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Abstract: The classic molecular dynamics (MD) simulation approach has been used to investigate the
microstructure change in polycrystalline magnesium (Mg) during compressive deformation at various
temperatures. At low temperatures, there exists a competition between the sliding of Shockley partial
dislocation (SPD) and perfect <a> dislocation. Abundant dislocation behaviors such as dislocation
bundle and double cross slipping are observed. With a temperature increase, the dislocation sliding
is hindered by the newly formed grain boundaries (GBs). The grain reorientation should be the
compensatory mechanism for plastic deformation at high temperatures. Furthermore, dynamic
recrystallization (DRX) is found at the highest temperature investigated. For all the temperature
cases studied, twinning is unsensitive against applied compressive stress. The results of this work
may help to understand the temperature effect on the mechanism in polycrystalline Mg under
compressive deformation.

Keywords: nanocrystalline Mg; molecular dynamics simulation; temperature effect; dynamic
recrystallization; dislocation

1. Introduction

A lot of experimental and simulation studies have investigated single-crystalline Mg
to understand its fundamental deformation mechanism [1-8]. Depending on the deforma-
tion mode, temperature and orientation, it is widely accepted that the main deformation
mechanisms of Mg are dislocation sliding and twinning. The typical slidings are on the
basal {0002} [1], the prismatic {1010} [2] as well as the pyramidal {1122}, {0111} and {1012}
planes [2-4]. Twinning generally is of tensile or compressive nature, i.e., whether the
loading leads to elongation or reduction in the c-axis length, namely, the tension twins
on the {1012} [6,7], {1121} [6-8] and the compression twins on the {1011} [1] and {1122} [8]
planes. Changes in crystal orientation and nucleation of defects including twin boundary
(TB) and dislocation during deformation have been extensively researched using sophisti-
cated experimental apparatus and methods such as the electron back-scattering diffraction
(EBSD) analyzing technique or transmission electron microscopy (TEM) observation with
atomistic resolution [9-13]. Moreover, it could be that not only one mechanism dominates
during the deformation process, for instance, Kim et al. [9] carried out uniaxial micro-
compression experiments on single crystalline Mg along the [1120] direction and observed
various deformation mechanisms including twinning, crystal reorientation and dislocation
sliding. Furthermore, many researchers also focus on the dislocation—dislocation [9,14],
dislocation—twin [15,16] and twin—twin [17,18] interactions.

However, polycrystal Mg and its alloys are more widely applied than single-crystal
Mg in practice. Their advantages in mechanical properties, such as low density and re-
markable specific strength and stiffness, make them promising alternatives to steel and
other heavy metals [19,20], for instance, notably, in structural components used in the
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automotive industry [21,22]. Due to the existence of GBs, the deformation mechanism
in the polycrystal nature of Mg is more complicated. Recently, more attention has been
paid to nanocrystalline Mg and its alloys because of their obviously improved mechanical
properties including higher yield stress and ductility, depending on various fabrication
processes [23-25]. Among them, many studies focus on the effect of grain size, for instance,
Cepeda-Jiménez et al. [26] suggested that intergranular compatibility becomes increasingly
difficult with decreasing grain size, which leads to a reduction in work hardening and
ductility. Valle et al. [27] showed that the grain size refinement can cause a strong decrease
in the hardening rate of AM60 Mg alloy processed with equal channel angular pressing.
Furthermore, it is well known that temperature has a significant influence on the defor-
mation mechanism. A lot of experimental studies have been conducted to determine the
temperature effect in polycrystalline Mg and its alloys. Ichiro [28] studied temperature de-
pendence on the plastic deformation and fracture behavior of AZ31 Mg alloy under uniaxial
and biaxial compressions. Chapuis and Liu [29] investigated temperature dependence on
the deformation mechanism in a rolled Mg-3Al-1Zn alloy under compression and reported
that above 150 °C, the critical resolved shear stress (CRSS) for {1012} tension twinning,
basal, prismatic and pyramidal <c+a> slip and GB sliding have strong dependency on the
temperature and rolling direction. Recently, Mohapatra et al. [30] reported the grain growth
behavior of extruded pure Mg from 300 °C to 450 °C; they observed a normal grain growth
behavior at both high and low temperatures but abnormal grain growth at intermediate
annealing temperatures. However, there still exists a debate over which mechanism will be
activated at different temperatures.

