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ABSTRACT

Magnesium (Mg) and its composites have been widely used in different fields, but the mechanical properties and
deformation mechanisms of polycrystalline Mg (polyMg) at the atomic scale are poorly understood. In this paper,
the effects of grain size, temperature, and strain rate on the tensile properties of polyMg are explored and discussed
by the Molecular dynamics (MD) simulation method. The calculated results showed that there exists a critical grain
size of 10 nm for the mechanical properties of polyMg. The flow stress decreases with the increase of grain size if
the average grain size is larger than 10 nm, which shows the Hall-Petch effect, and the deformation mechanism
of large grain-sized polyMg is mainly dominated by the movement of dislocations. When the average grain size
is less than 10 nm, it shows the reverse Hall-Petch effect that the flow stress decreases with the decrease of grain
size, and the deformation mode of polyMg with small grain-size is the movement and deformation of atoms at
the grain boundary. Due to the more active motion of atoms as the system temperature increases, the material
can easily reach the plastic stage under tensile loading, and the mechanical properties of polyMg decrease at high
temperatures. The strain rate has a hardening effect on the properties of composite. Based on our calculated results,
it can provide theoretical guidance for the applications of Mg metal and Mg matrix composites.
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1 Introduction

Magnesium (Mg) and its composites have a wide range of applications in automobiles,
aerospace, and electronic communications due to their excellent performance, such as light weight,
high specific stiffness, and strength [1,2]. In order to satisfy the special requirements of com-
posites in different fields, it is necessary to study and discuss the mechanical performance of
polycrystalline Mg (polyMg) under complex conditions.

The grain size of nanocrystalline materials is usually less than 100 nm, which has differ-
ent properties compared with traditional materials. It has been pointed out that the size effect
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may change the deformation mechanism of nanomaterials [3]. At present, several deformation
mechanisms of nanomaterials have been proposed, such as the existence of the void phase, a
large number of trigeminal boundaries, the reduction of dislocation movement, the slip, and
rotation of grain boundaries [4,5]. However, although many experimental results have already been
received, there is still a lack of clear and intuitive understanding of the elastoplastic deforma-
tion of nanocrystalline materials [6]. Due to the difficulty of repeating and controlling the key
parameters of experimental conditions, computer simulations are popular to predict and analyze
the properties of materials nowadays.

Molecular dynamics (MD) simulation can not only obtain the trajectory of atoms, but also
observe the details of microscopic deformation related to the atoms that cannot be obtained
experimentally, so it has been widely used in the study of mechanical properties of materials. Liu
et al. [7] used the MD method to study the effect of grain size and shape on tensile mechanical
properties of polycrystalline Cu (polyCu). Their calculated results showed that the grain size
could be divided into three regions according to the change of flow stress, and the deformation
mechanisms in these three regions are different. The effect of grain shape on flow stress is difficult
to observe, and has no effect on the plastic deformation mechanism, but has a great influence on
elastic modulus. Zhang et al. [§] studied the effect of strain rate on the plastic deformation of
polyCu. The results showed that the stress-dominated deformation mechanism at grain boundaries
is insensitive to strain rate, while stacking faults impede the movement of some dislocations, which
leads to an increase in strain rate sensitivity. Chen et al. [9] investigated the effect of strain rate on
the mechanical properties of polyCu. The simulated results showed that the mechanical properties
of polyCu were sensitive to high strain rates (1 x 10° s~'~5 x 1010 s=1), but the properties did not
change much at low strain rates (5 x 107 s7!~1 x 10? s~!). In addition, MD simulations are also
widely used in the calculations of polycrystalline graphene reinforced Al matrix composites [10]
and other materials [11,12].

Due to the complexity of the HCP structure, little research has been done on polyMg and
its composites. Saitoh et al. [13] established grain boundary (GB) models of Mg crystal to study
the deformation mechanism under uniaxial tension by the MD method. The results showed that
there are significant differences in the deformation mechanisms of GBs from different angles. The
high-angle GBs can be used as the nucleation point to emit dislocation, but the edge dislocations
appear in Mg crystals with low-angle GBs. Hasan et al. [14] employed the MD method to study
the uniaxial tensile deformation of polyMg with different grain sizes. Two distinct deformation
mechanisms are obtained from the deformation namo-mechanics. Dislocation-dominated tensile
deformation can be observed in samples with large grain sizes, while grain boundary-based mech-
anisms can be observed in smaller grain-sized samples. The results showed that the number of
dislocations in the polyMg samples reduces drastically with the decrease of grain size.

