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Abstract. The cellular automata (CA) model combining topological deformation and adaptive activation
energy was successfully constructed to analyze the thermal dynamic recrystallization of the magnesium alloy
(AZ61). The simulation datum shown that the recrystallization nucleation located on the grain boundary (GB)
once the density of dislocation accumulated to specific value, and the result presents a typical characteristicsi.e.,
repeated nucleation and growth. The simulation results agree well with the experimental results because the
activation energy affects recrystallization by affecting nucleation rate.
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1 Introduction

With increased demands for reducing structure weight as
well as reducing energy consumption in aviation and
automobile industries, magnesium (Mg) alloys are attract-
ing increased attention due to their excellent properties
such as lightweight and high specific strength [1-4]. While
these structural components are achieved largely through
using forming processes, study of Mg alloys thermal
deformation behavior and microstructure evolution is a
prerequisite for ensuring to produce high-performance
workpieces of Mg alloys.

Bajargan et al. [5] and Xu et al. [6] studied The
hot deformation behavior of AZ31/AZ61 Mg alloy,
respectively. Recently, Kugler and Turk [7] established
the recrystallization kinetics model of isothermal compres-
sion, and analyzed the relationship between the average
grain size and dynamic recrystallization (DRX) process.
Zhang et al. [8], Guo and Ding [9] and Turk and Kugler
[10] studied the DRX process by two-dimensional CA
model.

In the research reported in this paper, the focus was on
the coupling effects of adaptive activation energy and
matrix deformation topology on the DRX behavior of
magnesium alloys.
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2 Materials and methods

The experimental material for hot compression is commer-
cial Mg alloy hot extruded bars (diameter 10 mm, length
500 mm) with nominal composition Mg-5.7A1-0.9Zn-0.5Mn
(wt%). Before hot compression, the extruded-rods were
heated to 400°C and held for 4h to obtain homogeneous
microstructure (air cooling). The radius/height of the hot
compression samples was 4/12mm. All the tests of
isothermal compression were performed on the thermal
simulation testing machine (type: Gleeble-1500D). The
range of temperature, strain rate and height reduction was
350-450°C, 0.001-1 s~ and 0-50%, respectively. The
compression procedure is shown in Figure 1. In order to
improve the temperature uniformity, the samples were held
for 3 minutes before compression.

Each sample was cut along the axial section of the
quenched specimens, and then mechanically polished and
chemically etched for microstructure analysis. The etchant
consisted of picric and acetic acid (27.5g and 25ml),
distilled water and alcohol (50 and 450 ml). Microstructure
results were detected by Olympus-GX71 optical micro-
scope (OM) and Talos F200X transmission electron
microscope (TEM). Mean grain size of initial hot
compression specimens was 44.6 pm measured by quanti-
tative metallographic method. The specific locations of
microstructure simulations and experimental observations
are in the central part of the samples.
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Deformation Temperature: 350,375,400,425,450°C
Strain rate: 0.001,0.01,0.1,1s™!
Strain: 0.1,0.3,0.5,0.7

Heating rate: 10K/s
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Fig. 1. Experimental procedure for hot compression test.

3 CA models for dynamic recrystallization

3.1 Theoretical model
3.1.1 Modelling for dislocation evolution

The change of dislocation density p, with strain ¢ in the
Kocks and Mecking model (K-M model) can be described
by [9]:

dp

=5 = ko —kap (1)

where k,/k, represents the hardening /dynamic softening
parameter.

Based on the shear modulus G and the Burgers vector b,
the flow stress o can be calculated by [9]:

o =d'Gb\/p (2)

where the value of the interaction factor o’ is 0.5-1.0.
Based on N, the number of the total cells, and p;, the mean
p of all cells’; p, could be given by:

_ 1
o= NZizl 1% (3)

3.1.2 Modelling for DRX nucleation and growth

Based on the strain rate &, temperature 7'and the universal
gas constant R, the dynamic recrystallization nucleation
rate could be given by [9]:

n(&,T) = Cé™exp (- %jﬁ) (4)

where C represents a constant determined by an inverse
analysis method, and m denotes a strain rate sensitive
exponent, which is usually set as 1.0 in the CA simulation
according to Refs. [11-14]. The deformation activation

energy (@, could be calculated by the result of hot
compression experiments [15]. The nucleation rate n can be
inversely calculated by the following expression [10]:

. e4
r]:nggnrf’; (5)

where ry represents the mean radius of the recrystallized
grains, and 7 is the DRX percentage of experimentally
result. The critical p of DRX during hot deformation could
be calculated by [9].

o= (2 )" (©
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where the symbol t represents the line energy of
dislocation, and symbol y means the energy of grain
boundary (GB), see equations (7) [8] and (8) [9]. The
dislocation mean free path [and the mobility ratio M of GB
was expressed by equations (9)—(11).
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where the 6; represents the 4, recrystallized grain
misorientation with its neighboring one, and 6, means
the high angle misorientation (taken as 15°).
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where the constant K; is usually about 10 for most metals.

