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a b s t r a c t

This concise review chronicles recently emerged fatigue crack growth behaviors of nanomaterials with
prevalent R3 boundaries and the related modeling endeavors. Experimentally, these nano-twinned
materials demonstrated remarkably high damage tolerance, which is a significant countertrend to the
previous nanocrystalline literature. To explore the physical rationale, various slip transfer mechanisms
at a coherent twin-matrix interface are investigated using crystal simulations. The role of different
slip-interface reactions is identified as modifying the cyclic slip irreversibilities, which in turn drives
the crack advancement. As the residual Burgers vector from a reaction attains maxima, the associated
fault energetics is predicted to saturate, which is an important discovery regarding the damage mecha-
nism. Consequently, a generic computational recipe for theorizing material degradation is established,
using reaction-specific Peierls stresses as crucial input. A general agreement between predictions and
experiments lends sufficient credence to the adopted modeling approach. We also survey relevant
literature and point out promising avenues for future research.

! 2016 Elsevier Ltd. All rights reserved.

1. Background

In this paper, we aim to update the readers on the recent devel-
opments regarding: (a) engineering coherent interfaces in
microstructure so as to achieve superior fatigue resistance and
(b) the modeling strategies based on interfacial plasticity to predict
damage metrics therein.

Superior mechanical attributes due to interface coherency

Rapid innovations in today’s industrial sectors are pushing the
boundaries for advancing next generation materials. Due to
extreme operational ceilings, the current service components
(e.g. in aeronautical structures) warrant a favorable combination
of high strength, ductility and cracking resistance. A desired syn-
ergy of these properties could be achieved through modulating
the microstructure which can be characterized by techniques such
as electron diffraction and microscopy (Fig. 1). For instance,
increasing the interface density (i.e. grain refinement via thermo-
mechanical treatments) has so far remained the most popular
strategy to impart ultra-high strength [1–5], however, at the

significant expense of cracking resistance and ductility. The empir-
ical correlations among these attributes are schematically pre-
sented in Fig. 1 with dotted lines (red1, blue and green) for
conventional materials.

Quite intriguingly, recent literature suggests that raising the
interface density, while maintaining high coherency, can indeed
meet an unprecedented amalgam of all the desirable attributes
listed above [6]. The most promising candidates to have actually
manifested such a feat are the nano-twinned metals and alloys
with a prevalence of R3 interfaces, which is the most coherent of
all boundaries. The coherency of a boundary can be interpreted
as the degree of atom-by-atom registry between the crystals from
both sides. In addition to superior toughness [7,8], remarkably high
fatigue crack growth resistance therein has been reported lately
[9,10]. On summarizing the experimental literature, it can be
inferred that a finer twin lamellar thickness and/or spacing is more
beneficial in obstructing damage propagation than the coarse-
twinned counterparts (experimentally obtained data based on
Ni-2.9%Co alloy and pure Cu [9–11] shown in Fig. 2). It is interest-
ing to note that this behavior is in contrast with the fatigue crack
growth responses of conventional nanocrystalline materials
[12–16]. It is imperative to recall that a pronounced deterioration
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in the crack propagation impedance was earlier found as a result of
densely packed (incoherent) boundaries in nano-grained metals. A
careful study of nano-twinned and traditional fine-grained materi-
als behaviors strongly indicates that interface coherency indeed
plays a pivotal role in imparting not only high toughness but also
improved cracking attributes. Moreover, unlike the conventional
nano-sized grains, the nano-twins are found to be quite stable
upon thermomechanical treatments [10,11]. Table 1 summarizes
the literature results in this regard.

While rationalizing monotonic attributes is quite straightfor-
ward (e.g. in terms of slip inhibition), the fatigue cracking is a
rather complicated phenomenon to address. Theorizing such a

problem entails a detailed exploration of the underlying damage
micromechanisms and pinpointing the governing parameters at
the nanoscale [17], which we discuss as follows.

