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Abstract. A model is suggested that describes the collective migration of two low-angle tilt boundaries near
a crack tip in a nanocrystalline metal under fatigue loading. The dependences of the migration mode on the
applied load and the geometric parameters of the migrating boundaries are revealed. The simulations show
that the possible migration modes incorporate the reverse motion of grain boundaries (GBs), GB fragmen-
tation, and the coalescence of low-angle GBs or their fragments with high-angle GBs. It is demonstrated
that at high values of the applied load, the collective migration of the studied boundaries can lead to grain

growth.

1. INTRODUCTION

In recent years, much attention has been paid to the
study of nanocrystalline (NC) metallic materials, as
well as to the unique physical and mechanical proper-
ties that they exhibit [1-7]. It is known that these prop-
erties significantly depend on the mechanisms of plas-
tic deformation of such materials. For example,
athermal migration of grain boundaries (GBs) under
the action of an external load can lead to undesirable
grain growth and, as a result, to degradation of the
functional properties of NC metals [8-21].

Recently, a number of works have been devoted to
the study of GB migration and grain growth in NC me-
tallic materials (see, for example, review [22]). For ex-
ample, the collective migration of low-angle GBs near
the crack tip under the action of the applied stress and
their complete or partial annihilation, resulting in grain
growth, were revealed in experiments [21] with NC
Ni-Fe alloy and molecular dynamics simulations of Au
nanocrystals [23]. However, experiments [21] also ob-
served the return of many low-angle GBs to their ini-
tial positions, which they occupied before the start of

migration, after the disappearance of the external load.
In our earlier work [24], a similar migration of low-
angle GBs was considered, but the possible features of
the influence of a crack on the described process were
not taken into account. The purpose of this article is to
build a model of athermal migration of two parallel
low-angle GBs under the influence of a periodically
acting tensile load near the crack tip and to study the
characteristic dependences of this process on various
system parameters.

2. MODEL

Let us consider a nanocrystalline metal consisting of
grains separated by high- and low-angle grain bound-
aries. Let us study in more detail a group of three
square grains: EABF (G1), ACDB (G2), and CGHD
(G3), located near the crack tip and surrounded by
high-angle GBs, separated from each other by sym-
metrical low-angle tilt boundaries (Fig. 1). We will
consider the case in which the dislocations that make
up the low-angle tilt boundaries migrate under the in-
fluence of a tensile load o acting with a constant
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Fig. 1. Collective migration of low-angle grain bound-
aries under the action of an external load in a nanocrys-
talline metal.

duration at regular intervals. The periodic load within
each loading cycle is equal to ¢ during some time #,,
and to zero during some time ,.

Following [24], consider a two-dimensional model
of a homogeneous metallic material. Let us denote the
length of the crack as 2/, and the position of its tip by
the point M (in Fig. 1, it coincides with the point G).
Within the proposed model, we will consider low-an-
gle tilt boundaries AB (1) and CD (2) before the onset
of migration as the walls of edge lattice dislocations
with Burgers vectors of equal magnitude and opposite
signs. The low-angle GBs are characterized by the
misorientations 6, determined by the Frank relation:
sin(0, /2)=b/(2h,), k=1, 2, where h, are the periods
and b is the magnitude of the Burgers vectors of the
boundaries (1) and (2). We will assume that the triple
junctions of grain boundaries A, B, C and D are com-
pensated and contain wedge disclinations of strength
-, o, o, and —o,, respectively (Fig. 1), which
are related to the misorientation angles 0, and 0, of
the GBs AB and CD by the relation ©, =0, (k=1, 2).

Next, we simulate the migration of GBs AB and
CD under the influence of an inhomogeneous shear
stress T created by the tensile load ¢ directed perpen-
dicular to the crack plane. To solve this problem, we
will use the methods of two-dimensional dislocation
dynamics in solids (e.g., [25-27]). For simplicity, we
assume that the process under consideration occurs at
low homological temperatures and there are no effects
associated with thermally activated GB migration, and
the metal under consideration is modeled as an

elastically isotropic solid. Within the framework of the
approach used, we will assume that each of the dislo-
cations that make up the migrating GBs can move only
along one slip plane (along the x-axis in Fig. 1b). Such
a one-dimensional motion of dislocations is described
by the dependencies x,(¢), where x; is the coordinate
of the i-th dislocation (i = 1,..., N), and ¢ is the time.
Also, we will assume that the dislocations of the mi-
grating boundaries (1) and (2), reaching the high-angle
boundaries, are absorbed by them, and thus can no
longer move.