M — 8D ypb exp (—Cgb)

KT RT (10)

where K represents Boltzmann’s constant. The §, @), and
D, are the characteristic grain boundary thickness, diffusion
activation energy and diffusion factor, respectively.

3.1.3 Modelling of DRX growing

The driving force (Af;) depends on the difference of p,,, and
pa [10]:

v = MAS, (1)
For the assumed spherical recrystallized grains:
2y
Afi=1t(pm = pa) = —- (12)
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where 1, and pq,pp, is the radius and p of recrystallized
grain / matrix, respectively.

Displacement increment (Az;) and time increment (At)
could be calculated by equations (13) and (14):

Aﬂ?i = ijAt (13)
A=t KLy (14)
B Vmax B M'L'k%

In this study, the length and width of each cell are both
set as the constant Ly in the hot compression process, the
growth criterion can be written as:

Az, >L0<Mni;1—\/g>

where n; denotes the number of cells in the %, DRX grain.

(15)

3.2 Simulation conditions of solution-treated (ST) and
as-rolled (AR) alloy

In this study, the total cell number is 160 000 (initial matrix
size 400 x 400) in the CA model, which corresponds to
1000 pm x 1000 pm in a real sample. The length and width
Ly of each cell is arbitrarily chosen to be 2.5 wm.
Meanwhile, the Neumann’s neighboring rule and periodic
boundary conditions are applied in this CA simulation.

3.3 General model for matrix deformation
3.3.1 Matrix deformation theory

In this work, the grain shape is supposed to be spherical,
which changes into an ellipsoid during the compression
process. The deformation is described by the 2 x 2 matrix,
thus the homogenous deformation matrix S can convert the
vector u into v as follows:
v=Su (16)
Based on the initial vector (u; (where, i=x,y)), new
vector (v; (where, i= z,y)) and principle nominal deforma-
tion in z and y direction (; (where, i= z,y)), the matrix can

be written as:
Vg I 0 Uy
vy o Iy | | uy

where [, denotes the ratio of final length to the original
length of the unit vector ahead the axes, and [,i, =1.

(17)

3.3.2 Matrix deformation model

The dimensions of initial matrix and deformed matrix are
supposed to be a xb and m X n, respectively. Assuming
that the area in 2D model remain constant during
deformation, ax b=mxn. In the MATLAB model,
LCA represents the length of each square cell. The initial
matrix height is a x LCA, and the deformed matrix height

is m x LCA, thus the true strain ¢t and engineering strain ¢,
can be described as follows:

mXLcA a
=|ln————|=Ih— 18
o ‘naXLCA nm ( )
Leoa — L —
& = m X Log —a X Lgoa :a m (19)
aXLcA a

The relationship between ¢, and ¢, can be obtained by

bo =1 — exp(—) (20)

Then the rows m of deformed-matrix can be calculated
» m=a x exp(—é&) (21)
The columns n of deformed-matrix can be calculated by

n=a x b/m (22)

3.3.3 Matrix transformation

Figure 2a and b show the example of geometry change
between initial and deformed grain due to matrix
deformation in the compression process. It can be seen
that there are 20 surrounding neighbors (shown in white
dot) of the initial grain (green color), which increases to 22
neighbors after compression deformation, thus the DRX
nucleation sites should become more. Therefore, in order to
model the DRX process more accurately, the rule of matrix
deformation is adopted in this study.

The coordinate of each cell with given orientation value,
O,i, in the initial matrix should be transferred to a new one
to match the deformed matrix. Meanwhile, the cells in an
identical grain are assigned the same orientation value, O,
to distinguish different grains, which means that the cells
with the same O,; belong to the unique grain, otherwise not.
The coordinate transformation could be described in
equations (23) and (24):

7 i
ceil [1 — sj’ cetl [1 — sj <a

7;:

i {ceil[j’ x (1—eg)], cez:l[]:' x (1 —g)] <b} (24
b, ceil[j x (1 —g.)]=b

where Ceil (X) is a numerical method to get a smallest
integer not less than X. The variable i(i’) and j(j’)
represent the initial matrix (deformed matrix) x and
y ordinate, respectively. After deformation is finished,
the orientation Oy (4, j) of the cell S; ; in the initial matrix
S (a, b), i.e. matrix S with a rows and b columns, should
be transferred to the cell S ;- in the deformed matrix
S’ (m, n), ie. matrix S’ with m rows and n columns.



