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The fatigue crack growth prediction near the threshold regime remains one of the most challenging fields
in fatigue research. In previous studies, the threshold effects have been incorporated into fatigue crack
growth models upon modification of the Paris Law in an empirical fashion. In this work, without a priori
assumptions and empirical constants, we derived the threshold levels with a combination of molecular
dynamics and continuum calculations. We illustrate that the threshold value is non-unique and depends
on the state of the microstructure surrounding the crack. Also, in reality, we envisage very low fatigue
crack growth rates near the ‘threshold’ and not a cut-off value, which is consistent with the experimental
trends. In the model, the microstructure is characterized by the grain boundary types, the grain size, and
the initial dislocation density. We derive friction stresses for the forward and the reverse motion of the
crack tip dislocations interacting with the grain boundaries which allow determination of the irreversible
crack tip displacements. We illustrate the benefits of sigma-3 grain boundaries, finer grain sizes and the
shielding dislocations at the crack tip on improving the near-threshold fatigue crack growth behavior.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Microstructure sensitive crack growth regime

Most structures undergo low crack growth rates and operate at
stress intensity levels well below that are characterized by the
Paris law. Under these circumstances, denoted as the threshold
growth regime, the fatigue crack propagation rate exhibits sub-
stantial variability and determination of a unique threshold stress
intensity level below which the fatigue crack attains a non-
propagating state is an onerous task. In the threshold regime, the
Fatigue Crack Growth (FCG) rate curves are segmented and are
affected by the material microstructure. The interplay between
the advancing crack and the surrounding microstructure stands
out as a challenging problem in predicting metal fatigue life. To
that end, there is a strong need for incorporating the near threshold
FCG behavior in a model for estimation of the metal fatigue life or
correctly deciding the inspection intervals within a damage toler-
ance approach. Unless there is a description that encompasses
the threshold region, the predictive capabilities have significant
shortcomings.

In this study, we address the fatigue threshold determination
which remains one of the unsolved topics in the mechanics of
fatigue. The fatigue threshold level is difficult to determine exper-
imentally and its continuum scale treatment as an empirical
constant is not sufficient. In fact, experimental methods of measur-
ing thresholds have been under considerable debate. Currently
suggested methods described within ASTM E 647-15 standard
[1], besides lacking a scientific explanation for the loading history
effects, do not address the role of non-continuum effects on the
threshold determination. Our calculations of the threshold without
using empirical constants underscores the need to incorporate the
microstructural parameters in an atomistic-continuum framework.
To characterize the non-uniqueness, this paper underscores the
confluence of three main variables surrounding the crack front:
the grain boundary type, the shielding dislocations, and the grain
dimension.

Within the last three decades, nanograins were introduced into
the engineering materials to impart superior mechanical proper-
ties such as ultrahigh yield and fracture strengths on the order of
GPa’s as well as high wear resistance. [2,3]. Unfortunately, many
nanograined alloys exhibit low ductility despite high strength.
A major advancement for the superior ductility in nanograined
materials occurred with the introduction of nanotwins via elec-
trodeposition and deformation processing [4–6]. The nanotwinned
microstructures promote glide motion along the twin lamellae and
incorporate dislocations at the interfaces acting as efficient slip
barriers [3,7,8]. Furthermore, the FCG resistance of alloys can be
improved with nanosized grains and twins compared to a coarse
grained microstructure [9–12]. The improved fatigue crack
impedance in this class of materials originates from the interaction
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of the crack tip emitted dislocations with the grain and twin
boundaries [13–15]. Admittedly, a comprehensive understanding
of the slip transmission mechanisms across a grain/twin boundary
is necessary to shed light on the microstructural parameters pro-
moting the FCG resistance of the nanostructured materials. Con-
temporary characterization and modelling tools allow us to
decipher the prevailing mechanisms at different scales-from short
range atomistic interactions to long range continuum scale behav-
ior. In this study, utilizing (i) Electron Backscatter Diffraction
(EBSD) analyses for the microstructure characterization, (ii) Molec-
ular Dynamics (MD) simulations for the atomistic scale identifica-
tion of slip transfer mechanisms across different types of grain and
twin boundaries and finally (iii) continuum scale dislocation
motion simulations for the macroscopic FCG modelling, we will
present a multiscale analysis on the FCG behavior of nanocrys-
talline Ni-2.89 wt.%. Co alloy, denoted as Ni-Co herein after, manu-
factured by the electrodeposition technique [16].

In the near threshold FCG regime (also known as Stage I) that
we will focus on, the microstructural features such as grain and
twin boundaries can obstruct the glide motion of the crack tip
emitted dislocations along the activated crystal slip system
[14,17,18]. This microstructure sensitive crack growth mechanism
is illustrated in Fig. 1 below. As can be seen, the obstruction of the
dislocation motion during forward and reverse portions of the cyc-
lic loading introduces irreversible displacements at the crack tip
promoting the crack growth. The residual slip vectors resulting
from the slip transmission across the boundaries during cyclic dis-
location glide, (i.e. br;forward and br;reverse), are of paramount impor-
tance in crack growth as the combination of these vectors
directly quantify the irreversible cyclic crack tip advancement
along with the dislocation annihilation mechanism. Ultimately
our aim has been to establish a scientific methodology for predict-
ing the fatigue threshold levels, and interrogate on the dependence
of the threshold on the microstructural features.

Another influential variable playing a decisive role in crack
propagation is the variation of the strength of the crystal in which
the dislocation glides as a result of the existing grain and twin
boundaries. Owing to their strength, these boundaries behave as
slip obstacles and introduce changes in the slip plane and in the
Burgers vectors of the crack tip emitted dislocations en-route.
Besides the obstacle effect of the boundaries, the characteristic
dimensions of the microstructural features also play a key role in
the cyclic FCG rate. These dimensions are important in such a
way that they govern the spatial frequency of the grain/twin
boundaries and the slip interactions on the active glide system.
From a mechanistic view, all of these enlisted individual elements
Fig. 1. The intragranular propagation mechanism for fatigue cracks at Stage I due to the
twin boundaries encountered by the crack tip emitted dislocations on their cyclic glide tr
displacements at the crack tip. It is to be noted that in Stage II, the plastic region around t
direction normal to the tensile loading axis. This introduces a transition from Mode II o
will have profound contribution to the FCG, and therefore, their
individual and concerted effects should be interrogated quantita-
tively to translate essential insight towards engineering structures
with high fatigue impedance. In our previous work, we highlighted
the role of coherent twins on the fatigue thresholds [13]. In this
study, we turn our attention to the role of grain boundary types
as discussed below.
1.2. Grain boundary characterization

As grain boundaries are decisive on the nature of the slip trans-
mission reactions during the cyclic glide of the crack tip emitted
dislocations, the characterization of grain boundaries is instrumen-
tal to quantify the resultant effects of these hierarchical structures
on the FCG. To that end, an EBSD analysis is conducted to identify
the representative microstructure of the as-received Ni-Co alloy
which is experimented with a load ratio of R ¼ Kmin=Kmax ¼ 0:05
and maximum stress level rmax ¼ 275 MPa at room temperature
as reported in our previous work [13]. In this study, we utilized
Coincident Site Lattice (CSL) theory [19,20] to classify the types
of the grain boundaries based on a misfit parameter R defined as
the reciprocal of the number of the coincident atomic sites on
the boundary. The measured frequencies of the different grain
boundary types in the representative volume element of as-
received Ni-Co alloy from the EBSD analysis are plotted in the his-
togram in Fig. 2. As can be seen, the most frequently observed
boundaries are of R3, R9 and R11 types although the other types
of boundaries are also present but to a lesser extent.
2. Theoretical background

2.1. Grain boundary types: CSL classification

Though the characterization of grain boundaries by the R
parameter quantifies the continuity of the atomic lattice sites
across a grain/twin boundary, to uniquely identify a grain bound-
ary type, one has to know the relationship between the lattice ori-
entations by means of the lattice rotation operations. To that end,
in this work we will specify the grain boundary plane, the rotation
axis and the misfit angle in addition to the R parameter. These
three additional physical quantities are necessary and sufficient
to uniquely characterize a specific grain boundary [21]. Through-
out this work, RðCSL noÞfh k lghp r si template is adopted to iden-
tify the grain boundary geometries uniquely. In this template
employed, the plane {hkl} represents the crystallographic normal
shear driven irreversible cyclic glide of crack-tip emitted dislocations. The grain and
ajectories incorporate or partially transmit these dislocations resulting cyclic plastic
he crack tip encloses numerous grains and the crack prefers to align its propagation
r Mode III to a Mode I loading configuration for the loading geometry illustrated.



