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The fatigue life of a component can be expressed as the sum of two segments of life: (a) the number of
loading cycles required to initiate a crack and (b) the number of cycles it takes that crack to propagate to
failure. In this review, the primary emphasis is relating the fatigue crack initiation to the microstructure
of the material. Many studies have focused on this phenomenon over the years and the goal of this paper
is to put this work in perspective and encourage future work of fatigue in polycrystals based on the mate-
rial’s microstructure. In order to address fatigue, it is necessary to understand the mechanisms that facil-

IF(%WS;dS: itate crack initiation. Slip irreversibilities exist in a material and accumulate during fatigue loading. At the
Cracgk initiation defect level, irreversibilities are a result of dislocations: annihilating, cross-slipping, penetrating precip-
Microstructure itates, transmitting through grain boundaries, and piling-up. These slip irreversibilities are the early signs

of damage during cyclic loading. The dislocations subsequently form low-energy, stable structures as a
means to accommodate the irreversible slip processes and increasing dislocation density during cyclic
forward and reverse loading. The result is strain localizing in a small region within the materials, i.e. per-
sistent slip bands and dislocation cells/bundles. Strain localization is a precursor to crack initiation. This
review paper will focus on experimental observations of strain localization and the theory and numerical
analysis of both slip irreversibilities and low energy configuration defect structures. This fundamental
understanding is necessary to study persistent slip bands in FCC metals and alloys including the appro-
priate characterization, theory, and modeling. From this fundamental knowledge both micromechanical
and crystal plasticity models can be used to predict crack initiation, which are also reviewed. Finally, this
review ends with a discussion of the future of fatigue modeling and experiments.

© 2012 Elsevier Ltd. All rights reserved.

Slip irreversibility
Persistent slip bands

1. Introduction

The importance of fatigue is evident; although exact numbers
are not available, it is expected that at least half of all mechanical
failures are due to fatigue [1]. The relative cost of these failures
constitutes approximately 4% of the gross national product of the
US [1]. For this reason, it is essential to understand the physics of
fatigue, in order to create a cause and effect relationship in an ef-
fort to reduce the probability of such failures. For this reason, we
present a critical view of fatigue crack initiation in modern engi-
neering. We note that this article is not intended to be a compre-
hensive review of crack initiation; in this case, we present a
pointed review of the seminal crack initiation mechanisms in FCC
materials during low cycle fatigue.

The aim of this article is to elucidate the role of the microstruc-
ture in crack initiation mechanisms. From this perspective and the
combination of experiments, modeling, simulations, and theory, it
is possible to construct the structure to fatigue performance rela-
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tionship. This link enables prediction of fatigue life in components,
which consist of different heat lots of materials and further allows
the ability to engineer materials with optimized microstructure for
extended fatigue lives.

We start by reviewing classical fatigue experiments with re-
spect to localization of strain as a precursor to crack initiation.
Strain accumulates primarily through dislocation motion resulting
in slip within the grains of the polycrystalline aggregate. Upon for-
ward and reverse loading, slip moves in distinct paths within each
cycle, in which the slip processes are not fully reversible. We pres-
ent an overview of slip irreversibilities and the arrangements of
dislocations in low energy configurations as these phenomena de-
fine the unique nature of fatigue and the existence of persistent
slip bands (PSBs). Persistent slip bands represent a critical mecha-
nism of crack initiation in ductile FCC materials. Due to their
importance in the fatigue process, we present a thorough review
of theoretical, experimental, and modeling efforts to rationalize
the nature of PSBs and their role in crack initiation of PSBs in single
crystals, polycrystals, and alloys. This information is key as we ex-
plore crack initiation in relation to microstructural features within
the material. Finally, we close with a discussion on the future of re-
search in the area of fatigue in materials.
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2. Fatigue experiments and strain localization

Fatigue is characterized by a series of forward and reverse load-
ing. Specifically in low cycle fatigue, plasticity is induced in each
cycle. Over the course of accumulated cycles, during the fatigue
process, defects in the form of dislocations multiply and accumu-
late within the material. This behavior results in an increase in
the dislocation density [2-4], which form unique structures in an
attempt to minimize the total energy of the system [5]. As a conse-
quence, in many materials strain is localized in the form of slip
bands, as first pointed out during fatigue of polycrystalline
(coarse-grain) Swedish iron by Ewing and Humphrey [6]. The slip
lines appeared fine and sharp in several favorably oriented crystals
within the specimen and as more cycles accumulated within the
specimen, more crystals displayed signs of slip bands, the existing
bands widened, and ultimately some of the slip bands developed
into small cracks [6].

Seeger et al. [7] and Friedel [8] discussed the mechanism of
work hardening in FCC crystals and the associated slip band forma-
tion. In this work, a combination of experiments displaying the
stress-strain response indicating the role of the flow stress and
theory of the underpinning dislocation mechanics creates a foun-
dation for a discussion of slip band formation as depicted on the
surface of the cyclically loaded specimens [7,8]. Hence, the results
display that strain localization occurs in the form of slip bands,
which are precursors to crack initiation. As shown in Fig. 1, slip
bands form during cyclic loading resulting in crack initiation [5].
In the formation of slip bands, the dislocation mechanics play an
important role in the fatigue response of the material. Specifically,
the dislocation response is strongly dependent on the temperature,
stacking fault energy, slip character, and applied strain amplitude
(cycles to failure) [5,7-11]. As discussed in this article, the disloca-
tion mechanics create the impetus for strain localization and ulti-
mately crack initiation.

Fig. 1. (a) Slip bands form at the surface of a crystal as a result of fatigue
(54.5 kilocycles). (b) Due to the accumulation of strain, a crack initiates at the
interface between the slip band and the matrix (72 kilocycles) [5].

