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Abstract. Abnormal grain growth of single phase AZ31 Mg alloy in the
spatio-temporal process has been simulated by phase field models, and the influencing
factors of abnormal grain growth are studied in order to find the ways to control
secondary recrystallization in the microstructure. The study aims to find out the
mechanisms for abnormal grain growth in real alloys. It is shown from the simulated
results that the abnormal grain growth can be controlled by the strain restored energy.
Secondary recrystallization after an annealing treatment can be induced if there are
grains of a certain orientation in the microstructure with local high restored energy.
However, if the value of the local restored energy at a certain grain orientation is not
greater than 1.1F, there may be no abnormal grain growth in the microstructure.

1. Introduction

Abnormal grain growth phenomena are also know as secondary recrystallization, and they are the
phenomenon that growth of most of grains during the annealing process is blocked due to various
reasons and a few grains grow rapidly away from the normal grain growth [1-2]. Since the abnormal
grain growth usually results in very large grain size, the grain size is sometimes even on the order of
centimeters. It is known that the matrix grains away from the expanded grains should keep their size
stable basically, so that the abnormal grain growth can continue [3]. So, key theoretical problem on
studding abnormal grain growth is to investigate grains which are likely to be secondary grain to grow
abnormally and the reason the matrix grain size maintain stable. For this reason, abnormal grain
growth and the influencing factors have been researched in the scientific literature and reports, during
the past years [4-7].

Reference [4] has studied the abnormal grain growth mechanism of austenite in high-strength
welded steel Q1030 at different heating temperatures and showed that in a certain heating temperature
range, parts of austenite grains in Q1030 steel grow abnormally, leading to mixed grain phenomena.
Reference [5] also found that abnormal grain growth can occur when the composite material with the
pinning particles Al,O; was annealed at 530°C for Friction Stir-Processed Al 6061, but completely
prevented at 470°C . On the other hand, Monte Carlo Potts model has been used in reference[6] to
prove that the inhomogeneity of interface migration is the reason of abnormal grain growth .
Reference [7] has puttd forward a new concept of sub-boundary-enhanced solid-state
wetting,according to the authors, gains with sub-boundaries have growth advantage and may have
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abnormal growth , the results are obtained by a phase field mode simulation. However, there is no
systematic study on the mechanism of abnormal grain growth in alloys.

AZ31 Magnesium alloy is selected as the research object in this paper. Phase-field models are
established to simulate the abnormal grain growth phenomena of AZ31 Mg alloy, in order to seek the
influences resulting in abnormal grain growth, and explore the possibility of obtaining the ideal
mixed grain microstructure containing dispersed large grains in AZ31 Mg alloy. AS we know, grain
size is a critical issue for the application of advanced materials, researches about influencing factors
on abnormal grain growth is important to control the properties of materials so that use them
effectively.

2. Model description
Grain growth simulations in 2D and 3D were performed using the phase field methods successfully
[8,9], where the thermodynamic variable such as concentration, the orientation state of grains and the
temperature are represented as the field [10-11]. In this paper, # indicates a series of long-range
orientation field variables, describe the instantaneous spatial orientations of grains, such as: #,(r, ?),
n2(r, 1), ...n,(T, t), p is the number of # in the system. It is showed in reference[11] that the influence of
the number of p on grain size distributions is much small when p>10. The larger the value of p, the
closer to the real grain growth process. So, p is taken as 512 in order to be closer to the actual
situation. If ;=1 and #,(#1)=0, it means in the grain, if 0#;<1,it means in the grain boundaries.

Total free energy F in the single phase system with multi-orientation parameters can be
expressed as [12]:
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Where K; is the gradient item parameters, f, represses the function of the local free energy density. f;
is described by the expression as follows[12]:
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where ¢(r, £) is the variable of concentration field, ¢; is the lowest concentration point of the free
energy and concentration curve, K; is the coupling item parameters between #; and #;,
The time-dependent instantaneous microstructure evolution can be governed by the Allen-Cahn
equation and Cahn-Hilliard diffusion equations as follows below[13, 14]:
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where L is the interface mobility coefficient and M is the diffusion mobility coefficient.