4 S. Wang et al.: Manufacturing Rev.

(a)

8, 11 (2021)

(b)

4 4 4 4

28 28 2 20 (M35 3 (NI =3

Fig. 2. Schematic diagram of grain topology with matrix deformation: (a) schematic diagram of geometry change due to matrix
deformation, (b) schematic diagram of matrix deformation, ¢, = 0.5, (c¢) grain topology induced by matrix deformation, ¢, = 0.5, (initial

average grain size dg=44.5 pm).

Figure 2b show the schematic diagrams of matrix
deformation and grain topology under certain strain.
There are 9 grains with different O,; (1-9) and colors in
initial matrix, and each grain has four cells with the same
O, as illustrated in Figure 2b. As the matrix deformation
reaches 50%, the initial two-dimensional matrix S (6, 6) is
changed into a new two-dimensional matrix S’ (3, 12), and
thus the geometry of initial matrix will change correspond-
ingly. Meanwhile, the information of each cell in initial
matrix is transferred to the corresponding cell in deformed
matrix, respectively. For instance, cell S’; 5 corresponds to
S, 3 and S’ 5 corresponds to S, according to equations
(23) and (24). Figure 2c displays the grains topology caused
by matrix deformation with initial average grain size
44.5 pm, which is close to that in the solution treated AZ61
Mg alloy in this study.

4 Results and discussion
4.1 Hot compression strain-stress analysis

Figure 3 presents the experimental results of hot
compression with the T of 350-450°C. As the true strain
enhanced, the stress increased dramatically and continu-
ously. Beyond the maximum value, the stress reduced
gradually and even to a steady state.

The adaptive activation energy @,. under different
true strains ¢ were incorporated into the CA model.

The Qact corresponding to ¢ varying from 0.05 to 0.7 were
calculated with interval of 0.05. Through linear fitting of
Insinh(wo) —1/T and Insinh(ao) — lne, the activation
energy (... was calculated as 166 KJ. Based on the linear
relationship of In Z—Insinh(eo), where Z is the Zener-
Hollomon parameter, the stress constant n of as-received
AZ61 Mg alloy was calculated to be 8.7, and the correlation
coefficient reached 0.908, which indicates that it was
reliable to describe the hot deformation behavior of the Mg
alloy by using hyperbolic sine law [1]. By means of least
squares polynomial fitting of the deformation energy under
various strains, the evolution of deformation energy Q.
with true strain can be written as:

Qe = 214 — 208 + 3156% — 9383 + 1651e* — 905¢° (25)

4.2 Microstructural evolution of simulaiton

Figure 4 exhibits the simulation results of microstructure
evolution of AZ61 magnesium alloy under hot deformation
(400°C, & =0.001 57 1).

4.3 Flow stress prediction using simulation

Figure 5 compares the peak stress and s one of the AZ61
magnesium alloy. There is little difference between the
experimental datum and simulated ones.
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Fig. 3. Hot compression results of AZ61 magnesium alloy: (a) & =0.001 s7; (b) £=0.01 57" (c) =015 (d) =1s""

Fig. 4. AZ61 microstructure of simulation result under hot deformation with different ¢ (400 °C, £ =0.001s7%): (a) & =0, (b) & =0.1,
(c) &=0.15, (d) &=0.2, (e) &=0.3, (f) & =0.5, (g) & =0.7.

4.4 Microstructure prediction during hot compression  Table 1 lists the average grain sizes of simulated and
experimental results.

Figure 6 presents the simulated and experimental micro- Figure 7 presents the variation curves of dynamic

structures of hot deformation samples under different 7. recrystallization, including volume fraction and average
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Fig. 5. Comparison between peak stress and steady stress by experimental and simulation of AZ61 magnesium alloy sample (7= 400
and 425°C, & =0.001-1 s'): (a) o,-strain, (b) steady stress-strain.