Fig. 2. (a) The EBSD orientation mapping of the nanocrystalline structure in as-received Ni-Co alloy. (b) The histogram plot of the fraction of boundaries observed in
representative volume shown in (a). As can be seen, the most frequently seen boundaries are of R3, R9 and R11 types.
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to the boundary plane which is of same indices in both of the local
neighboring lattice coordinate frames. The direction, hp r si, repre-
sents the rotation axis about which the second lattice is rotated
with respect to the first lattice. Based on whether this rotation axis
is normal or parallel to the boundary plane, the grain boundary
type is denoted as twist or tilt.

In this work, we will focus on the interaction of crack tip emit-
ted slip and the symmetric R3{1 1 1}h1 1 0i, R9{1 1 4}h1 1 0i,
R11{1 1 3}h1 1 0i tilt boundaries. At this stage, it should be empha-
sized that there are numerous possibilities for the geometry of the
grain boundaries associated with a single CSL number [22–24].
Although we do not have a specific characterization data available
for the determination of the spatial frequencies of the boundary
types uniquely with their planes and misorientation angles, con-
sidering the h1 1 0i texture observed in the EBSD mapping of
Fig. 2 and the low grain boundary energy of the symmetric tilt
boundaries; the R3{1 1 1}h1 1 0i, R9{1 1 4}h1 1 0i, R11{1 1 3}
h1 1 0i boundaries stand out as the highest probable boundaries
complying with the EBSD data provided in Fig. 2. Furthermore,
ensuring the slip transmission across the boundary before the dis-
location nucleation from the boundary in MD simulations plays a
decisive role in focusing on these particular grain boundaries. On
the other hand, the assumptive nature of this geometry preference
utilized in the simulations throughout this work will be noted
wherever it is necessary.

The first boundary type among these three boundaries
focused on, shown in Fig. 3(a), is the coherent twin boundary, i.e.
R3{1 1 1}h1 1 0i which is a tilt boundary formed by a 109.47�
Fig. 3. (a) The bicrystal, lattice 1-lattice 2, formed by the coherent twin boundary R3{1
lattice 1-lattice 2, formed by the R9{1 1 4}h1 1 0i boundary with the corresponding lo
R11{1 1 3}h1 1 0i boundary with the corresponding local lattice coordinate frames.
rotation angle. For representation purposes, the atoms occupying
the lattice sites with smallest centro-symmetry parameter [25]
on the grain boundaries are shown in darker color compared to
the other atoms inside the simulation box. The second most
frequently observed boundary type is R9{1 1 4}h1 1 0i which is
illustrated in Fig. 3(b). This boundary is formed by rotating the
lattice 2 about the axis h1 1 0i by an angle of 38.94� with respect
to the lattice 1 across the boundary {1 1 4}. Lastly, as can be seen
in Fig. 3 (c), R11{1 1 3}h1 1 0i boundary type is formed if lattice 2
is rotated about h1 1 0i axis by a right hand screw angle of 50.47�
across the {1 1 3} plane with respect to lattice 1.

An important aspect of the presence of these grain boundaries
on the mechanics of metal fatigue can be depicted as follows.
The crack tip emitted dislocations can exhibit a numerous possible
interactions with these boundaries manifested by the dislocation
reactions and, as a result of these reactions, a prescribed magni-
tude of residual slip vector can reside at the grain boundary impos-
ing a difference between the incoming and outgoing slip.
Therefore, the accumulation of residual slip vectors do directly
govern on the cyclic plastic displacement of the crack tip. The pos-
sible residual slip vectors are the products of the incoming slip and
the corresponding grain boundary structure interactions which are
closely linked with the CSL pattern on the grain boundary. From a
perspective of the interface theory in crystalline materials, any
residual dislocation residing on the grain boundary in a fashion
conserving the CSL structure can be described by the shortest
translation vectors of the displacement-shift complete lattice
(DSCL) which is the reciprocal lattice of the CSL structure [26,27].
1 1}h1 1 0i with the corresponding local lattice coordinate frames. (b) The bicrystal,
cal lattice coordinate frames. (c) The bicrystal, lattice 1-lattice 2, formed by the



Table 1
The base vectors of DSCL, i.e. e1

GB , e2
GB and e3

GB in cubic crystal coordinate frame [28].

Boundary type e1GB e2GB e3GB

R3{1 1 1}h1 1 0i 1/6[1 1 1] 1/6[�2 1 1] 1/6[�1 2 �1]
R9{1 1 4}h1 1 0i 1/18[5 �4 2] 1/18[�2 �2 1] 1/18[1 1 4]
R11{1 1 3}h1 1 0i 1/22[4 �7 1] 1/22[1 1 3] 1/22[3 3 �2]
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Thus, any residual slip vector conserving the grain boundary struc-
ture can be described by the corresponding DSCL base vectors.
Table 1 summarizes the DSCL base vectors e1

GB, e2
GB and e3

GB in
cubic crystal coordinate frame for R3{1 1 1}h1 1 0i, R9{1 1 4}
h1 1 0i and R11{1 1 3}h1 1 0i boundaries [28].

2.2. Quantification of fatigue crack threshold: a general view

For the threshold regime in which the microstructural features
may prevail on the FCG rate, the primary cyclic crack advancement
mechanism is the irreversible glide motion of crack-tip emitted
dislocations along the active single slip system [29–31]. It is to
be emphasized that at this stage of the FCG, the slip activity ahead
of the crack tip is confined to only a few grains. The slip irre-
versibility is promoted by the residual slip vector accumulation
during slip transfer across the grain boundaries and is suppressed
by the annihilation of the positive and the negative sign disloca-
tions emitted from the crack tip during loading and unloading por-
tions of the cycle respectively. Furthermore, the backstress field
formed by the emitted dislocations can introduce significant differ-
ences on the critical glide force required to initiate slip motion dur-
ing the loading and the unloading cycle portions affecting the slip
irreversibility in a complex fashion.

Considering the findings from the previous study of [32]
addressing that the critical nucleation level for screw dislocations
are lower than the edge dislocations at the crack tip and linkedwith
this fact that the fatigue threshold is lower under Mode III loading
conditions; in this work, wewill imposeMode III loading conditions
at the crack tip region and focus onmodelling the irreversible cyclic
glide of screw dislocations via the continuum scale dislocation
motion simulations. To that end, the mechanical driving force for
the FCG is quantified by the effective stress intensity factor range,
DKeff , metric which is equal to the difference between the maxi-
mum, Kmax, and the minimum, Kmin, levels of the applied stress
intensity factor, i.e. DKeff ¼ Kmax � Kmin. We will implement a load
ratio of R ¼ Kmin=Kmax ¼ 0:05 and set the effective threshold value
DKeff ;th equal to a DKeff level sufficient to propagate the crack by a
length of one Burgers vector,Du = 1b (b = c/2 |h1 1 0i|, c: lattice con-
stant equal to 3.52 Å), which corresponds to 2.5 Å/cycle (2.5 � 10�7

mm/cycle). The crack advancement rate of 1b/cycle is chosen on
purpose of setting a finite DKeff ;th value comparable with the exper-
imental measurements [13]. Furthermore, the variation of DKeff for
the cyclic crack growth rates ranging from 1b to 35b are also simu-
lated within framework the dislocation motion simulations. An
important point to emphasize is that during the modelling efforts
we present, only the plastic activity ahead of the crack tip is consid-
ered, and the crack closure effects at the crack tip wake are
neglected. Therefore, all the results are given as effective quantities
complying with the driving force interpretation of DKeff employed
in the experiments which are detailed in our previous work [13].