Damage characteristics in nano-twinned microstructure and the
controlling variables

Of all failure modes, the fatigue is of paramount concern since
catastrophic fracture can occur under cyclic loads well below the
static safety margin [18]. Repeated loading induces irreversible slip
accumulation at the microscopic stress concentration sites (e.g.
surface extrusions/intrusions), ultimately triggering material sepa-
ration i.e. crack formation [19]. The entire spectrum of the ensuing
crack progression is generally understood as the microstructure-
sensitive stage I and microstructure-independent stage II (Fig. 3).
In a nano-twinned environment, a stage I crack would advance
by slip irreversibilities subjected to coherent R3 boundaries as
elaborated below.

It is well accepted today from exhaustive sets of experiments
that the generic fatigue crack growth mechanism in ductile metals
is microscopically controlled by pervasive slip activities [20]. For
instance, depending on the extent of dislocation slip, an advancing
crack would behave as either microstructure-sensitive or not.
Therefore, the damage propagation problem could most accurately
be modeled by pinpointing the variables controlling slip character-
istics at the mesoscale. It is imperative to note that the inherent
material response to slipping can be traced back to the discrete lat-
tice effects such as the Peierls energy valley contributions. These
effects are thus important to include in any physically based fatigue
modeling endeavor as we set out to outline in this article.

Characterization-wise, a stage I crack growth rate, da/dN, would
undergo fluctuating values due to intermittent encounters with
multiple boundaries (red curve in Fig. 4). With a history of

Fig. 1. Achieving superior mechanical attributes in terms of strength, ductility and cracking resistance via nanoengineering.

Fig. 2. Comparison of experimental literature [9–11] on nanotwinned NiCo alloys
and pure Cu – a correlation between the twin lamellar thickness (and/or spacing)
and the damage trends has been noted.
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irreversible slip accumulation, the crack ultimately reaches a
boundary-insensitive stage II with a large plastic zone (as can be
seen by digital image correlation in Fig. 4). The relative span of
the earliest crack propagation period is crucial, in that it is inher-
ently decided by the specific nature of slip- R3 boundary reactions
from grain to grain. Conventional engineering practice regards the
stage I growth as an incubation period prior to the appearance of a
macroscopically visible stage II crack on overcoming the so-called
mechanical DKth (blue curve in Fig. 4). Therefore, any tailored
microstructure (e.g. with high density of twin boundaries) prolong-
ing the initial growth period would be translated into an overall
improvement in the material cracking resistance. From modeling
perspective, the early growth regime presents itself as a unique
conduit for examining the role of these interfaces on the damage
tendencies.

We note that the variables governing a stage I crack in nano-
twinned microstructure are: (a) host grain orientation, (b) local
stress state, and (c) the distribution of twin boundaries. Frommod-
eling standpoint, themost convenient way to incorporate the afore-
mentioned crystallographic factors is in terms of the irreversible
slip trajectories [21–23]. For example, prior to a microscopic crack
intercepting the nearest interface, the slip would emanate on the
maximum Schmid factor system(s) and interact therewith.
Depending on the nature of the slip/interface reaction, the extent
of the irreversibility would vary substantially. Since the crack
growth rate, da/dN, is directly proportional to the degree of irre-
versibility, one can examine the role of the aforementioned crystal
variables on the cracking resistance using such an approach. For a
microstructurally small crack, the physical lengthscale of the per-
cycle cracktip extension is several lattice spacings, decided by the
collective Burgers vectors of irreversible slip. Evidently, such a
behavior can only be understood by considering the near-tip
microplasticity at the crystal level. We model crack advancement
mechanism based on irreversibility of crack-emitted slip

undergoing interfacial plasticity. The modeling and experimental
results (to be discussed next) are all based on fcc Ni-2.9%Co alloy.
It should be noted that similar investigation is also performed on
pure Cu, Ni and Al [24,25].

