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The article investigates the hot deformation behavior of a homogenized Mg-
13Gd-4Y-2Zn-0.6Zr (GWZK1342) alloy based on isothermal compression tests.
The hot deformation characterization of the GWZK1342 alloy was investigated
through the work-hardening rate h and the inflection point of ln h � e curves;
thus, the critical strain model was established. Furthermore, the hot defor-
mation map was formulated based on the critical strain, steady strain and
variation of power dissipation at different deformation parameters. The opti-
mum parameters can be determined as the process parameters corresponding
to the value of ln Z< 40, and the dynamic recrystallization (DRX) predomi-
nately operates to accommodate plastic deformation. The kink mechanism of
the long period-stacking ordered (LPSO) phase predominately operates as ln Z
exceeds 43. The broken lamellar 14H-LPSO phase can facilitate continuous
DRX because of the reduced inhibition effect on lattice rotation and promote
discontinuous DRX nucleation through a particle-stimulated nucleation (PSN)
mechanism as ln Z is< 40.

INTRODUCTION

Recently, demand for wide application of magne-
sium alloys has been increasing because of their
favorable properties and high specific strength.1–4

However, the promoted application of the magne-
sium alloy was limited because of poor formability
caused by the limited number of basal slip systems
under ambient temperature.5–7 The plasticity of the
magnesium alloy can be improved by elevating the
deformation temperature, which can be attributed
to increasing the number of slip planes and reduc-
ing the critical shear stress of the non-basal plane
slip.4,8 Considerable research has concluded that
the addition of rare earth elements to magnesium
alloys can contribute to better mechanical proper-
ties than conventional magnesium alloys because of
the disperse precipitation of the second rare element
phase, which can inhibit the diffusion of the matrix
phase and movement of dislocation.9–12 Many
researchers have concluded that the formation of
the long period-stacking order (LPSO) phase can
contribute to improving the mechanical properties
of Mg-Y-Zn alloys, which was associated with the
constant atomic Y/Zn.13 Hagihara et al.14,15

discovered that the LPSO phase can severely hinder
the non-basal slip systems, and Yamasaki et al.16

proposed that the kink band of the LPSO phase was
the major characteristic of the microstructure evo-
lution within the Mg-Zn-Y alloy.

The thermomechanical process was mostly con-
ducted on the magnesium alloy containing RE
elements because of the poor plasticity at ambient
temperature. The dynamic recrystallization (DRX)
operates during the thermomechanical process,
which was closely related to the deformation tem-
perature, strain rate, accumulative strain and ini-
tial microstructure. Zhang et al.17 investigated the
DRX behavior of the Mg-4Y-2Nd-0.2Zn-0.5Zr alloy
during hot compression and proposed that the
dynamically precipitated particles facilitated the
continuous dynamic recrystallization (CDRX) of as-
solution samples. Xiao18 studied the DRX behavior
of the Mg-8.3Gd-2.6Y-0.4Zr alloy and concluded
that DRX sites would transfer from the twin
boundaries to initial grain boundaries gradually
with increasing temperature or decreasing strain
rate. Xu19 proposed that the DRX and addition of
RE elements could reduce the basal texture inten-
sity of the hot-rolled Mg-Gd-Y-Zn-Zr alloy. Several
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studies have concluded that the LPSO phase within
the a-Mg grains can effectively hinder the DRX
process at lower accumulative strain and accommo-
date the plastic strain through the kink mechanism.
However, a few studies have investigated the effect
of a broken LPSO phase on the microstructure
evolution during isothermal compression. Thus, it is
significant to investigate the effect of the LPSO
phase on microstructure evolution at different pro-
cess parameters and construct a more accurate
characterization method for process parameters.

The article investigates the critical strain for the
DRX of Mg-13Gd-4Y-2Zn-0.6Zr at various process
parameters. Furthermore, the hot deformation map
was constructed to investigate the isothermal com-
pression behavior of the Mg-Gd-Y-Zn-Zr alloy,
which can more accurately demonstrate the defor-
mation mechanism at different process parameters.
The microstructure observations corresponding to
different process parameters were conducted to
investigate the effect of the LPSO phase on the
deformation mechanism and microstructure evolu-
tion at different ln Z values.

