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The hot deformation behavior and processing characteristics of Mg–3Zn–0.3Ca–0.4La (wt%)
alloys were investigated by hot compression deformation. The results suggested that deformation
parameters had significant effects on deformation behavior and dynamic recrystallization of the
Mg–Zn–Ca–La alloy. The average activation energy of deformation was calculated to be
188.9 kJ/mol. The processing map was constructed and analyzed based on the dynamic material
model, and the optimum hot working window of the alloy was determined to be the temperature
of 350 °C and the strain rates between 0.001 and 0.01 s�1. Furthermore, the DRX kinetic model
of the Mg–3Zn–0.3Ca–0.4La (wt%) alloy was established, which implied that incomplete
dynamic recrystallization occurred for the Mg–Zn–Ca–La alloy in the present work. Microstruc-
ture analysis indicated that deformation parameters played a critical role on the microstructure
optimization. The dynamically recrystallized (DRXed) region fraction and the DRXed grain size
were increased with the increase of deformation temperature and decrease of deformation rates.

I. INTRODUCTION

Magnesium (Mg) and its alloys as the lightest struc-
tural metallic materials have attracted great attention in
the aerospace and transport industries in the near deca-
des.1 However, compared with steels and aluminum (Al)
alloys, the relatively low strength and poor ductility of
Mg alloys at ambient temperature due to their hexagonal
close packed crystal structure hinder their widespread
applications. The most common approach of developing
Mg alloys with superior performance is micro-alloying.2,3

For example, Mg-rare earth (RE) series alloys have
attracted increasing attention due to their ultra-high
strength and high ductility.4,5 However, the addition of
large amounts of heavy RE elements increases the cost.6

Therefore, it is of significance to develop low cost and
high performance magnesium alloys by selecting appro-
priate alloying elements. Partial substitution of expensive
RE by other elements is one way to reduce the cost and
has been focused in the recent investigations.7,8 For
example, the Mg–3Gd–3Al–1Zn (wt%) alloy exhibited
much finer microstructure and superior mechanical prop-
erties compared with the Mg–6Gd–1Zn (wt%) alloy.7,8

The combined addition of Al and Gd was more effective
to refine microstructure and enhance the mechanical
properties in the Mg–Gd–Al–Zn alloys.9,10

The Mg–Zn based alloy is a potential candidate for the
development of high strength Mg alloys because high
solubility of Zn in Mg could strengthen the matrix
through precipitates via proper thermomechanical pro-
cesses11 or heat treatment.12 Calcium (Ca) with a large
reservoir on earth has a low price, which is capable of
reducing flammability,13 improving oxidation resis-
tance,14,15 and enhancing creep resistance.16 Addition-
ally, the addition of Ca can effectively refine the
microstructure and improve the formability after defor-
mation.17,18 RE elements’ addition in the Mg alloy can
weaken the basal texture or result in the formation of RE
texture component.19,20 Cerium (Ce) or lanthanum (La),
which is relatively cheap compared with heavy RE
elements, attracts much attention due to their high
efficiency of texture weakening.21 0.02 at.% La addition
in the Mg–Zn alloy resulted in a significant texture
weakening and gave rise to a superior ductility with the
elongation-to-fracture up to 35%.21 Previous investiga-
tions suggested that Ca and RE combined addition in
Mg alloys optimized the microstructure and enhanced
the mechanical properties obviously.22 For example,
a Mg–5.3Zn–0.2Ca–0.5Ce (wt%) extrusion with the
tensile yield strength of 268 MPa and an elongation of
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16.6% was produced23; the Mg–5.3Zn–0.5Ca–0.5Ce/La
(wt%) alloy exhibited a yield strength of 316 MPa
through extrusion and subsequent warming rolling.2

Especially, we previously detected that the Mg–2.5Zn–
0.3Ca–0.4La (wt%) alloy might be high strength and low
cost Mg alloys, in which the yield strength of 325 MPa
was obtained through extrusion at 350 °C.24