2. Modeling – crystal phenomena affecting fatigue

Role of slip emission in dictating the ductile versus brittle frac-
ture was first brought into attention by Rice and Thomson in their
pioneer work [26]. Subsequently, a number of models ventured
into predicting fatigue crack growth on the basis of cracktip slip
phenomena [27–29]. Today, one can build upon these foundational
works, bolstered by the modern computational science tools, to
address the interface-affected fatigue problem.

To that end, let us first consider a pre-existent stage I crack in
presence of a nanometer thick annealing twin as depicted in
Fig. 5. During propagation, the crack emits a series of dislocations
which glide forward to intercept the nearest coherent twin bound-
ary (CTB). In what manner the crack advancement would be
affected by the presence of the CTB depends entirely on (a) the
specific outcome of slip-CTB reactions, (b) the associated fault
energetics and (c) the Peierls stress level. We outline the particu-
lars of their roles as follows.

2.1. Importance of crack-emitted slip transfer at interfaces

The specific nature of how the crack-emanated slip would
transmit past a twin boundary would considerably affect the atten-
dant growth rate. Early literature noted that a CTB has the unique
ability to permit complete/partial/no transfer of the incident slip

(~bincident) [30–35] as extensively substantiated both on experimen-
tal and theoretical grounds. The criteria for slip transfer mecha-
nisms at a generic grain boundary have been first proposed from

Table 1
Summary of literature findings on fatigue crack growth behaviors in nanomaterials.

Materials Microstructure Principal
investigators

Experimental discovery Proposed mechanism

Pure Cu Nano-twinned (lamellar
thickness/spacing: 30–80 nm)

[9] Increased crack growth resistance with twin
refinement

Enhanced plasticity accommodation by
R3 interfaces

NiCo
alloys

Nano-twinned (lamellar
thickness/spacing: 15–60 nm)

[10,11,23,67,80] High damage impedance due to twin refinement
(Paris exponent !1.3 and DKth !10 MPa

ffiffiffiffiffi
m

p
)

Reduced slip irreversibilities due to R3
interfaces

Pure Ni Nano-grained with no twin
(average grain size: 10–70 nm)

[12–16] Marked deterioration in cracking resistance Combined effect of grain growth, void
coalescence and reduced tortuosity

Fig. 3. Fatigue crack growth in presence of nano-twins with coherent R3 boundaries.
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experimental studies [36] as: (a) maximization of local resolved
shear stress, (b) minimization of the angle between incident and
outgoing slip planes and (c) minimization of residual Burgers vec-

tor (~br). Recent atomistic simulations by Dewald and Curtin [37,38]
unraveled further ramifications to these rules, particularly
addressing the role of local variations in stress and geometry at
and around an interface. With the aid of molecular dynamics sim-
ulations, we categorize five distinct types of slip-CTB interactions
that are most likely to occur following the aforementioned rules:
(a) incorporation (i.e. twinning and/or de-twinning) [30,39–41],
(b) transmission [32,42], (c) multiplication [43], (d) transmission
and incorporation [33,44,45], and (e) blockage by a Lomer lock for-
mation [46,47]. The governing conditions for these reactions
(Table 2) are identified as: (a) the local stress state i.e. the relative
Schmid factors on the twin boundary, incident, and outgoing slip
systems (mincident, mboundary and moutgoing) and (b) the geometry of
the intercepting slip i.e. edge/screw/mixed [48]. Each reaction cul-

minates in a different type of residual slip, ~br ¼~bincident #~btransferred

(onto the CTB), which acts as a unique signature for a specific
reaction. The reactions represent the initial interaction mecha-
nisms when the very first slip reaches the pristine interface. Since
mincident, mboundary and moutgoing are unchanged for a particular
loading state, the reactions fundamentally remain the same for
subsequent incidence. Only the intermediate reaction steps differ,
however, to a minor extent. We note that these atomistic slip
transfer mechanisms are based on quasi-static volume element
of fcc lattice with periodic boundary conditions (i.e. representing
bulk material). The materials range from Cu, Ni, Al and Ni-2.9%Co.

The nature of various slip transfer outcomes bears important
mechanistic implication regarding the damage growth [49].