EXPERIMENTAL MATERIAL
AND PROCEDURE

The material employed in the present study was
the Mg-13Gd-4Y-2Zn-0.6Zr (GWZK1342) alloy. The
GWZK1342 alloy was homogenized at 793 K for
12 h to eliminate the eutectic phase at grain
boundaries. Figure 1 demonstrates the optical
microstructure of the homogenized GWZK1342
alloy. As Fig. 1 illustrates, the homogenized
GWZK1342 alloy demonstrates the a-Mg matrix
and the interdendritic block-shaped Mg12(Gd,Y)Zn
phase with a 14H-LPSO structure, which was
transformed from the interdendritic 18R-LPSO.20

The intragranular lamellae-shaped 14H-LPSO
phase precipitated and grew across the whole grains
during the homogenization process, which was
identified as the Mg12(Gd,Y)Zn phase.20 The LPSO

phase can accommodate the plastic deformation
through its kinking mechanism, which can improve
the mechanical properties of the alloy.21

The homogenized GWZK1342 alloy was electrical
discharge machined to cylinder specimens with height
of 12 mm and diameter of 8 mm. The compression
tests were carried out on the Gleeble-1500D thermal–
mechanical simulator, and the graphite sheets were
selected as the lubricant to decrease the effect of
interfacial friction between the contact surfaces. The
samples were electrochemical polished to eliminate
the effect of oxide before compression testing. The
experimental temperatures were set to 673 K, 698 K,
723 K and 748 K, and the initial strain rates were set
to 0.001 s�1, 0.01 s�1, 0.1 s�1 and 1 s�1. The samples
were finally compressed to height engineering reduc-
tion of 60% to obtain a total strain of 0.9 with
protective atmosphere. Furthermore, isothermal com-
pression tests with strains of 0.2, 0.4 and 0.6 were
conducted at 748 K and 0.001 s�1 to investigate the
deformation mechanism. The specimens were heated
up to the deformed temperature at a heating rate of
5 K s�1 and retained for 2 min to obtain temperature
homogenization. The specimens were quenched with
water immediately at the end of compression tests to
reserve the microstructure. The specimens for
microstructure analysis were selected in the center
region parallel to the compression axis. The etching
solution for the compressed samples was an acetic
picral etchant (5 g picric acid, 5 ml alcohol, 100 ml
acetic acid and 10 ml distilled water). The microstruc-
ture after hot compression was observed through the
Leica optical microscope. The electron backscatter
diffraction (EBSD) examination was conducted on the
Carl Zeiss Merlin Compact, equipped with an EBSD
system. The specimens for EBSD observation were
prepared by electro-polishing at voltage of 3.0 V and
248 K in the solution of perchloric acid and alcohol
with the volume ratio of 1:9. The EBSD results were
collected with scanning step size of 1.2 lm. The TEM
observations were also conducted, and the bright field
images were obtained.

Fig. 1. The optical microstructure of the homogenized Mg-13Gd-4Y-2Zn-0.6Zr alloy: (a) 9 200 (b) 9 500.
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RESULTS

Flow Stress Behavior

Figure 2a–d shows the true stress versus true
strain of the GWZK1342 alloy at a strain rate of
0.001–1 s�1 and temperature of 673–748 K. As
demonstrated in Fig. 2, the flow stress initially
increases significantly with further strain at the
early deformation stage, which is attributed to work
hardening caused by dislocation generation and
multiplication. Then, the flow stress reaches the
peak value and declines subsequently, which can be
explained by the dynamic softening resulting from
DRX dominating over the work hardening. The
driving force of DRX increases by dislocation accu-
mulation, and eventually DRX initializes at a
critical strain. Subsequently, the flow stress tends
to reach a steady state with further strain, which
was due to the dynamic equilibrium between work
hardening and dynamic softening induced by DRX.
However, as the temperature exceeds 698 K at the
strain rate of 1 s�1, the flow stress curves demon-
strate multiple peaks. Jiang22 ascribed it to the fast
grain boundary migration rate and fast nucleation
and growth of the recrystallization grain at higher
strain rate. Obviously, the flow stress decreases
significantly and the peak strain declines at a lower
strain rate (_e = 0.01 s�1 and _e = 0.001 s�1) or ele-
vated temperature (723 K and 748 K). The elevated
temperature and lower strain rate can facilitate the
dislocation movement and annihilation, and the
higher migration of grain boundaries,23 which
result in the reduction of flow stress. Meanwhile,
the elevated temperature can result in lower critical
resolved shear stress (CRSS) for a basal and non-
basal slip system, which can explain the reason for
lower flow stress at elevated temperature. Further-
more, the elevated temperature and reduced strain
rate contribute to the initiation of DRX at lower
strain, and the DRX softening effect is sufficient to

counterbalance the work-hardening effect at lower
strain; thus, the peak strain declines as the strain
rate reduces or deformation temperature increases.

