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Grain growth in a nanostructured AZ31 Mg alloy
containing second phase particles studied by phase
field simulations
Yan Wu1*, Yaping Zong2 and Jianfeng Jin2

ABSTRACT  Phase field models were established to simulate
the grain growth of a nanostructured AZ31 magnesium al-
loy, which contain spherical particles of differing sizes and
volume fractions, under realistic spatial and temporal scales.
The effect of the second phase particles on the nanostruc-
ture evolution was studied. The simulated results were com-
pared with those of the conventional microstructured alloy.
The expression of the local free energy density was improved
by adding a second phase particle term. The right input pa-
rameters were selected for proper physical meaning. It was
shown that the rules that govern the pinning effect of the sec-
ond phase particles during the grain growth were different
for the nanostructure and microstructure. There was a crit-
ical particle size value that affected the grain growth within
the nanostructure. If the particle size was lower than the crit-
ical value, the pinning effect on grain growth increased with
decreasing particle size. When the particle size was greater
than the critical value, the particles had almost no pinning ef-
fect. However, in the conventional microstructured material,
the larger particle size resulted in an enhanced pinning effect
during grain growth for particle sizes smaller than 1 µm. The
effect was reversed when the particle size was larger than the
critical value. For the nanostructure, the critical value was
200 nm when the particle content was 10 v.%, and the critical
value decreased when the content increased. When the par-
ticle size was 30 nm, the particle pinning effect on the grain
growth increased for increasing particle content.

Keywords:  phase field models, second phase particles, grain
growth, magnesium alloy

INTRODUCTION
Magnesium alloys are the lightest structural materials.
They have received much attention in recent years due to
their excellent properties [1−4]. They have been widely

used in automobiles, aerospace, 3C products and other
industrial fields [5]. The AZ31 Mg alloy is a widely used
commercial deformation magnesium alloy, and thus it is
chosen as the base-line material in research. The solu-
bility of Al and other elements in an Mg alloy is low, and
thus the solution and aging strengthening are ineffective.
Therefore, several methods were explored to improve
the mechanical properties of the AZ31 alloy, including
nanocrystallization and refining the grain size by intro-
ducing second phase particles.

Grain refining is an important strategy to improve the
mechanical properties, such as the strength and toughness,
through Hall-Petch relation in polycrystalline materials
[6−8]. Finely dispersed hard particles are usually used to
control the microstructure evolution in materials and ob-
tain a smaller grain size, by pinning the grain boundaries
and preventing grain growth. The second phase particles
can be added during the material preparation process.

It is dificult to experimentally prepare a series of second
phase particles, with different sizes and volume fractions.
Computer simulation is a convenient way to investigate the
influence of these particles on grain growth. Phase field
methods, based on continuum diffusion equations, have
been established to investigate the effect of second phase
particles on the microstructure evolution [9−12]. Moelans
et al. [9] presented a phase field model to simulate poly-
crystalline grain growth for grains that contain small inco-
herent second phase particles. They also studied the pining
effect on the microstructure evolution. Zhou et al. [11] in-
vestigated the effect of particles with different shapes, vol-
ume fractions and sizes on the grain growth of two differ-
ent phases by phase field methods. Mallick [12] examined
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the effect of mobile second phase particles on the kinetics
of polycrystalline grain growth using a phase field theory.
However, these models are not in real time and space, in
contrast to actual alloys.

There are experimental reports of the effect of second
phase particles on grain growth of Mg alloys [13,14]. On
the other hand, our previous work has already achieved a
phase field model to simulate the grain growth process of
the AZ31 alloy in real time and space. The simulated re-
sults agreed well with those of experiments [15−18], which
were achieved by introducing a new concept concerning the
grain boundary range. It is believed that the models are
the first to accomplish the simulation of grain growth and
the evolution of themicrostructure on a realistic spatiotem-
poral and industrial scale. However, as far as the authors
know, no phase field model was reported for the nanoscale
grain growth process containing second phase particles in
a real alloy. Then, the grain growth in nanostructural AZ31
Mg alloy containing second phase particles has been stud-
ied by phase field method in this research.