Through the use of powerful microscopy tools, several groups
have superimposed the strain fields spatially across boundary
traces pertaining to the microstructure, including Tschopp et al.
[12], Clair et al. [13], Abuzaid et al. [14], and Daly [15]. Primarily,
digital image correlation (DIC) is used to analyze strain fields and
strain localization spatially on the surface of a specimen combined
with electron back-scatter diffraction (EBSD) scans indicating the
grain orientation and grain boundaries within the specimen, dur-
ing in situ or ex-situ loading. The results illustrate the role of strain
localization across the microstructure as a result of loading. For in-
stance, we use the experimental work of Abuzaid and Sangid et al.
to depict strain localization, as shown in Fig. 2 [14]. This specimen
has been loaded to a uniaxial strain of 2.2% and unloaded while
recording the microstructure from EBSD and the strain fields from
DIC, ex-situ, before and after loading. After unloading, the residual
strain is nominally 2% across the specimen, although as shown in
Fig. 2, the material deforms heterogeneously and the strain varies
spatially across the microstructure, especially in the presence of
twin and grain boundaries. Many high stress regions are visible
where the strain accumulation is greater than 5%. Additionally,
other regions have nearly zero or compressive strains resulting
from the loading cycle [14]. This, it can be seen that the micro-
structure plays an important role in strain localization, and, during
cyclic loading, it is expected that a crack will nucleate in the vicin-
ity of a region containing a large amount of strain accumulation.

3. Slip and irreversible slip processes

In order to understand crack initiation during low cycle fatigue
in metals, it is necessary to understand the deformation mecha-
nism within the material at the atomistic scale (dislocation level).
In metals, the mechanism of plastic deformation is dislocation mo-
tion, which is accomplished via slip or twinning of the crystalline
lattices. In most polycrystalline alloys during fatigue, we see slip
as the primary mechanism. As slip accumulates during cyclic load-
ing, plastic deformation manifests into eventual strain localization
leading to crack initiation. This process is determined by the indi-
vidual microstructure and strengthening mechanisms within the
material.

In an attempt to describe the fatigue process at the dislocation
level in a generic engineering alloy, slip follows a series of steps as
follows: (i) dislocations are present from the processing of the
materials or nucleate at the grain boundaries, (ii) upon reaching
the critical resolve shear stress on a slip system in preferentially
oriented grains, dislocations begin to glide on that slip system,
(iii) slip continues until the dislocations reach an obstacle in the
form of an elastic field originating from a solute particle, another
dislocation, grain boundary, or precipitate, (iv) upon subsequent
loading, the local stresses cause the nucleation of additional dislo-
cations or the blocked dislocations to supersede their obstacle by
either a climb, jog, kink, cross-slip, shearing, or looping process,
(v) steps i-iv repeat during cycle loading along the same path as
this path represents a low energy pathway to deformation, which
can be planar (two-dimensional in materials with a low stacking
fault energy) or wavy (three-dimensional in materials with a high
stacking fault energy), (vi) due to the preference of dislocations to
move on low energy pathways, slip continues on these pathways
resulting in the formation of persistent slip bands (PSBs), (vii)
due to plastic deformation resulting from forward and reverse
loading, positive and negative dislocations are produced and con-
figure themselves into preferred structures to minimize the energy
of the dipole configuration (as discussed further in Section 4), (viii)
if positive and negative dislocations are close enough, they annihi-
late via cross-slip (screw components) or climb (edge compo-
nents), which produces vacancies, (ix) due to the increase in
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Fig. 2. (a) Strain fields measured from digital image correlation after loading/unloading a sample in tension to 2.2% strain overlaid with the material’s microstructure from
EBSD. (b) Enlarged view of the black box in (a), which illustrates the GB role in greater detail [14].

dislocation density within this slip band and the dislocation to dis-
location interactions, the slip band exhibits work hardening result-
ing in the formation of either a ladder structure or a parallel slip
band in the material, (x) vacancies diffuse within the material
resulting in the formation of ledges, intrusions, and extrusions at
the grain boundaries and free surfaces, (xi) the increase in defects
which pile-up at the grain boundaries result in a stress concentra-
tion that activates slip in a neighboring grain, and (xii) as the accu-
mulated plastic strain increases (within a grain or across several
grains), the strain is localized into a small volume within PSBs in
the material, the dislocation patterning forces the material to be
very hard or soft, which results in crack initiation at the soft/hard
interface, as shown in Fig. 1.

Thus, the physics of crack initiation are directly influenced by
the interaction of defects and dislocations in the material, which
can lead to complex dislocation arrangements. The result of this
process is slip irreversibilities during fatigue loading. The slip
introduced during forward loading is not recovered fully during re-
verse loading due to the following:

e Cyclic loading produces equal number of positive and negative
edge dislocations, which arrange themselves in low energy
dipole configurations.

e Cross slip and different paths for forward/reverse glide of screw
dislocations during a complete fatigue cycle leads to irrevers-
ibility and possibly annihilation.

e Point defects are produced, due to the dynamic equilibrium
between dislocation generation and annihilation. The flux of
vacancies within the material produces extrusions and intru-
sions (surface roughness) at a free surface or grain boundary.

¢ Dislocation-dislocation interactions lead to the formation of
nodes, jogs, or dislocation locks, which impede motion during
a portion of a fatigue cycle.

o Differences in dislocation back stress due to slip on different
glide planes during the tension and compression portions of
fatigue results in irreversibility.

o Shearing of precipitates localizes slip into planar deformation.

e The discontinuous nature of slip and strain incompatibility at
grain boundaries (GBs) leads to activation of different slip
planes as dislocations interact with GB during forward and
reverse loading.

Hence, fatigue damage is governed by irreversible plastic flow
[16]. Mughrabi quantified the cyclic slip irreversibilities p, defined
as the fraction of plastic shear strain that is microstructurally irre-
versible [17]. In this case, p varies from 0, as is the case in low load-
ing amplitudes, to 1, for high loading amplitudes and near stress
concentrators such as notches in components. As we see in this re-
view, slip irreversibilities form the foundation to crack initiation,
as the irreversible nature of slip is unique to cyclic loading.

