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Abstract. A model is suggested that describes collective migration of two neighboring low-angle
tilt boundaries in nanocrystalline metals under fatigue loading. Within the model, low-angle tilt
boundaries are considered as the walls of edge lattice dislocations, while the triple junctions that
terminate these boundaries contain wedge disclinations that accommodate the stress fields
created by the dislocation walls. The simulation using the method of two-dimensional dislocation
dynamics for the case of nanocrystalline Fe, revealed various migration modes of tilt boundaries
under fatigue loading. These include the reversible migration of tilt boundaries, their split as well
as their motion to adjacent high-angle grain boundaries and subsequent coalescence with
these boundaries. The simulations demonstrate that the mode of boundary migration is
determined by the level of the applied load and explain the recent observations of the reversible
grain lattice reorientation near a crack tip in a nanocrystalline Ni-Fe alloy under fatigue loading.

1. INTRODUCTION

ticular, Cheng et al. [33] observed reversible plastic
deformation associated with reversible grain lattice
It is known that the unique mechanical properties of
reorientation near a crack tip in an NC Ni-Fe alloy
nanocrystalline (NC) metals and alloys are influunder fatigue loading. They also observed the multienced by the plastic deformation mechanisms opple transformations of high-angle GBs into low-anerating in these advanced materials [1-10]. In pargle ones or their complete annihilation resulting in
ticular, in parallel with conventional lattice dislocagrain growth. It is natural to assume that both these
tion slip and deformation twinning, grain boundary
processes are associated with the collective migra(GB) deformation modes significantly contribute to
tion and interactions of GBs. Also, the study [34]
plastic deformation of NC metals; see, e.g., [1-10].
theoretically described the process of collective GB
At the same time, as in the case of thermally actimigration during plastic deformation of NC materivated GB migration, their stress-driven athermal
als under a constant load. The authors of ref. [34]
migration can lead to grain growth and, as a consedemonstrated, in particular, that at high enough valquence to the degradation of mechanical or funcues of the applied load collective GB migration can
tional properties of the material [11-34].
result in grain growth or nucleation of new
Recently, a number of papers have been devoted
nanograins. However, the theoretical model [34]
to the study of GB migration and grain growth in NC
does not describe the process of reversible grain
metallic materials [11-20, 24-26, 28, 31-47]. In parlattice reorientation in NC solids under fatigue loadCorresponding author: Ya.V. Konakov, e-mail: for-rams@yandex.ru
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Fig. 1. Collective migration of low-angle GBs in a nanocrystalline metal under fatigue loading. (a) A twodimensional model fragment of a nanocrystalline metal specimen consisting of a group of three square
grains G1, G2 and G3 surrounded by high-angle GBs EG, GH, HF and FE and separated by low-angle
GBs AB and CD. (b) and (c) Low-angle tilt boundaries AB and CD migrate under the action of a positive (b)
or negative (c) resolved shear stress . (d) After unloading, low-angle tilt boundaries return to their initial
positions.

ing. The aim of the present paper is to construct a
model of athermal collective migration of two parallel low-angle GBs in NC metals under fatigue loading, to reveal various migration modes of these GBs
(resulting, in particular, in reversible grain lattice
reorientation or grain growth) and to approximately
compute the critical parameters of the operation of
a particular GB migration mode.

2. MODEL
Let us consider a model fragment of a nanocrystalline metal specimen consisting of three
square grains G1, G2 and G3 separated by two lowangle tilt boundaries AB and CD (Fig. 1). The grains
G1 and G3 are bounded from the left and right, respectively, by the high-angle GBs EF and GH (Fig.
1). In the initial state, the length of the GBs AB,
CD, EF, GH and the distances EA, AC, CG, FB,
BD and DH are equal and denoted by L. Within our
model we consider tilt boundaries AB and CD as
regular walls of edge perfect dislocations with opposite-sign Burgers vectors b and -b (see Fig. 1).
The low-angle GBs AB and CD are characterized
by tilt misorientations 1 and 2, respectively, which
are related to the periods h1 and h2 of the dislocation walls AB and CD, respectively, by the relation:
tan(k/2) = b/(2hk), where k = 1,2. We assume that
the triple junctions A, B, C and D of the GBs are
balanced and contain wedge disclinations of
strengths -1, 1, 2 and -2, respectively (Fig. 2),
which are related to misorientation angles 1 and 2

