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Many of our previous studies have discussed the shock response of symmetrical grain boundaries in iron bicrystals.
In this paper, the molecular dynamics simulation of an iron bicrystal containing X3 [110] asymmetry tilt grain boundary
(ATGB) under shock-loading is performed. We find that the shock response of asymmetric grain boundaries is quite
different from that of symmetric grain boundaries. Especially, our simulation proves that shock can induce migration of
asymmetric grain boundary in iron. We also find that the shape and local structure of grain boundary (GB) would not
be changed during shock-induced migration of X3 [110] ATGB, while the phase transformation near the GB could affect
migration of GB. The most important discovery is that the shock-induced shear stress difference between two sides of GB
is the key factor leading to GB migration. Our simulation involves a variety of piston velocities, and the migration of GB
seems to be less sensitive to the piston velocity. Finally, the kinetics of GB migration at lattice level is discussed. Our work
firstly reports the simulation of shock-induced grain boundary migration in iron. It is of great significance to the theory of

GB migration and material engineering.

Keywords: shock-loading, grain boundary migration, iron, phase transition

PACS: 62.50.—p, 47.40.Nm

1. Introduction

The migration of grain boundary (GB) is an important
mechanism to change the internal structure of materials, so
it is of great significance to properties of materials. Previ-
ous studies have shown that GBs would move under load-

I, [3-6

ing conditions, such as heating,!!! tensile,?! shea 1 surface

deformation!”-

81 and irradiation,™! etc. Particularly, molecu-
lar dynamics simulations have indicated that some GBs can
migrate automatically only in the thermal fluctuation under
the free boundary condition.*! It is very important to study
the GB migration under these loading conditions to deepen
our understanding of material science theory. The GB migra-
tion can be divided into two types: diffusion-based and shear-
coupled ones.?! Diffusion-based GB migration is achieved by
atomic jump and driven by free energy difference.!'”) Shear-
coupled GB migration will not change the position of atoms
dramatically and is driven by the shear stress along the GB

11,12

surface.! I In addition to the above loading conditions, GB

migration also occurs under strong shock-loading conditions

DOI: 10.1088/1674-1056/ab4f61

because strong shock will cause the instantaneous increases of
pressure, shear stress and temperature, which can lead to GB
migration. The studies of GB migration under shock-loading
are still very little. Long et al.l*! found that shock-loading
would induce migration of GBs in copper, and the GB mi-
gration occurs mainly in ATGBs. However, their works only
involve the case that the shock direction is parallel to GBs.
Moreover, the shock responses of face-centered cubic (FCC)
metals (aluminum and copper) are quite different from those
of body-centered cubic (BCC) metals (iron).[!*'8 The mech-
anism of GB migration should be different for different lattice
types. At present, we are still unclear about the mechanism of
GB migration in iron under strong shock-loading.

Due to the significant role of iron in human industri-
alists and in the earth’s core, the behavior of iron under
shock-loading has attracted a great deal of attention. A large
number of experiments and simulations have been performed
to investigate the shock response of iron.!'261 A series of

10,29-31

experiments?”-?8! and simulations! I have been carried

out to study GB migration in iron. However, GB migration in
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iron under strong shock-loading has not been simulated. One
of the reasons is that there is no suitable potential to simulate
the plasticity of iron before phase transformation under shock
for a long time. Therefore, it is impossible to perform the
simulation related to the plasticity of iron under shock. Un-
til recent years, Gunkelmann et al.’**! and our group (Wang
et al.!"1) made a breakthrough in iron potential, respectively.
Wang et al. developed the modified analytic embedded-atom
method (MAEAM) potential, successfully simulated the plas-
ticity before phase transition under shock, and greatly reduced
the proportion of FCC atoms in phase transition products
during BCC—hexagonal close-packed lattice (HCP) (a large
number of FCC could not be observed in experimental??!).
After the breakthrough of potential, the simulation of iron un-
der shock has more abundant phenomena than before. An-
other reason is that the stacking fault energy of iron is so high
that GB migration cannot be observed easily in the simulation.
Therefore, understanding of GB migration in iron under strong
shock is almost absent.

