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a b s t r a c t

The factors that affect the fatigue performance of shape memory alloys (SMAs), including fatigue crack
growth (FCG) response, is far from being well-understood. In this study, we point to a mechanism that
degrades the FCG performance considerably. We introduce the notion of FCG being affected by shielding
and deshielding mechanisms, the former enhancing the resistance while the latter reducing the mate-
rials’ resistance. We show that the deshielding mechanism creates additional driving forces (positive K
contribution) of both Mode II and Mode I types (as much as 5e10MPam1/2) which accelerates the crack
advance. The origin of the positive K component is associated with the localized martensite variant
formation that is highly asymmetric with respect to the crack tip. We derive a resultant DK in excellent
agreement with that measured based on experimental displacement measurements. Overall, this study
represents an advancement of our understanding in FCG of SMAs by quantifying the deshielding
mechanism.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Background

Shape memory alloys (SMAs) are one of the most intriguing
materials that have been discovered to date. Their functional
properties, i.e. shape memory effect, superelasticity, etc., have been
characterized over the years [1,2]. Yet, the explanation of their
mechanical response especially under fatigue is still in its infancy
[3]. In the presence of cracks, fatigue is a consequence of irrevers-
ibility of deformation at crack tips [4]. As a large fraction of the
deformation is recovered in SMAs, one must expect a very high
fatigue resistance. On the other hand, the experiments typically
point to threshold levels and Paris regime behavior which are
underwhelming relative to structural materials. For example, the
threshold level of NiTi polycrysalline material is 2e3MPam1/2 [5,6]
which falls short of conventional structural materials [7]
(4e11MPam1/2) and other biomedical materials such as non-
transforming Ti and Haynes alloys (4e11MPam1/2) [8]. There has
to be some explanation! Of course, one explanation is that even

though the recoverability is observed at the macroscale, there are
high misfit strains at the austenite-martensite interfaces which
lead to irreversibilities [9,10]. Indeed, there is evidence of crack
nucleation from a favorable martensite variant/austenite interface
followed by crack advance along the interface [11]. We note that as
the crack advances, new variants are activated from the crack tip
which can carry large shear strains [12]. They can give rise to
additional driving forces that are affecting fatigue. But, how large
are these driving forces? The current paper is an attempt to un-
derstand how these dramatic changes in driving forces can develop
in the presence of localized martensite variants.

Earlier andmore recent studies on fatigue crack growth in SMAs
considered mainly NiTi alloys because of their technological
importance [3,5,6,8,13]. The fatigue crack growth resistance of NiTi
and the critical stress intensity at fracture could not surpass non-
transforming structural materials. Nevertheless, the appearance
of crack tip shielding mechanisms has been found to be similar to
that of ceramic materials forwarded by McMeeking and Evans [14].
Admittedly, for the NiTi alloys, it is difficult to resolve the variants
because the twin plates and the martensite variants accompanying
transformation are in nano-dimensions. On the other hand, in
CuZnAl [15] such features are more readily visible at macro-scales
which allows to pinpoint the localizations associated with* Corresponding author.
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transformation at the crack tip and measurement of strains
(transformation and plastic components) and local displacements.
Therefore, the CuZnAl microstructure information is more
amenable to quantify. However, it is expected that the fundamental
effects can be transferred to any kind of SMA showing formation of
martensite confined to variants. A noteworthy difference in CuZnAl
compared to other SMAs is its high anisotropic nature of elastic
constants and the localization of martensite variants at the
macroscale [16]. Therefore, the established fracture mechanics
concepts for driving forces found in handbooks [17] need to be
modified to account for the geometry of the variants. Such an
approach allows the conceptual integration of microscopic variant
analysis with macroscopic driving forces. Therefore, the CuZnAl
results in this study can constitute a framework for wider appli-
cation to other SMAs, in general.