4. Defect structures in low energy configurations

In order to gain a more thorough understanding of the effects of
cyclic loading on the material, we must analyze fatigue dislocation
arrangements. As previously mentioned, during cyclic loading, dis-
locations arrange themselves into preferred defect structures to
minimize the total elastic strain energy of the system. In 1977,
Kuhlmann-Wilsdorf discussed, in detail, the theory of low energy
dislocation arrangements. She showed that dipolar walls and dislo-
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cation cell structures form in order to minimize the stored energy
per unit length of the dislocations, which results in extrusions and
intrusions of the material’s surface and work hardening [18,19]. Fa-
tigued materials consist of numerous dislocations with opposite
signs that nucleate from forward and reverse loading, which ar-
range themselves in dipole configurations. In 1986, through a sim-
ple force balance of the stresses exerted by an edge dislocation on a
Taylor lattice, Neumann showed that several specific configura-
tions result in stable structures, including ladder (series of walls,
as seen within PSBs) and vein (diamond multipole) configurations,
as shown in Fig. 3 [20-22]. This approach displayed an early form
of modeling discrete dislocation dynamics, which computational
efforts for this type of modeling have evolved over time. Using
3D dislocation dynamics, Depres et al. simulated the associated
surface topography and roughness profile resulting from fatigue
loading. The dislocations arranged themselves into slip bands to
localize plastic shear strain. In order to relieve stress, intrusions
and extrusions form on the material’s surface, as shown in Fig. 4
[23-25], creating a rough surface topography. From these simula-
tions, Depres et al. suggests that cross-slip is responsible for the
formation of the dipole structure of the dislocations and the origin
of irreversibility of the plastic strain.

There have been a few attempts to develop a closed-form solu-
tion to the stress field developed by the dislocation arrangement
resulting from fatigue. Brown used the Airy’s stress function to de-
velop an expression for the stress field by the dislocations of a di-
pole arrangment, which he used to explain long-range stresses
from the wall structures [26-28]. Van der Giessen and Needleman
developed a dislocation dynamics model to verify that the stress
field from a series of planar edge dislocations can be modeled as
a series of hyperbolic terms [29]. Brinckmann extended this model
to account for two opposing series of edge dislocations, which pro-
vided a good approximation for the dislocation arrangement in a
slip band and the resulting stress field [30]. These models repre-
sent the stress field of dislocations in a PSB from 2D dislocation
dynamics, which provides information that is crucial for modeling
the unique dislocation arrangements resulting from cyclic loading.

5. Persistent slip bands in single crystals
5.1. Experimental observations of PSBs

Due to slip irreversibilities, vacancies are generated creating a
flux within the PSB resulting in surface intrusions and extrusions.
Meanwhile, dislocations agglomerate into the walls of a PSB, which
act as strong barriers to slip, resulting in a hardening response of
the material. Both the hardening behavior and dislocation density
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are seen to saturate as the fatigue cycling continues [31-33]. Thus,
PSBs represent significant localization of plastic deformation, slip,
and dislocations, therefore hardened (PSB) regions are adjacent
to the relatively soft matrix material. The result produces a rela-
tively well-defined 3D structure of a PSB in the material, as shown
in Fig. 5. The interface between the PSB and matrix is a plane of dis-
continuity across which there are abrupt strain gradients, resulting
in a preferred site for crack initiation [34-38]. As the PSB evolves
during cyclic loading, dislocation multiplication leads to a strain
(cyclic) hardening response in certain materials, while rearrange-
ment of pre-strain-induced dislocation networks leads to a strain
(cyclic) softening response in other materials.

Many of the physical insights into the mechanisms that form a
persistent slip band were theorized by Mughrabi and Essmann
et al. in the late 1970s and 1980s, specifically on the generation
and annihilation of point and line defects within a PSB [39-41].
Cyclic loading produces positive and negative edge dislocations,
which attract each other, forming dislocation dipoles agglomerat-
ing in the walls of the PSB resulting in a nearly zero net Burgers
vector [42-45]. Only edge dislocations of opposite sign are likely
to form such dipoles because positive and negative screw disloca-
tions can easily cross slip and mutually annihilate [39,46,47]. Sim-
ilarly, edge dislocations of opposite sign on different glide planes
can annihilate via climb on glide planes resulting in formation of
a vacancy.

Within the PSB, dislocation glide even at low temperatures and
as aforementioned there is a flux of vacancies resulting in intru-
sions/extrusions at the surface. During the surface roughening pro-
cess, the average dislocation distance in the fatigued matrix
approaches the annihilation distance for dislocations, which
Mughrabi calculated for edge and screw dislocations in copper.
The annihilation distance provides an upper limit for dislocation
density and vacancy concentration in the walls of the PSB, whose
dislocation density values are much greater compared to the fati-
gued matrix domains [39,48,49].

5.2. Modeling PSBs in single crystals

Essmann and Mughrabi created a model for extrusions and
intrusions resulting from a PSB, focusing on randomly distributed
irreversible slip processes, as a product of a dynamic equilibrium
between dislocation multiplication and annihilation in a PSB
[39]. The result of the above model leads to elongation of the
PSB, extrusions/intrusions at the surface of the single crystal, and
an increase in surface roughness. In their model, they estimated
the surface roughness, Ra, which displays a square root depen-
dency on the number of loading cycles, N:
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Fig. 3. From simulation under applied loading, stable arrangements of edge dislocations form on a (a) Taylor lattice, (b) in a vein structure, and (c) in a ladder configuration

[21].
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Fig. 5. (a) 3-D appearance of the dislocation structure of a fatigued crystal and (b) a schematic depicting the PSB configuration [5].