Our group has carried out a series of works to study
the interaction between GBs and phase transformation un-

17.33-35] Gunkelmann et al. made a lot of

der shock-loading.!
achievements in studying the shock response of polycrys-
talline iron. 3239371 Unfortunately, the phenomenon of GB mi-
gration in iron under shock has never been observed in the
simulation. Both symmetrical and asymmetrical grain bound-
aries have important effects on materials. >3~ In our previous
works, only shock response of iron bicrystal with symmetri-
cal GBs is studied. What about asymmetric GBs? This work
studys the shock response of asymmetric GBs, and shows the
migration of 3 [110] ATGB under shock. The special shock
response of GB migration is the reason why we choose X3
[110] ATGB. However, there are so many ATGBs, and it is
difficult to summarize why only a part of ATGBs in iron under
shock can migrate at present. Nevertheless, this paper firstly
reports the simulation of GB migration in iron under shock-
loading, which can fill in the blank of simulation and provide
a reference for the experiment. Moreover, this study about the
effect of GB migration on phase transition is an important sup-
plement to our previous works about the interaction between
GBs and phase transformation under shock-loading. Also, the
mechanism of GB migration in iron under shock will attract a
lot of attention because of the need of material dynamic dam-
age research. Therefore, we discuss in detail the GB migration
in iron bicrystal under shock-loading in this paper, and the in-
teraction between GB migration and phase transformation un-
der shock-loading are also revealed.

2. Method

Non-equilibrium molecular dynamics (NEMD) simula-
tions are performed through the LAMMPS*!I to investigate

the migration of £3 [110] ATGB in iron bicrystal under shock.
The potential used in this paper is MAEAM potential'>! de-
veloped by us recently, which has unique advantages in simu-
lating the plastic behavior in iron under strong shock-loading.
The di-
mensions of the sample along the X, Y and Z directions are

Figure 1 is a schematic diagram of the bicrystal.

15.78 nm x 15.78 nm x 240.40 nm, the sample contains about
5.09 million atoms. We have tested that the transverse size of
the sample is enough to exclude the size effect. In order to ob-
tain the initial stable sample, the sample is equilibrated with an
energy minimization using the conjugate gradient method. It
is then thermalized in the isothermal-isobaric ensemble (NPT)
at zero pressure, and the X, Y, and Z directions satisfy the
periodic boundary condition. It is equilibrated with 800 K
about 50 ps, then experienced a cooling process from 800 K
to <10 K for 100 ps. We find that the different initial temper-
atures (300 K or 10 K) of the sample would not change our
conclusion, but lower initial temperature can help to raise the
precision in data analysis. We would confirm that the stress
and energy near the GB reach the minimum at last. Finally,
periodic boundary condition is applied only to the X and Y
directions, the sample is equilibrated about 20 ps in the micro-
canonical ensemble (NVE). In this way, the final equilibration
condition of the sample can be consistent with the shocked
condition. Unless specifically stated in this paper, the shock
wave sweeps through the sample from left to right along the
Z axis. The shock wave is generated using the piston method.
The range of piston velocities is from 0.3 km/s to 0.6 km/s.
The time step during sample relaxation is 1 fs, and the time
step during shock stage of sample is 0.4 fs. The simulation re-
sults are visualized by OVITO.!*?! Local structure is identified
by adaptive neighborhood analysis.*3 The stress is calculated
on the basis of virial stress.[**! The statistic of stress tensor is
realized by binning analysis.*!

z

z grain 1 grain 2
Yy
: /1—-[001] 1 4—>[221]
shock [110] [110] (110l [114]

Fig. 1. Schematic configuration of iron bicrystal with asymmetry tilt £3
[110] grain boundary. The shock is along the Z direction.