Different local stress situations are bound to arise at twin bound-
aries from one grain to another in a polycrystalline environment.
This would give rise to a distribution of the foregoing straining
mechanisms. For example, it is only reasonable to deduce that in
strongly textured material a particular type of reaction, as favored
by the local conditions, would be predominant. On the same ratio-
nale, a random grain distribution would pose equal probability of
all mechanisms. Experimentally, a stage I crack is known to
decelerate as it approaches a boundary within a certain grain, but
may proceed with no blockage in other cases [50]. The reason is
attributable to the fact that different reactions impart different
resistances to the crack-emitted slip, and hence influence the
attendant crack growth rate. Thus, the categorization of the slip
transfer mechanisms can be deemed as the necessary groundwork
for a mechanistic study of microstructure-sensitive damage
propensities. Recent literature noted the use digital image correla-
tion (DIC) to extract ~br for an assortment of grain boundaries [51].
These experimental observations suggested that the magnitude of
~br is inversely proportional to the transferred strain. In other words,
an increasing magnitude of ~br is indicative of enhanced slip
penetration strength past the interface.

Therefore, aside from the qualitative classification, one needs to
quantify the degree of resistances that individual reactions pose as
a precursor to theorizing CTB-affected cracking. As a first step
towards that objective, we compute unstable stacking fault energy
(cus) corresponding to various straining mechanisms at the CTB.
The principal impact of doing so is that the extrinsic levels of cus
could most conveniently be incorporated into Peierls-Nabarro
framework to predict the associated frictional stresses. The
prediction scheme is discussed below.

Fig. 4. The stage II near-tip strain localization due to irreversibility is studied via DIC [11] and da/dN determined. Stage I crack growth behavior (red) can be predicted using
microplasticity concepts.
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2.2. Unstable stacking fault energy, cus

First conceptualized by Vitek [52], the c surface in its entirety is
traditionally understood as the energy density (per area) versus
atomic displacement curves obtained upon rigidly shearing two
atomistic crystals (Fig. 6). A more physical interpretation thereof
dictates that the c energetics constitutes the energy cost to create
a particular crystal fault with a specific degree of lattice shearing as
originating from the inherent atomistic bonding landscape. For
example (Fig. 6), the unstable stacking fault energy (cus) along
the direction h112i signifies energy barrier for nucleating an
intrinsic stacking fault [53]. Early experimental literature [54–56]
has noted that that fault energetics has a significant role on the
fatigue behaviors. On theoretical grounds, the parameter cus has
been pioneered as a vital metric for the fracture criterion by Rice,
Tadmor and their co-workers [57–59]. The applicability of cus in

fatigue modeling context is also equally important, as we show,
although its use therein has remained relatively un-explored until
now. The primary constraint has been the unfeasibility of its exper-
imental determination as the associated lattice structure repre-
sents a metastable state. Such a configuration constitutes an
intermediate step in the pathway of a stable and tangible defect
(i.e. slip) formation, thus necessitating its in-situ quantification
with atomic scale resolution. Accomplishing such a feat is beyond
the scope of existing experimental measurement techniques.
Nonetheless, with the advent of improved atomistic simulations
we now have at our disposal the ability of accurately capturing
the crystals at quasi-equilibrium state both temporally and
spatially.

To that end, we demonstrate how the extrinsic levels of cus
could be utilized as a unique signature in solving the role of partic-
ular interface on influencing fatigue cracking. With a view to doing

Fig. 5. Various outcomes of slip-coherent twin boundary depending on the stress state and slip geometry [48].

Table 2
Summary of slip-twin boundary interactions under certain applied stress states, and the Schmid factors on incident, boundary and outgoing slip planes (mincident, mboundary and
moutgoing respectively).

