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The shear-coupled grain boundary (GB) migration in bicrystal Ni with metallic dopant segregation was
investigated by the molecular dynamics simulations. Different from the approximately linear relation

of the GB migration of pure bicrystal Ni with the nominal shear strain, the curve of doped bicrystal Ni

can be divided into three stages. The threshold strain, saturated strain, and saturated GB migration
displacement can be used to characterize them. They are considerably affected by the Cr concentration in
GB, temperature, and dopant type. The higher the dopant concentration is or the lower the temperature
is, the greater the resistance to GB migration is. Cu dopant induces the greatest resistance, Cr and Fe
dopants have great effect on the GB migration, but Co has almost no influence. All these hindering effects
can be explained from the variation of the number of pinning points induced by the dopant atoms in GB.

Grain boundaries (GBs) have a great influence on the mechani-
cal properties of materials. The increase of GBs in volume
content can improve strength and hardness of nanocrystalline
materials [1-3], so grain refinement becomes a powerful tool to
design materials with superior mechanical properties and per-

formance. On the other hand, nanocrystalline materials gener-

an obvious increase in the strength of nanocrystalline [15,
16] and nanocomposites [17] and improvement in the creep
resistance of metallic materials [18, 19]. As a kind of interfacial
phase transition, the GB complexions were studied by doping
Ag in Cu [20], Ni in Mo [21], and Zr and Ag in Cu [22]. The
GB complexions were found to play a complicated role in the

creep behavior of materials [23]. In addition, different metal-

ally have poor thermal stability, because high GB energies would lic dopants were also found to have different effects on the GB E;
provide the driving force for grain growth [4-6]. As a result, the embrittlement of Mo [24]. g
advantages from high GB volume content possibly disappear as Shear-coupled GB migration, as a mechanism of grain g
the grains grow up growth, was studied theoretically [25-27] and numerically =
GB structures can be stabilized by alloying nanocrystal- [28-34]. Wan et al. [29] investigated the shear response of the g
line materials 7, 8]. The high temperature stability of nano- 29<110> {221} symmetric tilt GB in face-centered-cubic (FCC) g
structured W-Ti alloy was demonstrated to be substantially metals Cu, Al, and Ni by atomistic simulations and observed K
enhanced [9]. It is worth noting that alloying atoms are easily the elementary structure transformations during GB migration. .
segregated into GBs and GB segregation can lead to structural Furthermore, the GB migration in nanocrystalline materials can 2
transformation inside GBs. Much attention was paid to the be much more complicated due to the pinning effect of triple
experimental investigations of GB segregation in Ni [10-14]. junctions [33, 34]. 'é
It was found that GB segregation can lead to intermediate tem- Segregating dopants in GB could retard GB mobility [35-37] 2

perature embrittlement [13], introduce a new mechanism of
high temperature stability [14], and control grain size by dop-
ing content [10]. Molecular dynamics (MD) simulations have
been also used to study significant effects of GB segregation on
material properties. For example, GB segregation can induce

©The Author(s), under exclusive licence to The Materials Research Society 2021

and inhibit the shear-coupled GB migration [38, 39]. It is not
clear how GBs are hindered and how GB structures evolve dur-
ing migration affected by dopant segregation. Atomic-scale
observations of GB migration behavior via MD simulations can
help to answer above questions. In this paper, the GB migration
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behaviors of bicrystal Ni with different types and concentra-
tions of dopant atoms are simulated at different temperatures,
monotonically increasing shear strain. The underlying physi-
cal mechanism, by which the dopant segregation inhibits GB
migration, as well as the effects of dopant atom type, concentra-

tion, and temperature, is investigated.

Characteristic parameters

In order to investigate the migration behavior quantitatively, the
GB migration displacement versus nominal shear strain curve
for 10 at.% Cr-doped bicrystal Ni is plotted in Fig. 1 by a solid
line. For comparison, the migration displacement curve of pure
bicrystal Ni is also plotted in Fig. 1 by a marked line.