3. Results and discussion

The GB migration in iron under shock has not been ob-
served in previous simulations, where the GBs only provide
nucleation sites for phase transformation, and even some GBs
can be directly transformed into HCP lattices.?*3] Due to the
fact that the stacking fault energy of iron is very high, the phe-
nomena of dislocation, stacking fault, slip and migration of
GB are not easy relatively to be observed in the shock simu-
lation. However, we recently discovered the migration of X3
[110] ATGB in iron bicrystal under shock.
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3.1. Evidence of GB migration

Phase transformation will be induced during GB migra-
tion when the piston velocity is 0.5 km/s. In order to study
the interaction between GB migration and phase transition, the
results with up, = 0.5 km/s are analyzed emphatically. Fig-
ure 2 shows the local morphology of the bicrystal at differ-
ent times (fixing visible window 70-170 nm along the Z axis)
with 0.5 km/s piston velocity. The GB is denoted by the white
atoms in the figure, and tends to move to the right. At about
28 ps, phase transition is induced in the region near the left
side of the GB during the GB migration. At about 32 ps, the
GB is no longer the boundary of two BCC grains, and the left
side of the GB is occupied by HCP atoms. Strictly, it can be
treated as an interface at this time, but the general interface
does not have such a layer of disordered atoms (white atoms).
Finally, the HCP phase propagates to the right along with the
GB.

20 ps

26 ps

28 ps

32 ps

+

(

Fig. 2. Atomic microstructure evolution of a shock-loaded iron bicrys-
tal sample containing asymmetry tilt £3 [110] grain boundary with the
0.5 km/s piston velocity. The visualization window is fixed at 70—
170 nm along the Z axis. Color code: HCP atoms (red), FCC atoms
(green), defect atoms denoting the GB atoms (white), and BCC atoms
(blue).

Although GB migration can be directly observed in mor-
phology figures at different times, it can also be verified by
means of tracing the GB at different times and the original GB
atoms. The O in Fig. 3 represents the original GB atoms, while
the N represents the new (actual) GB. When the shock wave
reaches the GB at about 23-24 ps, the Z coordinate of the N in
Fig. 3 begins to increase immediately. Since the shock wave
will cause the sample compressed along Z direction, the Z co-
ordinates of atoms will tend to increase slightly and gradually
(shock wave is from left to right end). This is why the Z co-
ordinates of O get larger slowly. The Z coordinate of N in-
creases, which indicates that the GB moves to the right. The
Z coordinate of O does not change too much, which indicates
that there is no jump for atoms, so the GB migration type is
shear-coupled.

138
136 —=-0

—o— N

134
132
130 |
128 -
126 -
124
122
120
118 L L L L L L L

Z/nm

Time/ps

Fig. 3. The evolution of Z coordinates of recorded atoms over time. O
represents the average coordinates of the initial grain boundary atoms,
and N represents the average coordinates of the grain boundary atoms
at each time.

Figure 4 shows the evolution of the shear stress (G, =
0;; — (0xc + 0yy) /2) profile of the shock-loaded sample with
up = 0.5 km/s in the position-time diagrams. The black dashed
line represents the location of GB. As shown in Fig. 4, the
stress wave reaches the GB at about 23-24 ps, which coin-
cides with the time when the GB begins to migrate in Fig. 3.
It is indicated that the GB moves immediately when the shock
wave reaches the GB, so the GB migration is very sensitive to
the shock wave. The shear stresses on both sides of the GB
are different after shock wave sweeps across the GB. The GB
migration should be closely related to the difference between
shear stresses on both sides of the GB. At about 28 ps, the
shear stress on the left side of grain boundary starts to decrease
due to the phase transformation.

32+ Shear stress/GPa

304

22-
50 100 150 200
Z/nm

Fig. 4. The position-time-shear stress diagrams for bicrystal shock-
loaded with up, = 0.5 km/s. The color coding is based on the shear
stress. The black dashed line is the GB position.