It is commonly accepted that deformation parameters
have a critical effect on the microstructure and mechan-
ical properties of Mg alloys.25,26 For example, the high
extrusion ratio resulted in a homogeneous microstructure,
while the low extrusion ratio gave rise to the formation of
the bimodal microstructure for the Mg–11Gd–4.5Y–
1Nd–1.5Zn–0.5Zr (wt%) alloy27; the grain size was
coarsened and mechanical properties were deteriorated
for the Mg–9Gd–3Y–1.5Zn–0.8Zr alloy when deformed
at high extrusion speed28; low temperature deformation
was beneficial for the strength improvement in the
Mg–5.7Zn–0.54Zr (wt%) alloy.29 Therefore, the optimi-
zation of deformation parameters is of significance to
further enhance the mechanical properties of Mg alloys.
However, the relationship between deformation parame-
ters and microstructure evolution of Mg–Zn–Ca–La
alloys is still unclear. Therefore, the present work in-
vestigated the deformation behaviors and microstructure
evolution of the Mg–Zn–Ca–La alloy, in the objective of
providing references for further microstructural optimi-
zation of the Mg–Zn–Ca–La alloy.

II. EXPERIMENTAL PROCEDURES

Commercial high-purity Mg (99.9%, mass fraction),
Zn (99.9%), Mg–15% Ca, and Mg–30% La master alloys
were melted at 720 °C in an electric resistance furnace
under the protection of a mixed gas atmosphere of SF6
and CO2. The melts were kept at 720 °C for 10 min and
then poured into the cooling crystallizer. The casting
machine worked with the casting speed of 38 mm/min
during the semicontinuous direct-chill casting process.
The Mg–3Zn–0.3Ca–0.4La (wt%) alloy ingot with the
diameter of 90 mm and the length of 1300 mm was
fabricated. The detailed casting procedure was also
described elsewhere.24 The casting ingots were homog-
enized at 400 °C for 12 h by quenching into water, and
then machined into cylindrical samples with a diameter of
8 mm and a height of 12 mm for the isothermal
compression test. The compression tests were carried out
on a Gleeble-1500 thermomechanical simulator testing
system. The specimens were heated at a heating rate of 5
K/s to deformation temperatures and held for 1 min to
obtain a stable and uniform temperature prior to deforma-
tion (Dynamic Systems Inc., Tarrytown, New York). The
specimens were compressed to a height reduction of 60%
(corresponding to a true strain of 1.0) at the temperatures
of 250 °C, 300 °C, and 350 °C and average strain rates of

0.001, 0.01, 0.1, and 1 s�1, respectively. After hot
compression, the specimens were immediately quenched
into water within 5 s to preserve the microstructure.

For microstructural observations, the deformed samples
were conventionally polished and etched in acetic picral.
Microstructures of the as-compressed specimens were
examined at the central part of the section parallel to the
compression direction using optical microscopy (OM),
a Hitachi S-4800 (Hitachi, Tokyo, Japan) scanning electron
microscope (SEM). The average grain size and volume
fraction of dynamical recrystallization were measured using
Image-Pro Plus 5.0 software (Media Cybernetics, Rockville,
Maryland).

III. RESULTS AND DISCUSSION

A. Compressive deformation behavior

Figure 1 presents the true compressive stress–strain
curves of the as-homogenized Mg–Zn–Ca–La alloy. The
flow curves exhibited typical characteristics of dynamic
recrystallization. The stress was increased with the in-
crease of strain at the initial stage of deformation due to
work hardening, then a peak stress was reached. With the
further increase of strain, flow stress decreased because the
strengthening effect caused by work hardening was
weaker compared with the softening effect from dynamical
recrystallization. Finally, a steady state was achieved when
work hardening and dynamic softening reached a balance.

The samples compressed with high temperatures and
low strain rates exhibited a low flow stress, which was
because high temperature supplied high dislocation
mobility30 and low strain rate provided enough time for
the accumulation of activation energy.31 It should be
noticed that the samples deformed with the strain rate of
0.001 s�1 exhibited an obvious serrated flow character-
istic, which might be related to the dynamic strain aging
effect.32 The solute atoms had enough time to diffuse to
dislocation when deformed at low strain rate, which
would exert a drag force for dislocation movement.
Subsequent applied stress promoted the dislocation to
overcome the drag force and move freely. Then the
process repeated during deformation, leading to the
serrations in the stress–strain curves. The sample de-
formed at 250 °C with the strain rate of 1 s�1 showed
a very rapid decline after the strain of 0.6, which was
related to the formation of the crack during deformation.