In the area of MD simulation, only a few studies investigated polycrystalline Mg and
its alloys rather than single-crystal Mg. At the early stage, the simulations of polycrystalline
Mg were often performed in bicrystallite [31] or 2D polycrystalline Mg [32]. Moitra et al. [33]
investigated five different 3D nanocrystalline Mg samples with different grain size under
tensile loading. The authors suggested grain size softening to grain size hardening with
grain size decreasing. Recently, Hasan et al. [34] studied the grain size effect on the
mechanical behavior of 3D nanocrystalline Mg and reported a gradual transition from
a dislocation-based to a GB-based deformation mechanism with grain size decreases.
Furthermore, the authors also suggested that 10 nm should be the critical grain size for
the inverse Hall-Petch relationship. Regarding the literature review, we may conclude
that most MD studies focused on nanocrystalline Mg since they exhibit better mechanic
properties than coarse-grained ones, which could be attributed to the higher fraction of
grain boundary atoms. However, the temperature effect on the mechanical behavior of
nanocrystalline Mg, which might be also critical to its deformation mechanism, was rarely
investigated, at least in the atomistic simulation area.

In the present work, we study the microstructure change in a polycrystalline Mg sam-
ple containing four crystallites under compression at various temperatures. The dislocation
behavior will be analyzed and discussed regarding dependency on stacking fault energy
(SFE). We also attempt to check whether twinning is sensitive to compressive deforma-
tion. Finally, the grain reorientation and DRX at high temperatures will be analyzed and
discussed. The results of this work may help to understand the temperature effect on the
mechanism in polycrystalline Mg under compressive deformation.

2. Simulation Method

A 3D nanocrystalline Mg sample containing four randomly orientated grains was
prepared using the Voronoi mosaic method implemented in the software ATOMSK (version:
Beta-0.11.2, P. Hirel, Lille, France) [35]. The dimension of the sample was approximately
30 nmx 30 nm x 60 nm, containing around 2.3 million atoms. Due to the characteristic
of this method, the GBs were straight after direct construction, as shown in Figure 1a,b.
Periodic boundary conditions (PBCs) were set in all three directions to realize the bulk
character. The Mg atoms interact with each other with the embedded atom method (EAM)
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potential developed by Liu [36], which is in accordance with the density function theory and
experimental results in lattice constants, cohesive energy, elastic constants and SFEs [37].

(b)

Figure 1. Simulation setup of the initial Mg polycrystal with 4 grains (a,b). In (a), the atoms are

(d)

colored by their grain number, while in (b), the colors represent the crystal structure with light blue
for hep and red for “undetected” atoms. Subfigures (c,d) represent the status after relaxation at a
temperature of 300 K. The color in (c) denotes the local crystalline structure as in (b). In (d), the atoms
are removed and only “defect meshes” (red planes) and residual dislocations (lines) are shown. The
status after relaxation at 600 K is shown in (e) with “defect meshes” and dislocations.

The equilibrium was performed in isothermal—-isobaric (NPT) ensembles at desired
temperatures of 300, 400, 500 and 600 K, respectively. The pressures in all three directions
were controlled to zero. During the equilibrium, the straight GBs become curved and
“rough” similar to GB morphology in reality, c.f., Figure 1b,c [38,39]. It is assumed that
the GB atoms often diffuse through the interfaces, which leads to reorientation to satisfy
the energetically favored status (minimized energy) [40,41]. Regarding the grain shape
as cubic, for the 300 K case, the four-grain sizes are, respectively, 25.8, 23.7, 23.6 and
22.0 nm, corresponding to a mean grain size of 23.8 nm. For the other temperatures, the
grain sizes are similar with a tiny increase due to thermal expansion. In Figure 1d, the
atoms are removed and only the so-called “defect mesh” and a large number of residual
dislocations associated with the GBs [34] are shown. Using the dislocation extraction
algorithm (DXA) [42], the input crystal is divided into “good” and “bad” regions. The
“good” crystal region evolves a perfect lattice, stacking faults (SFs), twin boundaries (TBs)
and coherent GBs. In contrast, where the atomic arrangement does not resemble a perfect
crystal, for instance, the dislocation cores, outer surface, voids within the crystal and
incoherent GBs, etc., will be detected as “bad” regions. Thus, the red defect meshes in
Figure 1d,e correspond to incoherent GBs and the “holes” in the defect meshes are coherent
parts of the GBs. It is important to note that the residual dislocations are not the consequence
of plastic deformation. Within the crystallites, it is defect-free. For the temperatures given
from 300 to 600 K with 100 K increment, the initial dislocation densities pgis = Lgis/V,
where Lg;q is the total dislocation length and V is the volume, showing a strong decrease
with a temperature increase. It could be summarized that with a temperature increase,
the dislocation density associated with the GB decreases. It might be that higher thermal
energy provides the necessary interface energy to form the incoherent GBs, which are
detected as “defect mesh” with the DXA [42]. Roger et al. [43] studied the semi-coherent
Cu-Ag phase boundary using Monte Carlo simulation and reported a transition from a
semicoherent to an incoherent interface with a temperature increase. The authors attribute
the loss of the misfit dislocations to thermal disordering, which is in good agreement with
our observation.

