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Abstract: The stress-strain curves of AZ80 magnesium alloy were tested by thermal simulation experiment. The deformation

temperature ranged from 533 K to 683 K, the strain-rate was 0.001~10 s™', and the deformation degree was 50%. The results

show that the grain size of dynamic recrystallization (DRX) increases with raising the deformation temperature and reducing

the strain-rate. According to the Arrhenius equation and experiment data, the energy of thermal activation of AZ80 magnesium

alloy is determined, and a kind of constitutive equation of AZ80 magnesium alloy is established. According to the Sellars

equation, the dynamics model of AZ80 magnesium alloy is established, which is defined as the relationship between the

volume fraction of DRX and deformation temperature and strain-rate. The kinematics model of AZ80 magnesium alloy is

established, which is defined as the relationship between grain size of DRX and deformation temperature and strain-rate. The

calculated results of grain size of DRX are in agreement with the experiment results, and relative errors are less than 11.8%.

The mathematical model between critical strain and steady strain of DRX with deformation temperature and strain-rate are

established.

Key words: magnesium alloy; AZ80; dynamic recrystallization; dynamics model; kinematics model

AZ80 magnesium alloy has high strength and good corro-
sion resistance, so the application field of AZ80 magnesium
alloy can be more extensive. When AZ80 magnesium alloy is
extruded at 330 °C, the microstructure is uniform equiaxed
grain and the grain size is about 6 pm. When AZ80 magne-
sium alloy is extruded at 380 °C, the tensile strength reaches
400 MPa and the elongation is 8%!"". The microstructure and
mechanical properties of AZ80 magnesium alloy are improved
by cyclic expansion (CEEOP) deformation process . Zhao P!
found that the incomplete dynamic recrystallization of
ZAT422 alloy occurs when deformation temperature is lower
than 498 K and the strain is 0.9163. When the deformation
temperature rises to 648 K, the lower strain rate will lead to
abnormal growth of some grains. Chang ! found that the flow
stress fluctuates evidently in loading direction of 90° when
AZ80 magnesium alloy is deformed at multiple loading direc-
tions and strain rates. Bhattacharyya' found that the texture
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and grain growth of rolled AZ31 magnesium alloy are influ-
enced by parameters during annealing process. Because of the
coordination of twinning and slip during the cold rolling
process, the plastic deformation properties of magnesium al-
loy can be improved . During extrusion process of Mg-6Sn
alloy, the deformation conditions have a great influence on the
grain size, recrystallization rate and dynamic precipitation rate
of the alloy. Their texture strength decreases with the increase
of extrusion speed and deformation temperature . When
AZ31 magnesium alloy is deformed by compression process
at room temperature, the critical shear stress (CRSS) of the
tensile twin is larger than that of the base plane. With the in-
crease of grain boundary angle, the tensile twinning in-
creases®. A quantitative relationship between the correlation
parameters and the actual deformation conditions in cellular
automata method (CA) is established, which predicts the dy-
namic recrystallization (DRX) grain size of magnesium alloy.
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The fine and uniform initial microstructure is conducive to the
dynamic recrystallization process of magnesium alloy during
hot deformation !, At the beginning of the yielding of magne-
sium alloy, the slip of the matrix dislocation is the main factor
for the plastic strain, but the twin nucleation has been acti-
vated. The contribution of twinning increases rapidly with the
increase of plastic strain ', The plastic deformation mode of
AZ31 magnesium alloy changes from the main twin and a
small number of dislocations to the enhancement of the
non-base surface slip and the dynamic recrystallization (DRX)
to weaken twins. At the same time, the fracture mode also oc-
curs in the dynamic recrystallization from the grain boundary
(GBS) and the twin boundary (TBS) or the double end to the
nearby GBS ", Kim " studied the thermal compression
rheological behavior of Mg-9.5Zn-2.0Y alloy, analyzed the
plastic deformation mechanism, and established the material
constitutive equation. During extrusion deformation of ZK60
magnesium alloy, the loading direction and the initial material
orientation have a significant influence on the rheological
stress and the strain hardening rate. The deformation mecha-
nisms associated with strain hardening rate at different stages
were discussed with a particular emphasis on the roles of de-
formation twinning !"*'. During multi-pass rolling deformation
of ZK60 magnesium alloy sheet at low temperature, the
dynamic recrystallization (DRX) occurred, and the grain size
was obviously refined, and the uniformity of microstructure
was significantly improved '*. During deformation of AZ31B
magnesium alloy, the pre-compressive strain remarkably af-
fects the reverse tensile yield stress and the width of the det-

. . . . . . 15
winning-dominant stage during inverse tension process ">\

1 Stress-Strain Curves

MMS-200 thermal simulator was used to test the true
stress-strain curves of AZ80 magnesium alloy by thermal
simulation experiment. The experiment deformation tempera-
ture was 533~683 K, the strain-rate was 0.001~10 s™', and the
reduction was 50%. The true stress-strain curves at different
conditions are shown as Fig.1.