Determination of Material Constants

Previous studies have concluded that the Zener–
Hollomon parameter (Z) can depict the effects of strain
rate and temperature on the flow stress behavior.24–27

These are typically expressed as:4,21,28–30

Z ¼ _e exp
Q

RT

� �
ð1Þ

_e ¼ AF rð Þ exp � Q

RT

� �
ð2Þ

F rð Þ ¼
rnar<0:8
exp brð Þar> 1:2
sinh arð Þ½ �nforallr

8<
: ð3Þ

where Q is the activation energy of hot deformation
(kJ mol�1), which indicates the difficulty of plastic
deformation. r is the flow stress (MPa), _e is the
strain rate (s�1), R is the universal gas content
(8.314 J mol�1 K�1), and T is the absolute temper-
ature (K). A, a, b, n are the material constants. The
stress multiplier a is defined as a = b/n. As an
example, the true strain of 0.1 is first considered in
the solution process of the material constants.

For the low stress level (ar< 0.8) and high stress
level (ar> 1.2), substituting Eq. 3 into Eq. 2, as
shown in Eqs. 4 and 5, respectively, can illustrate
the relationship between the stress and strain rate.

_e ¼ A
0rn1 ðfor ar<0:8Þ ð4Þ

_e ¼ A00exp brð Þðfor ar>1:2Þ ð5Þ

Fig. 2. The true stress versus true strain at various strain rates and temperatures of (a) 673 K, (b) 698 K, (c) 723 K, (d) 748 K and the
relationship between (e) ln _e and lnr; (f) ln _e and r. (g) The curves of ln [sinh(ar)] � ln _e; (h) the curves of the ln[sinh(ar)] versus T�1.
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where A0 and A00 are material parameters. Taking
the natural logarithms of both sides of Eqs. 4 and 5
conforms to the following equations:

ln r ¼ 1

n1
ln _e� 1

n1
lnA0 ð6Þ

r ¼ 1

b
ln _e� 1

b
lnA00 ð7Þ

Then, the strain rates and corresponding flow
stresses at different deformation temperatures
were substituted into Eqs. 6 and 7, thus obtaining
the slopes of lnr � ln_e and r � ln _e, as demon-
strated in Fig. 2e and f, and the values of n1 and b
can be determined from the mean slope of the
lnr � ln _e and r � ln _e plot. Therefore, the aver-
age values of n1 and b are calculated as 7.6493
and 0.0731 MPa�1, respectively. Then, a was cal-
culated to be 0.009552 through the above
equation.

Then, substituting Eq. 3 into Eq. 2, Eq. 2 can be
demonstrated as follows for all stress levels:

_e ¼ A sinh arð Þ½ �nexp � Q

R0T

� �
ð8Þ

Differentiating Eq. 8 at a particular strain rate,
the deformation activation energy Q can be
expressed as follows:

Q ¼ R0
@ln_e

@ ln sinh arð Þ½ �

� �
T

dln sinh arð Þ½ �
dT�1

� �
_e

ð9Þ

Substituting the values of temperature and flow
stress into Eq. 9, and the slopes of the lines of
ln[sinh(ar)] � ln _e and ln[sinh(ar)] � T�1 can be
calculated, as shown in Fig. 2g and h. Then, the
average Q value can be calculated to be
276.2141 kJ mol�1, which is much higher than the
self-diffusion activation energy of pure magnesium
alloy 135 kJ mol�1. The high Q value can be
ascribed to the inhibition effect of the 14H-LPSO
phase on lattice rotation20 and low diffusivity of
heavy Gd and Y elements.17