After the relaxation, the samples were compressed in NPT ensembles at the desired
temperatures along their z-axes with a strain rate of 1 x 10? s~!, which means that the sim-
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ulation box length in the z-direction shrank by 0.1% every picosecond. The compressions
were performed until a strain of 40% was reached.

The modeling and simulation were performed using the open-source MD code
LAMMPS [44]. Visualization software OVITO (version: 3.7.11, A. Stukowski, Darmstadyt,
Germany) [45], in which adaptive common neighbor analysis (a-CNA) [46], DXA [42], poly-
hedral template matching (PTM) [47] and grain segmentation (GS) are implanted, was used
to analyze the local crystalline structure, dislocation and grains with different orientations.

3. Results and Discussion
3.1. Stress—Strain Curves

Figure 2 shows the stress—strain curves of the samples compressed at different temper-
atures. With temperature increasing, the elastic modulus and the flow stress decrease. Qi
et al. [48] studied the mechanical behavior of single-crystal Mg under c-axis tension and re-
ported the same tendency. The authors attributed this to the alternation of {1010} and {1012}
TBs at low temperatures and the non-basal plane slip at high temperatures. Liu et al. [49]
tested the stress—strain curves of AZ31 Mg alloy, and a similar tendency was reported. Here,
the flow stress at 300 K could be compared with the results of the polycrystal Mg with
an average grain size of 25 nm (in our case 23.8 nm) from the simulation work by Hasan
et al. [34] using the Wilson-Mendeleev potential [50]. Our value of 1.30 GPa is lower than
the around 2.1 GPa reported. On one side, it may be ascribed to the different potentials
used, and on the other side, the applied strain rate plays a critical role. It is well known that
the flow stress drops with a deformation rate increase, not only in the Mg system [51,52]
but also in other metallic systems such as copper (Cu) [53]. Note that our compression rate
(1 x 10° s71) is ten times lower than that in the work of Hasan et al. Once the flow stress is
reached, the stresses are rapidly relaxed and fluctuate, indicating microstructure changes
in the plastic region.

300K ——
400K ———

(%)

Figure 2. Stress—strain curves of the samples compressed at 300, 400, 500 and 600 K.
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3.2. Dislocation and Twin Behavior

Figure 3 shows the change in the <a> dislocation (Burgers vector 1/3<1120>) density
and the atomic fraction of the fcc atoms during the compression process. The <c+a>
dislocations are rarely found in the whole sample. This is logical since at room temperature,
the <c+a> dislocations are strongly inhibited due to insufficient thermal activation. The
<a> dislocation density decreases firstly at low strains. Hasan et al. [34] also found such a
decrease in total dislocation density at the beginning of deformation and attributed this
to dislocation annihilation within the elastic region. At a strain of around 3%, the <a>
dislocation starts to increase. The <a> dislocations nucleate at the GBs and further grow
across the whole crystallite. Figure 4a shows the first nucleation of an <a> dislocation at
a strain of 3.6% detected with the DXA and a-CAN at a temperature of 300 K. We may
suggest that the <a> dislocations glide on the {0001} basal plane, since this is the most
common mechanism during deformation in hexagonal closest packed (hcp) metals [1,34,54].
Simultaneously, Shockley partial dislocations (SPDs) with a Burgers vector of 1/3<1100>
nucleate at the GBs and glide, carrying the SF (identified as fcc structure), as shown as the
part in the green circle in Figure 4b. It is worth mentioning that the difference between the
fcc and hep structure is only the stacking sequence, so the SF and TB in the hep structure will
be identified as two- and one-atom layer(s), and vice versa [55]. With the movement of the
SPDs, they will disappear at the adjacent GBs. The detailed process will be discussed later.
Furthermore, in addition to direct nucleation, the 1/3<1100> SPDs can be also generated by
splitting of a full <a> dislocation, which is connected by the intrinsic SF zone, as shown in
the zoomed area in Figure 4b. The relationship among the Burgers vectors can be written as:

SR T
5 [1120] — 2 [1010] + 2 [0110] 1)

Such decomposition of the <a> dislocations is also found at other higher temperatures.