1.2. Shielding and deshielding mechanisms

The understanding of crack tip shielding forces in the 1980 and
1990s [18] facilitated the description of fatigue response in many
alloys. The effect of plastic zone and transformation zone at the
vicinity of a crack tip has been studied in-depth (Fig. 1a). The
constraining tractions enveloping the crack reduce the local driving
forces [19] imparting crack growth resistance. A myriad of factors
affecting the plastic zone and consequently crack growth rates such
as the R-ratio, crack size, overload, maximum applied stress, T-
stress and notch effects were rationalized based on this approach.
Less attention has been devoted to phase transformation effects
occurring at the crack tip in fatigue but it has been proposed that
the introduction of a transformation zone around the crack pro-
duces closure forces and acts as a toughening mechanism. The da/
dN - DKeff terminology has been often used to denote the intrinsic
resistance where DKeff parameter is often inferred from experi-
ments. In this paper, the termDKintrinsic, is chosen instead of DKeff to
emphasize essentially the material property nature of crack growth
resistance depending on the microstructure and chemical compo-
sition. An improvement in da/dN - DKintrinsic resistance is difficult to
achieve in reality while the shielding mechanisms can reduce the
local driving forces at crack tips and impart an improved extrinsic
response as shown schematically in Fig. 1c. The intrinsic stress in-
tensity, DKintrinsic, can be represented as the summation of extrinsic

stress intensity, DKextrinsic, and the change contribution from the
transformation zone or plastic zone, DKchange, at the crack tip, i.e.,
DKintrinsic¼DKextrinsic þ DKchange. DKextrinsic can be interpreted as
DKLEFM¼ f ,Ds

ffiffiffiffiffiffi
pa

p
and is a function of external stress range, Ds,

crack length, a, and geometric factor, f. DKchange arises from the
tractions on zone surface and it can be negative or positive
depending on the shielding (Fig. 1a) or deshielding (Fig. 1b)
mechanism. Its calculation procedure is demonstrated in Section
3.3. In this study, we focus on the effect of a transformation zone,
i.e. DKtransformation.

To explain our terminology on shielding better, we note that the
DKtransformation at crack tip associated with shielding effects is
negative (i.e. DKtransformation < 0). Since
DKintrinsic¼DKextrinsic þ DKtransformation, the factors that enhance
DKtransformation (i.e. make it more negative) will have a beneficial
role on fatigue crack growth. This means that the da/dN - DKextrinsic
curve falls to the right hand side of the da/dN - DKintrinsic curve
(Fig. 1c). Since DKextrinsic can be related to Ds, an improvement in
DKextrinsic translates to a higher loading capacity, or higher fatigue
resistance. Therefore, the shielding case (such as symmetric
transformation configuration) DKextrinsic>DKintrinsic implies an in-
crease in far-field (nominal) loading capacity or increase in fatigue
resistance.

On the contrary, and in the case where an asymmetric trans-
formation zone develops around the crack tip, deshielding occurs
with positive DKtransformation (i.e. DKtransformation > 0). The notion of
deshielding is explained in Fig. 1b and it promotes acceleration of
crack growth. Note that in the deshielding case the transformation
zone, i.e. the martensite, appears on the upper (or lower) flank of
the crack (i.e. one side only without creating an envelope around
the crack). Since DKtransformation > 0 (Fig. 1b), deshielding raises the
local stress intensity. Therefore, in this case the DKextrinsic <DKin-

trinsic which reduces the applied loading capacity or allowable
external stress (Fig. 1c). In this case, da/dN - DKextrinsic curve is
positioned to the left of the da/dN - DKintrinsic curve, i.e. a decrease
in allowable far-field loading. Note that Mode II can contribute to
DKtransformation in a substantial way depending on the variant and
crack orientation (i.e. shearing along the inclined austenite-
martensite interface). So variant-induced Mode II implies a
further reduction in external load that can be sustained by the
material, which translates to a lower loading capacity, or lower