2 Microstructure Evolution

Scanning electron microscope (SEM) (S-3400N), in-
verted microscope Axioert (200MAT), quantitative metal-
lographic test instrument Tecnai (G220), high temperature
microscope Axiophoto, and X-ray diffraction (XRD-7000S/L)
were used to test microstructures and grain size.

The microstructure of AZ80 magnesium alloy deformed at
different strain rates is shown in Fig.2. Dynamic recrystalliza-
tion occurs more completely and the grain size decreases with
increasing the strain rate. The first reason is that the large
strain rate will result in dislocation aggregation and accelerate
dynamic recrystallization start-up. The second reason is that
the low strain rate will cause enough time for crystal boundary
migration and increase the growth time for grain of DRX. So,

120

True Stress/MPa
©
=

0.0 . . . 0.8

533K

True Stress/MPa

0.0 0.2 0.4 0.6 0.8
True Strain

Fig.1 True stress-strain curves of AZ80 magnesium alloy at a de-
formation temperature of 633 K (a) and a strain rate of
0.1s" (b)

high strain rate is favorable for refining grain. But when strain
rate is too high, twin crystal and coarse crystal and mixed
crystal will appear. The curve of grain size vs strain rate is
shown in Fig.2e.

Microstructures of dynamic recrystallization of AZ80 mag-
nesium alloy at different temperatures are shown in Fig.3. The
grain size increases with increasing the deformation tempera-
ture. The reason is that the mobility of grain boundaries in-
creases at high temperature. The curve of grain size vs defor-
mation temperature is shown in Fig.3e.

3 Constitutive Model

Sellars "' proposed a hyperbolic-sinusoid model which in-
cludes energy (Q) of thermal activation and temperature (7).
Arrhenius equation can be written as Eq. (1):

&= 40" exp(—gJ ac 0.5
RT
&=4, exp(ana)exp(—g) aoc >1.6 (1)
RT
é=4 [sinh(aa)]" exp (—RQ—TJ All value

In which, 4,=Ad", 4,=A2", & is strain rates (s"), Q is energy
of thermal activation (J/mol), o is flow stress (MPa), T is de-
formation temperature (K), R is constant, R=8.314 J/(mol-K),
and 4, o and » are constants independent of temperature.
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Fig.2 Microstructures of AZ80 alloy at deformation temperature of 583 K under different strain rates: (a) 0.01 s, (b) 0.1 s, (¢) 1 ™, and

(d) 10 s"; (e) average grain size vs strain rate
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Fig.3 Microstructures of AZ80 alloy at strain rate of 0.01 s™ and different temperatures: (a) 533 K, (b) 583 K, (c) 633 K, and (d) 683 K; (e) av-

erage grain size vs deformation temperature
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The constitutive relation model was determined based on
the peak stress (g,). According to the experimental data,
the curves of Iné-In O, and Iné-o, and
In[sinh(@o,)]-1/T are shown in Fig4. According to Eq.(1),
the coefficients (1, a, O, A) can be determined as #=6.6625,
0=0.01238, 0=140671 J/mol, 4=1.019x10%, 4,=19.15x10°, and
A,=1.006x10"®, Taking the coefficients to Eq.(1), the constitutive
equation of AZ80 magnesium alloy can be expressed as Eq.(2).

aoc<0.5

£=19.15x10°%%* exp(*mj

RT

aoc>2.0

£=1.006x10"exp(0.08250) exp(—%j

£=1.019x10"sinh(0.012380) exp(—%j All value

(2)
4 Dynamics Model of DRX

The dynamics model describes the relationship between the
volume fraction of dynamic recrystallized grains (X) and de-
formation temperature (7) and function Z and strain-rate (£ ).
The kinematics model describes the relationship between grain
size (d) of DRX and function Z.

According to the results of experiment, the curves of the
volume fraction of dynamic recrystallized grains (X) and de-
formation temperature (7) and function Z and strain-rate are

obtained. Based on the analysis of the experimental data, it is
found that the volume fraction of dynamic recrystallized grains
(X) increases with raising the deformation temperature and re-
ducing the strain-rate and In(Z). Karhausen!'” proposed the rela-
tionship model of the volume fraction of dynamic recrystallized
grains (X) and critical conditions, shown as Eq.(3) and (4).