T 1 I 1 .4
1/3<11-20>
fce

A\

108
3
8
106
104
102
| 1 | 1 1 | 1 | 1 0
1 2 3 4 5 6 7 8 9 10
£(%)

Figure 3. Density of <a> dislocations and fcc fraction change during the compression at 300 K.
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<a> dislocation

(b)

Figure 4. Snapshot of the sample local at a strain of 3.6% at a temperature of 300 K (a) the first <a>
full dislocation detected with the DXA and a-CNA. All the atoms in the upper figure are removed.
The green line indicates the <a> dislocation line with a Burgers vector of 1/3<1120>. The white arrow
in the lower subfigure denotes the same <a> dislocation in atomic image. The colors in the lower
figure denote the local crystalline structures with light blue: hep, dark blue: hep, red: unknown atoms
(GB or defects) (b) The snapshot of the whole sample with only fcc atoms. The brown lines indicate
the dislocation lines with burger vectors of 1/3<1100>.

The behavior of SPDs should be analyzed in detail. Here, we stay at the temperature
of 300 K because at higher temperatures, the thermal vibration and the dynamically recrys-
tallized crystallites may disturb the dislocation analysis. In Figure 5a—e, we traced an SPD
with a Burgers vector of 1/ 3<1100>. The SPD denoted as SPD1 nucleates at a GB, or more
exactly, at the juncture between the twin part and incoherent part on the GB, as shown in
Figure 5a. This nucleation position is not unexpected since the junctural position provides
the necessary structure and energy fluctuation for the new defect. This has been reported
in many studies [33,56,57] but differs from the results of ref. [34] with a crystallite interior
nucleation. With a strain increase, the SPD1 begins to glide on one {0001} plane carrying SF
behind it, as shown in Figure 5b. Due to the PBC, the SF is split into two images in positive
and negative y directions, i.e., the black lines in Figure 5c,d indicate the same position. It
can be clearly observed in Figure 5d that the SPD1 reached the other side of the crystallite
and annihilated. In Figure 5¢, it can be also seen that another SPD, denoted as SPD2, also
nucleates and glides along the same path as the SPD1 with the elimination of the SF left
by the gliding of the SPD1. Once the SPD2 also arrives at the other side of the crystallite,
as shown in Figure 5e, both the SPD2 and the SF will disappear. Processes similar to this
take place in many positions of the whole sample, which causes the fluctuation in the fcc
phase fraction curve in Figure 2. Since there is still a large amount of 1/3<1100> SPDs in
the form of residual dislocation associated with the GBs, and it is hard to distinguish them
from the ones that slide, it is wise to count the fraction of the fcc atoms (SFs) to identify the
SPD gliding rather than the dislocation density. Furthermore, the <c+a> dislocations are
rarely found during the whole compression process. They are mostly residual dislocations
associated with the GBs and do not move. Joni et al. [58] carried out tension experiments
at room temperature, 473 K and 673 K on AZ31-type-extruded Mg alloy samples. In their
work, the dominated dislocations found were the <a> type, only with a smaller fraction of
<c+a> type dislocations, which is in accord with our simulation results.
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Annihilation of
SPD1

(d)

Figure 5. Local snapshots of the SPD gliding at strains of (a) 2.75%, (b) 3.3%, (c) and (d) 4.5 and (e) 5%
at a temperature of 300 K. In these subfigures, only fcc atoms are shown. The colors and lines have
the same meaning as in Figures 2 and 4. (c,d) Views from the positive and negative y-directions. For a
clear visualization of the traced SPDs, in (d,e), the front and hind parts are removed. In (e), the green
arrows show the glide direction of SPD2. (f) A local atomic snapshot of the sample at a strain of 3.6%.