Fig. 2. Geometry of low-angle tilt boundaries AB
and CD.
of the GBs AB and CD by the relation k = k
(k = 1,2).
Next, we consider the situation where the
nanocrystalline solid is under the action of a uniaxial
fatigue load, which creates an alternating resolved
shear stress  in the (x, y) plane, as shown in Fig.
1. We also focus on the case where each loading
cycle involves a period of constant uniaxial loading
and a period of unloading, when loading is absent.
As a result, the resolved shear stress  acts in the
(x, y) plane with a constant duration at regular intervals. Then, if the resolved shear stress  is high
enough, the dislocations composing the low-angle
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tilt boundaries AB and CD can both migrate under the action of the applied shear stress  during the periods
of loading and in some cases move backwards during the periods of unloading.
To describe the migration of GBs AB and CD under the action of the applied shear stress , we will use
the method of two-dimensional dislocation dynamics in solids [48-51]. For simplicity, we assume that the
process under consideration occurs at low homological temperatures and that the effects associated with
thermally activated GB migration are absent. In the framework of the approach used, we will assume that
each of the dislocations that compose the migrating GBs can move only along one slip plane (along the xaxis in Fig. 1). (In this case, if the dislocations of the boundaries AB and CD are on the same slip plane,
their annihilation is possible if during the migration they approach each other.) Such one-dimensional dislocation motion can be expressed by the dependences xi(t), where xi is the coordinate of the i-th dislocation
(i = 1,...,N), N is the total number of the dislocations in the walls AB and CD, and t is time. Also, we denote
the number of the dislocations in the dislocations walls AB and CD as N1 and N2, respectively, so that for the
dislocations of the GB AB, i = 1,…,N1, while for the dislocations of the GB CD, i = N1+1,…,N1+N2
(N1 + N2 = N). Finally, we assume that the dislocations of the migrating boundaries AB and CD, reaching
high-angle boundaries, are absorbed by them, and can no longer move.
To simulate this one-dimensional dislocation motion, we have to calculate the projection Fi on the x-axis
of the resultant force exerted on the i-th dislocation by the shear stress , the disclinations in the triple
junctions of the GBs, and the other dislocations. In the periods when there is no external stress, the motion
of dislocations occurs solely as a result of their interaction with other defects of the system under consideration. Thus, in the approximation of an elastically isotropic solid with the shear modulus G and Poisson’s
ratio , the projection of total force Fi acting on the i-th dislocation can be expressed as follows:
Fi = bi + F0 during loading and Fi = F0 during unloading, where bi = b for i = 1,…,N1, bi = -b for
i = N1+1,…, N,
N

Fi  bi   D  bi bk

( x i  x k )[( x i  x k )  ( y i  y k ) ]
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(1)

D = G/(2(1-)), and (xi,yi) are the coordinates of the i-th dislocation. In this case, yi = h1(i-1/2)-L/2 for i =
1,…,N1, and yi = h2(i-1/2)-L/2 for i = N1+1,…, N. The first term in Eq. (1) characterizes the total force exerted
on the i-th dislocation by the other dislocations of the migrating GBs AB and CD. The second and third
terms represent the total force of the interaction of the i-th dislocation with the disclinations in the triple
junctions A, B, C and D.
The equations of dislocation motion have the following form [48]:
2

m

d xi
dt

2



dx i
dt

 Fi ,

i  1,..., N,

(2)

where  denotes the viscosity coefficient, m is the dislocation mass defined [48] as m = b2/2, and  is the
density of the material.

3. RESULTS AND DISCUSSION
Using Eqs. (1) and (2), we simulated the collective migration of two low-angle tilt boundaries under fatigue
loading in nanocrystalline Fe. The following material parameters characteristic of Fe were used for the
calculations: G = 84 GPa,  = 0.29, b = 0.287 nm,  = 7850 kg.m-3. We also put 1 = 5º, 1 = 4.15º, L = 98.7
nm and  = 5.10-5 Pa.s [51]. The simulations incorporated a sequence of loading and unloading periods.
During the simulation, in each loading or unloading period, dislocation motion stops when all the dislocations have reached either high-angle GBs or their equilibrium positions and then resumes when loading is
replaced by unloading or visa verse.
Using the above simulation procedure, we calculated the profiles of low-angle GBs during the migration
process at different values of the periodically acting shear stress . In the case  > 0, where the GBs AB and
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Fig. 3. The profiles of the migrating low-angle GBs in the first migration mode, for  = 1.2 GPa. (a) During
loading, the migrating GBs reach their equilibrium positions. (b) Upon unloading, the GBs return to their
initial equilibrium positions. Here and in the following figures the red dots specify the dislocations with the
Burgers vector b (that initially compose the GB AB) while the blue dots depict the dislocations with the
Burgers vector -b (that initially compose the GB CD).
50