Fig. 1. Summary of (a) shielding and (b) deshielding mechanisms in fatigue crack growth related to transformation and plasticity. In the shielding case (a) there is a reduction of
driving force associated with plasticity and symmetric transformation zone while in deshielding case (b) internal tractions elevate the driving force. The deshielding case results in
lower crack growth resistance. In (b) TEM results show martensite on only one flank of the crack (c) The da/dN vs. DK relationships for a deshielding (red), intrinsic, and shielding
(green) cases are demonstrated. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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fatigue resistance.
The use of digital image correlation (DIC) during a fatigue crack

growth experiment enables the extraction of stress intensity factor
from the measured displacement fields. This concept was first
proposed byMcNeill et al. [20]. A least-square regression algorithm
was developed by Carroll et al. [21] with the consideration of the T-
stress for the accurate DKI determination in an isotropic case. It was
further extended to an anisotropic mix mode case by Pataky et al.
[22]. Such a K-extraction algorithm was successfully applied on
SMAs to find both DKI and DKII values [13,16]. Since these measured
DIC displacements directly reflect the crack growth nature of the
material, the extracted stress intensity can be interpreted as the
effective value or DKintrinsic.

The modification of the crack tip driving forces due to localized
transformation zones has been recognized in transforming mate-
rials in the 1980s. For example, in ceramic material, McMeeking
and Evans [14] demonstrated that the tractions on an inelastic
domain can effectively affect the stress intensity at the crack tip.
These tractions can be evaluated using Eshelby's inclusion method
[23] and the stress intensity arisen from these tractions (DKtrans-

formation) can be further calculated using weight function theory
[24]. They showed that the crack tip driving force can be reduced by
the presence of these surface tractions, i.e. DKtransformation < 0,
providing toughening or shielding effect. An anisotropic analysis
was developed in our previous study for Ni2FeGa and NiTi SMAs
[16] in Mode I, which also showed reduction in crack tip driving
force. In this study, we demonstrate the calculation of DKtransfor-

mation in a mixed-mode scenario of CuZnAl which has an asym-
metric transformation behavior.

1.3. Symmetric vs. asymmetric transformation

When scrutinizing the previous studies, we note that the
transformation behaviors of Ni2FeGa [16] and NiTi [25] are
observed to be symmetric where the transformation domain ex-
hibits a mirror symmetry with respect to the crack plane. For
CuZnAl on the other hand, the experimental evidence indicates that
the transformation zones both ahead and in crack wake are highly
asymmetric. This occurs because martensite localization due to
variant selection could occur in view of the anisotropy and complex
stress states at the crack tip [11]. We note that high elastic anisot-
ropy in CuZnAl renders the crack tip stress fields a strong function
of polar angle biasing one variant in favor of others. The non-
symmetric tractions in the crack wake can produce completely
different driving forces and undoubtedly accelerating the crack
growth. The possibility of internal forces increasing the driving
forces due to such asymmetric transformation response, i.e. pro-
ducing deshielding effects as discussed above, has not been eluci-
dated in past studies. In this paper, we address this hypothesis
utilizing CuZnAl single crystals as an example alloy. The change in
crack tip driving force is determined, in terms of the stress intensity
arisen from the internal tractions on transformation zone, to be
substantial (near 5e10MPam1/2).

In earlier studies, the calculation of the driving force modifica-
tion has been confined to Mode I component due to a flat crack
configuration developed within the materials, especially in NiTi.
The flat crack geometry can result from the activation of multiple
variants [16]. On the other hand, in Cu-based SMAs the variant
selection depends on the local stress state and a single variant is
often favored. Since the threshold levels in many of the SMAs are in
the range from 2 to 10MPam1/2 [5,13,16,26], the transformation
induced stress intensity changes exceeding 5MPam1/2 could have a
profound effect on the threshold resistance. In particular, the Mode
II component can be substantial even though the crack inclination
is small and the external stress is tensile.