R, = ZF\/ NbYpsgPpsshy, (1)

where ppsg is the ratio of irreversible strain to total strain, ypsg is the
plastic strain amplitude in the PSB, hy, is the thickness of PSB, b is the
Burgers vector, and F is a proportionality constant [40,41]. Many
parameters are used that cannot be simulated or measured prior
to failure. Hence, only logical quantitative estimates can be given
for the model’s variables. This model is physically-based and well
thought-out and serves as an important foundation to researchers
on modeling irreversibilities in fatigue.

Many PSB models build on the insights and techniques of Ess-
mann and Mughrabi for single crystals [9,50-52], including Ortiz
and Repetto who created a finite element model for the develop-
ment of a PSB in an initially defect-free single crystal FCC mate-
rial. The result leads to an outward flux of vacancies and the
formation of surface roughness and stress concentration as a pre-
cursor to a sharp surface crack that may result in failure [52]. The
Ortiz and Repetto model relies on fitting a constitutive model to
the diffusion of vacancies in a single-crystal and delivers insight-
ful results.
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6. Persistent slip bands in engineering materials
6.1. PSBs in polycrystals

To this point, we have only discussed PSB formation in single
crystals, although dislocation walls and PSBs can form in the most
favorably oriented grains within a polycrystalline material [53-
55]. The dislocation arrangements in polycrystals are similar to
those in single crystals, except that the dislocations are impeded
by the GB resulting in pile-up and additional stress concentration
[49], as shown in Fig. 6a. Blochwitz et al. studied PSB interactions
with GBs during fatigue of polycrystalline material; their results
showed that PSBs affect the local stress at the GB, further the pro-
cess is influenced by the misorientation between grains [56-59] or
the presence of a twin [60]. The resulting stress is relieved by for-
mation of a static extrusion at the GB (Fig. 6b); expressions are for-
mulated for the resulting slip and static extrusion height at the GB
[49]. Over an increasing number of cycles, the stress concentration
and extrusion height increases assisting in crack nucleation at the
PSB-GB interface.

GBs have been described as impenetrable obstacles to PSBs that
cause stress concentration resulting in cracking or PSB formation in
adjacent grains [56]. Since that time, the misorientation and Sch-
mid factor of adjacent grains have been recognized as important
parameters in determining PSB-GB interaction and crack initiation
[59]. Based on experimental observation by Zhang et al., PSBs can
transmit through low-angle GBs (LAGBs), hence cracking does
not occur at these boundaries [61-67], as shown in Fig. 7a and c.
LAGBs are defined as a misorientation between grains of less than
15°, also referred to, in literature, as a X1 GB according to the coin-
cidental site lattice (CSL) [68,69] theory using the Brandon condi-
tion [70]. Interestingly, PSBs cannot transfer through general
(random) high-angle GBs (HAGBs), resulting in impedance of dislo-
cation motion, dislocation pile-ups, stress concentration, and pos-
sibly intergranular fracture [64], as shown in Fig. 7b and d.
Further, the mechanism of HAGB cracking is independent of the
angle between the applied stress axis and the GB plane [65]. From
this analysis, the PSB-GB interaction can result in dislocations
behaving by one of the following scenarios: passing through, pil-
ing-up, or partially passing through (resulting in a residual disloca-
tion within the GB) [63,71]. In the case of partial transmission, the
system orientation and GB character plays an important role [72].
The GB character can be quantified by the CSL notation, as an out-
come special CSL boundaries do not experience intergranular

b=1/2[101]

pgy v 010

Extrusions
form a ledge

cracking [73,74], especially the X3 boundaries also known as
twins, which are discussed in Section 7.1.2. These experimental
observations are important to the modeling community to predict
fatigue crack initiation.

6.2. Modeling PSBs in polycrystals

Lin and Ito developed a model for plastic shear strain accumu-
lation from a PSB in a polycrystal [75]; however their shear stress
field was non-equilibrating. Building on their concepts, in 1981,
Mura and Tanaka created a powerful micro-mechanical model for
crack initiation at a PSB in a polycrystalline material [76-78]. Their
approach created an energy balance of the dislocation structure
along the PSB in the most favorably oriented grain. The PSB con-
sists of two series of dislocations on opposing layers, which ac-
count for deformation as a result of forward and reverse loading,
as shown in Fig. 8a. In order to incorporate slip irreversibility in
the Mura and Tanaka model, it is postulated that the irreversibility
of dislocation motion in the two adjoining layers arises from the
different levels of back stress during slip in the forward direction
on layer I and in the reversed direction of layer II.

The change in energy, AU, from forward to reverse loading is gi-
ven by:

AU = %Ay(Ar —2Kk), )

where At is the alternating applied stress and k is the frictional
stress of the matrix, which must be exceeded for dislocation motion
(in this model it is assumed that At > 2k). The plastic strain, y, is gi-
ven by integrating the distribution of continuous dislocation within
the PSB, D, where D(x) is the dislocation density of a layer within
the PSB, given as an unbounded function near the GBs, D;(x)=
2X(11 — k)(1 = v)/(pb (@ — %)),

y:/LbD(x)xdx (3)

By taking the difference in layers I and II during cyclic loading, the

alternating plastic strain, Ay, can be given as follows:

AT - 2k)a?7(1 —v)
u

where 2a is the grain size, v is the Poisson ratio, p is the shear mod-
ulus, and b is the Burgers vector of the material. The total energy of
the PSB, U, is the sum of the energy on the two layers of opposing

Ay =" 7 (4)

Fig. 6. (a) Schematic of the PSB geometry in the polycrystal [125]. (b) PSB interactions with GBs leads to static extrusions across the GB in the form of ledges and steps [125]

redrawn from Ref. [49].
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Fig. 7. (a) Transmission of a PSB through a LAGB (misorientation, 6 < 15°), (b) PSBs cannot penetrate through HAGBs (6 > 15°). (c) PSB penetrate a LAGB [66], (d) PSB impeded

by a HAGB resulting in dislocation pile-up and stress concentration [66].
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form of a stress-life prediction for crack initiation at liquid nitrogen (LN) and room
temperature (RT) [80].

dislocations, which can be equated to the alternating energy, AU,
during reverse loading by the number of cycles, n. Failure is reached
when the total energy of the PSB reaches the specific fracture en-
ergy of the material, W..