3.2. GB migration with different piston velocities

As shown in Fig. 5(a), the GB migration seems to be less
sensitive to the initial piston velocity, and the maximum ve-
locities of GB migration with different initial piston velocities
are almost the same. Particularly, the velocity of GB migration
reaches its maximum value quickly when the piston velocity
is 0.6 km/s, then there is a decrease stage. What causes the
decrease of GB migration velocity? As shown in Fig. 5(b), the
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shock wave (0.6 km/s) could induce the phase transition at the
left end of bicrystal, and there is a trough for the velocity pro-
file of the atoms along the Z direction (marked by dashed lines
in Fig. 5(b)) before the phase transition wave. The decrease
of the velocity wave corresponds to the decrease of the GB
migration velocity mentioned above. The velocity of GB mi-
gration with the 0.5 km/s piston velocity would also decrease
after about 28 ps. The induced phase transition at the same
time can be responsible for the decrease (the induced phase
transition would reduce the shear stress on the left side of GB
in Fig. 4).

2.0} (a)

1
20 22

1 1 1 1 1 1 1

24 26 28 30 32 34 36 38
Time/ps

0.8

(b)

= |

0.6 +
0.5 +
0.4+
0.3 +

Velocity /km-s~!

0.2 1
0.1}

—0.1 1 1 1 1
0 50 100 150 200 250

Z/nm

Fig. 5. (a) Evolution of GB migration velocity with different piston
velocities. (b) The velocity of atoms along Z direction and the micro-
morphology of the bicrystal with u, = 0.6 km/s at about 25 ps. The
color code is the same as Fig. 2.

3.3. Factors affecting GB migration

It was found that the migration of GB should be related
to the shear stress on both sides of GB. Figure 6 shows the
variation of the migration velocity of GB and the difference
between shear stress on both sides of GB with time. Their
change trends are almost the same, which proves that the dif-
ference between shear stresses on both sides of the GB has
a significant effect on the GB migration. The above simula-
tions correspond to shock waves from left to right. If the shock
wave sweeps from right to left, will the GB still migrate? What
about the direction of migration? In order to answer the ques-
tions, simulations are performed for the case that the shock
wave sweeps from right to left with the 0.3 km/s piston veloc-

ity. The atoms in the bicrystal tend to move slightly to the left
as shown in Fig. 7(a) because of the contrary shock direction
(the Z coordination of O decreases gradually), and the GB still
moves to the right (the Z coordination of O increases). Addi-
tionally, the phase transition also only occur on the left side of
the GB when the piston velocity is 0.5. Therefore, the shock
direction does not affect the movement direction of GB. Com-
pared with Fig. 4, Fig. 7(b) shows that the shear stress on both
sides of GB is different, regardless of the shock direction, and
the shear stress on the right side of GB is larger than that on the
left side. Therefore, the shock-induced shear stress difference

2.0
—m—velocity 412
—e— A shear stress l/.\' \/\'
— o—*
1.5} — ‘f
|}
7 18 %
o z
1.0 =
& £
AN 2
44 é‘
0.5 ®
<
O m. Il Il Il Il Il O
20 22 24 26 28 30 32
Time/ps

Fig. 6. Evolution of the grain boundary migration velocity and difference
between shear stress on both sides of grain boundary with up = 0.5 km/s.

140

| (a) —a—0
135} —N

130

Z/nm

125

120F

115

35

hear stress/GPa

I—1.900

1.100
4.100
7.100
10.10

.13.10

16.10
19.10
22.10

50 100 150 200
Z/nm

Fig. 7. (a) The evolution of Z coordinates of recorded atoms over time
when the shock wave is from right to left and up, = 0.3 km/s. O and N
are the same as Fig. 3. (b) The position—time—shear stress diagrams of
bicrystal, where the color coding is based on the shear stress.
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between both sides of GB is an important factor leading to GB
migration. The difference of lattice orientation on both sides
of GB is the reason for the difference of shear stress on both
sides of GB under shock, while one of characteristics of AT-
GBs is that the lattice orientations on both sides of GB are
different. This can explain the conclusion of Long ef al. that
migration of GBs occurs mainly in ATGBs.[!?!