To model this one-dimensional motion, it is re-
quired to calculate the projection onto the x-axis of the
resulting force F, acting on each dislocation and ex-
erted by the shear stress 1, disclinations at triple junc-
tions, and other dislocations. During the periods of the
absence of the applied stress, the movement of dislo-
cations occurs exclusively as a result of their interac-
tion with other defects of the system under considera-
tion. Thus, F; can be expressed as follows:

X; _xk)[(xi _xk)2 _(y,- _yk)z]
[(xi _xk)2 +(yi _yk)2]2

a x,(y,—L/2)
2+ (y,~L/2)
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x,—L)(y,+L/2
Db, ( 2)(yl )2
(x,—L) +(y,+L/2)

(v L)i-L/2) J

-Db,w, [

(x,—L) +(3,—L/2) M

where D =G /[2n(1-v)], G is the shear modulus, v is
Poisson's ratio, L is the GB length, (x;,,y,) are the co-
ordinates of the i-th dislocation. In this case, b, =b,
v, =h(i-1/2)-L/2, for i=1,...,N,, and b, =-b,
y,=h(i-1/2)-L/2, for i=N,+1,...,N,, where
N, and N, are the number of dislocations in GBs (1)
and (2), respectively (N, + N, = N). The first term in
equation (1) characterizes the force exerted on the i-th
dislocation by the resolved shear stress 1, created by
the applied load o near the crack tip. The second term
in equation (1) characterizes the force of the interac-
tion of the i-th dislocation with all the other disloca-
tions of the migrating boundaries (1) and (2). The third
and fourth terms characterize the interaction forces of
the i-th dislocation with the disclinations at the triple
junctions A, B, C, and D.

The resolved shear stress 1, created by the applied
load o near the crack tip at the position of the i-th dis-
location can be calculated by the following formula:

1, =(0,, —0,)sinacosa+c,, cos2a, 2
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where o ! and G, are the components of the
stress tensor created by the applied load o near the
crack tip, written in the coordinate system Ox'y’ with
the origin at the point M, which can be represented as
[28]:

(¢

oy
X/x]

c,, = K, cos(y, / 2)[1-sin(y, / 2)sin(3y, / 2)],
2,
K, . .
G, = cos(y, /2)[1+sin(y, / 2)sin(3y, / 2) |+ o,
0= o (v, / D)[1+sin(y, / 2)sin(3y, / 2)]
G, = K, sin(y, / 2)cos(y, / 2)cos(3y, / 2). 3)

XiVi
27

In equations (3) K, = o/ 7/ is the stress intensity factor
and (7,7y,) are the polar coordinates of the i-th dislo-
cation, which can be calculated using the formulas:

1”2 1?2
B=AX TV

arctan(y; / x)), x>0,

arctan(y; / x))+m, x; <0, y/ >0, )
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where (x,,y, ) are the coordinates of the point M in
the Oxy system.

Within the framework of the used method of two-
dimensional dislocation dynamics, the equations of
motion of dislocations have the following form:

2
d*x,

m
dr’

dx,
+p——=F, i=1,.,N, 6
B it (6)

where m = pb” / 2 is the dislocation mass [29], p is the
density of the material, 3 is the viscosity coefficient.

3. RESULTS

Using equations (1) to (6), the collective migration of
two low-angle tilt boundaries stimulated by a periodi-
cally acting tensile load in a-Fe was simulated. The
following material parameters were used for calcula-
tions: G =84 GPa, v=10.29, b=0.287 nm, p = 7850
kgxm™ and L~ 98.7 nm, while B was estimated as
5x107 Paxs [30]. Also, the results presented below are
given for the values o, =5°, o, =4.15°. Inthe course
of the simulation, fixed periods of the action and the
absence of an external applied stress were not used, but
the migration of dislocations constituting low-angle

GBs was considered until they reached high-angle
boundaries and/or equilibrium positions. This ap-
proach allows us to state that the data obtained are
valid for all periods of the presence and absence of G,
equal and greater than those used. The profiles of low-
angle GBs during migration were studied at various
crack locations (at points G, E and F), crack length /,
values of periodically applied stress 6, and misorien-
tation angles 6.

