore, with increasing temperature, non-basal slip

starts to operate and the recrystallization carries out more

completely, which can improve the plastic deformation

capacity of Mg alloy AZ31.

5.2 Effect of Strain Rate on Deformation
Mechanism and Workability

The effect of strain rate on deformation mechanism and

workability is complex, and it shows different tendency at

varying temperatures. In general, the deformation activa-

tion energy increases and the efficiency of power dissipa-

tion decreases with an increasing strain rate. At a high-

temperature region beyond 350 �C where excellent plastic

deformation capacity is apparent, the strain rate has a

trivial impact on the deformation mechanism and

microstructure evolution. At 400 �C for instance, when the

strain rate increases from 0.001 to 1 s-1, n is 6.6 and

Q increases from 161.6 to 219.1 kJ mol-1. This means that

the dominant deformation mechanism of AZ31 is cross-slip

of dislocation which is independent of strain rate at such a

high-temperature region. On the one hand, cross-slip can

effectively increase the number of the independent slip

systems, and on the other hand, benefits the dynamic

recovery and DRX nucleation, both of which contribute to

stress release and thus superior plastic deformation for Mg

alloys is seen at high-temperature region.

At a low-temperature region below 350 �C, the strain

rate has an obvious influence on the deformation mecha-

nism and microstructure evolution. Take the temperature of

250 �C for instance. When the strain rate increases from

0.001 to 1 s-1, n is 4.8 and Q increases from 115.7 to

153.9 kJ mol-1. This indicates that the deformation

mechanism transfers from basal slip and prismatic slip

accompanied with a small amount of cross-slip at a low

strain rate to cross-slip at a high strain rate. As mentioned

above, basal slip and thermal-activated prismatic slip

dominate at 250 �C. According to the Von Mises princi-

ples, at least five independent slip systems are required for

uniform deformation. However, basal slip and prismatic

slip can only provide four independent slip systems, which

Fig. 9 OM a, c, SEM b, d images of AZ31 alloy deformed at 250 �C, 0.001 s-1 a, b, 400 �C, 0.001 s-1 c, d
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cannot satisfy the Von Mises principles. Thus, to achieve

good and uniform plastic deformation, a small amount of

cross-slip or twinning and other deformation mechanism

should be activated. A low strain rate provides insufficient

time to atoms for diffusion, and thus, partial stress is dis-

sipated through dislocation gliding and climbing. Mean-

while, there is sufficient time for the development of DRX

at the low strain rate, which also benefits the release of

stress, as shown in Fig. 9a [40, 41]. As the strain rate

increases, a large number of dislocations accumulate at the

grain boundary, resulting in a high degree of stress con-

centration, so stress-assisted cross-slip appears in the

vicinity of the grain boundary [42]. Cross-slip contributes

to DRX nucleation, and thus, a typical necklace-like

microstructure is observed at grain boundary (as shown in

Fig. 10a). SEM morphology in Fig. 10b indicates that a

large amount of second-phase particles exist in the sample,

which aggravates the inhomogeneous deformation and

induces the flow localization at high strain rates due to

accumulation of moving dislocations around them [43]. At

the same time, DRX grain size is less than 10 lm at high

strain rates. According to previous study, cross-slip can

pass through entire grains with a small size [44], so slip is

the dominant deformation mechanism, while a small

amount of grain boundary slip (GBS) can also occur in the

fine-grained materials [45]. In addition, as strain rate

increases, the efficiency of power dissipation decreases

from 0.22 at a strain rate of 0.001 s-1 to 0.19 at a strain rate

of 1 s-1, which is consistent with the decreasing recrys-

tallization fraction observed in Fig. 10.

5.3 Effect of Strain on Deformation Mechanism
and Workability

The effect of strain on deformation mechanism and

machinability is also complex. According to the processing

map in Fig. 3, two characteristic deformation conditions

(250 �C, 1 s-1 and 400 �C, 0.001 s-1) in flow instability

domain (Domain I) and peak efficiency domain (Domain

II) were selected to analyze the effect of strain on the

deformation mechanism and hot workability.

Under 250 �C, 1 s-1, flow instability mainly occurs at

the early stage of deformation, i.e., work hardening stage.