Interestingly, the peaks in the <a> dislocation density curve always correspond to
the bottom of the fcc atom fraction curve in Figure 3. Here, we may suggest that there
should be a competitive process between the full <a> dislocation and the SPD sliding. Once
the <a> sliding is hindered, it can decompose to two 1/ 3<1100> SPDs for further sliding
(energetically 30% favor than pure <a> sliding). The two 1/3<1100> SPDs can also combine
to a full <a> dislocation, c.f., Figure 4b. Thus, we conclude that the nucleation-sliding (with
SF)-annihilation of the 1/3<1100> SPD should be the main competitive process against
<a> dislocation sliding. In Figure 5f, we analyzed the structure of the SE. In the upper
subfigure, it can be clearly observed the sliding of the SPD on the basal plane changes the
stacking sequence from ... ABABAB... to ABABCACA.. ., namely, the basal I, intrinsic
SF, which is typical for SPD sliding on the basal plane [1,59]. He et al. [60] performed
cold rolling of a Mg-Bi alloy and also found that a perfect <a> dislocation decomposes
two SPDs (corresponding to our Equation (1)) bounding an I, SE. Furthermore, it is well
known that twinning is also an important mechanism underlying Mg deformation at room
temperature. Previous studies [61,62] related to Mg suggested that {1012} twins are formed
under tensile stress along the c-axis, while {1011} twins accommodate c-axis compression
strain. Since the crystallites in our sample are randomly oriented and compressed, there
must exist compressive components along the c-axis. Indeed, {1011} TBs are observed in
our sample. In the lower subfigure in Figure 5f, the distances between two atoms and
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the angle among atoms A, B and C (theoretically 60°) are measured to identify the crystal
direction. However, this kind of TB is only found at some unique positions during the
whole deformation process, as well as for the samples at other temperatures. Thus, we
may conclude that in our case, twinning is only a minor deformation mechanism compared
with dislocation movement.

Increasing the strain over 5%, abundant dislocation behaviors could be observed in
the sample at the temperature of 300 K. For instance, the dislocation bundles in Figure 6a—-d
display this process. When a segment or more segments of the precursory SPD1 is/are lo-
cally hindered, the width between two SPDs will be smaller, i.e., under external shear force,
the SPD2 overtakes this(these) segment(s) of SPD1 and forms the dislocation bundle(s),
as shown in Figure 6a—c. In our case, the dislocation bundle even concentrates to an <a>
full dislocation, as shown in Figure 6d. Here, we should mention that the formation of the
dislocation bundle depends strongly on the stacking fault energy (SFE). The SFE (I, type
with ABABCACAC structure, c.f. Figure 5f) given by the potential used is 54 mJ/m~2 [36],
which is very close to the experimental result [36].

Figure 6. Dislocation bundles and cross slip at a local position at the compressive strains of (a) 5.05%,
(b) 5.15%, (c) 5.3%, (d) 5.75% and (e—g) 8.8% at a temperature of 300 K. The white arrows only indicate
the dislocations and do not show the moving direction. In subfigure (f), the white hexagon displays
one unit cell to confirm the basal plane. In subfigure (g), the parallel geometric relationship among
slip plane I (SPD1 and 2), plane II (SPD5 and 6) and plane III (SPD 3 and 4) are displayed in another
angle of view. All colors have equivalent meanings to those in the previous figures.

Interestingly, we also found that based on the SPD reaction, the dislocation multipli-
cation can also take place by a double-cross mechanism. This might be another variation
of the classical “jog pair” cross-slip mechanism [63,64]. This mechanism describes such
a process: if two SPDs, denoted as 1 and 2 in Figure 6e, slipping on the closest-packed
plane (the plane I in Figure 6e) leave their slip plane, they must combine to a full screw
dislocation <a> and change the slip plane by cross slip. Here, it should be mentioned that
with the “jog pair” mechanism, the new slip plane is parallel to the original one. On the
new slip plane, the full dislocation <a> combined splits again into two SPDs and causes
further slipping. In our case, the full dislocation <a>, combined by SPD 1 and 2, splits
into four SPDs (denoted as 3, 4, 5 and 6 in Figure 6e,f) rather than two and slips on two
parallel closest-packed basal planes (denoted as plane II and III in Figure 6e—g). The cross
slip of SPD is much more difficult than that of the full dislocation and depends on the SFE.
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With the SFE decrease, the distance between two SPDs becomes larger, and the dislocation
bundle formation is more difficult as well as the cross slip. Thus, we may suggest again
that the SFE of 54 mJ/m~2 [36], given by the potential used, is a reasonable value. Fur-
thermore, Wang et al. [65] compressed an Mg-Ca-Zn alloy and found a cross slip between
the basal and prismatic planes, which differs from the classical “jog pair” mechanism and
our observation that the two SPDs cross slip on two basal planes. However, it should
be pointed out that compared with the “jog-pair” mechanism, the <a> type dislocations
from the basal plane on the hard plasmatic plane require normally large stresses or high
temperatures [66]. This might be the reason why this “basal-prismatic” cross slip was not
observed in our simulation.