U = U + Uy = 2n,AU = 4aW, (5)

By rearranging this, the number of cycles to failure, n., can be writ-
ten as:

47(1 - v)Wa?

T T Ay

(6)

Substituting Eq. (4) into Eq. (6) and rearranging, we can express this
failure criterion into a Coffin-Manson type expression

W,

AT=2k+2 7 —vna

(7
Notice that the stress has an inverse square relationship with the
grain size, a, hence this model is still reminiscent of the Hall-Petch
model of grain size dependence on fatigue strength. This model was
extended to account for notches, as dislocations pile-up in the pres-
ence of a notch, which acts as a stress concentrator.

Mura’s and Tanaka’s model was revisited in the 1990s, as the
Gibbs free-energy evolution was calculated with increasing num-
ber of loading cycles. The change in the Gibbs free-energy, AG, is
seen to increase, hit a maximum value, and sharply decrease dur-
ing fatigue loading [79,80]. The change in the Gibbs free energy
was used as their criterion for instability of dislocations within a
PSB during fatigue and ultimately crack initiation. The free-energy
considerations correctly predicted easier crack initiation in air as
opposed to a vacuum, at higher temperatures, and closer to the
material’s surface, as shown by the stress-life prediction curve
for liquid nitrogen and room temperature in Fig. 8b. This model
works well and is comparable to experiments by adding an addi-
tional variable for degree of irreversibility, f [81].

There are some concerns and limitations with this model. For
instance, this model consists of a simple energy balance and does
not take into account the complicated geometry and dislocation
structure of a PSB. Nor does it account for the normal stress, which
is critical in fatigue. One layer of dislocations does not effect the
other during reverse loading, which is an over simplification. Also,
there is an energy discrepancy, as their model takes into account
only the portion of the hysteresis loop above yielding; i.e. the en-
ergy does not account for the total area within the hysteresis loop,
since the frictional stress parameter, k, must be overcame for the
dislocations to move and is not incorporated in the energy.

6.3. Slip bands in alloys

Historically, the majority of the studies on PSBs have been on
pure FCC materials, although PSBs have been observed in alloys
[82,83] and superalloys [84-87]. Typically, superalloys are
strengthened by an ordered )’ precipitate. Petrenec et al. studied
the dislocation arrangements in Ni-based superalloys (IN713 and
IN792) at room and elevated temperatures [88-90]. They con-
cluded that persistent slip bands were evident and contained a
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high density of dislocations. PSBs form as dislocations cut through
the matrix and )’ precipitate in a planar slip manner at both tem-
peratures and were the main source of crack initiation [88-90].
Therefore, the PSB structure in precipitate-hardened superalloys
(i.e. multiple parallel thin bands and a planar concentration of plas-
tic strain from shearing the precipitates) is noticeably different
compared to the ladder-like structures observed in single-phase
materials.

As previously mentioned, PSB formation manifests in surface
roughness by means of intrusions and extrusions. This phenome-
non is also seen across the grain boundaries in the bulk of a poly-
crystalline material [49]. Recently, inclusions and extrusions have
been measured and quantified using atomic force microscopy
(AFM) [58,91-93], which can be related to the irreversibility of
slip/displacements in the material [94,95]. Risbet et al. measured
the evolution of extrusions on the surface of cyclically loaded
Waspaloy, a Ni-based superalloy [96-98]. The height of a PSB is
seen to be nearly zero until a threshold number of cycles is
reached, increase rapidly, and nearly saturate. As expected, this
behavior is highly dependent on the applied strain range. In an ex-
tremely intensive experimental study, Huang et al. [99] used in situ
neutron diffraction to measure the dislocation density in mono-
tonic and cyclically loaded Hastelloy C-22HS, a Ni-based superal-
loy. The results show the dislocation density increases during
cyclic loading and saturates, as a consequence the space between
dislocation walls decreases as PSBs are formed, as shown in
Fig. 9. The aforementioned work represents an extensive effort in
capturing the slip behavior, dislocation density, wall spacing, PSB
height, and extrusion length evolution with number of cycles dur-
ing fatigue of Ni-based superalloys.

7. Crack initiation relative to microstructure
7.1. Experiments

7.1.1. Large grains and GB character

From experimental results, finer grain material generally expe-
riences a longer fatigue life [100-106], since PSBs are prone to form
in larger grains [55,58,107]; although these studies were per-
formed on materials with uniform grain size and cannot address
the response of materials with a wide distribution of grain sizes.
Similarly, there have been a number of studies that examine the
GB character, defined as the density of coincidental atoms between
two lattices at the GB, where the density’s reciprocal is denoted as
the coincidental site lattice (CSL) £ value. Experimental studies
have shown that CSL boundaries of high CSL density/low X value
do not crack during fatigue of Ni [73], stress corrosion of a Ni-based
superalloy [108], and cavitation of Cu [109]. Hence, it is important
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to account for the GB character as this contributes to the formation
and stability of a PSB. Moreover, there can be a combining effect
between grain size and grain boundary character. Crack initiation
is found to occur across adjacent grains with similar orientations.
That is, the grain clusters are connected by low-angle GBs, thus
allowing for slip transmission across the GBs. As a result, the grain
cluster is coined as a super-grain and represents a preferred site for
crack initiation [110].