CD migrate towards each other during loading, we
revealed four characteristic migration modes. In the
first mode (Fig. 3a), the two low-angle GBs during
the stress driven migration move towards each other
during loading but do not reach each other. In this
mode, all the dislocations composing the migrating
GBs move to their equilibrium positions (Fig. 3a).
This mode is realized at relatively low values of .
When the applied stress disappears, both low-angle GBs return to their initial positions (Fig. 3b).
Let us denote the average distances traversed
by the dislocations of the GB AB and CD during
loading as S1 and S2, respectively. The dependences
of S1 and S2 on the resolved shear stress  are presented in Fig. 4. This figure demonstrates that S1
and S2 increase with . As a result, at high enough
values of , the sum average migration distance
S1+S2 becomes close to the initial spacing L between the low-angle GBs. In this case, if all or some
dislocations of the GBs AB and CD are on the same
slip planes, the dislocations located on the same
slip planes can annihilate. (This case is trivial and
we will not consider it in the following.) In contrast,
if all the dislocations of the GBs AB and CD lie at
different slip planes, some of the moving dislocations pass through the walls of opposite-sign dislocations and move to high-angle GBs (Fig. 5a).
Thus, with an increase of the shear stress, a
transition from the first to the second migration mode
takes place (Fig. 5a). The second migration mode
is characterized by the passage of a part of moving
dislocations to the right and left high-angle GBs. In
this mode, the remaining moving dislocations reach
equilibrium positions (Fig. 5a). After unloading, the
latter tend to return to their initial positions (Fig.
5b). In some cases, in subsequent loading periods,
new dislocations can move to high-angle GBs (Fig.
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Fig. 4. The dependences of the average dislocation migration distances S1 and S2 on the shear
stress .

5c). However, after several cycles of loading, new
dislocations do not reach high-angle GBs any more
and move back and forth during the loading and
unloading periods.
The average migration distances S1 and S2 (defined as the average distances between the positions of dislocations after the loading period of the
p-th loading cycle and their initial positions before
the first loading cycle) passed by the dislocations
of the GB AB and CD, respectively, as functions of
the number p of the loading cycles are plotted in
Fig. 6. Figure 6 demonstrates that S1 and S2 first
increase with p and then, after several loading cycles, approach constant levels.
With a further increase of the shear stress, the
third migration mode is realized (Fig. 7). In this mode,
during the migration, low-angle GBs penetrate each
other. After that the fragmentation of the GB with
the lower misorientation occurs. As a result, this
GB is divided into three segments. The central segment, attracted by the GB with the greater
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Fig. 5. The profiles of the migrating low-angle GBs in the second migration mode, for  = 1.7 GPa. (a) Upon
loading in the first loading cycle, all the dislocations reach their equilibrium positions or high-angle GBs.
(b) Upon unloading in the first loading cycle, all the dislocations not absorbed by high-angle GBs return to
their initial positions. (c) Upon loading in the fourth loading cycle, the profiles are nearly the same as after
loading in the first loading cycle.
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Fig. 6. Average dislocation migration distances S1
and S2 in the second migration mode as functions
of the number p of loading cycles, for  = 1.7 GPa.

misorientation, begins to move in the opposite direction (to the right) until its dislocations reach their
equilibrium positions. The remaining dislocations of
the migrating GBs under consideration reach highangle GBs (Fig. 7a). After unloading, the central
segment of the split GB migrates to the right highangle GB (Fig. 7b). As a result, all the dislocations
of the migrating GBs are captured by the high-angle GBs, and the grains G1, G2 and G3 are united
into one.