Critical Strain Prediction Model

The critical strain ec for the initiation of DRX can
be calculated through the inflection point of work
hardening rate h versus flow stress r; thus, the ec
can be determined through the equation � @2h

@e ¼ 0.
Figure 3a demonstrates the lnh � e curves at a
constant strain rate of 0.01 s�1 from 673 K to 748 K,
and the inflection point position corresponds to the
critical strain. Similarly, Fig. 3b illustrates the
curves of lnh� e for a constant temperature of
698 K at 0.001-1 s�1. Furthermore, the detailed
values of critical strain and steady-state strain at
different temperatures and strain rates are pre-
sented in Table I. The results illustrate that the
critical strain and steady-state strain are elevated

as the ln Z increases, which indicates that the
driving force for DRX declines with increasing ln Z.

The critical strain model can be formulated to
investigate relations between the deformation
parameters and the critical strain for the initiation
of DRX. By introducing the Sellers model, the
critical strain model can be expressed as model I31:

ec ¼ aZb ð10Þ

Then, by taking the logarithm of both sides of
Eq. 10, the ec can be depicted as:

ln ec ¼ ln aþ b lnZ ð11Þ

The values of a and b can be obtained from the
intercept and slope of Fig. 3c; thus, the critical
strain model can be demonstrated as:
ec ¼ 3:65 � 10�5Z0:1725. Furthermore, the average
absolute relative error (AARE), correlation coeffi-
cient (R) and root mean square error (RMSE) were
utilized to evaluate the critical strain model. They
can be expressed as follows:

AARE %ð Þ ¼ 1

N

XN
i¼1

rie � rip
rie

�����
������ 100 ð12Þ

R ¼
Pn

i¼1 rie � re
� �

rip � rp
	 


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPi¼1
i¼1 rie � re
� �2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 rip � rp
	 
2

r ð13Þ

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

rie � rip

	 
2

vuut ð14Þ

Thus, the AARE, R and RMSE of the critical
strain model can be calculated to be 3.52%, 0.982
and 0.104, respectively. Furthermore, Yu et al.
proposed another critical strain characterization
model containing Z parameters, which was denoted
as model II:32

ec ¼ abZ
R ð15Þ

By mathematical operation, ec can be demon-
strated as:

ln ec ¼ y0 þ k� eRlnZ ð16Þ

Then, the value of y0, k, and R can be fitted to be
� 7.029, 0.751 and 0.041, respectively, and the
critical strain model can also be expressed as
follows:

ec ¼ 8:8582 � 10�4 � 2:1191Z0:041

Besides, the AARE, R and RMSE of the latter
critical strain model can be calculated to be 5.02%,
0.961 and 0.1183, respectively, as demonstrated in
Fig. 3d. Figure 3 shows that model I possesses
higher prediction accuracy than model II.
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Table I. The critical strain and steady-state strain at different deformation parameters

Deformation temperature/K Strain rate/s21 Ln Z Critical Strain Steady-state strain

748 0.001 37.5290 0.0262 0.41097
723 0.001 39.0656 0.0359 0.4915
748 0.01 39.8316 0.0308 0.5394
698 0.001 40.7122 0.0321 0.5541
723 0.01 41.3682 0.0451 0.5741
748 0.1 42.1343 0.0523 0.6004
673 0.001 42.4812 0.0538 0.6105
698 0.01 43.0148 0.0601 0.6398
723 0.1 43.6708 0.0629 0.64
748 1 44.4369 0.0836 0.6642
673 0.01 44.7838 0.0854 0.6199
698 0.1 45.3174 0.0932 0.6418
723 1 45.9733 0.1157 0.6345
673 0.1 47.0864 0.1323 0.6456
698 1 47.6204 0.1414 0.6702
673 1 49.3890 0.1574 0.6757

Fig. 3. Relationship between (a) lnh � e curves at 0.01 s�1 and (b) lnh � e curves at 698 K and relationship between ln ec and ln Z (c) model I
and (d) model II.
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Power Dissipation Map

The power dissipation map can characterize the
microstructure evolution during the hot deforma-
tion process. The relationship between heat gener-
ations from plastic deformation and the rate of
energy dissipation with microstructure evolution
can be characterized through the dynamic material
model (DMM). Based on the DMM, the total power
(P) can be depicted as:33,35