X :1—exp _k4(ﬁj (3)
g, - &,
&, =kzZ"¢& =k28p,gst =kZ" (4)

in which, X is the volume fraction of dynamic recrystallized
grains (%), € is strain, &, is the strain corresponding to peak
stress (0,,), € is critical strain at which dynamic recrystalliza-
tion occurs, & is strain when dynamic recrystallization com-
pletely occurs, k& and n are coefficients, k~ks and n,~n, are
constants, Z s function of  Zener-Hollomon,
Z=zexp(Q/RT), O is energy of thermal activation (J/mol),
R is constant (R=8.314 J/(mol-K)), T is deformation tempera-
ture (K), and £ is equivalent strain rate.

According to the stress-strain curves shown in Fig.1, the
peak strain (&,), peak stress (o,,) and steady strain (&y) can be
determined. And the coefficient &, in Eq.(4) can be given by
experience equation &.~(0.65~0.85)e,, and results are k,=0.75,
and £=0.75¢,"'".
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Fig4  Curves of peak stress and strain and deformation temperature: (a) Ing,-Iné, (b) 0,7 Iné,(c) In (ap ) ~1/T ,and (d) In [sinh(ao )]-1/T
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According to the value of ¢, &. and Eq.(4), the value of n,
and k; can be determined by Eq.(5) to be 7,=0.083 and
k=2.235X 107, respectively.

:8ln€p’ kl:c‘:p (5)
olnZ z"

According the value of ¢4 and Eq.(4), the value of n, and k3

n,

can be determined by Eq.(6). The results are 7,=0.118 and
k;=0.0027.
n, = Oln g, k= 51:
olnZ A
According to the stress-strain curves shown in Fig.1, the
coefficients n; and k; in Eq.(3) can be determined to be
n;=2.231 and k,=1.803, respectively. The dynamics model of
AZ80 magnesium alloy is obtained, as shown in Eq.(7).

]

Relationships between the peak strain (g,), function Z,

(6)

X :1—exp[—1.803(i ™

Eq— €&

critical strain ¢, of DRX and steady strain ¢, are expressed as
Eq.(8).

— -3 0.083
gp—1.68><10 Z (8)
£, =0.0027Z%"°
e~0.75¢,, Z = éexp(140671j
RT

5 Kinematics Model of DRX

The kinematics model illustrating the relationship between

Grain Size of DRX/um

B Experiment
O Model

P

6 4 2 0 2 4

In(é/s™")

Grain Size of DRX/um

Wang Zhongtang et al. / Rare Metal Materials and Engineering, 2019, 48(7): 2062-2067

grain size and function Z is given as Eq.(9).

d=kzZz", d=(1-X)d,+Xd )
in which, d, is original grain size (um), d is grain size of DRX
(um), and 4 is average grain size of DRX (um).

According to the experiment results of grain size of DRX,
shown in Fig.2, Fig.3 and Eq.(9), the value of n, and ks can be
determined by Eq.(10). The results are n,=0.113 and
ks=402.9.

dlnd d
I’l,l = > n,
olnZ Z

According to experiment results, the original grain size of

(10)

5

AZ80 alloy is 60 um, and average grain size (4 ) can be de-
termined by Eq.(9). According to experiment data, the micro-
structure evolution model of AZ80 magnesium alloy is ob-
tained under the condition of original grain size of 60 um,
strain rate of 0.001~10 s, and deformation temperature of
533~683 K. The kinematics model describing the relationship
between grain size and function Z is obtained, shown as
Eq.(11).

d=40292"", d=d,(1-X)+Xd (11)

Comparison of the calculated results of grain size of DRX
and the experimental results is shown in Fig.5, and the relative
errors are less than 11.8%. It presents that the dynamics and
kinematics models can be used to describe the law of micro-
structure evolution of AZ80 magnesium alloy under the condi-
tion of a deformation temperature of 533~683 K and the strain
rate of 0.001~10s™".
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Fig.5 Comparison of the calculated and experimental results of grain size of DRX at a deformation temperature of 583 K (a) and a strain rate of

0.01s™" (b)

6 Conclusions

1) Energy of thermal activation of AZ80 magnesium alloy
is determined, and a kind of constitutive equation of AZ80
magnesium alloy is established.

2) The dynamics model of AZ80 magnesium alloy is estab-
lished, which is defined as the relationship between the vol-
ume fraction of dynamic recrystallized grains, deformation
temperature and strain-rate.
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3) The kinematics model of AZ80 magnesium alloy is es-

tablished, which is defined as the relationship between grain
size of DRX and function Z. The grain size of DRX increases
with raising the deformation temperature and reducing the

strain rate.

4) Relationship between the critical strain, the steady strain

of DRX, and the function Z is obtained.

5) The calculated results of grain size of DRX are in agree-

ment with experimental results, and relative errors are less
than 11.8%.
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