It can be seen that the pure Ni curve is always approximately
linear but the 10 at.% Cr-doped Ni curve obviously has three
stages. In stage I with shear strain less than 5.5%, the 10 at.%
Cr-doped Ni curve overlaps almost exactly with the pure Ni
curve. It indicates that Cr dopant has very little impact on GB
migration in this case. In stage I with shear strain from 5.5 to
17%, the curve slope is reduced. This indicates that GB migra-
tion is hampered. The curve is separated from the pure Ni curve
although it can also be approximately described with a linear
relationship, as shown in Fig. 1 by a dotted line. The shear strain
at the start point of stage II can be called the threshold strain
Y- Only when the shear strain is larger than it, does Cr dopant
have effect on the GB migration. Finally, when the shear strain
is larger than 17%, the 10 at.% Cr-doped Ni curve enters stage
III and its GB migration displacement reaches saturation. Thus,
the shear strain at this point and its corresponding migration

displacement can be called saturated shear strain and saturated

40 T T T

35 | = Pure bicrystal Ni o
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GB migration displacement (A)

Nominal shear strain (%)

Figure 1: GB migration displacement versus nominal shear strain curves
for pure bicrystal Ni and 10 at.% Cr-doped bicrystal Ni.
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GB migration displacement, respectively. They are denoted as
s and dg, respectively. The two segment points are indicated by
the solid and dotted arrows in Fig. 1, respectively.

To reveal the physical mechanisms hiding behind the afore-
mentioned phenomena, some questions need to be clarified. (1)
Why can dopant segregation pin the GB? In fact, it was found
early that dopant segregation could reduce the GB energy and
enhance the GB cohesion to strengthen the migration resistance
of the GB near dopants [7, 40-42]. As a result, only when doped
atoms are gathered locally to a certain degree, the GB near them
would be pinned. (2) Why does there exist a threshold effect
in the hindering effect of Cr dopants? Fig. 2a and b show the
GB atomistic configuration at 5.5% shear strain for the pure
and doped bicrystals, respectively. It can be seen that the GB
is kept in order in the pure bicrystal during migration but two
pinning points A and B form where the dopant atoms gather in
the doped bicrystal. The GB segments in the both sides of A and
B become disordered or change their elementary structures, as
marked by the dotted ellipses in Fig. 2b. Since GB migration is
achieved through the transformation of elementary structural
units [25, 29, 31], the length of disordered GB can be used to
indicate the magnitude of the resistance to migration. Only
when this length accumulates to a certain proportion, the hin-
drance to GB migration becomes significant, which the thresh-
old strain corresponds roughly to this proportion. From Fig. 1,
it also proves that the dopants do not hinder the GB to migrate
when the disordered GB is shorter than that corresponding to
the threshold strain. (3) Why do the dopants hinder the GB to
migrate in stage II? Fig. 2c shows the GB atomistic configura-
tions at 10% shear strain for the doped bicrystal. The GB dis-
ordered segments become longer with increasing shear strain
when the shear strain is larger than the threshold strain. As a
result, the GB migration behavior becomes more difficult to
occur. (4) Why does the GB migration reach saturation in stage
III? Fig. 2d shows the GB atomistic configurations at the satu-
rated strain for the doped bicrystal. The GB segment between A

(a) 5.5% Pure
(0)5.5% — = e Cr-doped
N S |EE] — e

© 10% — g —

(d) 17%, s

e N - == S Cr-doped

B S — B e —

Figure 2: GB atomistic configurations at nominal shear strain of (a)
5.5% for the pure bicrystal Ni and (b) 5.5%, (c) 10%, and (d) 17% for the
Cr-doped bicrystal Ni.
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and B completely becomes disordered, so that it stops migrat-
ing. In other words, the GB migration starts to saturate at this
moment.

The dopant atoms hinder the GB to migrate when they get
together to form the pinning points in the GB. Figure 3 shows
the GB atomic configuration evolution around pinning point A
with the shear strain increasing from 2.4 to 6.2%. In Fig. 3a, for
shear strain of 2.4%, a GB disconnection occurs firstly at point
A due to some dopant atoms gathering here. GB disconnections
are topological defects with step and dislocation characteris-
tics constrained to crystal interface [43]. Their nucleation and
motion are important mechanisms of shear-coupled GB migra-
tion [44, 45]. However, the disconnection at point A cannot
move and begins to stop the transformation of nearby structural
units due to pinning. With increasing shear strain, more GB
disconnections pile up near point A and more structural units
cannot be transformed. As a result, the length of the disordered
GB segment increases from 8 A in Fig. 3b to 30 A in Fig. 3¢, 49 A
in Fig. 3d, 62 Ain Fig. 3e, and 72 Ain Fig. 3f, when the shear
strain increases from 2.6 to 3.3%, 4.5%, 5.2%, and 6.2%. In the
meantime, the number of |EE| structural units outlined is gradu-
ally decreased. The impact of the pinning point on GB migration
is generally similar to that of the triple junctions making the GB
from order to disorder [33].