Grain size of (a) = 7.8 um
Grain size of (b) = 7.3 pm

Grain size of (e) = 14.2 um

Grain size of (f) = 13.2 ym

Fig. 6. Microstructures comparison between CA simulation datum and experimental results and different 7' (¢ =0.001 st e= 0.7):
(a) and (b) T=350°C; (c) and (d) T=400°C; (e) and (f) T=450°C.

grain size. When the strain rate increased, the dislocation
pile-up was more serious and the dislocation storage energy
became greater, resulting in higher DRX nucleation rate
and more recrystallized grains. However, the DRX grains

did not have enough time to grow up under high strain rate,
thus the grain size was smaller under high strain rate than
that under low strain rate when the DRX process was
completed. Also, it could be found that the mean grain size
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Table 1. Average grain size of simulation and experimental results under true strain ¢ =0.7.

T/(°C) 350 350 400 400 450 450
é/(s7h 0.001 0.1 0.001 0.1 0.001 0.1
Simulation (um) 7.8 5.0 9.4 7.7 14.2 8.7
Experiment (pm) 7.3+04 5.1+£0.2 10.33+£0.5 7.06+£0.3 13.2+£0.6 9.2+0.3
Deviation (%) 6.8 1.9 9 10 7.5 5.4

100
. Nomenclature
4 i 5 - 80
= R i i gmfn szc = P Dislocation density
% —O—0.00lls Average grain size P :_j e True strain
N —<—0.1s Recrystallized fraction £ :
U; —o—0.0015" Rccr‘yslallixcd fraction L':’:, Z; g&iii?;zgpgizinnelizjgs
o N
5 {40 £ 2 Flow stress
% ] z G Shear modulus
s g
s g b Burgers vector
< T 20 i/ P Mean dislocation density of all cells
B 03 Dislocation density of Number 4 cell
e 4 4 98 0 ¢ g N The number of total cells
03 0.4 0.5 0.6 0.7 n Nucleation rate
Truc strain C Constant
Fig. 7. The relationship between average grain size, strain rate, m Strain rat.e Sen51jclve'exp0nent, set as 1.0
and recrystallization fraction (T=400°C, ¢ = 0.1s71) Qact Deformatlon activation energy
R Universal gas constant, 8.31
T Deformation temperature
reduced once the dynamic recrystallization occurred. With 540 iﬁ?ﬁié?iﬁmstants
the progress of hot compression, the DRX fraction n Material constants
increased gradually. Until the plastic strain reached certain o Material constants
value, the DRX process finished and then the DRX grains 7 DRX percentage
ceased to refine. T4 Mean radius of recrystallized grains
Pe Critical dislocation density
. y Grain boundary energy
5 Conclusions l Dislocation mean freeg path
M Grain boundary mobility ratio
The CA model coupled with adaptive deformation energy 0; grain boundary misorientation
and matrix deformation topology has been established to Ym Grain boundary energy
simulate the DRX process of AZ61 magnesium alloy in the 0; Grain boundary misorientation between the
temperature range of 350 ~ 450 °C and the strain rate range i recrystallized grain and its neighboring
of 0.001-1 s-1. The simulated peak stress and steady stress grain
values were very close to the experimental ones. The ¢ Grain boundary misorientation in the case of
deviation of the average grain size between the simulation the occurrence of a high angle boundary
and experimental results was less than 10%. (taken as 15°)
Meanwhile, the simulated DRX process as well as 0" Poisson’s ratio
microstructure evolution was in good accordance with the K, Constant of 10 for most metals
experimental ones from the hot compression of AZ61 Mg 5 Characteristic grain boundary thickness
alloy, which indicates the reliability of the present CA p Boundary self-diffusion coefficient
model coupled with adaptive activation energy and [ Boltzmann’s constant
topology deformation technology. 9% Activation energy for the boundary diffusion.
The CA simulation results indicate that the decrease of Growth velocity
strain rate accelerated the DXR process and the mean grain =~ Af, Driving force for the 4, recrystallized grain
size increased with the decrease of strain rate, which was Om Dislocation density of the matrix
quite consistent with the experimental results of the hot P Dislocation density of recrystallized grain
compression. 7 The radius of the %, recrystallized grain
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Displacement increment of 4, recrystallized
grain

Time increment

Length of each cell

The numbers of cells in the 4;, DRX grain
Initial vector of z and y direction

New vector of z and y direction after
deformation

Length in z, y axes of deformed matrix
Engineering strain

True strain

Cell number of row x column (initial matrix)
Cell number of row X column (deformed
matrix)

map a the smallest integer not less than z
Peak stress

Critical strain

Peak strain

Material constants

Strain hardening

Steady-state stress

Dynamic recrystallization fraction
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