P ¼ Gþ J ¼ r_e ¼ r
_e

0

rd_eþ r
r

0

_edr ð17Þ

where the G represents the dissipation energy
stemming from plastic deformation and J repre-
sents the power dissipation associated with the
microstructural changes.33–35

For the supplied strain and temperature, based
on the constitutive flow behavior equation r ¼ K _em,
the value of m can be expressed as:

m ¼ @J

@G
¼ _e@r

r@ _e
¼ @ ln rð Þ

@ ln _eð Þ je;T ð18Þ

For the given deformation temperature and
strain, through incorporating Eq. 17, the J can be
expressed as:

J ¼ r_e� r
_e

0

K _emd_e ¼ m

mþ 1
r_e

The value of J reaches its maximum at m = 1, and
Jmax = r_e

2 . The efficiency of power dissipation g can
be defined as:

g ¼ J

Jmax
¼ 2m

mþ 1
ð19Þ

Constructing the power dissipation maps by plot-
ting temperature-strain rate contours at different
strains, as shown in Fig. 4a–c. The traditional
power dissipation map can only optimize the param-
eters respectively at certain strains; however, the
microstructure evolution with strain cannot be
characterized through the power dissipation map.
The efficiency variation of power dissipation can
reflect the microstructure evolution during the
thermomechanical process. The efficiency variation
of power dissipation versus strain at different
values of ln Z is illustrated in Fig. 4d–f. It is
documented that the efficiency of power dissipation
for DRX is only 30–40% for the low stacking fault
energy, such as the magnesium alloy.36,37 For the
value of ln Z< 40, the efficiency of power dissipa-
tion g exceeds 0.35 at the strain of 0.2 and then
declines or increases slightly with further strain,
which indicates that DRX grain nucleation starts at
lower strain and DRX contributes more to a higher
value of g at a strain of 0.2. Then, the decline and
slight increase of g can be ascribed to the

microstructure evolving slightly and DRX contribut-
ing little to the microstructure evolution. For
40< ln Z< 43, the g is< 0.30 at the strain of 0.2
and then increases with strain increasing, which
illustrates that DRX initiates at higher strain and
moderately promotes microstructure evolution. For
ln Z> 43, the value of g is< 0.30 from lower strain
to higher strain; thus, the DRX marginally facili-
tates the microstructure evolution during isother-
mal compression.

The power dissipation maps can demonstrate the
optimum process parameters at a certain strain;
however, the strain and microstructure evolution
were not characterized in the processing maps. By
incorporating the strain with the efficiency of power
dissipation, the hot deformation maps can be for-
mulated based on the critical strain, steady-state
strain and efficiency variation of power dissipation
at different values of ln Z, as shown in Fig. 4g. The
feature of microstructure corresponding to different
deformation parameters can be predicted through
the hot deformation map. For ln Z< 40, the effi-
ciency of power dissipation exceeds 0.35 and DRX
initializes at lower strain; thus, DRX may predom-
inately operate to accommodate the plastic defor-
mation. For 40< ln Z< 43, the efficiency of power
dissipation is low at lower strain and then increases
with further strain, and the limited fraction of DRX
grains may be observed at corresponding process
parameters. Furthermore, the marginal fraction of
the DRX microstructure may be obtained at process
parameters corresponding to ln Z> 43 because of
the slight variation of lower power dissipation
efficiency.

Microstructure Observation

Figure 5a–c illustrates the optical microstructure
corresponding to domain I (shown in Fig. 4g) at
different values of ln Z. The numerous DRX grains
can be observed at corresponding parameters,
which demonstrate that the DRX predominately
operates as the value of ln Z below 40. Furthermore,
the zigzagged and broken 14H-LPSO phases were
observed at corresponding parameters, as demon-
strated in Fig. 5a and b. Zhou23 proposed that the
crushed 14H-LPSO phase can reduce the inhibition
effect on the lattice rotation and facilitate the
operation of CDRX. The compression tests at
748 K and strain rate of 0.001 s�1 with different
strains were conducted to illustrate the DRX nucle-
ation mechanism.