After increasing the temperature, no obvious <c+a> dislocations were found in the
sample during the whole compression. Since it is well-known that the <c+a> pyrami-
dal dislocation should be activated at high temperatures [67], this result is unexcepted.
Kim et al. [56] studied GB-induced nucleation and afterward motion of 1/3{1010}<1123>
and 1/3{1122}<1123> pyramidal <c+a> dislocations. However, the authors created a “quasi”
3-D model, i.e., the dimension of one direction was extremely small, although PBC was used
in that direction. The textures in the direction with extremely small dimensions of all the
crystallites were exactly the same, which might “force” the formation of <c+a> dislocation
during deformation. Tang et al. [37] investigated the formation of <c+a> dislocation under
tension in a single-crystalline Mg sample. The authors kept the temperature at 1 K during
equilibrium and used the NVE ensemble during tension, i.e., the temperature was not con-
trolled during deformation. But most of all, a non-periodic boundary condition was used in
the tensile direction. In the literature mentioned above, all the SPDs, which are essential for
the formation of <c+a> dislocation, were nucleated either from the direction with extremely
small dimensions [56] or at the free surface [37]. Thus, here, we may conclude that the
free surface or extremely small dimension in one direction might be the key issue for the
formation of <c+a> dislocation, at least in the MD simulation work.

Due to the fact that our initial crystallites are randomly oriented, it is hard to analyze
whether an <a> dislocation glides on non-basal planes. However, we may compare the total
and <a> dislocation densities during the compression at various temperatures, as shown in
Figure 7. At the zero-strain condition, there are varying amounts of residual dislocations
concentrated at the GBs at different temperatures. The amount of the residual dislocation
decreases with the temperature increase. This is mainly attributed to the annihilation of
residual dislocations, namely, the recovery during the relaxation process, c.f., Figure 1d,e.
The total dislocation density curves show a decrease—increase tendency with the strain
increase. In the elastic region, dislocation annihilation takes place without new dislocation
creation [34]. Up to the yield point, the total dislocation densities increase again via new
dislocation nucleation, perfect dislocation splitting and double cross slip, as mentioned
above. However, the contribution of dislocation movement to plastic deformation should
be concerned by the density of the <a> dislocation, as shown in Figure 7b. This is because,
firstly, this type is the most common dislocation type in Mg with an hcp structure and,
secondly, the initial residual dislocations at the GBs with Burgers vectors of <1100> or
“other”, which do not contribute to plastic deformation, are much more than the <a> dislo-
cation. These residual dislocations are also involved in the total dislocations and should
not be taken into account. Lastly, the <a> dislocation attends almost all the dislocation
motion during the compression process, such as the dislocation bundle and double cross
slip described above. It can be clearly seen that with a temperature increase, the density of
<a> dislocation decreases. Here, we should mention again that twinning is rarely observed
in the present work or at higher temperatures. Using MD simulation, Hasan et al. [34]
performed a tensile experiment on nine polycrystalline Mg samples with a mean grain size
from 6.4 nm to 45 nm, and twinning was only found in the samples with average grain
sizes of 40 nm and 45 nm. Since twinning could not be the dominant mechanism for plastic
deformation. Thus, GB migration might be another mechanism that is a supplement to
dislocation motion.
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Figure 7. Change in total dislocation density (a) and <a> dislocation density (b) during the compres-
sion process.