In this paper, the three-dimensional structure of polyMg is studied systematically and compre-
hensively. The influence of the grain size, temperature and strain rate on the mechanical properties
of polyMg are investigated using the MD method. The results are analyzed and discussed on the
basis of atomic structure and the stress-strain curve. The obtained results are expected to provide
theoretical guidance for the research of polyMg.

2 Calculated Models and Methods

The voronoi [15] method is used to build polyMg samples with different grain sizes. The
model has a size of 40.4 nm along with three directions and contains about 2.85 million atoms.
The average grain sizes of the samples are 16, 13, 10, 8§ and 5 nm, and the corresponding grain
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numbers are 16, 27, 64, 125 and 512, respectively. Fig. 1 shows the relaxed polyMg models with
average grain sizes of 16 and § nm.

Figure 1: The model of polyMg after relaxation of different grain sizes: (a) 8 nm; (b) 16 nm

Periodic boundary conditions are adopted in all three directions. The conjugate gradient (cg)
method is first used to minimize the energy of the model, and then the initial stress of the
system is eliminated by relaxing 30 ps under the NPT ensemble. The strain rate of 1x 107 s~!
is applied along the z-axis, and the other two directions are controlled by zero pressure. During
the simulation process, the system temperature is controlled by the Nose-Hoover thermal bath
method, and the pressure is controlled by the Parrinello Rahman barostat method. The classical
Newtonian equations of motion are integrated by the Velocity Verlet algorithm with a time step
of 1 fs.

The atomic stresses in LAMMPS are calculated by the virtual stress theory [16] as follows:

1 1
U=?Z —miui®ui+§Zl‘ij®fz‘j (1)
i i

where V' is the volume of the calculated area, m; r;, and w; are the mass, position and displace-
ment of atom i, u; = du/dt indicates the atomic velocity, r; = r; —r; represents the distance from
atom i to j, and f; represents the force exerted by atom j on i.

The potential function has a great influence on the accuracy of MD simulations. In this paper,
EAM potential function [17] is used to describe the interaction between Mg atoms. The total
energy of atom i can be expressed as:

1
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where the first term denotes the insertion energy, and F is a function of the electron density p
of atom 7; ¢.p represents the interaction potential energy between the atom pairs, « and B are
the element types. And j is the adjacent atom of the i, the number of which is determined by the
cutoff radius of the potential, and r;; is the distance between i and j. The relevant parameters can
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refer to the literature of Sun et al. [18] and the parameters can accurately describe the properties
of atoms.

3 Results and Discussion

3.1 Deformation Mechanism

To study the deformation mechanism of polyMg, the change of atomic structure under tensile
loading was analyzed. Fig. 2 shows the cross-sections of polyMg with different average grain sizes
(8 and 16 nm) during the tensile process.

(b)

Figure 2: The atomic structure of polyMg under different strains (red: HCP, green: FCC, blue:
BCC, gray: Other) (a) Grain size = 8 nm; (b) Grain size = 16 nm

As can be seen from Figs. 2a and 2b, when the strain is 0, there are a small number of
defect atoms in the grains of all models, while the defect atoms are basically distributed at the
grain boundaries during the elastic process. The proportion of grain boundary atoms is 24.3% for
small-sized grains (the average grain size of 8 nm), which is significantly higher than that of grain
boundary atoms (12.6%) for large-sized grains (average grain size of 16 nm). When the tensile
strain of polyMg reaches 0.06, the grain boundary atomic structure of small-sized grains becomes
chaotic and disordered, which indicates that violent movement occurs at the grain boundaries.
The dislocations of large-sized grains nucleate at the grain boundaries and then propagate to the
interior of the grains. During the tensile process, some atoms inside the grains are transformed
from HCP to BCC or other structures.

As the strain is about 0.12, some small cracks begin to occur at the grain boundaries of
the small-sized grains, and the deformation at the boundaries of the trigeminal grains further
becomes larger. Dislocations are emitted to the inside of the grains from grain boundaries, and the
atomic structure is converted from HCP to FCC and BCC structures. After the migration of the
dislocation along the slip direction, the large grains split into two small grains. The dislocations
of large-sized grains are generated from the boundary of grain and then slip within the grain. The
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movement can leave some stacking faults inside the grains. Some dislocations penetrate through
the entire grain to form new grains, and some cracks occur at the grain boundaries.