During hot compression deformation, the relationship
of deformation temperature and strain rate on flow stress
can be described by a hyperbolic sine-type constitutive
equation33:

_e ¼ A sinh arð Þ½ �n exp �Q=RTð Þ ; ð1Þ

where _e is the strain rate (s�1), A is the structure factor, a
is the material constant, r is the peak stress (MPa), n is
the stress exponent, Q is the deformation activation
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energy (kJ/mol), R is the gas constant (8.314 J/mol), and
T is the absolute temperature during hot deformation.

To calculate the value of a in Eq. (1), the other two
conventional equations were used to describe the re-
lationship between deformation parameters and flow
stress. Normally, the power law was used at the low
stress level [Eq. (2)], while exponential law was used at
the high stress level [Eq. (3)].

_e ¼ A1r
n1 exp �Q=RTð Þ ; ð2Þ

_e ¼ A2 exp brð Þ exp �Q=RTð Þ ; ð3Þ

where n1 is the stress exponent and A1, A2, and b are the
material constants. By taking the natural logarithm on
both sides of Eqs. (2) and (3), simplified equations can be
obtained as follows:

ln _e ¼ n1 lnrþ lnA1 � Q= RTð Þ ; ð4Þ

ln _e ¼ brþ lnA2 � Q= RTð Þ : ð5Þ
According to Eqs. (4) and (5), n1 ¼ @ ln _e=@ lnr,

b ¼ @ ln _e=@r, and a 5 b/n1. The relationships of
ln _e� lnr and ln _e� r at different temperatures are
plotted in Fig. 2. Therefore, the average values of
n1 and b were determined to be 8.5538 and 0.0641,
respectively. Then the average a value of the alloy is
calculated as a 5 b/n1 5 0.0075 MPa�1.

The Zener–Hollomon (Z) parameter can integrate the
effects of deformation temperature and strain rate on the
flow stress during hot deformation, which can be
expressed as follows34:

Z ¼ _e exp
Q

RT

� �
¼ A sinh arð Þ½ �n : ð6Þ

By taking the natural logarithm on both sides of
Eq. (6), the following equation could be obtained:

FIG. 1. True compressive stress–strain curves of the samples compressed at the strain rate of (a) 0.001 s�1, (b) 0.01 s�1, (c) 0.1 s�1, and (d) 1 s�1.
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n ¼ @ ln _e
@ ln sinh arð Þ½ �
� �

T

; ð7Þ

Q ¼ Rn
@ ln sinh arð Þ½ �

@ 1=Tð Þ
� �

_e

: ð8Þ

The relationships of ln _e� ln sinh arð Þ½ � under different
temperatures and ln[sinh(ar)] � 1/T under different strain
rates are plotted in Fig. 3. Then the average activation
energy Q was estimated to be 188.9 kJ/mol, which
was higher than that for lattice diffusion of magnesium
(135 kJ/mol35). The high Q value for the Mg–Zn–Ca–La
alloy might be attributed to the existence of precipitates
and fine microstructure. Precipitates could effectively
hinder dislocation motion during deformation and exerted
resistant force for lattice self-diffusion, as pointed out in
the SiC reinforced Al matrix.36 The fine dynamically
recrystallized (DRXed) grains provided more grain bound-
aries acting as barriers to the movement of dislocations and
lattice self-diffusion. Additionally, the addition of alloying
elements had a significant effect on the activation energy,
which was detected in steels and Al alloys.37,38 0.2 wt% Cr
addition in the Al–Mg–Si alloy hinders the movement of
dislocation, which led to the increase of flow stress and
activation energy due to the effect of solution strengthen-
ing.38 Therefore, Ca or La in the Mg–Zn–Ca–La alloys
with slow diffusion velocity compared with the matrix
would serve as barriers to dislocation movement. Mean-
while, Ca or La preferred to segregate to dislocation or
grain boundaries due to the large atomic radius,39 which
could exert extra force for the mobility of dislocation or
grain boundaries. It might be another reason for the high
activation energy in the Mg–Zn–Ca–La alloy.