The simulations have shown that during the periods
of the presence of the external load, the low-angle GBs
approach one another or move away from each other,
depending on the level of the applied load o and the
relative position of the crack and the group of grains
under consideration (characterized by the angle o). Af-
ter the disappearance of the applied load, the GBs un-
der consideration tend to return to their initial position.

In our simulations, a number of migration modes
were identified at various levels of the applied load o.
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Fig. 2. Characteristic equilibrium profiles of migrating
low-angle grain boundaries in the first migration
mode. a=30° o=14 GPa, M(x,y)=(-L,-L/2),
[=15L. (a) Equilibrium displacements of migrating
GBs under loading. (b) Return of migrating GBs to
their initial equilibrium positions. Here and below, the
red dots indicate the positions of the dislocations char-
acterized by the Burgers vector b (that initially com-
pose the GB AB), and the blue points illustrate the po-
sitions of the dislocations characterized by the Burgers
vector —b (that initially compose the GB CD).
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Fig. 3. Characteristic equilibrium profiles of migrating
low-angle grain boundaries in the second migration
mode. (a) a=45° o=1.6 GPa, M(x,y)=(L, L/2),
[=15L; (b) o =30° 6 =1.1 GPa, M(x, y) = (-L,—L/2),
/=30L.

In the case of counter migration, at small values of o
(less than 5-8°) and physically possible values of o,
the considered GBs remain practically immobile and
the average migration of the dislocations of the GBs
AB and CD remains within 4 nm. This case can be de-
fined as the first migration mode. With an increase in
the angle a and the smallest values of tensile load o,
this mode is fully realized and the GBs under consid-
eration migrate at a considerable distance from their
initial positions without reaching each other. In this
case, all dislocations of the GBs AB and CD reach their
equilibrium positions. In this mode there is an insignif-
icant loss of symmetry of the migrating boundaries rel-
ative to the x-axis, which is associated with the influ-
ence of the crack. After the disappearance of the load,
the migrating GBs tend to return to their initial posi-
tions (Fig. 2).

With an increase in the applied load o, the second
migration mode is realized, in which the boundary
with a lower misorientation angle is segmented and its
part farthest from the crack tip approaches signifi-
cantly to the GB with a higher misorientation (Fig. 3).
In this mode, all dislocations of migrating GBs also
reach equilibrium positions and tend to return to their
initial positions after the disappearance of the tensile
stress. This mode is implemented in a rather narrow
range of values of o and a.
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Fig. 4. Characteristic equilibrium profiles of migrating
low-angle GBs in the third migration mode. o = 30°,
o =1.9 GPa, M(x, y) =(-L,-L/2), I=15L. (a) In the
first loading cycle, all dislocations reach equilibrium
positions or high-angle GBs. (b) During unloading af-
ter the first cycle of loading, dislocations not captured
by high-angle GBs tend to return to their initial posi-
tions. (¢) Under a new loading cycle, new dislocations
migrate to high-angle GBs.

Fig. 4 shows the GB profiles corresponding to the
third migration mode, which manifests itself with a
further increase in o. It is characterized by the gradual
passage of some dislocations to high-angle boundaries
EF and GH, while the remaining dislocations of mi-
grating GBs reach equilibrium positions. After unload-
ing, the latter tend to return to their initial positions
(Fig. 4b). With new loading cycles, more dislocations
can travel to high-angle boundaries (Fig. 4c). How-
ever, after several loading cycles, the process of cap-
turing new dislocations by high-angle boundaries
stops.