As mentioned above, the GB migration begins between
about 23 and 24 ps when the piston velocity is 0.5 km/s. In
Fig. 8, there is almost no difference between the configura-
tions of the GB at 26 ps and the original GB (they are both
the planes). This indicates that there is no deformation of GB
or change of local configuration during GB migration. Due to
the appearance of phase transformation near the GB, the uni-
form propagation of the GB is broken, and the deformation of
the GB is induced (see Fig. 8). That is to say, the inhomoge-
neous growth of HCP phase would lead to the deformation of
the GB.

Fig. 8. Local atomic configuration near the GB selected at different
times with u, = 0.5 km/s, where the color code is the same as Fig. 2.

3.4. Dynamics of GB migration

The study of dynamics can help to reveal the mechanism
of GB migration. Figure 9 shows a group of atoms at differ-
ent times near the right of GB with u, = 0.5 km/s. Atoms 4,
5, and 6 are on the same layer (first layer), while other atoms
belong to another layer (second layer). The color code is the
same as Fig. 2. Figure 9(b) shows that the GB moves here
at about 25 ps. At that moment, the BCC lattice is converted
to the GB (Figs. 9(b) and 9(c). At about 25.6 ps (Fig. 9(d)),
the atoms are rearranged according to BCC lattice after leav-
ing of the GB. For the second layer atoms, we use atomic 1
as a reference system, atoms 2, 3, 7, and 8 move along the
[111]G; direction, others hardly move. Although both figures
9(a) and 9(d) correspond to the BCC lattice, the orientation re-
lationship between them is inconsistent. Figures 9(a)-9(d) are
equivalent to the original BCC lattice rotating at an angle with
fixing the X axis (in addition, figure 9(d) is compressed BCC
lattice under shock). At about 29.2 ps (Fig. 9(f)), the new BCC
is converted into HCP. The difference between Figs. 9(d) and
9(f) seems that only the first layer atoms move a little along the
Y axis. Because this region is very close to the GB, the phase
transition has not been induced when the GB moves here, so

the transformation process is original BCC lattice—GB—new
BCC lattice—HCRP lattice.

L O
[111]g,

(a)

Fig. 9. A group of atoms near the right side of the grain boundary with
up = 0.5 km/s at different times: (a) 0 ps, (b) 25 ps, (c) 25.2 ps, (d)
25.6 ps, (f) 29.2 ps. The color code is the same as Fig. 2. G2 means
grain 2.

Figure 10 shows a group of atoms at about 10 nm away
from the right side of GB at different times with u, = 0.5 km/s.
Because it is far away from the GB, the HCP phase on the left
side of the GB has grown up when the GB moves to this re-
gion. Therefore, in Figs. 10(b) and 10(c), there are not only
white atoms representing the GB, but also red atoms repre-
senting HCP. And there is no new BCC lattice that has been
formed. Finally, the GB propagates with the phase transition
(see Fig. 2), so the transformation is: BCC lattice—GB—HCP
lattice.

(a)

Fig. 10. A group of atoms at about 10 nm to the right of the GB with
up = 0.5 km/s at different times: (a) O ps, (b) 29.6 ps, (c) 29.8 ps, (d)
30.2 ps. The color code is the same as Fig. 2.

In order to investigate the mechanism of GB migration,
Lat-
tice constants are defined in the legend of Fig. 11. As shown

we would track the movement of the selected atoms.