Then the Zener–Hollomon parameters were obtained,
shown in Table I. According to Eq. (6), the values of the

related parameters A and n of the constitutive equation can
be determined by linear fitting curves of ln Z and ln[sinh
(ar)] (Fig. 4). By substituting activation energy Q into
Eq. (6), the constitutive equation for the Mg–Zn–Ca–La
alloy can be expressed as follows:

_e ¼ 2:1807� 1015 sinh 0:0075rð Þ½ �5:925 exp � 188:9� 103

8:314T

� �
:

ð9Þ

As can be seen in Fig. 4, these data points were close
to the center of the fit line obtained by linear fit. The
corresponding 95% confidence band for this fit was
plotted by two lines adjacent to the fitting line. Mean-
while, the data points fell within the prediction band (the
outer lines) corresponding to the 95% confidence band.

B. Processing map

The processing map was usually used to investigate the
workability of metal materials and to analyze the evolu-
tion of the microstructure using power dissipation effi-
ciency during deformation. The efficiency of power
dissipation (g) can be expressed as follows3:

g ¼ J

Jmax

¼ 2m
mþ 1

; ð10Þ

where m ¼ @ lnr
@ ln _e

� �
e;T

is the strain rate sensitivity co-
efficient. The value of g represented the energy of power
dissipation used for dynamic recrystallization but could
not characterize the ability of workability of materials
because the energy of power dissipation located in the
instability region of the material might have a large value.
The instability region could be obtained by the instability
criterion,40 which was described as follows:

FIG. 2. Relationship between strain rate and flow stress (a) ln _e� lnr and (b) ln _e� r.

J. Qi et al.: Hot deformation behavior and microstructural evolution of Mg–Zn–Ca–La alloys

J. Mater. Res., Vol. 33, No. 18, Sep 28, 20182820



n _eð Þ ¼
@ ln m= mþ 1ð Þ½ �

@ ln _e
þ m, 0 ; ð11Þ

where n _eð Þ is the instability parameter related to strain rate
and deformation temperature. An instability map defined
instability domains with n _eð Þ, 0. In general, stability
domains corresponded to dynamic recrystallization,
which reflected better workability. Therefore, the stability
domains were selected to be deformation window.
However, the instability domains corresponded to adia-
batic shear band and crack propagation.3 Therefore, the
processing map could be constructed through the over-
printing of the dissipation map and an instability map.

Figure 5 shows the processing map obtained at
a compressive true strain of 0.8. The counter number
signified the efficiency of power dissipation and the
shaded area corresponded to the flow instability. It could
be seen that the instability region was mainly distributed
at temperature ranging from 250 to 300 °C and the strain
rate ranging from 0.001 to 1 s�1. The power dissipation

FIG. 3. Variation of (a) ln _e� ln sinh arð Þ½ � at different temperatures and (b) ln[sinh(ar)] � (1/T) at different strain rates.

TABLE I. Zener–Hollomon parameters for the Mg–Zn–Ca–La alloy
compressed at different conditions.

Sample ID T, K _e, s�1 Z

Sample 1 523 0.001 7.45 � 1015

Sample 2 523 0.01 7.45 � 1016

Sample 3 523 0.1 7.45 � 1017

Sample 4 523 1 7.45 � 1018

Sample 5 573 0.001 1.68 � 1014

Sample 6 573 0.01 1.68 � 1015

Sample 7 573 0.1 1.68 � 1016

Sample 8 573 1 1.68 � 1017

Sample 9 623 0.001 6.97 � 1012

Sample 10 623 0.01 6.97 � 1013

Sample 11 623 0.1 6.97 � 1014

Sample 12 623 1 6.97 � 1015

FIG. 4. Relationship between Zener–Hollomon parameter and peak
stress in hot compression tests.