In our model, we will designate a hypothetically linear elastic,
continuous medium in which the crack-tip emitted dislocations
can glide and interact with the boundary types of R3{1 1 1}
h1 1 0i, R9{1 1 4}h1 1 0i and R11f113gh110i. The general configu-
rations are illustrated for each interaction type in the subsequent
sections. Meanwhile the glide resistance (or the lattice friction
stress) inside a pristine crystal is identical for both the forward
and the reverse glide, which will be denoted as rF; the local fric-
tion stress varies at the grain boundaries en-route the forward
and the reverse glide owing to the different slip transmission reac-
tion energetics involved at the grain boundaries. Therefore, the
glide resistance exerted on the dislocations within the very near
proximity of the grain boundaries will be characterized by
rforward

F and rreverse
F for the forward and the reverse glide respec-

tively. The lattice friction stress values, corresponding to the crys-
tal and the boundaries, will be evaluated by the Peierls-Nabarro
(P-N) formulation within the framework of the MD simulations
as will be explained in the next section.
2.3. Molecular Dynamics (MD) simulations and quantification of the
friction stresses

The quantification ofrF,rforward
F andrreverse

F parameters requires
a comprehensive knowledge about the details of the on-going slip
transmission reactions. For this purpose, following themethodology
in our previous works in the literature [13,33], we delineated a sim-
ulation box of approximately 45 � 108 � 264 Å3 (the exact values
are shown in Figs. 5-7 for each reaction scenario) with the periodic
boundary conditions implemented in all three axes and introduced
two equally spaced (88 Å) grain boundaries which are of either one
of theR3{1 1 1}h1 1 0i,R9{1 1 4}h1 1 0i orR11{1 1 3}h1 1 0i bound-
ary types. The geometries of the simulation boxes utilized for the
reaction scenarios are shown in Figs. 5–7. Moreover, we introduced
a defect acting as a stress-concentrator to nucleate the dissociated
1/2h1 1 0i screw character dislocations and tracked the cyclic glide
of the dislocations to quantify the change of their Burgers vectors
and slip planes en-route owing to their interactions with the grain/
twin boundaries. The interatomic forces are defined within frame-
work of Folies-Hoyt Embedded Atom Method potential [34] at
10 K utilizing Nose-Hoover thermostat algorithm [35,36]. The MD
simulations are conducted in LAMMPS (Large-scale Atomic/Molec-
ular Massively Parallel Simulator).

Throughout the all MD simulations in this work, we employed
NPT ensemble in which the number of atoms, N, the external pres-
sure (at 1 bar), P, and the temperature, T (at 10 K), is held constant.
Moreover, a fixed time step of 10�3 picoseconds is implemented for
each simulation. The number of time steps is varied for each sce-
nario closely linked with the reaction type and the grain boundary
involved. The defect is created by introducing a sessile perfect
screw dislocation, of Burgers vector c/2 h1 1 0i, on {1 1 2}, {2 2 1}
and {3 3 2} planes perpendicular to grain boundaries of
R3{1 1 1}h1 1 0i, R9{1 1 4}h1 1 0i and R11{1 1 3}h1 1 0i respec-
tively at a distance of 50 Å from the leftmost boundary of the sim-
ulation box. To create the defect, Eshelby-Stroh anisotropic
formulation [25,37] is employed [38,39]. To quantify the lattice
friction stress levels associated with the different slip transmission
reactions, the P-N formulation is adopted. In the P-N formulation,
the lattice friction stress level is calculated based on the maximum

gradient of the total system energy, Etotal (normalized with the cor-
responding slip vector magnitude b), with respect to the disregistry
displacement, u. This is formulated in Eq. (1) for the pristine crystal
friction stress rF. It should be emphasized that an analogous for-
mulation is followed to evaluate rforward

F and rreverse
F values as

detailed in [13,33,40].

rF ¼ 1
b
max

@Etotal

@u

 !
ð1Þ

The total energy of the system is composed of both short range

misfit energy, Emisfit, owing to the atomic level interaction across
the active slip plane; and the long range terms of the elastic energy,

Eelastic and the applied work, W, as expressed in Eq. (2). The individ-
ual energy terms are explicitly formulated in Eqs. (3)–(5)
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Etotal ¼ Emisfit þ Eelastic �W ð2Þ

Emisft ¼
Xþ1

m¼�1
cðfðma0 � uÞÞa0 ð3Þ

Eelastic ¼ Gb2

4p
ln

R
n

ð4Þ

W ¼ rFb ð5Þ
where

fðma0 � uÞ ¼ bpar

þ bpar

p
tan�1 ma0 þ 0:5u

n

� �
þ tan�1 ma0 � 0:5u

n

� �� �
ð6Þ

As can be seen in Eq. (3), Emisfit is directly linked with the energy
pathway followed, (i.e. denoted as c curve), during the glide or slip
transmission phenomena. c curve is a function of the disregistry
function, f, which is expressed in Eq. (6) [41]. The disregistry func-
tion f conveys the information about the spatial distribution of the
periodic shear displacements on the slip plane within the disloca-
tion core neighborhood. The function f can be expressed in terms of
six parameters bpar, m, a0, w, u and n. Among these parameters, bpar

is the magnitude of the Shockley partials, i.e. |c/6 h112i|, m takes
integer values and a’ is the shortest periodicity distance between
{1 1 1} glide planes in face centered cubic structure which is equal

to 2c=
ffiffiffi
6

p
. The core half width parameter which prevails on Emisfit is

denoted as n. It is to be noted that the core half width n is a function
of the external stress tensor, the crystal structure, the character of
the dislocation as well as the interatomic forces prevailing inside
the crystalline. In this work, complying with the original P-N anal-
ysis, it is taken to be equal to the half of the {1 1 1} glide plane

spacing, i.e. c=2
ffiffiffi
3

p
. The long range Eelastic term is a function of both

the elastic shear modulus, G = 50 GPa, and n. It is worth emphasiz-

ing that Eelastic term is divergent for an infinite medium; therefore,
it is evaluated within a radial domain size of R which is equal to
500 b. Furthermore, the outer core cut-off R is a constant; there-
fore, it does not contribute to the friction stress levels evaluated.

In the dislocation motion simulations, DKeff in Mode III is pro-
vided as an input for the system and the set of continuum scale
equations describing the dislocation equilibrium are solved at each
DKeff increment to find the threshold value corresponding to a
finite magnitude of irreversible cyclic crack tip displacement, i.e.
Du ¼ 1 b/cycle. The simulations are delineated to cover both the
initially pristine crystal and the crystal with the pre-existing slip
(using continuum crystal dislocations the number of which are
indicated as nc) configurations. In both of these cases, the disloca-
tions are emitted from the crack tip when the local stress-intensity
factor at the crack tip kIII, defined as in Eq. (7), reaches a critical
value of kIIIe, i.e. satisfying Eq. (8) [13].

kIII ¼ KIII �
Xn
i¼1

Gbiffiffiffiffiffiffiffiffiffiffi
2pri

p cos
hi
2

� �
ð7Þ

kIII ¼ �kIIIe ð8Þ
In Eq. (7), ri and hi are the polar coordinates of the ith dislocation

with respect to the tip and n is the total number of dislocations
residing inside the crystal. Careful examination of Eq. (7) addresses
the fact that the local stress intensity factor, kIII, differs from the
applied stress intensity factor, KIII, in presence of the dislocations
ahead of the crack tip. This effect is denoted as shielding/anti-
shielding if it degrades/promotes kIII with respect to KIII. On the
other hand, as can be seen in Eq. (8), the dislocations can be emit-
ted both during the loading and the unloading portions of a fatigue
cycle. Meanwhile the positive sign dislocations are emitted from
the tip during loading, the negative sign dislocations are emitted
during unloading. It should be noted that the positive and the neg-
ative sign dislocations attract and annihilate each other depending
on the resultant force acting on them.