Incorporation Transmission Multiplication Transmission-incorporation Blockage by Lomer lock

Applied stress state 0 rxy 0
ryx 0 0
0 0 0

2

4

3

5
0 0 rxz
0 0 0
rzx 0 rzz

2

4

3

5
0 0 rxz
0 0 0:5ryz
rzx 0:5ryz 0

2

4

3

5
0 rxy 0
rxy 0 0
0 0 rzz

2

4

3

5
0 0 0
0 ryy 0
0 0 0

2

4

3

5

Incident dislocation (full) type Screw Edge Mixed Mixed Mixed
mincident 0.39 0.41 0.34 0.46 0.31
mboundary 0.5 0.00 0.22 0.5 0.00
moutgoing – 0.41 0.34 0.46 0.16
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so, the magnitudes of cus corresponding to various slip-CTB reac-
tions (in a Ni-2.9%Co alloy as an example material [48]) are com-
puted utilizing an embedded atom method pair-potential [60].
We provide a theoretical framework to incorporate these cus levels,
representing crack-emitted slip subjected to encounters with a
CTB, into fatigue.

As discussed earlier, the crack-emitted slip undergoes unique
transfer mechanism at the coherent interface. Utilizing atomic
scale calculations, we unravel the correlation among the number
of incident slip (nslip), the reaction-specific cus and the magnitude

of residual Burgers vectors,~br . The data on Ni-2.9%Co material from
[48] are presented in Fig. 7. As the oncoming slip continues to
impinge on the CTB, the cus evolves non-linearly from a bulk level
(cbulkus ) to saturated magnitudes (csatus ) for individual interactions. The
area under the entire c surface is also known as the so-called misfit
energy, Emisfit, which represents the total energy expenditure to be
overcome in order for slip to occur. We utilize this concept along
with the elastic interaction energy between an incident slip and
the residual slip to establish a work-energy balance (to be dis-
cussed in next section).

For the fatigue crack growth problem, important strategies
could be devised from the computed correlation and the associates
magnitudes of the variables (nslip, br and cus). From a non-
continuum perspective, a prevalence of twin boundaries in the

microstructure would be manifested as a substantial increase in
the overall Peierls energy landscape. Thus, the average Peierls
energy barrier would be strongly dictated by specific strain trans-
mission outcome. For an advancing crack, a higher magnitude of
driving force would be required to sustain adequate dislocation
emission. For example, higher magnitudes of cus means a greater
degree of shielding effects to the approaching slip and the crack
in the long run. A reduced cus would render the to-and-fro slip
glide past the interface relatively easier, thus promoting the
reversibility of overall slip trajectories. In order to incorporate
these considerations into a crack growth formalism, one ought to
convert the maximum values of cus (i.e. csatus ) values into the corre-
sponding mesoscale frictional stresses.

2.3. The important role of lattice friction stress

The lattice friction stress (also known as the Peierls stress) rep-
resents the dislocation nucleation/glide resistance [61,62]. This
parameter has remained a crucial factor in signifying the degree
of shielding to the crack growth [63–65]. Some early works pio-
neered its use in setting the crack growth threshold condition
[66]. The threshold was dictated by the criterion that a crack would
start advancing if the frictional impedance at the cracktip is
exceeded by means of external driving forces. The modification
from the intrinsic (i.e. representing the free glide) level to that
under influence of grain boundaries in the fatigue context was
explored by Tanaka, Navarro and their co-workers [64,67]. One
consequence on the modeling endeavors of such assumption was
that an increased friction was predicted to be beneficial towards
fatigue resistance. In order to establish the role of various slip
transfer mechanisms on fatigue, one ought to extract the corre-
sponding barrier stress.

The necessary theoretical framework for predicting the friction
stress has been well documented in the literature [62,68,69].
Peierls and Nabarro [61,70] have originally laid the groundwork
for using the periodic energy-displacement as the primary input
to predict the associated friction stress. In their original treatment,
sinusoidal relationship was assumed on an ad hoc basis. It is well
established today that the area underneath whole spectrum of
the c surface (as represented by the cus as the peak energy) consti-
tutes the total atomistic energy expenditure for slip movement.