The nucleation process is simplified to be phenomenal nucleation by putting a predetermined initial
microstructure in the models. The initial state is that 4dxx4dx unit grid averagely scattered in the
simulation area, which means the radius of the nucleation is a random value from 0 to 2 grids.
512x512 two dimensional grids are selected in the paper, each grid size is 0.29um. The time step At
must be selected to prevent the calculation results from being inaccurate or inefficient, and is chosen
as 0.3s[15].The boundary is the periodic boundary, so as to reducing the boundary effect. The
temperature is set as 300 °C in the models, the other parameters are selected by ref. [12] that ¢;= 0.2, 4
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=-22.1kJmol", 4,=21.1 kJ-mol™, 4,=13.0 kJ-mol”, B;=1.79 kJ-mol”, B,=51.2 J'mol’’, K, = 141.2
J-mol”, K,=3.54x10"J'm* mol™, L= 1.0x10"m’-J-s )'l in the models.

3. Influencing factors of abnormal grain growth

The strained restored energy is controlled by the value of B; and B,, which means the the local value at
a certain orientation of free energy in the system can be different if the local strained restored energy is
different. Since the energy of the system has to be minimum in the gains, the derivative of Eq. (2) for #
is 0 when #=1, so it is obtained that:

Bi(c-a )3233 )

P
On the other hand, it is defined that when #°=1 and 211]2 =0 in Eq. (2), fo represents the free
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P
energy of the system after recrystallization, but 2171.2 = Orepresents the deformed system before
i=1
recrystallization [12] . So E, released can be obtained as below:
rd P
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where E, is the form of defects energy in the system, and it will be the driving force for
recrystallzation[16]. It is studied from reference[17] that the greater the prestrain, the greater the stored
energy, and the value of the stored energy will become a constant when the perstain is larger than 0.2
[17]. In this paper,the restored energy is selected to be 0.54 J/g, through conversion, it is obtained
E=12.8 J-mol'[17] and the prestrain in the system is taken as 0.25. Then the values of B, and B, can
be obtained by solving Egs. (4) and (5).

Fig. 1 The simulated results with the local E, are 1.2E, and 1.3E, respectively in a certain grain
orientation at different annealing time #: a E, is 1.2Eyand 1= 10 min; b E, is 1.2Ey and =20 min; C
Eo is 1.3Eyand 1= 10 min; d E, is 1.3E, and ¢ = 20min
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From the simulation results of Fig.1, it can be seen that there are several very big grains in the
microstructure, this is because there are some grains with high restored energy in a proper orientation
which is due to plastic deformation, as is seen in Fig.1. where E, is the local high strain restored energy,
and can be obtained by change the local parameters B L and B, InF ig. , the value of local B , and B, are
enlarged to be 1.2 and 1.3 times as much as B and B, respectively, then E, is changed to be 1.2E, and
1.3E).

Quantitatively analyze the average grain size changes over the annealing time, and the simulated
results are seen in Fig. 2.
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Fig.2 The average grain size of the microstructure along the annealing time if local £, in proper grain
orientation is 1.2E, and 1.3E,, where E, is the local restored energy, Ey is the restored energy in the
matrix grains

It is found from Fig. 2 that, the grains growth velocity for the total microstructure is very slow, it is
about 8 pm at 20 min, however, the other much big grains grow very fast and their grain size is
increasing along the annealing time. It may be the reason that the the uneven plastic deformation of the
Mg alloy will result in uneven distribution of restored energy. If the several local grains of a certain
orientation contain higher restored energy, the enormous grains will be appeared in the simulated
microstructure. £, may be the driving force for grain growth, and it is the reason for some big separate
grains in the microstructure. However, If the local restored energy is too much high, there may be all
enormous grains without normal grains left after annealing. So the plastic pre-strain should be
carefully controlled.

When local strain restored energy in a certain grain orientation is changed to be 1.1E,, the
phenomenon of abnormal grain growth is not obvious, as is shown in Fig. 3.

From the simulated results of Fig.3, it is found that, if Ey is 1.1E, while the matrix restored energy
is Ey, the phenomena of abnormal grain growth is not obvious. However, there are a few large grains
with abnormal growth trend when the annealing time is 20 min, and if the local restored energy is
further increased, significant secondary recrystallization may be occurred.

Quantitatively study the evolution of the grains with the annealing time and the simulated results
are shown in Fig 4.
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b

Fig. 3 Simulated results of grain growth when the local E, in a certain grain orientation is 1.1E:
at=5min; b =10 min; c =15 min; d t =20 min
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Fig. 4 Average grain size changing with the annealing time and grain size fluctuation when the local
E, is 1.1 Ey in a certain grain orientation: a average grain size evolution; b grain size fluctuation.