During the slip transmission across a grain boundary, the active
slip systems and the Burgers vectors may differ across the bound-
ary. Therefore, there are two sets of governing equations for the
incoming slip in lattice 1 and the outgoing slip in lattice 2. Inside
lattice 1, the glide plane is modelled as parallel to the crack surface
complying with the Mode III loading geometry; on the other hand,
the glide plane of the transmitted dislocations inside lattice 2 is
determined based on the MD simulations and is dependent on
the details of the slip transmission reactions accompanying. For
lattice 1, the dislocation motion is governed based on the following
expression in Eq. (9) [42,43]:

KIIIbiffiffiffiffiffiffiffiffiffiffi
2pri

p cos
hi
2

� �
þ
Xn
i¼1
i – j

Re
GbjU

4p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi þgyi

p
� �

bi � Gbi

4pri
cos2

hi
2

� �
bi

� k
bi

4pbi
�rFbi ¼ 0 ð9Þ

where

U ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi þgyi

p þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xj þgyj

p � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi þgyi

p þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xj �gyj

p ð10Þ

In Eq. (10), g ¼
ffiffiffiffiffiffiffi
�1

p
, xi and yi are the position vector compo-

nents for the ith dislocation. The parameter k describes the interac-
tion of the screw dislocation with the grain boundary based on the
formulation proposed by Stroh–Gemperlova [37,44] in which bi is
the distance between the ith dislocation and the boundary. The
parameter k varies as 0, 0.078, 0.114 for Reaction 1, Reaction 2,
Reaction 3 scenarios respectively as detailed in Appendix A. The
details of these reactions will be further investigated in Sections
3.1.1–3.1.3. The general form of the dislocation motion equation
in lattice 2 can be written as:

KIIIbiffiffiffiffiffiffiffiffiffiffi
2pri

p cos a� hi
2

� �
þ
Xn
i¼1

Re
Gb2

i

4p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi þgyi

p U

 !
cosðaÞ

�
Xn
i¼1

Im
Gb2

i

4p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi þgyi

p U

 !
sinðaÞ þ Gb2

i ðsinða� hiÞ � sinaÞ
4pri sin hi

� k
bi

4pbi
�rFbi ¼ 0 ð11Þ

where a is the angle formed between the incipient slip plane, i.e.
parallel to the crack flank, and the outgoing slip plane.

The general geometry and the individual force terms acting on
the ith dislocation are illustrated in Fig. 4 based on the expression
in Eq. (9). It is to be noted that a very similar analogy can be also
established for Eq. (11). Different from lattice 1, the active slip sys-
tem in lattice 2 makes a finite angle of a with the crack plane.
Therefore, the expressions in Eqs. (9) and (11) exhibit differences
in the geometrical factors. Although the forces acting due to the
applied stress intensity KIII tends to drive a dislocation away from
the crack tip, the traction-free surfaces of the crack and the crystal
lattice friction apply restoring forces on it. The dislocation interac-
tion force depends on the signs of the dislocations, they are repul-
sive/attractive for the same/different sign slip vectors. The image
force acting on the dislocation due to the crystallographic orienta-
tion change across the grain boundary is of repulsive nature for the
boundary types considered as detailed in Appendix A.

In this work, we have focused on three different reactions (in
pairs of forward and reverse slip transmission) such that, there is



Fig. 4. The individual force terms acting on the ith dislocation in lattice 1. The force terms are due to the applied stress intensity factor, the dislocation-dislocation
interactions, the dislocation and the traction-free crack face interaction, the grain boundary – dislocation interaction and the lattice friction. It should be emphasized that for
each KIII level applied, each dislocation irrespective of whether it is nucleated by crack-tip emission or it is contributing to the initial dislocation density (pre-existing slip)
should be in force equilibrium as dictated by the right hand side of the equation.
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one reaction for each of the R3f111gh110i, R9f114gh110i and
R11f113gh110i type boundaries, i.e. Reaction 1, Reaction 2 and
Reaction 3 respectively. The dislocation positions are solved
numerically for each applied KIII value during the loading and the
unloading cycle portions utilizing Eqs. (9)–(11). The cyclic plastic
displacement at the crack tip is quantified based on the number
of residual crack tip emitted dislocations, excluding the pre-
existing crystal dislocations.

3. Effects of grain boundary types and slip transmission
reactions on fatigue threshold

3.1. Slip transmission reactions

3.1.1. Reaction 1
In this work, the slip transmission across a R3{1 1 1}h1 1 0i

grain boundary has been studied in Reaction 1 scenario which
focuses on the reversible cross-glide geometry as illustrated in
Fig. 5. In order to simulate the transmission of a crack tip emitted
screw dislocation across a R3{1 1 1}h1 1 0i boundary, a defect has
Fig. 5. (a) The simulation box utilized to simulate the reversible cross-slip reaction, nam
boundary under the applied stress state, a defect is introduced in lattice 1. (b) The incom
and 1/6 [�1 2 1]1. (c) The Shockley partials contract on the R3{1 1 1}h1 1 0i boundary
dissociated form following a mirror symmetric glide trajectory across the boundary. Initia
a stacking fault layer between its core and the boundary. (e) Following the leading partial
of 1/2[1 �1 0]2 glides inside lattice 2 without leaving any residual Burgers vector on the b
reversible slip transfer mechanism is observed in an opposite fashion during unloading
been introduced at the initial configuration of the simulation box
as can be seen in Fig. 5(a) in which OVITO visualization software
is utilized [45]. This defect acts as a stress-concentrator and nucle-
ates a dissociated screw dislocation of 1/2 [�1 1 0]1 which glides
towards the R3{1 1 1}h1 1 0i grain boundary. The dislocation reac-
tions accompanying the slip transfer en-route the forward and
reverse glide of the crack tip emitted slip has been detailed in
Table 2. As can be seen in the insets of Fig. 5(b)–(e), the forward
slip transfer introduces no residual slip vector on the R3{1 1 1}
h1 1 0i grain boundary. Similar behavior has been also observed
during the reverse slip transfer from lattice 2 to lattice 1 across
the boundary. Therefore, both the magnitudes of the residual slip
vectors accompanying the forward and reverse slip transfers in
Reaction 1 scenario (i.e. br;forward and br;reverse) are equal to zero.

3.1.2. Reaction 2
Reaction 2 scenario focuses on the transfer of a screw character

slip across the symmetric tilt boundary of R9{1 1 4}h1 1 0i. For this
purpose, a simulation box is delineated with a defect which is
introduced to nucleate a screw dislocation under the applied
ely Reaction 1. To nucleate the incoming dislocation towards the R3{1 1 1}h1 1 0i
ing dislocation of 1/2[�1 1 0]1 dissociated into its Shockley partials of 1/6[�2 1 �1]1
. (d) The contracted dislocation of 1/2[�1 1 0]1, is transmitted to lattice 2 in its
lly, the leading Shockley partial of 1/6[2 �1 1]2 is transferred to lattice 2 introducing
, a Shockley trailing partial is transmitted, i.e. 1/6[1 �2 �1]2. As a result, a dislocation
oundary. Therefore, the forward reaction is a reversible cross-slip reaction. A similar
.