In this study, phase field models were built to investigate
the grain growth of a polycrystalline AZ31 Mg alloy, which
contained second phase particles, with their size varying
between nano- and micrometer scale, using a realistic spa-
tio-temporal process. The previously used expression of
the local free energy function was improved by introducing
second phase particles to the expression. The effects of sec-
ond phase particles of different sizes and volume fractions
on the nanostructure and microstructure were examined,
in order to find out the refinement mechanisms for this
unique nanostructure and to establish a reference study for
the development of nanocrystalline materials. This study
aims to provide theoretical guidance for the introduction
of second phase particles by compound addition or in situ
reaction synthesis to the AZ31 alloy on the microstructural
level.

MODEL DESCRIPTION
The phase field methods are based on thermodynamic
and kinetic equations. The temporal evolution of the
microstructure can be determined by evaluating the
time-dependent Allen-Cahn equation and Cahn-Hilliard
diffusion equation as follows [19,20]:
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where L and M are the structural relaxation and chemical

mobility parameters, respectively. The long-range orienta-
tion parameter, ηp (r, t), is used to distinguish the different
orientation relationships of the grains. The concentration
field is represented by c (r, t). The possible number of dif-
ferent grain orientations in the system, p, was set to 32, as
suggested in reference [15]. F is the free energy of the sys-
tem and its expression in isotropic single-phase system is
shown as follows [21]:
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whereK2 is the gradient energy coefficient and f0 is the local
free energy density function.

When the second phase particles remain immobile
and their shapes are unchanged throughout the evolu-
tion of the microstructure, the local free energy density
generated by the second phase particles is expressed as
f ,p

p
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2= = (p = 1,2,…n) [9]. Here, Φ is used to

describe the particle distribution. When Φ = 1, there is a
particle, while when Φ = 0, there are no particles, while
Φ is considered to be constant with time. The local free
energy density of the system is described by the following
expression:
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where cl is the concentration at the lowest point of the free
energy curve as a function of concentration at a certain
temperature and K1 is the coupling coefficient of ηi and
ηj. If Φ = 0, f0 becomes the minima when 1q
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The AZ31 Mg alloy was selected for the model with an
alloy composition of 96 wt.% Mg, 3 wt.% Al and 1 wt.%
Zn. The temperature was set to 350°C, while the rest of the
parameters in the model were determined by preliminary
work that was performed for the present study, where cl =
0.2, A = −25.01 kJ mol−1, A1 = 22.02 kJ mol−1, A2 = 18.30
kJ mol−1, B1= 3.54 kJ mol−1, B2= 92.86 kJ mol−1,K1= 141.24
J mol−1, K2 = 35.37×10−13 J m2 mol−1 and L = 1.15×10−2

mol J s−1, when referring to the microstructure [15]. Ad-
ditionally, A = −25.57 kJ mol−1, A1 = 99.14 kJ mol−1, A2 =
18.30 kJ mol−1, B1 = 80.33 kJ mol−1, B2 = 2321.51 kJ mol−1,
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K1 = 2090.16 J mol−1, K2 = 0.21×10−13 J m2 mol−1 and L =
2.07×10−6 mol J−1 s−1, when referring to the nanostructure
[16]. Each parameter has its own physical meaning, which
is described in detail in the literature [15,16].

The nucleation process of crystallization is simplified
by a phenomenological method and the well-defined
microstructure is formed after a short period of time.
The initial state is given as 4dx × 4dx grid units, evenly
distributing in the simulated area, and the radius of the
nucleus is a random value ranging between 0 and 2 grid
units. The local initial composition is considered to be
0.03. The value of the time step has to be relatively small
in order to obtain convergence in the results; however, an
extremely small value for the time step requires more steps
for solving the kinetic equations [22]. To balance the two
factors, a time step of 0.6 s was selected for the nanoscale
model and 0.3 s for the microscale model. The periodic
boundary is defined as the boundary condition for the
differential equations, in order to minimize the boundary
effect on the grain growth kinetics.

SIMULATION RESULTS
In this study, phase field models are used to investigate the
morphology and evolution of the polycrystalline structure
of the AZ31 Mg alloy. The actual and simulated morpholo-
gies are compared to validate the accuracy of the mod-
els. Traditional experimental methods can only observe

the morphology of the structure at a certain temperature
and a certain time. It is difficult to observe the evolution
of the polycrystalline structure as a function of annealing
time, especially grain boundary movement and pinning
by the second phase particles. However, the phase field
models can track the continuously changing morphology
of materials during a heat treatment. These models help
researchers study the pinning effects of the second phase
particles on the grain boundaries, and optimize the mate-
rial properties.