FIG. 5. Processing map of the Mg–Zn–Ca–La alloy compressed to
a strain of 0.8 (the efficiency of power dissipation in percent is
indicated by the contour values).
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efficiency was high and no flow instability was detected
when the deformation was at a temperature of
300–350 °C and a strain rate of 0.001–0.01 s�1. This
was related to the stable microstructure of the alloy after
hot deformation. The increase fraction of DRX would
decrease dislocation density and reduce the stress con-
centration because high temperature enhanced the diffu-
sion rate and thermal agitation of atoms and low strain
rate provided enough time for dislocations to move.41

The optimum processing parameter domains for mag-
nesium alloys were generally located at a high power
dissipation efficiency between 35 and 45%, in which
stable flow gave rise to a stable microstructure and
improved workability via dynamic recrystallization.42

However, the peak efficiency values obtained for the
Mg–Zn–Ca–La alloy were approximately 30%, which
indicated that incomplete dynamic recrystallization oc-
curred during hot compression. Considering both the
power dissipation efficiency and stability, the optimum
hot working window was suggested to be the temperature

of 350 °C and the strain rates between 0.001 and
0.01 s�1.

C. Microstructure analysis

Grain refinement could affect the mechanical proper-
ties of the magnesium alloys significantly, which was
commonly achieved by dynamic recrystallization during
hot deformation processing. Therefore, it is of signifi-
cance to investigate the effects of deformation conditions
on dynamic recrystallization. The kinetics of dynamic
recrystallization can be expressed by the Avrami
equation43:

XDRX ¼ 1� exp �k
e� ec
e�

� �nmh i
; ð12Þ

where XDRX is the DRX volume fraction; ec is the critical
strain of the initiation of DRX, which is the strain of the
minimum point of �(@2r/@r@e); e* is the strain for the
maximum softening rate, which corresponds the strain of

FIG. 6. Predicted evolution of DRX volume fraction for samples deformed under different strain rates: (a) 0.001 s�1, (b) 0.01 s�1, (c) 0.1 s�1, and
(d) 1 s�1.
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the lowest work hardening rate; k and nm are the material
constants.

In addition, the relationship between XDRX and flow
stress can be expressed as follows:

XDRX ¼ rp � r
rp � rss

; ð13Þ

where rp is the peak stress and rss is the steady-state
stress. According to Eqs. (12) and (13), the mean values
of k and n under different conditions are obtained to be
0.7267 and 2.1365, respectively. Thus, the kinetic model
of DRX evolution of the Mg–Zn–Ca–La alloy can be
expressed as follows:

XDRX ¼ 1� exp �0:7267
e� ec
e�

� �2:1365� 	
: ð14Þ

Then the variation of volume fraction of the DRXed
region with deformation parameters can be theoretically
predicted, as shown in Fig. 6. It is observed that the
volume fraction of DRX increased with increasing strain.

Moreover, the DRX volume fraction also strongly
depended on the deformation temperatures and strain rates.

Figure 7 shows the optical microstructures of the as-
compressed Mg–Zn–Ca–La alloys. When the samples
were deformed at low temperature and high strain rate,
large amounts of deformed microstructure were detected,
as shown in Figs. 7(a) and 7(b). With the increase of
deformation temperature from 250 to 350 °C and de-
crease of strain rate from 1 to 0.001 s�1, the fraction of
dynamic recrystallization was increased. When the sam-
ple was deformed at the temperature of 350 °C and the
strain rate of 0.001 s�1, dynamic recrystallization almost
completed [Fig. 7(l)]. Figure 8(a) shows the relationship
between Zener–Hollomon parameter and DRX volume
fraction (VDRX), the black and red data points represented
the experimental data and the predicted data according to
the DRX kinetic model of the Mg–Zn–Ca–La alloy,
respectively. It could be seen that the experimental data
were basically consistent with the predicted data. Thus,
the DRX kinetic model for the Mg–Zn–Ca–La alloy
could be used to predict the DRX volume fraction of the
Mg–Zn–Ca–La alloy.