3.3. Grain Boundary Behavior

Figure 8 shows the grain number and distribution changes during compression. We
chose here a criterium of 500 atoms, corresponding to a grain size of around 2 nm, i.e., only
the number of the atoms with equivalent or slightly different orientations in an atomic
cluster is larger than 500, and this atom cluster will be identified as a crystallite. For all
temperatures studied, the grain numbers remain at four as set before the beginning of
plastic deformation. Afterward, the grain numbers increase. However, the curves for 300 K,
400 K and 500 K do not show obvious differences, while the grain number of the 600 K case
increases dramatically at high strain, as shown in Figure 8a. It is well known that the GB
serves as a hindrance to dislocation movement, and the (partial) dislocation may annihilate
the GBs. This explains why the <a> dislocation density at high temperature is lower than
that at low temperature, c.f., Figure 7. Thus, we may compare the grain size distribution at
various strains for the 300 K and 600 K cases. For the 300 K case, the number fraction of
the grains less than 5 nm amounts to over 70% at a strain of 5%, while there is no grain in
the size range between 5 nm to 20 nm. Increasing the strain to 10%, the number fraction in
this size area is only around 15%, as shown in Figure 8b. In contrast, for the 600 K case,
there already exist grains in the size range of 5 nm—20 nm at a strain of 5%, and the fraction
in this size range increases obviously at a strain of 10%, which indicates that more grains
are formed at the high temperature. Here, we may note that grains with the size of 2 nm
disappear at this strain, which might be the result of grain growth at a higher temperature.
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against grain size at various strains for 300 K (b) and 600 K (c).
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Thanks to the Python script modifier implanted in OVITO [45], we are able to complete
color mapping to visualize local lattice orientation based on the PTM analysis [47]. Figure 9
displays the orientation change during compression for the 300 K case. At the strain zero
state, there are only two dominant orientations in this plane, which are denoted as “pink”
and “gray green” orientations. Here, we may mention that the color mapping function
provided by OVITO does not correspond to the coloration system in the normal EBSD,
so it is hard to determine the exact orientation. Increasing the strain to 5%, the initial
relative straight GB at the left side of the pink orientation becomes curved. This should
be related to the reduction in the GB energy. At the same time, a new orientation appears
inside the pink orientation, denoted by the white arrow in Figure 9b. The nucleation
position of the new orientation is directly near the triple point of two crystallites. This is not
unexpected since this position provides the essential structural and energetic fluctuation
for the new crystallite nucleation. According to the a-CNA analysis, this new orientation
has a body-centered cubic (bcc) structure. This bcc crystallite grows throughout the pink
orientation and transforms back to the hcp structure, as shown in the green orientation in
Figure 9c. Hasan et al. [34] also found this bec structure at the GBs in polycrystal magnesium
upon tension. The authors described this bcc structure as “temporary” and attributed its
formation to the change in the in-plane misorientation and the relative rotation between
the grains. This is in accordance with our results. The green grain grows into the pink
grain. Here, it is worth mentioning that the growth in the grains with the same crystalline
structure but different orientations could be treated as the partial reorientation of the initial
grain., as shown in Figure 9c—e. Due to this fact, we may suggest that this green orientation
is upon compression “favored” compared with the pink one. Extending the compression
to 20%, as shown in Figure 9f, the initial pink orientation disappears totally. Thus, we
conclude that in addition to dislocation movement, GB migration and rotation should
also be an important mechanism for plastic deformation. However, we do not treat this
reorientation of the grains as dynamic recrystallization since a large amount of twinning,
which is necessary for dynamic recrystallization (DRX) at low temperatures [68,69], is
absent during our simulation. In addition, we do not observe dislocation sliding at the
temperatures studied, although it is a very common process when metals are deformed.
Since our crystallites are randomly modeled, most GBs are incoherent rather than semi- or
coherent, as shown in Figure 1. It is well known that the GB energy of the incoherent GB
is much higher than that of the semi or coherent one (10 times). The reorientation should
be the main mechanism to reach the “favored” status rather than GB sliding. On the other
hand, GB sliding occurs when the strain rate is slow. In the MD simulation, the strain rate
applied is much higher than that in reality, which inhibits GB sliding. Thus, the sliding
of incoherent GBs is very hard, even when the temperature increases or external stress is
added to the system.

At 600 K, the a-CNA analysis loses its efficiency dramatically. Even more than 40%
of the atoms are identified as “unknown” type. This is because this method analyzes the
crystalline structure according to the atom position and the bond arrangement among the
atoms. At high temperatures, strong thermal vibrations change dramatically the relative
positions of the atoms as well as the arrangement of the bonds, so it is not efficient to use
this method to analyze the local structure. Nevertheless, the color mapping of the local
crystalline orientation could be analyzed, as shown in Figure 10. At the first stage, the
compression-favored grains invade into the pink orientation, i.e., this process is nothing else
than a reorientation of the pink grain, and grows, as shown in Figure 10a—c. In comparison
with the 300 K case, the nucleation of the new grains takes place at more positions at the
GB, c.f., Figures 9b and 10b. This is expected since the higher temperature supplies more
thermal energy for the new grain nucleation. With a strain increase, more nano-grains
(NGs) with various orientations nucleate in the compression-favored grain with afterward
growth, as shown in Figure 10d—f. Here, we found that around the gray-green grain,
necklace-like small grain groups are formed, which is typical for DRX at temperatures
around 600 K. Such small necklace grains were often found in experimental works during
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hot deformation. For instance, Galiyev et al. [70] compressed ZK60 Mg at a temperature
of 523 K and found that new small grains formed a “necklace structure” of recrystallized
grains along the original boundaries. A similar structure induced by DRX was also found
by Zhang et al. [71] for Mg AZ31 alloy during hot-rolling at a temperature of around 650 K.
For our 600 K case, we also extended the compression to a strain of 20%. At this strain,
even more orientations can be observed in the sample, which is strong evidence for DRX.
Up to here, we may conclude that the weakened dislocation activity, c.f., Figure 7, should
be compensated by DRX against compression.