The effect of second phase particle sizes on the grain growth
of the nanostructure
There are 512 × 512 two-dimensional uniform grids in the
nanoscale models. For the nanostructure, the overall size
of the simulation cell is 1.5 μm × 1.5 μm. Each grid size of
2.93 nm and 10 v.% of second phase particles are defined
during the nucleation in the nanostructure, with a particle
diameter of 10, 20, 30, 100, 200 or 300 nm. The simulated
results at 500 min and 350°C are presented in Fig. 1.

As shown in Fig. 1, 1p
2 = represents the grains whose

orientation number is p, so the color is white in the gray
image; ,  (0, 1)p q represent the grain boundary of the
p grain and q grain, so the color is gray. The white grains
are separated by the gray grain boundaries. The orientation
value is 0 when it is located on the second phase particles,
where the color is black.  The morphology  is consistence

Figure 1   Nanostructure containing 10 v.% second phase particles. Their sizes are 10, 20, 30, 100, 200 and 300 nm. When the annealing time is t = 500
min at 350°C: (a) d = 10 nm, (b) d = 20 nm, (c) d = 30 nm, (d) d = 100 nm, (e) d = 200 nm, (f) d = 300 nm.
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with that observed in traditional experiments.
Most of the particles are located at the grain boundaries,

so parts of the grain boundary are replaced by particles, re-
ducing the grain boundary energy. The driving force be-
hind grain growth comes from the reduced free energy.
However, the reduction in free energy is counter balanced
by particle pinning. The larger the grain size, the stronger
is the pinning effect.

The influence of particle size on the grain growth process
was investigated for a 10 v.% particle fraction. The corre-
sponding results are presented in Fig. 2.

As shown in Fig. 2, the average grain size increases with
an increase during annealing. The average grain size de-
creases with a reduction in particle size for the same an-
nealing time, for particle sizes of 10, 20, 30 or 100 nm. This
effect is observed because the number of particles increases
as the particle size decreases, for a constant volume frac-
tion of particles. A single grain boundary may be pinned
by more particles of a smaller size, inducing greater resis-
tance for grain boundary movement and slowing the rate
of grain growth. This phenomenon is consistent with the
law of Zener pinning [23]. It is also observed that the grain
size of a nanostructure that does not contain any particles
is similar to the structure containing particles of 200 or 300
nm in diameter. Thus, a critical particle size of < 200 nm
can influence grain growth in the nanostructure at a par-
ticle fraction of 10 v.%. If the particle size is lower than
200 nm, the pinning effect on grain growth increases by
decreasing the particle size, while, if the size is higher than
200 nm, the particles have almost no pinning effect on the
grain growth within the nanostructure.

Figure 2   The relationship of average grain size with annealing time in
the nanostructure. The alloy contains 10 v.% of second phase particles of
differing size at 350°C.

The effect of second phase particle size on the grain growth
of the microstructure
A fraction of 10 v.% of second phase particles was intro-
duced into the microstructure. The particle sizes were 100,
200, 300 nm, 1, 2 and 3 μm. When the size of the second
phase particles was 1, 2 or 3 μm, uniform two-dimensional
grids of 512 × 512were selected for themicronmodels. The
grid unit size was 0.293 μm and the entire simulation area
was 150 μm × 150 μm. However, when the size of the parti-
cles was 100, 200, or 300 nm, the initial state was changed,
selecting a grid unit of 0.1 μm, a total number of 1024 ×
1024 grids and a unit time of 0.075 s. The other parameters
were left unchanged from those described in Ref. [7]. The
simulated results at 100 min are presented in Fig. 3.