Figure 11 shows the microstructure of specimen deformed

at 250 �C, 1 s-1 to the strain of 0.2 where twins and

cracking are observed. At the strain of 0.8, the number of

twins decreases significantly and DRX grains are found

around grain boundaries as shown in Fig. 10. Figure 12

displays varying n, Q and g with strain. Under 250 �C,
1 s-1, Q has slight changes with increasing strain, which is

164.0 kJ mol-1 at the beginning and decreases to

154.0 kJ mol-1 at the end as shown in Fig. 12a. In

Fig. 12b, n (marked with solid symbols in Fig. 12b) first

decreases and then increases, from 7.1 at the beginning to a

minimum value of 4.4 and then to 5.0 at the end of

deformation. Meanwhile, g (marked with blank symbols in

Fig. 12b) increases first and then decreases. Interestingly,

the variations of n and g are exactly opposite and the strains
for the trough are similar to that for the peak. This also

Fig. 10 OM a, SEM b images of AZ31 alloy deformed at 250 �C, 1 s-1 at strain of 0.8

Fig. 11 Microstructure of AZ31 alloy deformed at 250 �C, 1 s-1 at

strain of 0.2
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exhibits the effects of work hardening and dynamic soft-

ening on the flow stress characteristics. According to the

values of n and Q, the dominant deformation mechanism at

the beginning of deformation is cross-slip of screw dislo-

cation [46]. Due to the high level of strain rate, the stress

concentration around the grain boundary has little time to

release and will be relaxed by crack initiation and propa-

gation. Thus, flow instability occurs as shown in Fig. 11.

Since the cross-slip promotes the DRX nucleation while

grain boundary migration rate is low at low temperature,

DRX grains size is only about 1.3 lm. With an increase in

strain, DRX fraction increases and GBS is prone to occur in

this fine-grained area. This may be responsible for the

slight decrease in Q at the late stage of deformation since

the Q-value for GBS is only 92 kJ mol-1.

Select the 400 �C, 0.001 s-1 in the peak efficiency of

power dissipation domain for analysis. With the increase in

strain, Q has no obvious change and remains at about

162.0 kJ mol-1. n firstly decreases from 6.3 to the mini-

mum value of 5.8 and then gradually increases to 6.6, while

g slightly increases and then slowly decreases to around

0.25. The values of Q and n demonstrate that the dominate

deformation mechanism in this region is cross-slip of screw

dislocation, which does not change as the strain increases

[13].

6 Conclusions

Based on the experimental flow stress curves, the pro-

cessing map, stress exponent and activation energy of Mg

alloy AZ31 were calculated. The intrinsic relationships

between the deformation mechanism, microstructure

evolution and hot workability were established. The fol-

lowing conclusions were drawn:

1. With the increase in deformation temperature, inde-

pendent slip system increases due to the operation of

prismatic slip and pyramidal slip; meanwhile, the

enhanced dynamic softening buffers the stress concen-

tration at grain boundaries, both of which account for

the improvement of deformation capability.

2. The effect of strain rate is complex. In the high-

temperature region higher than 350 �C, the dominant

deformation mechanism of AZ31 is cross-slip and

DRX can be fully developed. Thus, good plastic

deformation capability is achieved, which is indepen-

dent of strain rate. In contrast, in the temperature

region lower than 350 �C, the deformation mechanism

is basal slip and the prismatic slip, accompanied by a

small amount of cross-slip at low strain rate, and it is

transformed to cross-slip at high strain rate. The highly

concentrated stress due to the difference in CRSS and

inadequate development in DRX results in weakened

ductility of AZ31 alloy.

3. The effect of strain is also complicated. At the peak

efficiency of power dissipation regime (e.g., 400 �C,
0.001 s-1), deformation mechanism and hot workabil-

ity of AZ31 are insensitive to the strain. The dominant

deformation mechanism is dislocation cross-slip, and

sufficient dynamic softening is achieved due to the fast

rate of DRX nucleation and grain growth. At the flow

instability regime (e.g., 250 �C, 1 s-1), the dominant

deformation mechanism is transformed from the cross-

slip at lower strain to the cross-slip accompanied with

a small amount of GBS at higher strain. The stress

Fig. 12 Variation of Q, n a, g b with true strain
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concentration at grain boundary may be responsible for

the onset of flow instability.
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