In summary, this paper is concerned with the determination of
fatigue crack growth driving forces in the presence of localized
martensite variants in SMAs. The stress field induced from localized
transformation are determined utilizing Eshelby's equivalent in-
clusion and weight functions incorporating shear and normal
tractions and their interaction. A schematic that delineates the
change of a crack tip driving force due to an asymmetric trans-
formation zone is illustrated in Fig. 2 where U denotes the trans-
formation zone and D-U the untransformed region. Based on the
simulations we can confirm the role of the transformation di-
mensions, i.e. crack length (a) and zone height (w), and show that
the effective stress intensity depends on the elastic constants
associated with the autensite, Cijkl, and martensite, C

0

ijkl, and the
magnitude of the equivalent eigenstrain, ε**kl .

2. Material and experimental methods

In this study, we use single crystal CuZnAl SMAs to eliminate
complications arising from grain boundaries. Still, as described
above for other SMAs, the fundamental mechanism is seen to be
effective in polycrystals as well, giving the formation of martensite
variants is asymmetric with respect to the crack tip. The nominal
composition of the selected material is Cu72.61Zn20.64Al5.98 (at.%)
with 0.41 at.% of Co. The slab was sectioned into dog-bone speci-
mens with a gauge area of ~3mm� 10mm and 1.5mm thickness.
All specimens were heated treated at 800 �C for 30min followed by
water quenching and ensued with an aging treatment at 80 �C for
24 h. After the heat treatment, the specimens were mechanically
polished to a mirror finishing using abrasive papers (400e1800
grits). From electron backscattering diffraction (EBSD) analysis, the
loading direction was determined as [0.191 0.811 0.553] which is

Fig. 2. A schematic illustrating the increase of crack tip driving force due to an
asymmetric transformation behavior of a slanted crack. The transformation induced
stress intensity factor can be a function of Austenite/Martensite elastic constants
(Cijkl=C

0

ijkl), crack length (a), zone height (w) and equivalent eigenstrain (ε**kl ).
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close to [143] orientation. Hence, the single crystal will be desig-
nated as [143] CuZnAl thereafter. A speckle pattern was later air-
brushed onto the specimen surface for digital image correlation
strain analysis (DIC). The details about DIC can be found elsewhere
[27]. Tension experiments were conducted using a servohydraulic
load frame, in displacement control, with a rate of ~0.003mm/s and
was unloaded in stress control. Optical images of the gauge section
were captured, in-situ, during loading and unloading for DIC
measurements. The resulting stress-strain response is shown in
Fig. 3. In addition, tension-tension fatigue crack growth experiment
was performed on a [143] CuZnAl single crystal dog-bone sample
with a 0.5mm deep notch cut in the middle of the gauge section.
The maximum stress level was approximately 45MPa and the
minimum 2.25MPa, which corresponds to an R ratio of 0.05. The
sample was cycled at 3 Hz, however during measurement cycles,
the frequency was reduced to 1 Hz to capture as many images as
possible in one loading and unloading cycle. Measurement cycles
were conducted once every 500 cycles upon the nucleation of a
fatigue crack from the machined notch. The displacement fields
obtained from the measurement cycles using DIC were later fit to
the analytical solution to determine the effective (intrinsic) stress
intensity factor range. Subsequent to the fatigue crack growth tests,
microstructural analysis of the transformation zone was conducted
by transmission electron microscopy (TEM). Bright-field images
and diffraction pattern were obtained using a JEOL 2100 Cryo TEM
operating at 200 kV. The corresponding specimens were extracted
in direct vicinity to the crack (see Fig. 5e) using focused ion beam
(Thermo Scios2 Dual-beam SEM/FIB).