in Fig. 11(a), a decreases slightly at 23-24 ps, which corre-
sponds to the lattice compression along the Z direction be-
cause the reach of shock wave (the connection of atoms 1 and
2 is approximately in the same direction as the Z axis, so a is
very sensitive to the compression caused by the shock wave).
At 24-26 ps, a decreases to about 0.6, b decreases to about
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0.85, and r increases to 1. It is exactly the process of BCC
lattice—GB—new BCC lattice (the distance between atoms 5
and 3 is exactly the same as that between atoms 1 and 3 in
Fig. 9(d), which corresponds to r = 1). Then, r decreases to
about 0.75 at 29 ps, corresponding to BCC—HCP transition.
At the same time, there is no change for a and b, indicating that
there is only slip (as mentioned above, the first layer atoms
move a little along the Y axis in Figs. 9(d)-9(f), there is no
change in the distances between atoms in the same layer). It is
well known that the BCC—HCP transition can be divided into
two stages: compression and slip. However, there is only slip
stage in the phase transition here, which indicates that the lat-
tice has been compressed to satisfy the requirement of phase
transition (it is enough for a reducing to about 0.6) during the
GB migration. Therefore, the lattice compression along the Z
axis (decrease of a) caused by GB migration can help to trig-
ger the slip to induce the phase transition. This can explain
why the phase transition only takes place on the left side of
the GB. However, the assistance of GB migration seems to be
limited, because the phase transition threshold of the sample
is not much lower than that of the single crystal. Figure 11(b)
is associated with Fig. 10. Unlike Fig. 11(a), » would not in-
crease to 1 (instead increase directly to 0.75), it corresponds to
the transformation in Fig. 10: BCC lattice—GB—HCP lattice.
Therefore, the dynamics of GB migration can be affected by
the phase transformation.

1.1L(a) —=—aq
) ——b
—A—T
3 1.0f
g
g
s 0.9
—
3
o
o 0.8F
o
£
T o7k
5 0.
0.6
20 22 24 26 28 30 32
Time/ps
—=—aq
LO-(b) —o—b
A7
o
5
T 0.9+
g
=)
g
2 0.8
I
5}
=
s 0.7F
3
0'6 i 1 1 1 1 1
24 26 28 30 32
Time/ps

Fig. 11. The change of lattice parameters with time when u, = 0.5 km/s.
The definition of lattice parameters a, b, r corresponds to Fig. 9(a) and
Fig. 10(b). Here a is the distance between atoms 1 and 2, b is the dis-
tance between atoms 1 and 3, ¢ is the distance between atoms 3 and 5,
d is the distance between atoms 1 and 5, and r is the ratio of ¢ to d. The
lattice parameters a and b are scaled.

It has been mentioned above that GB migration is bene-
ficial to phase transition, but it does not seem to have much
effect on the threshold of phase transition. Figure 12 shows
the evolution of lattice parameters of a group of atoms near
the right side of GB (the same atoms in Fig. 9) with pis-
ton velocity 0.3 km/s. The definitions of parameters are the
same as Fig. 11. There is no phase transition in the bicrys-
tal, so the transformation near the right side of the GB is:
BCC lattice—GB—BCC lattice. The changes of a, b, and
r in Fig. 12 are similar to those in Fig. 11(a) before 28 ps.
However, a decreases to about 0.65 instead of 0.6, because
the lattice compression with 0.3 km/s is smaller than that with
0.5 km/s. The degree of lattice compression does not satisfy
the need of slip, so there is no phase transition in the sample.
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Time/ps

Fig. 12. The variation of lattice parameters of atoms in Fig. 9 with time
when up = 0.3 km/s. The definitions of a, b, and r are the same as those
in Fig. 11.

4. Conclusions

We have investigated the shock-induced migration of X3
[110] ATGB in « iron bicrystal via NEMD simulations. We
observe the X3 [110] ATGB migration in iron bicrystal under
shock and the migration type is shear-coupled. The shock-
induced migration of £3 [110] ATGB would not change the
shapes and local structures of GBs without the effect of phase
transition. The migration of GBs seems to be less sensitive
to the piston velocity, and the maximum velocities of GB mi-
gration with different piston velocities between 0.3 km/s and
0.6 km/s are nearly the same. The shock-induced shear stress
difference between the two sides of GB is the key factor lead-
ing to GB migration, which can explain why migration of GBs
occurs mainly in ATGBs. In particular, the dynamics of GB
migration in iron is revealed firstly, and GB migration can help
induce the phase transition. Also, it has been found that the
phase transformation near the GB would change the shape and
migration mechanism of GBs.
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