When a newly approaching slip is about to intercept the bound-
ary, it ought to overcome two energy contributions: (a) the misfit
energy, Emisfit = Emisfit(cus) which is the energy cost for shearing dis-
crete lattice (i.e. the total area underneath the c surface surface)
and (b) the residual (elastic) energy, Eresidual = Eresidual(br) which rep-
resent the elastic interaction between incident and the residual

Fig. 6. The c surface of Ni-2.9%Co alloy (blue atom? Ni, lime green atom? Co) [48].

Fig. 7. Evolution of slip energy barrier (cus) from bulk to saturation for various
transfer mechanisms (note that a zero br case represents cross-slip). Corresponding
frictional stresses at saturation [48].
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slip. Thus, the required applied stress sslip-twin to move the disloca-
tion towards the boundary by od can be derived from the work-
energy balance as in Eq. (1) [48].

bincidentsslip-twin@d|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
applied work

¼ @Emisfit þ @Eresidual|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
total energy expense

ð1Þ

Fig. 8 illustrates the above considerations. To generalize Eq. (1)

for any interception mechanism, let us consider the net ~br to be

consisting of component ð~brÞi located at ri (i = 1, 2, 3. . .). Upon
mathematical manipulation, we have the following Eq. (2) for the
final expression for the sslip-twin.

sslip-twin ¼ max
1

bincident

@Emisfitðcsatus Þ
@d

# $
þ 1
dbincident

X

i

lðbrÞ2i
4p ln

D
ri

% &

ð2Þ

where D is the size of the crystal (i.e. the grain diameter); l the
shear modulus; x position of dislocation. The D/ri ratios are taken
to be constant (1/500), given the fact that such a value amounts

to the classical expression [62]:
P

i
lðbrÞ2i

2 . It is noteworthy here that
positions of the residual slip (with respect to the original reaction)
with increased incidence differ from case to case. In case of any
locations thereof, the proper ri values should be chosen reflecting
the positions of the individual components of the net residual slip.
Using Eq. (2), the sslip-twin values for various slip transfer mecha-
nisms are predicted as listed in Fig. 7. Physically, the stress
sslip-twin means the combined contribution of the Peierls stress
and the elastic interaction stress (to be overcome) between the
incident and the residual slip. In Eq. (2), the interplay between a
partial dislocation connected by a stacking fault and the boundary
is reflected by the captured cus magnitudes. This is attributed to the
fact that the cus values are calculated by tracing the potential
energy differential of a selected group of ‘‘tracing” atoms [23,48]
as a dissociated dislocation with an extended core (i.e. with a
stacking fault in-between) approaches the tracing atoms.

We point out here that in pure fcc materials the intrinsic lattice
resistance is believed to be significantly low. This fact is experi-
mentally indicated by small critical resolved shear stress values
in single crystals of fcc metals (e.g. Ni, Cu and Al having 9–
13.5 MPa [71,72], 2.1–3.2 MPa [73,74] and 0.78–1.3 MPa [75,76]
respectively). However, the widespread presence of twin bound-
aries has demonstrably increased the average Peierls energy peaks
(as reflected in terms of enhanced cus at the interface), thus result-
ing in a much larger sslip-twin (Fig. 7).

The impact of the aforementioned sslip-twin model can be under-
stood by its considerable potential for extension towards any grain
boundary type. The requisite input could be obtained from similar
atomistic analysis. The details are expected to differ; however, the
fundamental methodology would be essentially similar [56]. For
example, in the earlier literature [77,78], the energy barrier cus
for different boundary types are studied extensively and utilized
in a crack nucleation modeling framework. For the twin boundary
related fatigue crack propagation problem, next we configure a dis-
location mechanics based framework, utilizing the frictional stress
as a vital constituent, to solve for damage metrics.