With a further increase of the resolved shear
stress t, the transition occurs from the third to the
fourth migration mode. In the fourth migration mode,
both low-angle GBs pass through each other and
reach high-angle GBs (Fig. 8). Like the third migration mode, in this situation, the three grains under
consideration (G1, G2 and G3) unite into one.
Now consider the case  < 0, when the low-angle GBs AB and CD migrate away from each other
during loading. As in the case  > 0 examined above,
for not too high absolute values of , both GBs migrate there and back during loading and unloading,
respectively (Fig. 9). (We denote such reversible
GB motion as the fifth migration mode.) With an
increase of the absolute value of the shear stress ,
the transition to the sixth migration mode occurs,
which is characterized by migration of the low-angle GB with the lower misorientation to the nearest
high-angle GB. In this mode, the dislocations of the
second low-angle GB reach their equilibrium positions (Fig. 10a). After unloading, this GB tends to
return to its initial position (Fig. 10b), and its dislocations reach new equilibrium positions near the
initial positions before the migration. Thus, with the
successive emergence and disappearance of the
applied load, this mode is characterized by the coa-
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Fig. 7. The profiles of the migrating low-angle GBs in the third migration mode, for  = 2.7 GPa. (a) Upon
loading, the low-angle GBs pass through each other. Then the GB with the higher misorientation approaches a high-angle GB and merges with it. The GB with the lower misorientation splits, and its upper
and lower parts approach a high-angle GB and merge with it, while its central fragment reaches its equilibrium position. (b) Upon unloading, the central fragment of the split GB with the lower misorientation
approaches the nearest high-angle GB and merges with it.
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Fig. 8. The profiles of the migrating low-angle GBs
in the fourth migration mode, for  = 2.8 GPa. Upon
loading, the GBs pass through each other and then
move to the nearest high-angle GBs and merge with
them.
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Fig. 9. Typical profiles of the migrating low-angle
GBs in the fifth migration mode, for  = -0.5 GPa.
During loading, the migrating GBs reach their equilibrium positions.
lescence of the GB with the lower misorientation
with the nearest high-angle GB and the reversible
migration of the GB with the higher misorientation.
At  < 0 and the highest absolute values of , the
seventh migration mode is realized. In this mode,
both low-angle GBs reach the nearest high-angle

Fig. 10. The profiles of the migrating low-angle GBs
in the sixth migration mode, for  = -1 GPa. (a)
Upon loading, the GB with the lower misorientation
moves to the nearest high-angle GB and merges
with it, while the GB with the higher misorientation
migrates to its equilibrium position. (b) Upon unloading, the GB with the higher misorientation returns to its initial position.

GBs (Fig. 11). This migration mode is analogous to
the fourth migration mode. The sixth and seventh
regimes are realized at significantly lower absolute
values of the shear stress  than the fourth migration mode. This is related to the weaker attraction
of the dislocations of different migrating low-angle
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Fig. 11. The profiles of the migrating low-angle GBs
in the seventh migration mode, for  = -1.2 GPa.
Upon loading, the GBs move to the nearest highangle GBs and merge with them.

GBs in the case  < 0 (where the low-angle GBs
move away from each other) than in the case  > 0
(where the low-angle GBs initially move towards
each other).

4. CONCLUSIONS
In this paper we have used the method of two-dimensional dislocation dynamics to simulate the
collective migration of two small-angle GBs in NC
metals under fatigue loading. As a result, a number
of migration modes was revealed. Depending on the
sign and level of the shear stress, the considered
GBs can reversibly migrate (Figs. 3 and 9), move to
the high-angle GBs (Figs. 8 and 11) or and split
(Fig. 7) and in some cases pass through each other
(Figs. 7 and 8). At small or moderate absolute values of the resolved shear stress , the low-angle
GBs reversibly migrate, and their characteristic migration lengths increase with the absolute value of 
(Fig. 4). Such reversible migration of adjacent GBs
during fatigue loading has recently been documented
[33] near a crack tip in a nanocrystalline NiFe alloy.
At a higher absolute values of , one or both lowangle GBs move to, and merge with the neighboring
high-angle GBs, thereby leading to local grain
growth. Also, when the resolved shear stress  drives
the low-angle GBs to migrate towards each other,
the latter can (at sufficiently high values of ) pass
through each other, resulting in the disappearance
of the initial grain and nucleation of a new one. Alternatively, in the special where the examined GBs
have the same misorientations, the dislocations
composing the neighboring low-angle GBs can lie
in the same slip plane. In this special case, the
low-angle GBs can completely annihilate when they
meet, thus leading to local grain growth.
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