With an even greater increase in the applied load o,
migration passes to the fourth mode, in which the
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Fig. 5. Characteristic equilibrium profiles of migrating
low-angle GBs in the fourth migration mode. o0 = 45°,
6=2 GPa, M(x, y) = (-L,—L/2), I=30L. (a) Under
loading, low-angle boundaries pass through each other
and all dislocations reach equilibrium positions or
high-angle GBs, while fragmentation of the GB with a
smaller misorientation occurs. (b) During unloading
the dislocations of the segment not captured by GBs
EF and GH migrate to the nearest high-angle
boundary.
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Fig. 6. Characteristic equilibrium profiles of migrating
low-angle grain boundaries in the fifth migration
mode. a=45°, 6=2.2 GPa, M(x,y)=(-L,-L/2),
/=30L.

boundaries AB and CD pass through each other, but
the boundary, characterized by a lower misorientation
angle 0, is segmented and the dislocations of its central
part migrate in the opposite direction, reaching equi-
librium positions (Fig. 5a). Other dislocations are cap-
tured by high-angle boundaries. After the

E 4o
A
20
-100 S50 - 50 100 150 % 200
1_20 . X, nm
. *40
(@)-
g .
S
= : 40
:20
-100 500 - 50 100 150 200
_3_20 X, nm
. * 40
(b)
£
(=1
= 40
20
-100 -50 50 100 150 200
220 X, nm
. -40
(OF

Fig. 7. Characteristic equilibrium profiles of migrating
low-angle GBs in the seventh migration mode.
(a) a=-45°6=1.2 GPa, M(x,y)=(-L,—L/2),=30L.
Segmentation of closest to the crack migrating GB
without capturing of another migrating GB by the
high-angle boundary. (b) and (c) o =-45° c=1.3
GPa, M(x, y) =(-L,—L/2), I = 30L. Segmentation of
the migrating GB, closest to the crack, with capturing
of another migrating GB by the high-angle boundary
(b). Return of the dislocations not absorbed by high-
angle boundaries to the positions close to the initial
ones (c).

disappearance of the applied load, the central segment
of the GB with a smaller misorientation also migrates
to the nearest high-angle boundary (Fig. 5b). Thus, all
dislocations of the low-angle GBs under consideration
are absorbed by the high-angle boundaries, and the G1,
G2, and G3 grains are combined into one.

At the highest values of the applied load o, a tran-
sition to the fifth mode occurs. In this case, the migrat-
ing boundaries completely pass through each other and
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Fig. 8. Characteristic equilibrium profiles of migrating
low-angle grain boundaries in the seventh migration
mode. a=45°, c=1.8 GPa, M(x,y)=(-L,-L/2),
/=30L.

are captured by high-angle GBs (Fig. 6). This mode
also corresponds to the coalescence of the considered
grains into one.

Now examine the modes of GB migration in the
situation where the angle o is negative. In this case, at
small absolute values of a and o, all the GB disloca-
tions that belong to the GBs AB and CD are displaced
towards the nearest high-angle boundaries and reach
equilibrium positions. After the disappearance of the
load, they tend to return to their initial positions before
the start of migration (similarly to the first mode). We
define this situation as the sixth migration mode.

With an increase in the applied load o, a transition
to the seventh mode is realized, in which the migrating
boundary closest to the crack tip is segmented, and its
part far from the crack is captured by the high-angle
boundary (Fig. 7). In this case, the dislocations of the
second low-angle boundary can either reach the high-
angle boundary (Fig. 7b) or stop in equilibrium posi-
tions (Fig. 7a). After the external load disappears, all
“free” dislocations tend to return to their initial posi-
tions (Fig. 7¢). It should be noted that, under new load-
ing cycles, no increase in the number of the disloca-
tions captured by high-angle boundaries is observed.

At largest values of 6 and negative values of a, the
eighth migration mode is implemented. In this case, all
the dislocations of the GBs AB and CD are captured
by the nearest high-angle GBs (Fig. 8). As a result, the
considered grains G1-G3 merge.

4. CONCLUSIONS

The method of two-dimensional dislocation dynamics is
used to simulate the collective migration of two low-an-
gle GBs in NC metallic materials under the action of a
periodically acting tensile load near the crack tip. A
number of characteristic modes of migration of low-

angle GBs were revealed, which depend on the values
of the applied tensile load ¢ and the angle o that char-
acterizes the positions of the migrating GBs with respect
to the crack tip. The results obtained show that the pres-
ence of the crack may give rise to specific migration
modes. At high enough values of the applied load the
collective migration of GBs can lead to grain growth.
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