3. Modeling fatigue crack advancement by means of slip
irreversibility

Simulation-wise, nano-materials (with a grain size on the order
of 10 nm) are found to undergo cyclic cracking due to void
formation at and/or around triple joints [79–81]. Some other
researchers also modeled [82,83] the single crystal orientation
dependence on the type of damage mechanisms. It is now well
known experimentally that the slip irreversibility at the crack con-
stitutes the most generic physical process that drives the fatigue
damage propagation [84]. In the early literature, a number of
theoretical undertakings attempted to address the cracking
problem on the basis irreversible of plastic flow [21,22,85]. The
principal assumption therein is that irreversible slip at the cracktip
gives rise to a differential between the forward and reverse

Fig. 8. The total energy expenditure in order for an incident slip, ~bincident , to overcome: Emisfit and Eresidual.
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displacements (uforward and ureverse respectively) [85]. Considering
the discrete nature of slip, the trajectories of individual slip can
also be quantified [22,86,87] where a series of mathematical
dislocations are emitted from the crack. They return to the tip on
reversing the load. The crack growth criterion is established as a
minimum of one residual Burgers vector left at the cracktip on each
cycle. Building on these modeling breakthroughs, the concepts of
interface-affected sslip-twin, as outlined previously, could be incorpo-
rated therein to study the influence of CTB on the da/dN behaviors
as we discuss below.

Fig. 9 illustrates the current concept of predicting da/dN on the
basis of irreversible slip trajectories now informed by the specific
nature of the slip-boundary interactions. The fundamental idea is
the crack emits nslip number of slip during loading, which
intercepts the twin in a forward and reverse manner on loading/
unloading [23]. The cracktip thus displaces by an amount,
uforward ¼ f ðx f

i ; s
f
Peierls; tÞ where x f

i the slip positions during forward

loading, s f
Peierls the frictional stress (either free or boundary-

induced glide, whichever is appropriate) for forward flow, and
t twin lamellar thickness (or inter-twin spacing) [23]. On unload-
ing, slip starts reverting back to the cracktip (followed by elastic
relaxation) during which either of the two following possible
scenarios can transpire. Slip of opposite sign (designated ‘‘#ve”)
can emit during the load reversal and thus annihilate the returning
‘‘+ve” slip. Another possibility is that no #ve slip nucleates and +ve
slip returns. In any case, the cracktip displacement is now,
ureverse ¼ f ðxri ; srPeierls; tÞ, where the xri is reverse slip positions and
srPeierls friction stress during reverse flow. The terms uforward and
ureverse are obtained as follows [25]:

du ¼ 1
2l

Z
s@x ð3Þ

Eq. (3) represents the generic expression for the cracktip displace-
ment. Considering the discrete nature of slip, we derive the forward
and reverse displacements as in Eqs. (4) and (5).

uforward ¼
1
2l

Xnslip

i

x f
i s

f
i ð4Þ

uforward ¼
1
2l

Xnslip

i

xrisri ð5Þ

At any stage of loading, the shear stress components acting on
the i-th dislocation can be written as, si = sapplied # simage # spile-up
[86], which when equal to free glide sPeierls (or sslip-twin at the

boundary) can be used to solve for x f
i and xri . The force balance is

established among the applied, image and pile-up stresses. It
should be noted that the frictional stresses for forward/reverse
cases are distinguished in view of the fact that residual slip may
create a considerable differential thereof. This formalism could
be applied for mode I, II and III cracks considering either edge or
screw type dislocations. The dislocation positions to be utilized
in computing displacements uforward and ureverse are obtained from
the force balance [25,88]. The acting shear stress terms are bal-
anced against the friction stress as in Eq. (6).

Kffiffiffiffiffiffiffiffiffiffi
2pxi

p
|fflfflffl{zfflfflffl}
applied

# A
2xi|{z}
image

#A
Xj¼nslip

j–i

ffiffiffiffiffiffiffiffiffiffiffi
xj
xi

% &s
1

xj#xi
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

pile-up

#sPeierls ¼0 ði¼1;2;3 . . .nslipÞ

ð6Þ

where A is lb/2p(1 # m) and lb/2p for edge and screw dislocations
respectively (m is Poisson’s ratio). Eq. (6) is numerically solved for
the all the slip at a given instance of loading (i.e. a particular value
of the applied stress intensity factor, K). Then, finally da/dN is com-
puted as follows:

da
dN

¼ uforward # ureverse ð7Þ

Following the aforementioned methodology, in Fig. 10, the
da/dN for a stage I crack is predicted (using frictional stresses
corresponding to slip transmission case in pure Ni, as an example
[25]). The computed dislocation positions at Kmax and Kmin are
shown when the crack is far from the twin boundary and also
when very close to the twin boundary. The model is able to capture
the retardation of the crack at the interface. The DK corresponding
to the minimum da/dN (i.e. equal to one Burgers vector cracktip
extension) can be deemed as the effective threshold, DKth,eff, an
important metric representing inherent cracking resistance [89].
This predicted metric represents the intrinsic cracking resistance
as induced by a coherent twin boundary for particular twin lamel-
lar thickness (35 nm).

Based on a very similar modeling approach, the experimental
threshold behaviors for the coarse- and fine-twinned Ni-2.9%Co
alloys is predicted [11] (considering cross-slip at the twin
boundary) as shown in Fig. 11. The colored bands represent the
modeled threshold values accomplished via varying the initial dis-
location density between the cracktip and the twin boundary
(starting from an initial value of 1012/cm2), twin lamellar thickness
(t) and inter-twin spacings (ranging from 25 nm to 55 nm). The

Fig. 9. Crack progression as a result of differential between forward and reverse slip positions influenced by coherent twin boundaries [24,25].
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good agreement between the theory and the experiment is
achieved. Most importantly, the model input considered as the
mechanistic in nature as discussed throughout the entire paper.
The current model can be employed to study the microstructure-
independent stage II growth regime as well [23]. The condition is
to allow a considerably large degree of slip emission by increasing
the driving force i.e. DK. In such a case, due to high pileup stress,
the interface would offer little resistance, thus giving rise to the
post-threshold behaviors.

The most significant impact can be deemed as the elimination
of a significant number of adjustable parameters in theorizing
fatigue by including a mechanistic basis. Microscopic damage

processes are considered to ultimately arrive at macroscale
comparable with experiments. Although certain approximations
related to continuum fields of dislocations are adopted, further
refinement in this regard remains a promising future endeavor.

4. Summary and conclusions

On the whole, we have discussed the improved fatigue cracking
behaviors of nano-twinned materials compared to conventional
materials as recently noted in the literature. The modeling strate-
gies to solve coherent interface-affected fatigue crack growth prob-
lem are outlined. Particularly, the importance of considering the

Fig. 10. Positions of dislocations during a stage I crack growth (simulated). The DK corresponding to a da/dN equal to one Burgers vector (1b) constitutes the so-called
microstructural DKth for a coherent twin boundary [25].

Fig. 11. Prediction of experimental threshold behaviors of coarse-twinned (due to heat treatment) and fine-twinned NiCo alloy [11].
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slip transfer mechanisms at the interfaces (as emitted by the crack)
is emphasized. A step-by-step formalism to extract the associated
slip energy barriers for individual strain transmission mechanisms
is outlined and the importance thereof is discussed. The modeling
approach involves conversion of fault energetics into correspond-
ing friction stresses. In addition to the current problem in hand,
we have asserted that such methodology holds considerable pro-
mise for addressing any other types of grain boundaries as well.
For example, there exists literature listing computed cus for a vari-
ety of interface types. The fault energetics remains to be used in
such a fatigue model to provide the damage metrics for a material
rife with the respective boundaries. The model promotes a generic

framework to incorporate the parameters such as~br , cus and sPeierls,
t, to represent the exact nature of material microstructure (in
terms of interface type and distribution). Thus, such knowledge
will be particularly invaluable, in that one can readily estimate
the trend in the damage resistance for a given polycrystalline
material with a prevalence of certain interface types. In addition,
the adopted atomistic approach suggests future avenues of theo-
rizing near-tip nano-scale damage mechanism in other classes of
materials (e.g. transforming alloys [90,91]) although the details
of analyses may differ.
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