Fig. 6. (a) The simulation box utilized to simulate the forward slip transmission in Reaction 2 scenario. The incoming dislocation 1/2[1 1 0]1 is dissociated into two Shockley
partials, 1/6[2 1 �1]1 and 1/6[1 2 1]1. (b) and (c) The interaction of the leading partial 1/6[2 1 �1]1 and the trailing partial 1/6[1 2 1]1 with R9{1 1 4}h1 1 0i boundary
respectively. (d) The incorporated 1/2[1 1 0]1 dislocation into R9{1 1 4}h1 1 0i grain boundary dissociates into 4/9[2 2 �1]2 which is a glissile grain boundary dislocation for
the R9{1 1 4}h1 1 0i grain boundary and makes the boundary nucleate a glissile dislocation of 1/2[1 1 0]2 into lattice 2. (e) and (f) Captions from the glide trajectory of the
transmitted 1/2[1 1 0]2 dislocation inside lattice 2. 1/2[1 1 0]2 dissociates into two Shockley partials, i.e., the leading partial 1/6[2 1 1]2 and the trailing partial 1/6[1 2 1]2.
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loading, as exhibited in Fig. 6(a). In this case, the incoming dissoci-
ated screw dislocation of 1=2½110�1 incorporates into the boundary
from lattice 1 side and the resulting strain energy introduced into
the medium is relaxed by nucleating a 1=2½110�2 screw dislocation
inside lattice 2 along with a residual slip vector of 4=9½22 � 1�2
which is a grain boundary dislocation of DSCL and does not change
the CSL index. This is illustrated in the insets of Fig. 6(b)–(f). The
details of the forward and reverse slip transfer across the
R9{1 1 4}h1 1 0i boundary are given in Table 2. As can be seen in
Fig. 6(e), the forward slip transfer is irreversible with a residual slip
vector of br,forward = 4/9[2 2 �1]2. Similarly, the reverse slip transfer
across the R9{1 1 4}h1 1 0i boundary is also of irreversible nature
in Reaction 2 scenario, i.e. br,reverse = 4/9[�2 �2 1]1.
3.1.3. Reaction 3
The last reaction scenario focused in this work, i.e. Reaction 3,

consists of the transfer of slip across the R11{1 1 3}h1 1 0i symmet-
ric tilt boundary. During the forward slip transmission from lattice
1 to lattice 2, the incoming screw character dislocation of
1=2½�101�1 interacts with the grain boundary as detailed in
Table 2. Similar to the other scenarios, the dislocation is nucleated
from a defect located inside lattice 1 region of the simulation box
as illustrated in Fig. 7(a). The slip-grain boundary interaction for
Reaction 3 involves the incorporation of the incoming slip and
the transmission of a screw dislocation of 1=2½110�2 into lattice
Table 2
The dislocation reactions resulting from the MD simulations corresponding to different loa
crystallographic coordinate frames attached to lattice 1 and lattice 2 for the boundary t
dislocations, i.e. residual dislocations, which are linearly dependent on DSCL base vectors

R3{1 1 1}h1 1 0i R9{1 1 4}h1 1

Reaction 1
Forward
1=6½�21 � 1�1 þ 1=6½�121�1 ! 1=2½�110�1
1=2½�110�1 ! 1=2½1 � 10�2
1=2½1 � 10�2 ! 1=6½1 � 2 � 1�2 þ 1=6½2 � 11�2
Reverse
1=6½1 � 2 � 1�2 þ 1=6½2 � 11�2 ! 1=2½1 � 10�2
1=2½1 � 10�2 ! 1=2½�110�1
1=2½�110�1 ! 1=6½�21 � 1�1 þ 1=6½�121�1

Reaction 2
Forward
1=6½21 � 1�1 þ 1=6½121�1
1=2½110�1 ! 1=2½110�2 þ
1=2½110�2 ! 1=6½211�2 þ
Reverse
1=6½211�2 þ 1=6½121�2 !
1=2½110�2 ! 1=2½110�1 þ
1=2½110�1 ! 1=6½21 � 1�1
2. It should be noted that this slip transfer is accompanied with a
residual slip vector of br,forward = �1=22½4 � 71�2 which is a grain
boundary dislocation of DSCL. Similarly, a set of irreversible dislo-
cation reactions accompany the slip transfer from lattice 2 to
lattice 1 as expressed in Table 2 leaving a residual slip vector of
br,reverse = 2/22[3 3 �2]1. As can be seen in Table 1, br,reverse is also
a grain boundary dislocation belonging to the group of shortest
translation vectors of DSCL.
3.2. Variation of the friction stresses based on the grain boundary
structure and the slip transfer reactions

The transmission of the crack tip emitted slip across the grain
boundaries is governed by the structure of the boundary and the
applied loading configuration as well as the incoming slip geome-
try, i.e. glide direction and plane. The details of these dislocation
reactions focused in this work are described in Table 2. The corre-
sponding lattice friction stress values are tabulated in Table 3 for
each reaction type distinguishing between the forward and the
reverse glide. It is worth emphasizing that the lattice friction stress
is evaluated to be equal to 60 MPa inside the pristine crystal along
the h1 1 0i {1 1 1} slip system family.

As can be seen in Tables 2 and 3 for Reaction 1 which is a rever-
sible cross-glide reaction across the R3{1 1 1}h1 1 0i coherent twin
boundary, there is no friction stress differential, i.e. defined as
ding and boundary type configurations. The subindices ‘‘1” and ‘‘2” indicate the local
ypes of R3{1 1 1}h1 1 0i, R9{1 1 4}h1 1 0i and R11{1 1 3}h1 1 0i. The grain boundary
are distinguished from the lattice dislocations by the superscript GB.

0i R11{1 1 3}h1 1 0i

! 1=2½110�1
4=9½22 � 1�GB2
1=6½121�2

1=2½110�2
4=9½�2 � 21�GB1
þ 1=6½121�1

Reaction 3
Forward
1=6½21 � 1�1 þ 1=6½1 � 1 � 2�1 ! 1=2½10� 1�1
1=2½10� 1�1 ! 1=22½�15� 4� 1�2
1=22½�15� 4� 1�2 ! 1=2½�1� 10�2 þ 1=22½�47� 1�GB2
1=2½�1� 10�2 ! 1=6½�2� 11�2 þ 1=6½�1� 2� 1�2
Reverse

1=6½�2� 11�2 ! 1=6½1 � 12�1 þ 1=22½7 � 4 � 1�GB2
1=6½�1� 2� 1�2 ! 1=6½�2� 1� 1�1 þ 2=22½332�GB1
1=6½1 � 12�1 þ 1=6½211�1 ! 1=2½101�1



Fig. 7. (a) The simulation box utilized to study the forward slip transmission in Reaction 3 scenario across the R11{1 1 3}h1 1 0i boundary. The dislocation is nucleated from
the defect under applied shear loading and tracked along the glide trajectory in both grains during loading and unloading. (b) The image caption for the interaction of the
incoming dissociated dislocation of 1/2[1 0 –1]1 with the R11{1 1 3}h1 1 0i boundary. (c) After incorporating the leading partial 1/6[2 1 –1]1, the trailing partial 1/6[1 –1 �2]
interacts with the grain boundary. (d) The incorporation of the leading and trailing partials introduce the grain boundary dislocation of 1/22[–4 7 –1]2 which is glissile on the
(1 1 3) grain boundary plane. (e) In order to further release the accumulated strain energy, the R11 grain boundary emits a dissociated dislocation of 1/2[–1 –1 0]2 into lattice
2. The leading partial of 1/6[–1 –2 –1]2 is shown in the inset. (f) Following the leading partial, the trailing partial of 1/6[–2 –1 1]2 is also emitted into lattice 2 and under the
applied stress, the dissociated dislocation glides further away from the boundary.
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Dr ¼ rbarrier�forward
F �rbarrier�reverse

F

�� ��, unlike the other reactions.
Moreover, the absence of the residual slip vector for this reaction
during the forward and the reverse slip transmissions are expected
to promote the fatigue threshold. On the other hand, for the other
reactions, depending on the magnitude of the incoming and outgo-
ing slip vectors, the lattice friction values show significant discrep-
ancies along with the varying residual slip vectors. These resulting
data suggest that in addition to rforward

F and rreverse
F , both Dr and

the scalar sum of the residual slip vectors corresponding to the for-
ward and the reverse glide, br;forward

�� ��þ br;reverse

�� ��, should be also
considered to model the fatigue threshold behavior of nanocrys-
talline Ni-Co.