When the strain is 0.2, it can be seen that there are more dislocations produced inside the
grains of both samples, and the cracks at the grain boundaries are further expanded. The grain
boundaries of the small grains are seriously deformed. The number of dislocations inside the
grains is obviously more than that of the large grains, so the plasticity of the material is good.
For larger-sized grains, it can be seen that the number of cracks increases, and the extent of the
crack expansion further increases.

Therefore, the deformation mechanisms of polyMg are as follows: the plastic deformation
for large average grain size is mainly carried out by dislocation slip and stacking faults inside
the grains, while the plastic deformation is primarily the movement and slippage of the grain
boundary for small grain size. However, the differences between the deformation mechanisms
are not absolutely transformed. The movement and deformation of grain boundary can also
be observed in larger-sized grains, while dislocations and stacking faults also exist in smaller
grain-sized grains.

3.2 Size Effect

Fig. 3a shows the uniaxial tensile stress-strain curves of polyMg models with different average
grain sizes. It can be seen that the stress firstly increases rapidly and reaches to the maximum
value at strain 0.03~0.05, which means that the material begins to enter the plastic deformation
stage. Then the stress decreases significantly at the initial stage of plasticity, and gradually tends
to decrease slowly when the grain size is greater than or equal to 10 nm. The downward trend of
tensile stress in the plastic stage is always relatively gentle if the grain size is less than 10 nm.
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Figure 3: (a) Tensile stress-strain curves of polyMg under uniaxial tension; (b) The relationship
between flow stress and grain size

The elastic modulus of polyMg can be obtained by calculating the slope of the linear elastic
stage (strain between 0 and 0.025) of the stress-strain curves. From the relationship between the
elastic modulus and the grain size shown in the black box in Fig. 3a, it can be seen that the
elastic modulus of polyMg decreases with the decrease of grain size. For example, the elastic
modulus is 24.42 GPa when the grain size is 5 nm and 34.43 GPa when the grain size is 16
nm. The reason can be concluded that the grain size is smaller, the atomic proportion and
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degree of grain boundary atoms are higher. According to the higher atomic energy of the grain
boundary, a large number of defect atoms will also lead to the decrease of the elastic modulus
of the materials. At the same time, the atoms at the grain boundary are arranged disorderly, and
the equilibrium distance is greater than the distance between the atoms in the crystal. Therefore,
the grain size decreases, the atoms at the grain boundary and the average distance increase. As a
result, the strength of the crystal decreases, which also leads to the decrease of the elastic modulus
of polyMg.

The flow stress is expressed by the average stress between the strain at 0.06 and 0.16. Fig. 3b
shows the relationship between flow stress and the reciprocal square root of grain size. The
calculated results show that the grain size of polyMg has a significant effect on the flow stress. As
can be seen from the figure that when the grain size is greater than 10 nm, the flow stress decreases
with the increase of the grain size, which shows the Hall-Petch effect, and when the grain size is
less than 10 nm, the flow stress decreases as the grain size decreases, showing the inverse Hall-
Petch effect. Most polycrystalline metals exhibit this kind of inverse Hall-Petch property when the
grain size is less than 10 nm [4].

3.3 Temperature Effect

In order to study the effect of temperatures on the tensile mechanical properties of polyMg,
the tensile mechanical behaviors of polyMg under different temperatures (200, 300, 400 and 500
K) were investigated. Fig. 4a shows the overall stress-strain curves of the model with an average
grain size of 10 nm. The mechanical properties of polyMg are very sensitive to temperature. The
maximum tensile stress and elastic modulus decreased with the increase of temperature.
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Figure 4: (a) The mechanical properties of polyMg under different temperatures; (b) The relation-
ship between flow stress, elastic modulus, and temperature

The thermal motion of the atoms becomes more active, and the amplitude of the oscillation
at the equilibrium position is greater as the temperature rises, so the mutual attraction between
the atoms is relatively weaker. When an external loading is applied to the material, the atoms
are more easily to break away from their equilibrium position. Therefore, the tensile strength and
ultimate tensile strain of the material will decrease, and the mechanical properties will decrease
with the increase of temperature.