®

Figure 9. Color mapping of the local lattice orientation during the compression process for the 300 K
case. The planes shown are perpendicular to the z-axis and sliced in the middle. The upper atoms are
removed. The upper subfigures display the orientation of the crystallites based on the PTM analysis.
Each color represents a certain orientation. The lower subfigures show the corresponding results
from a-CNA analysis. Subfigure (a) displaces a local part of the original sample at zero strain. In
(b—e), only the parts in the white circle are shown as enlarged. The colors of the a-CNA maps indicate
the local crystalline structure. light blue: hep; dark blue: fcc; green: bec; red: unknown. Subfigure
(f) denotes the final state at a strain of 20%.

5% 6.25%

(

c)
g

® (

Figure 10. Color mapping of the local lattice orientation during the compression process at 600 K at
some different strains from 0% to 20% (a-g). The sample is sliced in the middle in the z-direction and
the upper atoms are removed, as Figure 9.

©)
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We may discuss the texture and the impurities of the samples studied. It is
known [27,56,58,62] that Mg is a metal prone to developing texture and anisotropy. As
mentioned above, we denote here again that the coloration system to distinguish the ori-
entation difference offered by OVITO software differs from that of the color mapping of
normal EBSD. However, we still chose the sample compressed at 300 K to explain partly
the texture evolution. Figure 11 displaces the change of the [1010] direction before and
after the compression. The subfigures on the left and right are exactly the same plane,
and each color represents one orientation. We traced the [1010] direction and observed its
change. At the strain of 0%, the black dashed line, which indicates the [1010] direction, is
unparallel to each other. At a strain of 20%, it could be clearly observed that the [1010]
directions are almost parallel. They point to the almost same direction with only a tiny
orientation difference, i.e., a certain texture is formed. However, due to the limitation of
the analysis method, we are not able to determine which kind of texture is formed. At the
other temperatures studied, such texture formations, including dynamically recrystallized
crystallites, are also found. At least, we have proved for Mg, even in simulation work, the
texture will be formed.

e=0% €=20%

Figure 11. The change of the [1010] direction that indicated by the black dashed arrows at the strains
of 0% and 20%.

Finally, we discuss the effect of point defects in the crystalline lattice, such as impurity
atoms, on the deformation behavior of Mg. Although this paper is related to pure Mg, the
effect on impurity atoms should not be neglected. For example, iron (Fe) has been proven
as a harmful impurity corrosion resistance of AZ61 Mg [72]. In addition to the common
elements, rare earth elements (REs) attract much attention due to their ability to affect
the microstructure, texture, DRX, mechanical properties, etc., of Mg. Barezban et al. [73]
studied the effect of gadolinium (Gd) on the DRX behavior of Mg during hot compression
and reported a grain refinement. Many other REs are beneficial to the desired texture and
DXR behavior, and so the mechanical properties have been magnificently improved [74,75].
Regarding these literature reviews, the effect of the impurities in the crystalline lattice
should be an important issue in our further study.

4. Conclusions

In the present work, we performed an MD simulation to study the microstructure
change in polycrystal Mg at various temperatures. The main results can be concluded
as follows:

(1) For all the temperatures studied, the plastic deformation is mainly controlled
by dislocation activity such as basal slip, dislocation bundle or double cross slip. A
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competitive relationship between the slips of the full <a> dislocation and SPD was observed.
Although twinning is found in some positions, it is not the main deformation mechanism
of compressive deformation. The grain reorientation should be a supplied mechanism for
the plastic deformation.

(2) Dislocation activity is hindered by the newly formed GBs with a temperature
increase. Similar to the low-temperature cases, twinning is also not sensitive against
compressive deformation. In addition to dislocation activity, grain reorientation and DRX
are the strong supplemental mechanisms for compressive plastic deformation.
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