Figure 5e–m demonstrates the inverse pole fig-
ure (IPF) maps and grain orientation spread (GOS)
maps with different strains at a temperature of
748 K and strain rate of 0.001 s�1, which corre-
sponds to the ln Z of 37.529. The GOS can demon-
strate the average difference of orientation between
the average grain orientation and all points within a
grain, which can be illustrated as:37,38

Li, Teng, and Xu4064



GOS ¼ 1

N

XN
A¼1

min cos�1 trace gave hig
A

� �
� 1

� 
2

 !" #( )

ð20Þ

where A represents the Ath point within a grain, N
is the total measured points within a grain, gave

represents the average orientation of all points
within a grain, gA represents the orientation of the
Ath point, and hi represents the minimum orienta-
tion difference between the measured point and the

average orientation.37 The GOS threshold value of
DRX can be determined as 2� for the homogenized
GWZK1342 alloy.37

The blank regions in the IPF maps and GOS maps
mainly indicate the LPSO phase, which was difficult
to recognize in the EBSD system because of a
negligible confidence index (CI) resulting from the
absence of corresponding parameters. At lower
strain, the primary a-Mg grains were surrounded
by the finer DRX grains at grain boundaries. The
addition of the element Zn contributes to the
formation of the 14H-LPSO phase, which results

Fig. 4. Power dissipation map at strains of (a) 0.2, (b) 0.4 and (c) 0.6; variation of power dissipation versus strain at values of ln Z (d), ln Z< 40,
(e) 40< ln Z< 43, (f) ln Z> 43 and (g) hot deformation map.
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in the low stacking energy of the magnesium alloy
containing RE elements. The dislocations were hard
to slide and climb because of the low stacking

energy, and thus dynamic recovery (DRV) was
difficult to operate. Furthermore, the interdendritic
14H-LPSO phase breaks and provides the

Fig. 5. The microstructure corresponding to domain I at different ln Z values: (a) ln Z = 37.529 at strain of 0.9; (b) ln Z = 39.066 at strain of 0.9;
(c) ln Z = 37.529 at strain of 0.6; (d) TEM bright field image of DRX grains with strain of 0.6 at ln Z = 37.529 and IPF maps with strain of (e) 0.2,
(h) 0.4 and (k) 0.6. GOS maps with strain of (f) 0.2, (i) 0.4 and (l) 0.6 at ln Z = 37.529 and the fraction of LAGBs and HAGBs of (g) 0.2, (j) 0.4 and
(m) 0.6.
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nucleation site for DRX; thus, the discontinuous
dynamic recrystallization (DDRX) first occurs at the
grain boundaries. Figure 5(d) demonstrates the
TEM bright field image of the broken interdendritic
14H-LPSO phase and adjacent DRX grains with
strain of 0.6 at 475 K, 0.001 s�1. The DRX grains
nucleate around the broken 14H-LPSO phase, as
marked by the red arrow in Fig. 5d, which indicates
that the broken 14H-LPSO phase provides a nucle-
ation site for DRX. As the strain increases, the
intragranular 14H-LPSO phase was zigzagged and
kinked,23 which can provide sufficient sites for
dislocations to accumulate and cluster. The dis-
tinctly oriented finer grains can be observed within
the deformed grains, as marked with arrows in
Fig. 5k, which indicates that DRX operates within
the deformed grains. The climb and rearrangement
of high-density dislocations around the kinked
lamellar 14H-LPSO phase facilitate the formation
of low-angle grain boundaries (LAGBs), and the
LAGBs can transform into high-angle grain bound-
aries (HAGBs) through lattice rotation and incor-
poration of dislocations. It can be concluded that the
kinked lamellar 14H-LPSO phase can facilitate
DRX nucleation within the deformed grains. The
intragranular lamellar 14H-LPSO phase was prone
to be crushed and broken with further strain at
higher temperature and lower strain rate. Once the
14H-LPSO phase was crushed, the inhibition effect
of the 14H-LPSO phase on the lattice rotation
reduced, which could facilitate the CDRX process.
Accordingly, numerous LAGBs arose within the
deformed grains, indicated by the white lines in
Fig. 5e, h, and k. Furthermore, the fraction of
LAGBs declined with increasing accumulative
strain, as demonstrated in Fig. 5g, j, and m. The
LAGBs can transform into HAGBs with further
strain by incorporating dislocation and subgrain
rotation; thus, CDRX grains form within the
deformed grains, as Fig. 5c, e, h and k demonstrate.
Besides, the fraction of HAGBs increased with
further strain. The area fraction of DRX grains
increased from 28.9% to 53.2% with strain increas-
ing from 0.2 to 0.6, as illustrated in Fig. 5f, i and l,
and the DRX grains demonstrate a more random
orientation.