3.3. Microstructure sensitivity of fatigue threshold

The effective fatigue threshold values, DKeff ;th, evaluated based
on the dislocation motion simulations are supplemented with the
modified P-N formulation. The results are plotted in Fig. 8 for the
initially pristine (nc ¼ 0) and the pre-existing slip (nc ¼ 4) configu-
rations respectively. The pre-existing slip is simulated by inserting
the continuum crystal dislocations ahead of the crack tip in the dis-
location motion simulations. For each of the reaction types ana-
lyzed, the grain size values are varied within the range of 10–
60 nm equally, (i.e. denoted as d). As can be seen; although the
DKeff ;th values exhibit significant differences regarding the
reversibility of the slip transmission across the grain boundaries
Table 3
The lattice friction values evaluated within Peierls-Nabarro framework for the
forward and reverse glide across the corresponding the grain boundaries for the given
reaction types.

Forward Reverse

Reaction 1
R3{1 1 1}h1 1 0i

rforward
F ¼ 145 MPa rreverse

F ¼ 145 MPa

Reaction 2
R9{1 1 4}h1 1 0i

rforward
F ¼ 265 MPa rreverse

F ¼ 310 MPa

Reaction 3
R11{1 1 3}h1 1 0i

rforward
F ¼ 294 MPa rreverse

F ¼ 203 MPa
based on the reaction geometry involved, the decrease of the char-
acteristic dimension d promotes the fatigue resistance for all of the
reaction types considered. This shows that the grain size effect on
the cyclic slip irreversibility is of long range nature and it governs
on the dislocation interaction distances and the extent of pile-ups
unlike the short-range contribution of the grain boundary barrier
strength. On the other hand, it is important to emphasize that
the short-range effects due to the varying slip energetics linked
with the different grain boundary structures can also contribute
to the FCG behavior in the threshold regime. This effect can be
observed in the finite DKeff ;th differentials shown in Fig. 8.

As the TEM images in our previous work [13] present evidence
for the crystal dislocations in the undeformed configuration of Ni-
Co remnant from the electrodeposition process, the shielding/anti-
shielding effects of these defects should also be incorporated in our
analyses to develop a comprehensive understanding of the
microstructural effects on the fatigue threshold levels. Therefore,
the dislocation motion simulations are also conducted by introduc-
ing 4 crystal dislocations, nc ¼ 4, ahead of the crack tip inside the
delineated medium. This allowed us to quantify the effects of the
pre-existing slip on fatigue behavior and compare the resulting
DKeff ;th values of the pristine crystal, (i.e. nc ¼ 0), illustrated in
Fig. 8(a) and of the pre-existing slip in Fig. 8(b). The crystal dislo-
cations ahead of the crack tip promote the fatigue resistance com-
pared to the pristine crystallite scenarios as can be seen in Fig. 8
since the stress field created by the positive crystal dislocations
suppresses the slip irreversibility by decreasing both the number
of dislocations emitted from the crack and the dislocation mean
glide path which governs on the frequency of the dislocation grain
boundary interactions along the glide trajectory with the back-
stress effects. Another important point to emphasize is that the
shielding effect prevails irrespective of the short-range nature of
the slip transmission reactions although the extent of it varies.

3.4. A closed form, predictive equation for the microstructure-sensitive
fatigue threshold

The dislocation motion simulation results presented in Fig. 8
suggest that the slip-transmission configuration, the pre-existing



Fig. 8. (a) The variation of DKeff ;th with the residual Burgers vector magnitude and the grain size in the absence of pre-existing slip, i.e. nc ¼ 0. (b) The variation of DKeff;th with
the residual Burgers vector magnitude, jbr;reversej and the grain size, d, in presence of the pre-existing slip equal to 4 crystal dislocations, i.e. nc ¼ 4.
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slip (the crystal dislocations) and the characteristic dimension,
(i.e. the size of the grains), contribute to the threshold value in a
concerted fashion. In this work, DKeff ;th is quantified based on the
friction stresses rF, rforward

F and rreverse
F , the total residual slip

vector, (i.e. jbr;forwardj þ jbr;reversej), the friction stress differential
across the grain boundaries, (i.e.Dr ¼ rforward

F �rreverse
F

�� ��), and the
number of crystal dislocations, nc. Following the multi-variable
regression of the results presented in Tables 2 and 3 along with
the data presented in Fig. 8, a closed form equation is proposed
to predict the effective threshold DKeff ;th for Ni-Co alloy where
DK0 is taken as equal to 1 MPa

ffiffiffiffiffi
m

p
and no ¼ 1:

DKeff;th

DKo
¼ 4:36

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rforward

F

rF

s
� 0:21

ffiffiffi
d
b

r
þ 0:76

nc

no

� 0:37

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
br;forward

�� ��þ br;reverse

�� ��
b

s
� 3:58

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rforward

F �rreverse
F

�� ��
rF

s

ð12Þ
3.5. Comparison of the predicted DKeff values with the experimental
measurements

Fig. 9 shows the threshold bounds established by incorporating
the different grain boundary structures in the dislocation motion
simulations under varying Du values for a range of d values varying
between 10 and 60 nm. The experimental measurements of the
crack growth rates for the as received Ni-Co and the 600 �C 4 h
annealed Ni-Co 600 HT samples fall into different bounds at differ-
ent growth rates complying with the distinct slip irreversibility
ratios of the slip transmission reactions across the
R3f111gh110i, R9f114gh110i and R11f113gh110i grain bound-
ary structures. Since the as- received and the annealed samples
exhibit different initial dislocation densities, the number of crystal
dislocations are changed in modelling the Stage I behavior of these
twomaterials in which nc ¼ 1 and nc ¼ 4 are used respectively. The
lack of a unique threshold value originates from the fact that a
short length fatigue crack (following the initiation stage) encoun-
ters with varying boundary structures and its growth rate varies
significantly owing to the different slip transmission characteris-
tics of the grain boundaries present in the microstructure. There-
fore, within a small range of DKeff variation, a significant change
in the crack growth rate can be measured. This suggests that we
can only speak of an interval of DKeff ;th values instead of a unique
value for a given material owing to the distinct response of the
microstructural features, such as the grain boundary structure
and the grain size, into the cyclic glide of the dislocations emitted
from the crack tip. Moreover, the pre-existing slip (initial disloca-
tion density) is also shown to be considerably promoting the FCG
impedance of Ni-2.89 wt.% Co.
4. Discussion of the results

The nature of the interaction between the slip and the different
boundary types has been the subject of the several previous exper-
imental and theoretical investigations [2,26,40,46,47]. The coher-
ent twin boundaries, (i.e. R3{1 1 1}h1 1 0i), are known to impart
significant FCG resistance to the nano-architectured microstruc-
tures [9,13]. The reversible nature of the dislocation reactions
involved for the coherent twin boundary geometry is closely linked
with the symmetry and the low CSL number indicating the lattice
continuity across the boundary. These characteristic features are
the prominent factors behind the high threshold values measured
as also shown theoretically in our dislocation motion simulations
for Reaction 1. The symmetric tilt R9{1 1 4}h1 1 0i type grain
boundary bears characteristic similarities with the coherent twin
boundary, R3{1 1 1}h1 1 0i, as both of them are the members of a
more general class of R3n boundaries which are known to be cap-
able of conjoining [48]. On the other hand, the slip energetics and
the slip reversibility are significantly different for the R9 and R3
type boundaries as shown in the previous literature [27,49] com-
plying with the results of the MD simulations and the P-N analyses
presented in this work. As can be seen in Fig. 8, in both the pristine
crystalline and the pre-existing slip configurations, the threshold
values are higher for the delineated microstructures composed of
R3{1 1 1}h1 1 0i boundaries than the other microstructures. The
lower fatigue resistance of the microstructures with the
R9{1 1 4}h1 1 0i grain boundaries finds its roots in the higher slip
irreversibility and the greater slip stress differentials, Dr, associ-
ated with the nature of the slip transmission reactions across these
boundaries compared to the coherent twin boundaries.