As shown in Fig. 3, when the second phase particle size
is 100, 200 or 300 nm, most of the particles are within the
grains. The reason may be that the pinning effect of the
sub-micrometer sized particles is too weak to impede the
movement of the microscale boundaries. It can also be ob-
served that when the size of the particles is 1, 2 or 3 μm,
most of the grain boundaries occur as straight lines in the
microstructure after 100 min. If the curvature of the grain
boundary is reduced, the driving force for grain growth
will be decreased, and grains grow more slowly. On the
other hand, most of the grain boundaries are presented as
bent lines when they contain sub-micrometer sized parti-
cles. This means that the pining effect on the microstruc-
ture of the microscale particles is stronger than that of the
sub-micron particles. Larger particles allow the grains to
reach a steady state more quickly.

The change in average grain size with respect to the an-
nealing time for a microstructure containing 10 v.% of sec-
ond phase particles, was quantitatively analyzed, and the
results are presented in Fig. 4.

As shown in Fig. 4, for a 10 v.% fraction of particles
in the microstructure, the grain growth rate is higher at
the early stages, almost stopping completely at the later
stages. When there are no particles in the microstructure,
the grain size increaseswith increasing annealing time. The
grain size increases with decreasing particle size for parti-
cles of 100, 200 or 300 nm, when keeping annealing time
constant. This means that larger sub-micron particles in-
duce stronger resistance to grain growth. This could be at-
tributed to the fact that, for themicrostructure, the sub-mi-
cron particles are too small to pin the microscale bound-
aries, but an incremental change in particle size may in-
crease the pinning force on the grain boundaries. For par-
ticle sizes of 1, 2 or 3 μm, the grain size increases with in-
creasing particle size,  keeping  annealing  time  constant.
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Figure 3   Microstructure with 10 v.% second phase particles, with sizes of 100, 200, 300 nm, 1, 2 or 3 μm and the annealing time is 100 min, at a
temperature of 350°C: (a) d = 100 nm, (b) d = 200 nm, (c) d = 300 nm, (d) d = 1 μm, (e) d = 2 μm, (f) d = 3 μm.

Figure 4   Relationship between the average grain size and annealing time,
for a microstructure containing 10 v.% of second phase particles at 350°C.

This is consistent with the law of Zener pinning and also
with the calculations of nanoparticle-containing nanos-
tructures. From Fig. 4, it can be observed that there is also
a critical particle size of 1 μm that affects the grain growth
in the microstructure, for particle volume fractions of 10
v.%. If the particle size is less than 1 μm, the grain size will
increase with decreasing particle size, while, if the particle
size is greater than 1 μm, the grain size will increase with
increasing particle size.

The effect of volume fraction of second phase particles on
the grain growth of the nanostructure
The simulated results presented in Fig. 5 correspond to a
volume fraction in the nanostructure of second phase par-
ticles of 5 v.% and 15 v.% and a particle size of 30 nm.

In the model, the particles are spherically shaped; they
are shown as round in the two-dimensional condition. As
shown in Fig. 5, the shape and position of the second phase
particles were unchanged, and most of the particles are lo-
cated in the grain boundaries, especially at the trigeminal
junction boundaries. The reason for this phenomenon is
generally considered to be that when the particles are lo-
cated on the grain boundaries, part of the grain boundary
will be replaced by particles. This reduces the grain bound-
ary energy and in turn reduces the total free energy of the
system. This phenomenon is consistent with the physical
law of grain growth evolution.

Further analysis of the changes in the average grain size
as a function of annealing time was performed for particle
volume fraction values of 0 v.%, 5 v.%, 10 v.% and 15 v.%.
The particle size within the nanostructure was kept con-
stant at 30 nm, at an annealing temperature of 350°C. The
results are presented in Fig. 6.

As presented in Fig. 6, when the particle volume fraction
is 0 v.%, 5 v.%, 10 v.% or 15 v.%, the grains coarsen with
increasing annealing time.  The  average  grain  size  values

359 
© Science China Press and Springer-Verlag Berlin Heidelberg 2016

SCIENCE CHINA Materials ARTICLES



Figure 5   Evolution in the nanostructure of the AZ31 Mg alloy, containing 5 v.% or 15 v.% particles, where the particle size is 30 nm: (a) t = 50 min at
5 v.% particles, (b) t = 50 min at 15 v.% particles, (c) t = 500 min at 5 v.% of particles, (d) t = 500 min at 15 v.% particles, at an annealing temperature
of 350°C.