FIG. 7. OM images of the Mg–Zn–Ca–La alloy compressed with different deformation parameters: (a) 250 °C, 1 s�1; (b) 250 °C, 0.1 s�1; (c)
250 °C, 0.01 s�1; (d) 250 °C, 0.001 s�1; (e) 300 °C, 1 s�1; (f) 300 °C, 0.1 s�1; (g) 300 °C, 0.01 s�1; (h) 300 °C, 0.001 s�1; (i) 350 °C, 1 s�1; (j)
300 °C, 0.1 s�1; (k) 300 °C, 0.01 s�1; (l) 300 °C, 0.001 s�1. (CD represents compression direction).
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The above microstructural observations indicated that
the deformation temperature and the strain rate affect the
evolution of dynamic recrystallization. Additionally, the
DRXed grain size varied when deformed with different
Zener–Hollomon parameters. Figure 8(b) shows the
relationship between Zener–Hollomon parameter and
DRX grain size. It could be seen that the DRXed grain
size was decreased with the increase of Zener–Hollomon
parameters. A linear exponential equation was proposed
to describe the relationship between the DRX grain size
and Z parameters, which could be expressed as follows44:

DDRX ¼ AZ�n ; ð15Þ

where A is a material constant and n is the power law
exponent. Prediction of grain size could be evaluated by
power law exponent n. High n value indicated the fine
DRX grain size against Z. Beer45 reported a range of
0.09–0.13 for n in the AZ31 alloy after various de-
formation modes. The n value of the Mg–Zn–Ca–La
alloy in the present study was almost double (0.27)
compared with the maximum value of n in AZ31, which
indicated that the DRXed grains had a low growth rate

for the Mg–Zn–Ca–La alloy. It should be related to the
existence of the second phase.

The distribution of the precipitates played an obvious
role in the microstructure after dynamic recrystallization.
The SEM images of the Mg–Zn–Ca–La alloy specimens
compressed with the Zener–Hollomon parameter of
6.97 � 1014 to true strain of 1 are shown in Fig. 9. It
could be seen that the coarse second phases were broken
into small particles, which was covered by DRXed grains.
This indicated that the second phase stimulated nucleation
of dynamic recrystallization. Moreover, part second phases
were fragmented to be small particles, which could act as
obstacles for grain boundary mobility. Therefore, the
existence of second phases in the Mg–Zn–Ca–La alloy
was beneficial for grain refinement, which resulted in
a small grain growth tendency by contrast to the AZ31
alloy.44

According to the above discussion, it could be found
that deformation parameters had a significant effect on
the microstructure of the Mg–Zn–Ca–La alloy. The
optimum hot working window was established at the
temperature of 350 °C and the strain rate between 0.001
and 0.01 s�1. However, the DRXed grains size was large

FIG. 8. Effect of Zener–Hollomon parameter on (a) recrystallized volume fraction and (b) DRX grain size of the Mg–Zn–Ca–La alloy.

FIG. 9. SEM images of the samples compressed with Zener–Hollomon parameters of 6.97 � 1014 to the true strain of 1: (a) low magnification and
(b) high magnification.
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under this deformation condition, which might result in
the deterioration of strength. The samples deformed with
other deformation parameters such as low temperature
exhibited fine DRXed grains, but the workability would
be reduced. Therefore, the optimization of deformation
parameters was of great significance to the improvement
of the microstructure and mechanical properties of the
Mg–Zn–Ca–La alloy.

IV. CONCLUSIONS

In the present work, the hot deformation behavior and
processing map of the Mg–Zn–Ca–La alloy were in-
vestigated during compression at 250–350 °C with strain
rates from 0.001 to 1 s�1. The main conclusions are
summarized as follows:

(1) The average activation energy Q of the Mg–Zn–
Ca–La alloy was calculated as 188.9 kJ/mol.

(2) The hot deformation behaviors of the Mg–Zn–Ca–La
alloy can be described by constitutive equation in hyper-
bolic sine law as follows:

_e ¼ 2:1807� 1015 sinh 0:0075rð Þ½ �5:925 exp � 188:9� 103

8:314T

� �
:

(3) According to the established processing map, the
optimum hot working window for the alloy was de-
termined as follows: deformation temperature 350 °C and
strain rate from 0.001 to 0.01 s�1.

(4) The kinetics of DRX evolution of the Mg–Zn–Ca–La
alloy is determined as

XDRX ¼ 1� exp �0:7267
e� ec
e�

� �2:1365� 	
:

(5) Deformation parameters had a critical effect for
microstructure optimization of the Mg–Zn–Ca–La alloy.
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