7.1.2. Twin boundaries

Experimentally, twin boundaries (TBs) have been observed as
another preferred sites for crack initiation [111-113], although
there is still debate on the TB’s fatigue response in FCC material.
In other words, do TBs harden the material or degrade the fatigue
life by acting as crack nucleation sites? Initially, Bottner, McEvily,
Liu observed the formation of fatigue cracks at TBs [114]. In many
cases, the PSBs form parallel to the TB’s normal, resulting in PSB-
TB interaction. They note coherent TBs as low energy interfaces
within the material, but as PSBs intersect the TBs, non-coherent
ledges, steps, or static extrusions form on the TBs. The resulting
steps are non-coherent, facilitators of secondary slip, dislocation
sources, stress concentrators, and preferred crack initiation sites.
The same phenomenon was observed by Thompson [115]. He con-
cluded larger grains and lower stacking fault energies (SFE) result
in greater dislocation pile-ups and more secondary slip, respec-
tively; as a consequence both factors result in more stress concen-
tration and are more prone to cracking. In other words, TBs are
inherently stronger against intergranular cracking in materials
with high SFE, while in low SFE materials, TBs accommodate much
of the plastic deformation leading to stress concentration and crack
nucleation at the TB [116]. Interestingly, in nanocrystalline mate-
rial, thinner twins (<1 pum) play an important role in strengthening
the fatigue response of the material by affecting the type of PSB-TB
interaction [117].

Many models are available to explain TBs as preferred sites for
crack nucleation [59]. Kim and Laird argued that plastic incompat-
ibilities caused by surface steps at the TB lead to irreversibilities
and cracking [118]. Lim and Raj presented a dislocation model, in
which they measured the residual or sessile dislocations at the
boundary and from this quantity coined a continuity factor depen-
dent on the slip transfer [119]. Neumann created a traction model
to calculate the local stress concentration at TBs promoting crack
initiation at low plastic strain amplitudes [120]. Peralta et al. mod-
eled the elastic incompatibilities near a TB; from this analysis, they
calculated the stress concentration, which is a maximum value
when the tensile axis is a (111) direction, i.e. the loading axis is
parallel to the TB [121]. In this model, the TBs promote early
primary slip and secondary slip. Peralta’s elastic incompatibility
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Fig. 9. (a) Dislocation density and (b) dislocation wall spacing as a function of number of cycles in 1% strain fatigue loading of Hastelloy C-22HS [99].
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results were reconstructed using the finite element method
[122,123]; the results are in agreement and show that coherent
TBs have the highest elastic stress concentrations. Building on
these concepts, Neumann’s model was modified by Blochwitz
and Tirschler to account for medium plastic strain amplitudes, thus
representing an elasto-plastic solution [60,124]. Each of the afore-
mentioned models demonstrates the role of TBs as preferred sites
for fatigue crack initiation in polycrystalline material. These exper-
imental results and analytical models provide a solid foundation,
which overwhelmingly illustrate that cracks preferentially nucle-
ate near TBs as a consequence of dislocation pile-up and stress
concentration.

7.2. Microstructure models of crack initiation

7.2.1. Micromechanical models

Through a series of papers, a model is developed to predict mi-
cro-structurally driven fatigue failure from a specific failure mech-
anism in a Ni-based superalloy, i.e. PSBs [125-127]. The initial
microstructure information is input in the form of an EBSD scan
providing characterization of the grain size, grain orientation,
and neighboring grains. From this measurement, the individual
GB characters are calculated [128] and linked to atomistic simula-
tions of bicrystals with similar types of GBs, which provides the en-
ergy barrier to plastic deformation for various types of boundaries
[129,130]. Thus, a quantifiable characterization of the material’s
microstructure and local strength is used to monitor the energy
of a PSB in a single grain or a grain cluster (group of grains con-
nected by low-angle GBs) within the polycrystalline aggregate.
The overall energy of the PSB is comprised of the following:

i. The formation of the PSB occurs as dislocations shear through
the y matrix and the )’ precipitate within the Ni-based super-
alloy, resulting in an associated stacking fault energy, ys, and
anti-phase boundary energy, yapg, respectively.

ii. After formation of the PSB, dislocations glide within the slip
band, thus overcoming the existing local stress fields pro-
duced by the elastic strain energy of the sessile dislocations,
work hardening within the PSB, and the external applied
stress field, Ac™.

iii. The dislocation density, p, within the PSB increases with
applied loading until saturation is reached. Additionally,
the PSB interacts with the GB resulting in dislocation pile-
up and transmission through the GB to form extrusions/
intrusions at the boundary. The energy barriers associated
with the dislocation nucleation process, E'™“%8 and GB
resistance to slip transmission, E’*'P-E are dependent on
the specific character of the GB and determined through
atomistic simulations.

Therefore, the total energy of a PSB is expressed as follows:
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The total energy evolves as the number of loading cycles increases.
The failure criterion in this model is defined as the PSB reaching a
stable energy configuration, i.e., the energy of the PSB reaching a
minimum value with respect to motion of the glissile dislocations,
Xi.

O
0X;

Hence, the failure criterion is an energy balance with respect to
plastic deformation, which is in accordance to other well-known
energy balances for describing material behavior, such as Griffith’s
fracture criterion [131] or Rice and Thomson’s brittle versus ductile
behavior [132]. To physically describe failure, the dislocations with-
in the PSB have reached an equilibrium position; hence the overall
PSB has a minimum in energy. The dislocations do not want to be
displaced from their equilibrium and would rather allow a crack
to nucleate along the PSB at the GB. This failure criterion aligns with
an in situ neutron diffraction study, which states that dislocation
self-organization arises possibly during the formation of a micro-
crack [133]; that is analogous to self-organization in this model
due to the dislocations reaching a stable position. Since, potential
PSBs within each grain and grain cluster are monitored, failure is
determined when the first PSB reaches a stable configuration, Eq.
(9), resulting in crack nucleation. Thus, each feature in the micro-
structure is analyzed locally and used to identify the weakest link,
which is most likely to nucleate a crack. For an EBSD scan, the most
likely location of failure is predicted, as shown in Fig. 10a.