The dislocation motion simulations constituting the R11{1 1 3}
h1 1 0i type boundaries, are distinguished by their lower fatigue
resistance values compared to the other configurations analyzed
in this work. The larger Dr differential and the greater magnitude
of the resultant residual slip vector are the major mechanical



Fig. 9. The microstructure dependence of the theoretical fatigue threshold behavior of Ni-2.89 wt.% Co in comparison with the experimental data corresponding to as
received Ni-Co and annealed (600 �C for 4 h) Ni-Co 600 HT. As can be seen, modelling the variation of the grain boundary character ahead of the crack tip in dislocation motion
simulations results in threshold bounds within the characteristic dimension range of 10–60 nm. The highest and lowest cyclic slip irreversibility is observed for the delineated
geometries and microstructures favoring Reaction 3 and Reaction 1. Similar behavior can be also extended for the different crack growth rates within Stage I regime. It should
be emphasized that the pre-existing slip (modeled by introducing crystal dislocations) significantly promotes the FCG impedance. The considerable contribution of pre-
existing slip on the threshold level is evident from the comparison of Ni-Co and Ni-Co 600 HT Stage I behavior.
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factors in explaining the lower DKeff ;th values corresponding to the
simulation scenarios favoring Reaction 3 slip transmission geome-
try. It should be emphasized that the lower continuity level of the
atomic lattice sites across the R11 type boundaries might be the
crystallographic reason underlying this behavior which was also
observed in the earlier slip trace transmission experiments of
Lim et al. [50]. Therefore, even though the barrier strength values
for the symmetric tilt R11{1 1 3}h1 1 0i boundary are higher com-
pared to the other boundaries analyzed, the slip irreversibility
associated with the grain boundary slip transmission reactions is
expected to dominate the fatigue threshold levels of the
microstructures constituting the R11{1 1 3}h1 1 0i boundary. On
the other hand, it is to be noted that further studies are necessary
in order to examine the behavior of other grain boundaries classi-
fied by the R11 CSL number.

The atomistic scale calculations are conducted via an inter-
atomic potential of pure Ni which might introduce a small varia-
tion in the barrier strength calculations compared to the original
composition of Ni-2.89 wt.% Co. It is known that the Co composi-
tion in Ni-Co alloys can contribute to the unstable stacking fault
energy, cus, and the intrinsic stacking fault energy, cisf , levels as
shown by Chowdhury et al. [8] via the molecular statics simula-
tions and the ab initio calculations. The same study shows that
the magnitude of the residual slip vector is the governing parame-
ter on the generalized stacking fault energy levels associated with
the slip transmission reactions which is surmised to be of the same
nature in both pure Ni and Ni-2.89 wt.% Co. To that end, we expect
the current slip energetics calculations to be of well representative.
On the other hand, for the alloys with high Co concentration, seg-
regation mechanisms [51] can introduce significant changes both
in the barrier strength and the kinetics of the slip transmission
reactions.

The simulation results suggest that the pre-existing slip is a
prominent microstructural parameter to be considered in assessing
the fatigue threshold resistance. The detailed comparison of the
resulting threshold levels between the pristine crystalline and
the delineated configurations of the pre-existing slip in Fig. 8, sug-
gests that substantial increase in DKeff ;th is possible in presence of
the pronounced crack tip shielding owing to the crystal disloca-
tions which is confirmed to be present for the electrodeposited
Ni-Co alloy samples imaged by TEM in our previous work [13]. Fur-
thermore, the dislocation motion simulation results show that the
promotion of the FCG impedance in presence of the pre-existing
slip is observed for all of the reaction types analyzed irrespective
of the differences in the short-range grain boundary slip transmis-
sion characteristics involved. This behavior complies with the
long-range nature of the crystal dislocation induced elastic fields
suppressing the local stress intensity at the crack tip.

The grain size is also an influential microstructural parameter
for the FCG resistance in the threshold regime. As can be seen in
Fig. 8, the refined grain size introduces significant increase in
DKeff ;th. This behavior can be explained based on the shorter cyclic
mean free path of the crack tip emitted dislocations in response to
the higher frequency of the slip barriers for microstructures with
finer grain sizes. Provided their shorter glide path, the dislocations
can more easily slip back to the tip which in turn promotes the fati-
gue resistance as reflected by the DKeff ;th levels.

In this work, we employed a multiscale approach to model the
contribution of cyclic slip and grain boundary interplay on the FCG
of materials the microstructure of which is fashioned with the
grain and twin boundaries at nanoscale. Extracting the lattice fric-
tion parameters by characterizing the slip energetics involved for
the dislocation glide inside a pristine crystalline and glide trans-
mission across a specific grain boundary within the framework of
MD simulations and afterwards incorporating these parameters
as input for the continuum scale dislocation equilibrium equations
suggest promising results for understanding the microstructure
effects prevailing on the FCG. At this stage, it should be emphasized
that the results should be assessed within the limits of the govern-
ing equations, including the 2-D linear elastic constitutive
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behavior, the prevalent crack growth mechanism being the cyclic
slip irreversibility along a single active slip system, the symmetric
tilt grain boundary types considered and the interatomic forces
potential employed. To that end, a unified modelling approach
which can also incorporate a vast spectrum of geometries, the
boundary types as well as the different alloy compositions would
provide a sophisticated tool for architecting microstructures with
higher FCG impedance complying with the demands of the new
horizon technologies.

5. Conclusion

Following conclusions are drawn from this work:

(1) The slip transmission characteristics of the grain boundaries
play a dominant role in the fatigue threshold levels of
nanocrystalline Ni-2.89 wt.% Co alloy. It has been shown
theoretically (within the framework of the MD simulations
and the P-N formulation) that among the 3 types of symmet-
ric tilt boundaries studied, R3{1 1 1}h1 1 0i, R9{1 1 4}h1 1 0i
and R11{1 1 3}h1 1 0i; the highest and the lowest fatigue
resistances are evaluated in the microstructures composed
of the R3{1 1 1}h1 1 0i and R11{1 1 3}h1 1 0i type bound-
aries respectively.

(2) As a characteristic dimension, the grain size is shown to have
a significant effect on the fatigue crack impedance of
nanocrystalline Ni-2.89 wt.% Co alloy. The refinement in
the grain size (within range of 60 nm to 10 nm) is shown
to promote higher fatigue threshold levels for the symmetric
tilt R3{1 1 1}h1 1 0i, R9{1 1 4}h1 1 0i and R11{1 1 3}h1 1 0i
boundaries.

(3) The pre-existing slip is theoretically shown to impart higher
FCG impedance in nanocrystalline Ni-2.89 wt.% Co alloy
compared to the pristine crystalline configuration. This
shielding effect on the crack tip stress fields retard the crack
propagation irrespective of the structures of the grain
boundaries present ahead of the crack tip.

(4) The dislocation motion simulations supplemented by the
atomistic scale slip energetics calculations (within the
framework of P-N formulation) are shown to be capable of
determining the fatigue threshold bounds associated with
the different grain boundary types and the pre-existing slip.
The resulting threshold bounds are in close agreement with
the experimental crack growth rate measurements of the
nanocrystalline Ni-2.89 wt.% Co alloy.
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Appendix A. Forces on dislocations near an interface

In this section, a detailed insight into the quantification of the
forces acting on the dislocations posited near an interface formed
Table A.1
The base vectors of e2 and e3 for lattice 1 (incoming slip) and lattice 2 (outgoing slip) in R

Lattice 1

e2 e3

Reaction 1 1=
ffiffiffi
3

p
½1 1 � 1�1 1=

ffiffiffi
2

p
½�11

Reaction 2 1=
ffiffiffi
3

p
½1 � 11�1 1=

ffiffiffi
2

p
½110

Reaction 3 1=
ffiffiffi
3

p
½1 � 11�1 1=

ffiffiffi
2

p
½�10
by two anisotropic crystals will be provided. This analysis plays a
critical role in determination of the forces acting on the incoming
and outgoing slip across a specific grain boundary within the
framework of continuum formulation introduced in Eqs. (9)–(11).
Firstly, the fourth order elastic stiffness tensor is constructed based
on the EAM Ni potential utilized in MD simulations [34]. Within
the framework of this potential, the three independent elastic con-
stants of Ni in cubic coordinate system E1 � E2 � E3 (� [1 0 0] �
[0 1 0] � [0 0 1]), with a lattice constant of 3.52 Å, are equal to:
C�
1111 ¼ 240:6 GPa, C�

1122 ¼ 150:3 GPa, C�
1212 ¼ 119:2 GPa.