3. Experimental and modeling results

In this paper, we analyze an inclined crack subjected to remote
tensile loading. In Section 3.1, the superelastic behavior and crystal
orientation of the sample are presented and confirmed using EBSD.
The strain contours before and after crack initiation are demon-
strated in Section 3.2. We believe that the engendered trans-
formation domain can be attributed to the creation of two
important interfaces (two different martensitic variants), the first
associated with transformation ahead of the notch and the second
with transformation ahead of the initiated crack. The first interface
corresponds to the martensite emanating from the notch. This
interface has a major influence on the orientation of the initiated
crack which forms along the austenite to martensite variant inter-
face and is oblique to the notch. Once the crack forms, it proceeds to

grow along the preferred variant. However, more importantly, as
the crack grows, it results in an activation of a new variant (second
interface) that is most favorable in view of crack tip stress fields.
The calculation for the stress intensity associated with the tractions
on the transformation zone surfaces is showcased in Section 3.3.
The formulations allow rapid assessment of the stress intensity
factors. It utilizes weight functions that are general and uses ex-
pressions for deriving both the Mode I and Mode II components.
The sensitivity of such calculation due to the variations of several
parameters are illustrated in Section 3.5. In Section 3.4, the K values
calculated from classical LEFM, regression fitting to the cubic
anisotropic displacement solutions and the corrected LEFM values
with the K due to transformation (current study) are presented and
compared.

3.1. Superelasticity of [143] CuZnAl at room temperature

Fig. 3a illustrates the superelastic response of [143] CuZnAl alloy
at room temperature in tension. In this case, the critical trans-
formation stress level reaches ~50MPa (0.2% offset). Prior to the
deformation, the orientation of the single crystal was confirmed
using EBSD. The results are shown in Fig. 3b. The loading orienta-
tion (Y) was found to be [0.191 0.811 0.553] ~ [143], transverse di-
rection (X) [0.900 -0.368 0.231] ~ ½931� , and normal direction (Z)
[-0.391 -0.454 0.800].

3.2. Crack tip strain field and transformation zone microstructure

Fig. 4a illustrates the DIC strain contour at the pre-cracking stage
(i.e. notch only, no fatigue crack). It is evident that two strain
localization bands are emanated from the notch tip and the upper
one is more dominant. The angle of the upper band is approxi-
mately 39� and it is identified via trace analysis as (�0.669 -0.182
-0.721)[0.737 -0.165 -0.655] type of martensitic variant (V17) based
on the habit plane normal and transformation shear direction re-
ported by Patoor et al. [28]. The corresponding Schmid factor is
0.43, which is also the highest among the 24 possible variants.
Fig. 4b demonstrates the DIC strain contours post crack initiation
when the crack length is roughly 1.05mm. Note that the crack angle
illustrated in Fig. 4b complies with that of the V17 projection in
Fig. 4a (prior to crack initiation). As a result, we believe that the
crack nucleates at the interface between austenite and martensite.
Fig. 4b demonstrates the strain contour at the maximum load.
Additional TEM analysis will help to identify the martensitic

Fig. 3. a) The stress-strain behavior of [143] CuZnAl single crystal and b) the EBSD map confirms the orientation of the single crystal.
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variants activated in the strain localized area. To calculate DKtrans-

formation, the transformation zone is idealized as a rectangular shape
in Section 3.3. The strain contours at the minimum stress levels are
presented in Fig. 4c and d for the pre-cracking and cracked cases
after 10000 cycles, respectively. We observed that low residual
strains are present within the transformation zone only.

Formation of martensite in course of crack initiation and growth
was confirmed by TEM analyses of the [143] sample after 10000
cycles. Fig. 5a the variants are identified as V2 (�0.669 -0.182
-0.721)[0.737 -0.165 -0.655] and V17 by trace analysis of the TEM
specimen. Fig. 5 (b) clearly shows the internally twinned structure
of V17, leading to the typical diffraction pattern of the M18R
martensite structure (Fig. 5b1), as also shown in e.g. Ref. [29]. The
diffraction pattern of the austenitic matrix (DO3) is given in Fig. 5b2