Using a Monte Carlo algorithm to create simulated specimens of
different realizations of the material, this model can be used to cal-
culate the influence of microstructure variability on the fatigue life.
The results are shown in Fig. 10b, as the predicted fatigue life of
1000 simulated specimens are compared with 84 experimental fa-
tigue specimens, therefore representing a similar volume of mate-
rial. At each strain range, the averages, maximum, and minimum
fatigue lives are in agreement between the model and experi-
ments, thus providing an excellent prediction of fatigue scatter.
In these simulations, failure is caused by mostly single large, pref-
erentially-oriented grains, but also cluster of several grains con-
nected by low-angle GBs acting in concert to promote failure.
Furthermore, cracks initiate due to PSB-GB interaction, in which
the X3 (twin) GB is the most preferential site for failure. From
the atomistic simulations, the inherently stable structure of the
twin boundary provides the highest energy barrier for slip trans-
mission. Therefore, dislocations are likely to pile-up at twins
resulting in strain localization and crack initiation [126,127].

=0 9)

7.2.2. Crystal plasticity models

Due to recent advances in computational power, finite element-
crystal plasticity (FE-CP) models have become more elaborate and
are used to predict microstructural phenomena in fatigue. Wong
and Dawson used an FE-CP model to analyze the response of FCC
metals subjected to cyclic loading. Their results showed the hyster-
esis response and complex stress state of individual crystals in the
aggregate strongly depend on lattice orientation, elastic anisotropy
as a result of neighboring grains [134]. Thus, the results show that
the stress and strain distributions at the grain level are strongly
dependent on the microstructure factors, such as crystal orienta-
tion, elastic-plastic response, and grain neighbors, which deter-
mines the heterogeneous macroscopic response of the material.
Dunne et al. created a FE-CP model of C263, a nickel-based super-
alloy, which incorporates a back stress term to account for cyclic
loading [135]. By taking the curl of the deformation gradient ten-
sor, Dunne accounts for geometrically necessary dislocations and
microstructural size effects through the material.

K
ApE = Ag curl[nF*] (10)
Hence, the evolution of geometrically necessary dislocations, pg,
influences the plastic velocity gradient, L”, on the individual slip
systems.
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As shown in Fig. 11, the model predicts the overall macro-scale
stress—strain response and gives information pertaining to the accu-
mulated slip distribution at the micro-scale at each point in the
loading history. Crack initiation occurs once a critical accumulated
amount of slip (via the shear strains) is achieved based on individ-
ual slip systems reaching the critical resolved shear stress. Dunne’s
model predicts that PSBs are preferentially formed at triple points
and the resulting crack initiation follows the Coffin-Manson rela-
tionship [135]. This model was extended to study cold dwell fatigue
in titanium [136]. In this paper, rogue grain combinations are iden-
tified as having a combination of orientations leading to highest
stresses normal to the primary basal plane (in hexagonal closed-
packed material) of a central grain resulting in accumulated slip
in adjacent grains. Each of these models represents a significant
advancement in the field, in an effort to use crystal plasticity simu-
lations to predict fatigue crack initiation.

Ghosh et al. studied the effects of creep-induced load shedding
leading to stress concentration in titanium, which included a Hall-
Petch parameter to include the effects of grain size, D [137].

K*
vD*

g =8+ (12)

The result is captured in a power law relationship to model the
strain rate, 9%, on each slip system, which evolves with the back-
stress, x.

. ) T% — o 1/m ) )
; :[%<luwf> }gﬂrz) (13)

The back-stress, y, follows an Armstrong-Frederick nonlinear kine-
matic hardening rule and evolves according to the direct hardening,
¢, and dynamic recovery, d.

17 = i~ dgli7| (14)

This model was extended to include a critical mixed-mode stress to
nucleate a fatigue crack [138] and a novel wavelet decomposed
dual-time scale to reduce the computational cost of cyclic loading
in a FE-CP framework [139]. The decomposition of the nodal dis-
placement with the rate dependent plastic variables results in a
decoupled behavior between the monotonic coarse cycle-scale
and an oscillatory fine time scale [140]. And as result it is possible
to achieve crystal plasticity simulations with 100,000 applied load-
ing cycles to mimic the crack initiation behavior in materials sub-
jected to LCF conditions.

McDowell et al. modeled the fatigue behavior of Inconel 100 at
elevated temperature through FE-CP [141,142]. This model ac-
counts for microstructural features such as grain size and second-
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slip is shown at three distinct strains [136].

ary/tertiary )’ size and volume fraction by using a flow rule with a
two-term potential.

= (Y (2 e
7= () i (FE) s as)

In this flow rule, k% is the threshold stress on the individual (octa-
hedral or cube) slip system, which is a function of the local micro-
structure (grain size, 7y’ precipitate size distribution, and 7’
precipitate volume fraction) through physically based microme-
chanical models. Thus, the microstructure plays a role in determin-
ing the mean free path of dislocations and the associated critical
resolved shear stress on each slip system. Two internal variables
are used to determine the evolution on each slip system, «, which
are the dislocation density, p, and the back-stress, y. Each parame-
ter is calibrated based on the cyclic stress-strain response for ex-
treme variations of microstructure by an optimization routine
within a neural network [141,142]. From this analysis, the fatigue
sensitivity in terms of the initial hysteresis loops (cyclic hardening
behavior) are estimated based on the microstructure parameters,
namely the average grain size and precipitates size distribution
and volume fraction [142]. This framework has been extended to
notch root analysis [143], and fatigue indicator parameters are used
to determine the effect of varying microstructure in predicting
crack initiation life [141,144]. This set of FE-CP modeling of Ni-
based superalloys embodies a tremendous effort including the sen-
sitivity of key microstructure parameters into the fatigue response
of the material.