The microstructures corresponding to domain II
at different ln Z values are demonstrated in
Fig. 6a–d. The optical observation demonstrates
the bimodal microstructure, and the primary grains
were surrounded by finer DRX grains at grain
boundaries. The primary grains were distorted and
alerted to flat strips perpendicular to the compres-
sion direction. The hexagonal, closely packed (HCP)
crystal structure of the a-Mg matrix provides lim-
ited numbers of slipping systems; thus, the other
deformation mechanism can be observed in the
magnesium alloy.32 The 14H-LPSO phase can
impede the basal dislocation movement; thus, the
dislocations pile up at the boundaries between the

LPSO phase and 2H-Mg structure as a + c disloca-
tion starts.32 The stress concentration occurs within
the a-Mg grain along the 14H-LPSO phase, and the
original lamellar 14H-LPSO phases were bent to
accommodate the plastic deformation. The kink
band of the 14H-LPSO phase can homogenize the
stress field in the primary a-Mg matrix, in which the
basal slip predominately operates. Furthermore, the
14H-LPSO phase was not broken at the process
parameters corresponding to domain II, which
indicates that the 14H-LPSO phase was prone to
being easily crushed, zigzagged and broken at a
lower value of ln Z (higher temperature and lower
strain rate). The lamellar 14H-LPSO hindered the
lattice rotation, and thus the CDRX process was
suppressed. The DDRX occurred at the grain
boundaries, and the fraction of DRX grains is lower
than at process parameters corresponding to
domain I. Furthermore, the fraction of DRX grains
reduced with an increasing ln Z value. Thus, the
kink mechanism of the 14H-LPSO phase and DDRX
mechanism plays a dominant role at process param-
eters corresponding to 40< ln Z< 43.

The microstructures corresponding to domain III
at different ln Z values are presented in Fig. 6e–h.
It can be observed that a limited fraction of DRX
grains distribute at the primary grain boundaries,
which indicates that DRX marginally facilitates the
thermomechanical deformation at corresponding
parameters. The primary a-Mg grains were com-
pressed to flat strips, and the kink band of the 14H-
LPSO phase can be observed, which indicates that
the kink mechanism of the LPSO phase predomi-
nately operates to accommodate the stress concen-
tration. Thus, the dynamic softening effects arising
from DRX decreased, which can be verified through
the stress–strain curves at the corresponding pro-
cess parameters. Obviously, the fraction of DRX
grains declines as the ln Z value increases because
of the lower thermal activation energy for DDRX at
a higher ln Z value (higher strain rate and lower
temperature).