As is seen from Fig. 4 (a), the average grain size is increased smoothly with the annealing time,
without sudden changes. Further study the grain size fluctuation of the microstructure by the function
Ad = (dwax-Amin) /d e, Where Ad is the mixed grain degree, di.x is the average grain size of maximum
grains of total content of 5%, dn, is the average grain size of minimum grains with total content of
5%, d.. 1s the average grain size of total microstructure[12]. It is shown that Ad<<2 in Fig. 4 (b),
which indicate that the size difference between large and little grains is small, so there may be no
secondary recrystallization when E; is 1.1 E,.

4, Conclusion

If several local grains of a certain orientation contain higher restored energy, the enormous grains will
be appeared in the simulated microstructure, the the uneven plastic deformation of the Mg alloy will
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result in uneven distribution of restored energy. However, if the local restored energy in a certain grain
orientation is not greater than 1.1FE,, there may be no secondary recrystallization.

Acknowledgment

Authors would like to acknowledge the science and technology research project of Hubei provincial
department of education for the financial support by the grant Q20171706,and Research and
Innovation Initiatives of WHPU 2018Y16.

References

[1] May J E, Turnbull. Secondary recrystallization in silicon iron. Trans Metal Soc AIME. 212 (1958)
769.

[2] Hillert M. On the theory of normal and abnormal grain growth. Acta Metal. 13 (1965) 227.

[3] Lawrence A, Rickman J M, Harmer M P, Rollett A D. Parsing abnormal grain growth. Acta Mater.
103 (2016) 681.

[4] Xiao R T, Yu H, Zhou P. Abnormal grain growth mechanism of austenite in high-strength welded
steel Q1030. J Univ Sci Technol B. 33 (2011) 1458.

[5] GuoJF, Lee BY,DuZL, Bi GJ, Tan M J, Wei J. Effect of nano-particle addition on grain
structure evolution of friction stir-processed Al 6061 during postweld annealing. JOM, 68 (2016)
2268.

[6] Brian L D, Elizabeth A H. Phenomenology of Abnormal Grain Growth in Systems with
Nonuniform Grain Boundary Mobility. Metall and Mater Trans A. 48 (2017) 2771.

[7] Ko K J, Cha P R, Srolovite D, Hwang N M. Abnormal grain growth induced by
sub-boundary-enhanced solid-state wetting: Analysis by phase-field model simulations. Acta
Mater. 57 (2009) 838.

[8] Wang N, Wen Y H, Chen L Q. Pining force from multiple second-phase particles in grain growth.
Comput Mater Sci. 193 (2014) 81.

[91 WuY, Zong BY, Zhang X G, Wang M T. Grain growth in multiple scales of polycrystalline AZ31
magnesium alloy by phase field simulation. Metall and Mater Trans A. 44 (2013) 1599.

[10] Raabe D. Computational material science: the simulation of materials microstructure and
properties. Edited by Xiang J Z, Wu X H. Beijing: Chem Industry Press, 2002. 223.

[11] Fan D, Chen L Q. Computer simulation of grain growth using a continuum field model. Acta
Mater. 45 (1997) 611.

[12] Wang M T, Zong B Y, Wang G. Grain growth in AZ31 Mg alloy during recrystallization at
different temperatures by phase field simulation. Comput Mater Sci. 45 (2009) 217.

[13] Allen S M, Cahn J W. A microscopic theory for antiphase boundary motion and its application to
antiphase domain coarsening. Acta Metall. 27 (1979) 1085.

[14] Cahn J W, Hilliard J E. Free energy of a nonuniform system. 1. Interfacial free energy. J] Chem
Phys. 28 (1958) 258.

[15] Wen Y H, Wang B, Simmons J P, Wang Y. A phase-field model for heat treatment applications in
Ni-based alloys. Acta Mater. 54 (2006) 2087.

[16] Doherty R D, Hughes D A, Humphreys F J, Jonas J J, Jensen D J, Kassner M E, King W E,
McNelley T R, McQueen H J, Rollett A D. Current issues in recrystallization: a review. Mater Sci
Eng A. 238 (1997) 219.

[17] Verdier M, Groma L, Flandin L, Lendvai J, Brkhet Y, Guyot P. Dislocation densities and stored
energy after cold rolling of Al-Mg alloys: investigations by resistivity and differential scanning
calorimetry. Scripta Mater. 37 (1997) 449.