Figure 6   The relationship between the average grain size and annealing
time for particle volume fractions of 0 v.%, 5 v.%, 10 v.% or 15 v.%. The
particle size is 30 nm within the nanostructure and the annealing temper-
ature is 350°C.

for different volume fractions are similar. At the early
stages of grain growth, and as the annealing time increases,
the average grain size values decrease with increasing
particle volume fraction. This means that a higher volume
fraction of second phase particles will result in a stronger
pinning effect, with the grains coarsening at lower rates,

which is consistent with the law of Zener pinning. The
reason for this phenomenon may be that for larger volume
fractions of particles, more particles will be located at the
grain boundaries. Thus, the free energy of the system
will be lower for larger volume fractions, and the system
will be more stable, slowing the rate of grain growth. The
change in the critical size of the second phase particles was
studied by phase field simulation for a 15 v.% fraction of
the second phase particles. The relationship between the
average grain size and annealing time is presented in Fig.
7. The critical size of the second phase particles was also
investigated and presented in Fig. 7.

As presented in Fig. 7, when the particle diameter is 10,
20 or 30 nm, the average grain size increaseswith increasing
particle size for a 15 v.% fraction of the second phase parti-
cles. When the particle diameter is 100, 200 or 300 nm, the
average grain size remains similar at a constant annealing
time. These values are similar to that of the structure with-
out particles, which means that there may be a critical size
of the second phase particles for the 15 v.% fraction, and
the value is different to that of the 10 v.% fraction. If the
particle size diameter is lower than a critical size, smaller
particles will result in a stronger pinning effect, while, if
the particle size diameter  is  higher than  this  critical  size,
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Figure 7   Relationship between the average grain size and annealing time,
at 15 v.% fraction of the second phase particles, using various radii within
the nanostructure and an annealing temperature of 350°C.

the particles have almost no pinning effect.

CONCLUSIONS
In this work, we established the phase field models to
simulate the grain growth of nanostructured AZ31 Mg
alloy, which was containing spherical particles under re-
alistic spatial-temporal scales. It was found that the rule
of pinning effect of the second phase particles during
grain growth is different in the nanostructure from that
in the conventional microstructure. Simulated results
show there is a critical value of particle size that affects the
grain growth in the nanostructure. If the particle size is
lower than the critical value, the effect of pinning on grain
growth will increase with decreasing size. If the particle
size is higher than the critical value, the particles have
almost no pinning effect. The simulation results show that
there is also a critical particle size for the microstructure.
If the particle size is lower than a critical value of 1 µm, the
pinning effect on grain growth will increase with increas-
ing size, while the effect is reversed if the particle size is
higher than the critical value. It was found that when the
volume fraction of particles is increased from 0 to 15 v.%,
the pinning effect of the particles on the grain growth also
increases. The critical particle value is 200 nm, when the
fraction of particles is 10 v.%, and the critical size decreases
when the fraction is increased to 15 v.% in the nanos-
tructure of the polycrystalline materials. The simulation
results obtained will be very valuable to understand the
mechanisms and laws of effect of second phase particles on
the grain growth, and accurately control the introduction
of second phase particles and material properties.
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相场法对含第二相颗粒的纳米结构AZ31镁合金晶粒生长的模拟研究
吴艳1*, 宗亚平2, 金剑锋2

摘要   本文建立了一个真实时空的相场模型模拟,研究了含不同尺寸和体积分数的球形第二相颗粒的纳米结构AZ31镁合金的晶粒生长过
程;第二相颗粒对单相合金系统晶粒组织演化和生长动力学的影响;并将模拟结果与微米晶结构镁合金的模拟结果相比较. 通过在自由能
密度函数的表达式中增加第二相颗粒的表达来改进模型. 模拟结果表明: 纳米晶组织中第二相粒子对晶粒长大的钉扎作用,与对微米晶组
织下的作用有很大区别. 纳米结构中,第二相颗粒对晶粒长大影响存在一个粒子尺寸的临界值,当第二相颗粒体积分数为10%时,粒子尺寸
的临界值为200 nm,随粒子含量增加,临界尺寸值将减小. 另一方面,粒子含量越大对晶界钉扎作用越大,晶粒平均尺寸越小. 该研究将为选
择复合加入和原位合成的方法在AZ31镁合金中引入第二相颗粒的实验研究提供显微组织设计的理论指导.
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