DISCUSSION

It is documented that the optimum process
parameters can be determined as the parameters
corresponding to the maximum efficiency of power
dissipation. However, process parameter of 723 K
and 0.01 s�1 locate in the region of the maximum
power dissipation efficiency at strain of 0.4 and 0.6;
the corresponding microstructure demonstrates the
characteristic of bimodal microstructure rather
than the full DRX microstructure, as demonstrated
in Fig. 6b. Therefore, the efficiency variation of
power dissipation with strain was selected to char-
acterize the microstructure evolution. The process
parameters were divided into three domains based
on the efficiency variation of power dissipation, and
thus the hot deformation map was constructed.
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Fig. 6. The microstructures at 0.9 strain with different ln Z values corresponding to domain II: (a) ln Z = 40.712; (b) ln Z = 41.368; (c) ln
Z = 42.134; (d) ln Z = 42.4812. Domain III: (e) ln Z = 43.015; (f) ln Z = 43.671; (g) ln Z = 45.317; (h) ln Z = 47.086.
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Considerable studies have demonstrated that the
intragranular 14-LPSO phase in the Mg-Gd-Y-Zn-
Zr alloy can inhibit the dislocation movement, and
thus the DRX process can be impeded.32 Further-
more, the 14H-LPSO phase is sensitive to the
deformation temperature and strain rate in this
study. The 14H-LPSO phase was zigzagged and
broken with further strain at a lower ln Z value (ln
Z< 40). The morphology of the intragranular 14H-
LPSO phase can influence the microstructure evo-
lution at different process parameters. From the
above information, the efficiency variation of power
dissipation g can reveal the microstructure evolu-
tion in the thermomechanical process. As illustrated
in Fig. 7, DRX facilitates accommodating plastic
deformation at a lower ln Z value (higher temper-
ature and lower strain rate), while the kink mech-
anism of the 14H-LPSO phase predominately
operates at a higher ln Z value (ln Z> 40). The
broken interdendritic 14H-LPSO phase can provide
numerous nucleation sites and promote DDRX
through the PSN mechanism. Besides, the intra-
granular 14H-LPSO phase was easily zigzagged and
broken at higher temperature and lower strain rate;
thus, the inhibition effect of the 14H-LPSO phase on
the lattice rotation decreased, which can facilitate
the CDRX process. Furthermore, higher tempera-
ture and lower strain rates can facilitate dislocation
gliding, climbing and sliding, and anchor node
dislocation formed easily, which raised the nucle-
ation rate of DDRX.32 Therefore, the broken inter-
dendritic 14H-LPSO phase can contribute to the
DDRX through the PSN mechanism, and the broken
intragranular 14H-LPSO phase facilitates the
CDRX because of the reduced inhibition effect on
lattice rotation and dislocation movement. As the
temperature declined and strain rate increased, the
intragranular 14H-LPSO phase remained, and the
dislocations clustered along the 14H-LPSO phase.
Thus, the 14H-LPSO phase was bent to

accommodate the stress concentration within the
deformed grains for 40< ln Z< 43. CDRX was
suppressed because of the inhibition effect of the
remaining 14H-LPSO phase on lattice rotation,
while DDRX occurred at grain boundaries. For ln
Z> 43, the kink mechanism of the 14H-LPSO
phase predominately operates to accommodate the
dislocation movement and stress concentration
resulting from dislocation accumulation reduction,
and thus the flow stress declines. However, the
basal dislocations re-accumulated along the 14H-
LPSO phase with further strain, and thus the flow
stress increased. The kink mechanism of the 14H-
LPSO phase may be partly responsible for the
multiple peaks of flow stress curves at higher strain
rate (1 s�1) due to the repeated process described
above.

CONCLUSION

The deformation behavior of the homogenized
Mg-13Gd-4Y-2Zn-0.6Zr alloy during isothermal
compression was investigated through the charac-
terization of DRX behavior and microstructure
evolution. The main conclusions can be summarized
as follows:

1. The critical strain models for the initiation of
DRX were developed based on two different
kinds of characterization method. The critical
strain model ec ¼ 3:65 � 10�5Z0:1725 can predict
the critical strain at different thermomechanical
parameters more accurately for the homoge-
nized Mg-13Gd-4Y-2Zn-0.6Zr alloy.

2. The hot deformation map was constructed based
on the critical strain, steady-state strain and
efficiency variation of power dissipation at dif-
ferent process parameters, which can character-
ize the microstructure evolution and
deformation mechanism at different process
parameters. For ln Z< 40, the DRX predomi-
nately operates, and the higher fraction of DRX
grains can be obtained as strain exceeds the
steady strain, and the corresponding process
parameters can be determined as the optimum
parameters for the hot deformation process of
the homogenized Mg-13Gd-4Y-2Zn-0.6Zr alloy.

3. The deformation mechanism varies at different
ln Z values. The DRX mechanism predominately
operates at the corresponding parameters for ln
Z< 40. The 14H-LPSO phase can be kinked and
broken at corresponding process parameters,
which facilitates the CDRX because of the
reduced inhibition effect on lattice rotation
within the a-Mg grains and contributes to the
DDRX through the PSN mechanism at grain
boundaries. For 40< ln Z< 43, the kink mech-
anism of the intragranular lamellar 14H-LPSO
phase and DDRX at grain boundaries can
accommodate the plastic deformation at corre-
sponding parameters. Furthermore, the kink
mechanism of the lamellar 14H-LPSO phase is

Fig. 7. The schematic diagram of microstructure evolution at
different process parameters.
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the predominant deformation mechanism for ln
Z> 43, which partly results in the multiple
peaks of flow stress curves at higher strain rate
and elevated temperature.
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