Another set of FE-CP models from McDowell et al. focused on
slip band evolution within a Ti-64 alloy [145]. This work focused
on the softening response of slip in a region within the microstruc-
ture while subjected to a cyclic load. The simulation of cumulative
plastic strain distribution within the microstructure displayed
good agreement with the qualitative images of surface slip trace
micrographs measured from an in situ SEM experiment, as shown
in Fig. 12 [145]. Additionally, a large prognosis effort developed a
FE-CP framework to determine the tensile stress in particles within

7075 aluminum based on the strain level surrounding the particle,
parent grain orientation, and particle aspect ratio [146]. A micro-
crack develops in the particle, if the stress in the particle exceeds
its strength, which is determined mechanistically through experi-
mentally measured probability distributions. This framework is ex-
tended to study fatigue crack initiation [147]. The model depicts a
fatigue crack nucleating from a cracked Al,Cu, particle once local-
ization and cyclic accumulation of slip is present as well as a local
driving stress, which is once again strongly based on the local
microstructure [148]. In general, the FE-CP models presented in
this section represent significant progress in balancing the micro-
structure level understanding of material behavior with the associ-
ated computational costs. We see that these approaches offer
tremendous benefits in predicting the response of the material
and eventually fatigue crack initiation, especially given the multi
spatial scales and time scales simulations achieved in these
studies.

8. Discussion on future of fatigue: experiments and modeling

Rather than try to summarize and conclude on the physics of
crack initiation, we close with brief comments on the future of fati-
gue experiments and modeling. Fatigue is a topic that has attracted
research interest for a long time; there have been significant phe-
nomenological advances in the 1960s through the early 1980s that
shape our modern understanding of microstructural influences in
fatigue today. The historical understanding of fatigue is critical to
allow the current generation of scientists and researchers to build
on this fundamental knowledge given the vast improvements in
material characterization and computational power. Hence, we
are now in a position, to make major strides in addressing and solv-
ing the microstructural influence and prediction of fatigue crack
initiation in metals, which remains a pressing issue to the materials
science and engineering community.

Simulation-based predictions of material performance includ-
ing fatigue crack initiation have been recognized as a means of
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Fig. 12. Crystal plasticity simulation of cumulative plastic strain distribution compared with experimentally measured slip traces for Ti-6-4 at 2% applied strain [145].

accelerating the insertion of new materials by reducing the associ-
ated cost and time for materials development [149]. Given the re-
cent enhancements in all facets of high-performance computing,
predictive simulations and models will continue to enhance our
analysis of reliable fatigue components. A long-standing goal of
the engineering and materials science community is the ability
to build connections between the complex microstructure of ad-
vanced engineering alloys and the performance of the material.
Researchers and scientists appear to be approaching this goal by
determining physics-based cause and affect relationships. The
models presented in Section 7.2 represent advancement in cyclic
slip behavior of polycrystalline microstructures, which simulate
the slip irreversibilities and unique defect arrangements that are
critical to fatigue. These multi-scale (spatial and temporal) meth-
ods serve as an integrated foundation to predict damage evolution,
fatigue crack initiation, and the minimal reliable safe life, in order
to prevent failure of critical components. Many current approaches
are built on the fundamentals of uncertainty quantification to pre-
dict variability in the micro- and meso-structure that result from
processing advanced materials to elucidate propagation of variabil-
ity within the models and supply the associated risk assessment.
Moreover, these modeling results allow microstructure-based fail-
ure prediction tools to be linked to existing process modeling soft-
ware to reverse engineer components that are resistant to failure.
As discussed in other review papers certain fundamental chal-
lenges in modeling still exist [150], and as more robust fatigue
models are created, additional complexities will surmount building
generalized models with competing failure mechanisms and com-
binatorial effects of fatigue variables (temperature, hold times,
multi-axial loading, notches, etc.).

As previously stated, the development of emerging materials
and their incorporation into component design can be accelerated
while simultaneously improving the material performance by
establishing computational materials models, which connect
microstructure and fatigue properties/performance. The aforemen-
tioned efforts need detailed material characterization activities
combined with validation and verification of their test readiness
in order to implement the models into a design methodology. Pre-
vious model validation efforts were completed based on large-scale
testing programs, which may look at an ensemble of test data at the
specimen or component scale. These traditional testing strategies
jeopardize the implementation of new advanced materials or de-
sign methodologies due to large time and financial investments. To-
day, we see the most advanced characterization and interrogation
methods at each scale are used to verify and validate predictions
of the simulations, including 4-D mapping of ‘defect’ features, strain
fields, and complex stress states within the material.

Initial 3-D microstructure characterization is valuable as a start-
ing point for building computational fatigue models for structural
materials. In order to fulfill this need, software is available to
reconstruct the microstructure from EBSD images via destructive
serial sectioning of the material [151], which can be used as an in-
put to modeling efforts. Higher fidelity 4-D microstructure charac-
terization is obtained through use of advanced synchrotron sources
[152]. Using near field high-energy X-ray diffraction (HEXRD),
complete non-destructive 4-D microstructure information can be
obtained including the grain size, orientation, topology, and posi-
tion [153]. Additionally, far field HEXRD techniques have been
used to measure the in situ averaged elastic stress tensor evolution
within each grain during loading [154]. This offers tremendous in-
sight into the microstructure. Moreover, using diffraction and
phase contrast tomography, the evolution of small cracks can be
seen relative to the microstructure as captured in an ex situ exper-
iment by Ludwig et al. [155]. These techniques offer profound
microstructurally-sensitive implications by experimentally captur-
ing and detecting in situ fatigue crack initiation, as these efforts are
currently underway by Suter et al. [156].

As a research community, we employ both experiments and
computational modeling efforts to explore the physics of fatigue
crack initiation in materials, although at times, these efforts are
disjoint. Over the last decade, with an increase in computational
power, we have been able to simulate the 3-D response of the
microstructure due to external stimuli during processing or load-
ing. Previously, this behavior could not be experimentally interro-
gated at the microstructural level within the material’s bulk. With
the combined grain orientation mapping and stress tensor mea-
surements efforts based on synchrotron techniques, tremendous
amounts of information are accessible at the microstructural level.
Now we are in a unique position to directly compare the results of
experiments and modeling on the same scale. This represents an
exciting time for fatigue research.
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