() 2.4%

The threshold strain yy,, the saturated strain y; and the satu-
rated migration displacement d, can be treated as the character-
istic parameters for the GB migration behavior in doped bicrys-
tal Ni. And they could also be affected by dopant concentration,
temperature and dopant type [38].

Effect of dopant concentration

To investigate the effect of dopant concentration on the GB
migration behavior, the Cr concentration in the GB was
changed from 0 to 20 at.% with an increment of 2 at.%. In the
range of 20% shear strain, all the GB migration curves for the
Cr concentration cases of 2 at.%, 4 at.% and 6 at.% overlap
with that of pure Ni bicrystal, and the 14% at.% and 18 at.% Cr
concentration cases have GB migration curves similar to the
16 at.% Cr concentration case. For clarity and brevity, Fig. 4
only plots the GB migration displacement versus nominal
shear strain curves for the seven cases with Cr concentration
of 0, 4 at.%, 8 at.%, 10 at.%, 12 at.%, 16 at.% and 20 at.%.
Apparently, the 4 at.% Cr concentration curve nearly coincides
with the pure Ni curve, which means that the GB migration is
hardly affected by Cr concentration when it is lower. When the
Cr concentration reaches 8 at.%; however, the curve starts to
separate from the pure Ni curve at 14% shear strain and enters
into stage II of GB migration. Therefore, 14% can be regarded

(b) 2.6%

Figure 3: GB atomic configurations near pinning point A in the doped bicrystal for shear strains of (a) 2.4%, (b) 2.6%, (c) 3.3%, (d) 4.5%, (e) 5.2%, and (f)

6.2%.
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Figure 4: GB migration displacement versus nominal shear strain curves
for different Cr concentrations in GB.

as the threshold strain for the 8 at.% Cr concentration bic-
rystal. When the Cr concentration increases to 10 at.%, the
threshold strain reduces to about 5.5% and the GB migration
displacement saturates at about 17% shear strain. When the
Cr concentration is 12 at.%, the threshold strain and saturated
shear strain are about 3% and 10.5%, respectively. When the
Cr concentration further increases to 16 at.%, the threshold
strain and saturated shear strain reduces to about 1.5% and
3.5%, respectively. Finally, when the Cr concentration reaches
20 at.%, the two segment points are about 1.5% and 2.5%,
respectively. They have been very close to each other. It should
be pointed out that it is difficult to separate the migration
curves into three regions exactly, so the above parameters of
the segment points are approximate.

It is noted from Fig. 4 that the GB migration is not ham-
pered for the 4 at.% Cr concentration case and there is no
saturation stage for the 8 at.% Cr concentration case. In order
to check if they are due to too small shear strain, both the two
cases were calculated and these phenomena can be kept until
the shear strain reached 30%.

To quantify the effect of Cr concentration, Fig. 5 plots
the variations of the threshold shear strain, saturated shear
strain and saturated GB migration displacement with the
Cr concentration. It can be seen that all of them decrease
monotonically as the Cr concentration increases, and their
rates are rather high in the low Cr concentration zone,
and then slowed down in the rest. In addition, the spacing
between the saturated shear strain and the threshold shear
strain rapidly decreases with increasing Cr concentration.
This means that the higher the Cr concentration in GB is,
the greater the GB migration resistance is. The relations

of the threshold shear strain, saturated shear strain and
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Figure 5: Variations of the threshold shear strain, saturated shear strain,
and saturated GB migration displacement with the Cr concentration.

saturated GB migration displacement with the Cr concen-

tration are fitted as follows,

179 O
Yh = e a0
3524 @)
= s
36.77
d =
ST c—82 3

where ¢ represents the Cr concentration in GB. They indicate
that only when the Cr concentration is higher than about 6.721
at.% can the GB migration be hindered, and only when the Cr
concentration is higher than about 8.2 at.% can the GB migra-
tion reach saturation. When the doped concentration is smaller
than 8.2 at.%, the degree of gathering of doped atoms in GB
is too low to form the pinning able to reach GB migration
saturation.