The fourth order elastic tensor in the cubic crystal frame is
transformed to the dislocation frame before being utilized as an
input for the quantitative analysis of the grain boundary - disloca-
tion interactions. The dislocation frame is constructed by the
orthonormal base vectors of e1 � e2 � e3 in which e2 is the glide
plane normal and e3 is parallel to the glide direction, i.e. the nor-
malized Burgers vector. e1 is determined by the vector cross-
product of e2 and e3, i.e. e1 ¼ e2 � e3. The corresponding glide sys-
tems activated for the incoming and outgoing slip in Reactions 1, 2
and 3 scenarios are tabulated in Table A.1.

The elastic stiffness tensor is transformed to the dislocation
frame in lattice 1 (or similarly lattice 2) based on the coordinate
transformation rules of a fourth order tensor as shown in Eq. (A.1):

Cijkl ¼ C�
pqrsQipQjqQkrQls ðA:1Þ

where the summation convention is implied on repeating indices
and all of the indices are varied from 1 to 3. The transformation
matrix Qij is constructed by the dot product of Ei and ej base vectors
as follows:

Qij ¼ Ei � ej ðA:2Þ
The general displacement field solution of Eshelby et al. [25] for

an anisotropic, linear elastic medium is given in Eq. (A.3) provided
that Eqs. (A.4) and (A.5) are also satisfied. In this quantitative anal-
ysis, the formulation will be presented with respect to a dislocation
in lattice 1 of Fig. A.1. A similar analogy can be also established for
lattice 2.

uk ¼ Akgðxþ pyÞ ðA:3Þ

ðCi1k1 þ pCi1k2 þ pCi2k1 þ p2Ci2k2ÞAk ¼ 0 ðA:4Þ

detðCi1k1 þ pCi1k2 þ pCi2k1 þ p2Ci2k2Þ ¼ 0 ðA:5Þ
For a dislocation of Burgers vector b, i.e. b ¼ ½b1;b2;b3�, the gen-

eral form of the analytical function g(x + py), can be expressed as in
Eq. (A.6) where the bar notation implies the complex conjugate of
the expression it acts upon. Note that the index ‘m’ varies from 1 to
6 and no summation convention is implied on it.

uk ¼ 1
2p

ffiffiffiffiffiffiffi
�1

p
X6
m¼1

Að1Þ
kmDm logðxþ pmyÞ þ �Að1Þ

km
�Dm logðx� pmyÞ

n o
ðA:6Þ

In Eq. (A.6), the parameters Að1Þ
km and Dm are related to the com-

ponents of the Burgers vector b by Eq. (A.7) which is an expression
of the change in displacement component uk along a closed path
eaction 1, 2 and 3 scenarios.

Lattice 2

e2 e3

0�1 1=
ffiffiffi
3

p
½11 � 1�2 1=

ffiffiffi
2

p
½1 � 10�2

�1 1=
ffiffiffi
3

p
½�111�2 1=

ffiffiffi
2

p
½110�2

1�1 1=
ffiffiffi
3

p
½1 � 11�2 1=

ffiffiffi
2

p
½110�2



Fig. A.1. shows the geometrical configuration of a dislocation posited near the interfacial boundary along the descriptive illustration of coordinate systems and
transformation matrix involved.

Table A.2
The values of the parameters k, d, p1, p2 and p3 for the geometrical configurations of incipient slip-grain boundary in Reactions 1, 2 and 3 scenarios. It is to be noted that p1, p2 and
p3 variables are complex conjugates of p4, p5 and p6 respectively in the formulation presented.

Lattice 1

Reaction 1 Reaction 2 Reaction 3

k 0 0:078 0:114
d [0, 0, �9.0435] [0, 0, 27.1306] ½5:1526;�11:7608;�5:8965�
p1 �0:5097þ 1:049

ffiffiffiffiffiffiffi
�1

p
�0:4783þ 0:8049

ffiffiffiffiffiffiffi
�1

p
0:9467þ 1:2601

ffiffiffiffiffiffiffi
�1

p

p2 �0:0873þ 0:4941
ffiffiffiffiffiffiffi
�1

p
�1:8350þ 1:4745

ffiffiffiffiffiffiffi
�1

p
�0:3367þ 0:5475

ffiffiffiffiffiffiffi
�1

p

p3 0:5971þ 1:7646
ffiffiffiffiffiffiffi
�1

p
0:3323þ 1:6642

ffiffiffiffiffiffiffi
�1

p
�0:1117þ 0:8740

ffiffiffiffiffiffiffi
�1

p
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encircling the dislocation line in lattice 1. The superscript (1)
stands for lattice 1.

bk ¼
X6
m¼1

Að1Þ
kmDm þ �Að1Þ

km
�Dm

n o
ðA:7Þ

Furthermore, for a pure dislocation, the expression in Eq. (A.8) is
to be satisfied to impose the mathematical condition that no line of
force distribution acts along the dislocation line:

X6
m¼1

ðCi2k1 þ pmCi2k2ÞAð1Þ
kmDm þ ðCi2k1 þ pmCi2k2Þ�Að1Þ

km
�Dm

n o
¼ 0 ðA:8Þ

Based on the elastic displacement field uk in Eq. (A.3), the cor-
responding stress field is given as:

rij ¼ Cijkl
@uk

@xl
ðA:9Þ

The solution presented above for an homogeneous medium is
generalized for a linear elastic medium consisting of multilayered
anisotropic plates within the framework of perturbations of the
stress and the elastic displacement fields of Eqs. (A.3) and (A.9)
in Fourier Space. Following a number of mathematical manipula-
tions, the force acting on a dislocation posited at a distance of b
from a welded boundary is expressed as [44,52]:

F ¼ �Re
bkUkrTrjdj

4pb

� �
ðA:10Þ

Among the parameters appearing in Eq. (A.10); dj satisfies Eq.
(A.11)

bk ¼ bkjdj ðA:11Þ
where bkj is defined by the expression in Eq. (A.12):

bkj ¼ 1
2

ffiffiffiffiffiffiffi
�1

p X6
m¼1

Að1Þ
kmM

ð1Þ
mj � �Að1Þ

km
�Mð1Þ

mj

n o
ðA:12Þ

The terms Ukr and Trj in Eq. (A.10) are expressed as:
Ukr ¼
X6
m¼1

Að1Þ
kmM

ð1Þ
mr � �Að2Þ

km
�Mð2Þ

mr

n o" #�1

ðA:13Þ

Trj ¼
X6
m¼1

�Að2Þ
rm

�Mð2Þ
mj � �Að1Þ

rm
�Mð1Þ

mj

n o
ðA:14Þ

where the superscript (2) stands for lattice 2 as shown in Fig. A.1

and Mð1Þ
mi satisfies the following the relation for lattice 1 (and simi-

larly for lattice 2):

Mð1Þ
mi ðCi2k1 þ prCi2k2ÞAkr ¼ dmr ðA:15Þ
The resulting values of k, d and (p1, p2, p3) triplet involved in the

analyses for Reactions 1, 2 and 3 are summarized in Table A.2. It is
to be emphasized that (p1, p2, p3) = (�p4, �p5, �p6) in the nomenclature
utilized. The k value is then utilized in Eqs. (9) and (11) in calcula-
tion of the dislocation positions.
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