Fig. 4b shows the relationship between elastic modulus and flow stress at different temper-
atures. The elastic modulus and flow stress of polyMg decreases linearly with the increase of
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temperature. When the temperature increases from 200 to 500 K, the elastic modulus decreases
from 35.8 to 28.47 GPa, and the value reduces by 20.47%. The equation between the elastic
modulus and the temperatures can be obtained by fitting the curve, as shown below:

E=-0.024-T +40.7 3)

In addition to thermal vibration, temperature also affects the kinetic energy of the material.
As the kinetic energy increases, more defects will be appear in the structure due to the atomic
movement, and plastic deformation will be easily reached. Furthermore, due to the structural
change at high temperatures, the ability of polyMg to resist plastic deformation will be weakened.
These factors will also reduce the flow stress of the material. The temperature has a softening
effect on most metals, indicating that the higher the temperature, the more easily the metals reach
the yield stage.

3.4 Strain Rate Effect

To investigate the effect of strain rate on the mechanical properties of polyMg, the uniaxial
tensile calculations of polyMg are conducted under different strain rates (1 x 10~2 x 1010 s—1)
at 300 K. The stress-strain curves are shown in Fig. 5a. The stress curves rise linearly until the
strain reaches 0.025. After the elastic liner stage, the stress gradually increases to a maximum
value until the strain reaches 0.05~0.07. When the strain rate is equal to or less than 8 x 109 s71,
the flow stress has a little change after the strain is greater than 0.1. The stress-strain curves are
not consistent with others if the strain rate is equal to or more than 1 x 10'° s~!. For example,
the elastic modulus and the maximum tensile stress values are much larger than the other values
corresponding to other strain rates.
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Figure 5: (a) The tensile curves at different strain rates; (b) The relationship between ultimate
tensile stress, elastic modulus and strain rate

Fig. 5b shows the relationship between the ultimate tensile stress and elastic modulus for
strain rates. It can be obtained that the values increase as the strain rate increases, which means
that there is a strain rate hardening effect. The elastic modulus mainly depends on the bonding
energy between atoms.

The dynamic loading effect of the entire process increases with the increase of strain rate, and
the time for the entire system to uniformly dissipate the work done by the external load decreases,
so the energy cannot be evenly distributed, resulting in the energy difference of individual atoms.
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The difference in the time and opportunity for each atom to reach or even exceed its bonding
energy threshold is small if the applied strain rate value is small, resulting in an insignificant
difference between elastic modulus and ultimate strain. The difference for each atom to reach or
exceed its bonding energy threshold increases when the strain rate increases to a certain value,
resulting in a larger difference between the elastic modulus and the ultimate strain.

The plastic strain occurs in the linear elastic phase at high strain rates. This plastic strain
mainly occurs at the grain boundary because there is no dislocation movement inside the grain.
At the same time, it can be seen that there is a significant bump in the stress-strain curves at a
high strain rate. This is mainly because there is less enough time to generate dislocations at the
beginning of plastic strain at high strain rates.

4 Conclusion

In this paper, the mechanical properties of polyMg under uniaxial tension are calculated by
the MD simulation method, and the influences of different factors on the material properties are
analyzed. The main conclusions are obtained as follows:

1) The elastic modulus and maximum tensile stress of polyMg decrease with the decrease of
grain size. When the grain size is greater than 10 nm, the flow stress decreases with the
increase of grain size, showing the Hall-Petch effect. The flow stress decreases as the grain
size decreases when the grain size is less than 10 nm, which shows the inverse Hall-Petch
effect.

2) The mechanical properties of polyMg decrease with the increase of temperature. When
the temperature is 200 K, the elastic modulus is 35.8 GPa, and it rises to 28.47 GPa
when the temperature is 500 K. The main reason is that the thermal motion of atoms
becomes more intense as the temperature rises. When there is an external loading, the
atoms are more likely to leave their equilibrium positions and become unstable, which
reduces the performance of the material.

3) The influence of strain rate on the mechanical properties of polyMg depends on different
values. The calculated values of ultimate tensile stress and elastic modulus show that there
is a strain rate hardening effect, and the increasing trend of different zones is inconsistent.
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