In order to analyze the internal mechanism of the influence
of Cr concentration on GB migration, the GB atomic configu-
rations at 14% shear strain are shown in Fig. 6a—e for different
Cr concentrations in GB, respectively. The horizontal lines in
the figure represent the initial position of the GB. While the
GB in Fig. 6a remains flat and orderly, one and three pinning
points are formed as marked by the dotted ellipses in Fig. 6b and
¢, respectively. It can be seen that more pinning points appear
when the Cr concentration increases to 16 at.% and 20 at.%, as
shown in Fig. 6d and e. In general, the more the pinning points
are, the longer the total length of disordered GB segments is,
the greater the resistance to GB migration is. As a result, a GB
with higher Cr concentration has a less threshold strain, a less

saturated strain and a less saturated migration displacement.
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Figure 6: Configurations at the shear strain of 14% for Cr concentrations
of (a) 4 at.%, (b) 8 at.%, (c) 12 at.%, (d) 16 at.%, and (e) 20 at.% in GB.

The effect of temperature

To evaluate the effect of temperature on GB migration, the Cr
concentration in GB was kept at 10.at % but the temperature
was changed from 1 K, to 10 K, 20 K, 50 K and 100 K. The
shear-induced GB migration simulations were performed. The
migration displacement versus nominal shear strain curves
are plotted in Fig. 7 for different temperatures. It can be seen
that the 50 K and 100 K curves are approximately linear within
the scope of 20% shear strain, but when the temperature is
less than 20 K, the bifurcation begins. The threshold strain at
the segment points increases gradually with the temperature
increasing from 1 to 20 K. When the temperatures are 1 K
and 10 K, the GB migration saturates at about 15.5% and 17%
shear strain, respectively. They indicate that the higher the
temperature is, the less the hindering effect of dopant seg-
regation is.

The effect of temperature on GB migration is realized by the
influence on the number of pinning points. As the temperature
increases, the number of pinning points in the models decreases
due to thermal activation. The atomistic configurations at shear
strain of 6% and temperatures of 1 K, 10 K, 20 K and 50 K are
shown in Fig. S1 in the Supplementary Material. As a result, the
higher the temperature is, the less resistance to GB migration is.
It is worth noting that this trend should be applicable, though

the temperature range selected here is small.
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Figure 7: GB migration displacement versus nominal shear strain curves
of the 10 at.% Cr concentration model for different temperatures.

The effect of metallic dopant type

In order to evaluate the effect of metallic dopant type on GB
migration, some simulations were also performed on the Fe,
Cu, and Co dopant models. The dopant concentration was kept
at 10 at.% and 20 at.%, respectively, and the temperature was at
10 K. Figure 8a and b show their GB migration versus nominal
shear strain curves for 10 at.% and 20 at.% dopant concentra-
tion, respectively. For comparison, the curves of the 10 at.% and
20 at.% Cr dopant models and the pure Ni model are also given
in this figure. It can be seen that the 10 at.% and 20 at.% Co
dopant models have curves nearly coinciding with the pure Ni
curve, while the GB migration is inhibited to different degrees
for all the other dopant models. For 10 at.% dopant concentra-
tion, the threshold shear strains corresponding to Cu, Cr and Fe

dopant models are about 2%, 5.5% and 7%, respectively. Thus,
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Figure8: GB migration displacement versus nominal shear strain curves
for (a) 10 at.% and (b) 20 at.% dopant concentrations.
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the Cu dopant model has the greatest resistance, and the Cr
dopant model has larger resistance than the Fe dopant model.
However, when the dopant concentration reaches 20 at.%, all the
Cu, Cr, and Fe dopant models are saturated in the GB migration
almost from the beginning.

The GB segregation of doped atoms in Ni has been studied
using first principles [46-50]. It was found that the GB segrega-
tion of doped atoms can strengthen the GB [46]. In general,
the segregation tendency is closely related to the size mismatch
between the dopant and host atoms [47, 48]. The interactions
between the dopant and host atoms would lead to different posi-
tive heat of mixing. Doped atoms of different types have differ-
ent atomic sizes. The heat of mixing between Cu and Ni atoms
is much larger than that between the other three types and Ni
atoms [51]. The influence of dopant atoms on GB motion can
be attributed to the difference of mixing heat [38, 52]. Therefore,
the hindering effect of doped Cu on GB motion is much more
significant.

To reveal how the type of dopant atoms influences the GB
migration behavior, the atomistic configurations of the 10 at.%
Fe, Cr, Cu, and Co dopant models at shear strain of 6% and
temperature of 10 K are shown in Fig. S2 in the Supplementary
Material, respectively. In general, different doped atom types will
affect the number of pinning points, and then affect its hindering

effect on GB motion.

The shear-coupled GB migration in bicrystal Ni with metallic
dopant segregation was simulated using the molecular dynamics
method. The following conclusions are obtained.
(1) Different from pure bicrystal Ni, the GB migration
in Cr-doped bicrystal Ni can be separated into three
stages. The GB migration is hindered in stage I and
eventually reaches saturation in stage III. The threshold

strain, saturated strain and saturated GB migration

displacement can be used to characterize the GB migra-
tion behaviors of Cr-doped bicrystal Ni.

(2)  All the Cr concentration in GB, temperature and
dopant type have considerable effects on the GB migra-
tion in bicrystal Ni with metallic dopant segregation.

A higher dopant concentration or lower temperature
leads to a greater resistance to GB migration. Among
Cr, Fe, Cu, and Co dopants, Cu dopant induces the
greatest resistance, but Co does the least.

(3) All the effects of Cr concentration in GB, temperature
and dopant type on the GB migration in bicrystal Ni
with metallic dopant segregation can be attributed to
the variation of the number of pinning points induced

by the dopant atoms in GB.

A quasi-three-dimensional atomic model of bicrystal Ni was
created with a horizontal £9 <110 > {221} symmetric tilt GB in
its middle. A Cartesian coordinate system was given with X, Y,
and Z axes in the [114], [22 I] and [I 10] directions. The model
has outline dimensions of 493 A, 140 A and 20 A along the X,
Y, and Z directions, respectively.

To quantitatively study the effect of GB segregation on
migration behavior and avoid the effects of intragranular doped
atoms, atoms at GB were randomly replaced by the doped atoms
with concentrations from 0 to 20 at.%. Then the models were
relaxed at 300 K for 100 ps to achieve both mechanical and
chemical equilibrium. Subsequently, the models were slowly
dropped to the desired temperature and relaxed for another
100 ps. Figure 9 shows the relaxed configuration of the Ni bic-
rystal model doped with 10.at % Cr atoms in the GB at 10 K.
It can be seen from the enlarged subgraph of Fig. 9 that the
elementary structure of GB is not broken after the Cr atoms
are doped. To eliminate local effect of data statistics, five areas
with 80 A spacing in the GB, shown with the boxes in Fig. 9, are

AR R R

Figure 9: Bicrystal Ni model doped with 10 at.% Cr atoms in GB.
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Figure 10: GB migration displacement versus nominal shear strain curves
of pure bicrystal Ni for two different potentials.

selected and their average Y coordinate variations were captured
as the GB migration displacement.

All the MD simulations were performed by using the large-
scale atomic/molecular massively parallel simulator (LAMMPS)
package [53] with an integration time step of 1 fs. An embedded
atom method (EAM) potential [51] was used to describe the
Ni-Ni, Ni-Cr, Ni-Co, Ni-Cu and Ni-Fe interactions. To check
whether this potential is suitable for describing GB migration
behavior well, it was compared with another commonly used
potential for Ni [29, 33, 34, 54, 55] through simulating the shear-
coupled GB migration of pure bicrystal Ni. As shown in Fig. 10,
their GB migration displacement curves are very consistent. It
reveals that the EAM potential is reliable.

Several layers of atoms in the top of the upper grain and
in the bottom of the lower grain are set as two loaded slabs.
A monotonically increasing shear strain with a strain rate of
2x10® s™! was applied in the X direction by moving the upper
slabs. The canonical NVT ensemble with a constant number
of atoms, volume and temperature [20, 33, 34, 52, 55] was
employed in the simulations. It can eliminate the volume change
effect during loading.

The three-dimensional visualization software OVITO [56]
was used to visualize the calculation results. The common
neighbor analysis method [57] was used to identify the atomic
configurations. All the atoms were colored according to their

configurations.
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