for comparison. In light of the superelastic behavior (Fig. 3a) and
the low residual strains (Fig. 4), the presence of martensite upon
unloading might be surprising. However, martensite stabilization is
typically observed under cyclic load and attributed to high dislo-
cation activity, leading to pinning of martensite variants formed
upon exceeding the corresponding critical stresses at high load
levels [30,31]. A high dislocation activity within the transformation
zone is confirmed in Fig. 5c in form of diverse slip bands within the
austenitic matrix. The enlargement in Fig. 5d shows the close
interaction between these slip bands and the V2 martensite, lead-
ing to stabilization and presence of martensite upon unloading.
Fig. 5e illustrates the position of the TEM lamella extracted relative
to the crack. The lamella was then investigated from the side as
shown in the schematic as an inset in Fig. 5e.

Fig. 4. The strain contours of a) the maximum load level at the pre-cracking stage, b) the maximum load level post-cracking (a¼ 1.05mm), c) the minimum load at the pre-cracking
stage and d) the minimum load level at a longer crack (a¼ 1.05mm).
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3.3. The determination of DKtransformation ascribed to the
transformation behavior in the case of deshielding

The driving force of the crack propagation in CuZnAl SMAs can
be effectively modified by the tractions on the transformation zone
surface present behind the crack tip. Such DKtransformation due to the
non-symmetric transformation is numerically determined in this
study (i.e. deshielding case). The calculation utilizes the internal
stress and strain fields within the transformation zone and the
weight function theory to obtain the relevant DKtransformation

I (Mode
I) and DKtransformation

II (Mode II) values due to the traction fields on
different zone surfaces. The calculation procedure resembles that
presented in Wu et al. [16], but the current study considers both
Mode I and Mode II components. A schematic is shown in Fig. 6 to
elucidate the points, where a denotes the crack length, w is the
zone height, ti represents the surface traction, 'q is the crack angle,
xyz is the crystal frame, and x'y'z' is the crack frame.

By treating the transforming zone as an inclusion, we can
compute the internal strain level using Eshelby's equivalent inclu-
sion method. The corresponding equivalent eigenstrain can be
calculated from the strain fields measured via DIC that are illus-
trated in Fig. 4. The DIC strain can be interpreted as the total strain,
εtotij , including both constrained strain, εcij, and far field strain, εfarij .
Therefore, the intrinsic transformation strain, εpij, can be calculated
as follows,

εpij ¼ S�1
ijkl

�
εtotkl � εfarkl

�
(1)

whereSijkl is the Eshelby's tensor for cubic material and its

definition can be found in Ref. [32]. When an external load is
applied, both the eigenstrain associated with the modulus
mismatch between austenite and martensite, ε*ij, and the εpij need to
be taken into account. The sum of ε*ij and εpij is also known as
equivalent eigenstrain, ε**ij , and it can be calculated using Equation
(2) [32],

Cijkl
�
εfarkl þ Sklmnε**mn � ε**kl

�
¼ C

0

ijkl

�
εfarkl þ Sklmnε**mn � εpkl

�
(2)

where Cijkl is the elastic constants of the austenite and C
0

ijkl is the
elastic constants of the martensite. The elastic constants of CuZnAl
were previously determined using density functional theory (DFT)
and were reported in Wu et al. [16]. The internal stress field, sij, in
the transformation zone can be calculated as the follows [14,33],

sij ¼ Cijklε**kl (3)

After rotating the stress field from the crystal frame (xyz) to
crack frame (x'y'z') via a simple transformation matrix, s

0

ij ¼
QimQinsmn, where Q is the transformation matrix, the tractions can
be achieved via Equation (4),

t
0

i ¼ n
0

js
0

ij (4)

where n0i is the outward normal vector of the transformation zone
in x'y'z' coordinate frame. Upon acquiring the surface tractions, it is
feasible to compute the corresponding DKtransformation

I and
DKtransformation

II values using the weight function methodology for-
warded by Bueckner [34] and Rice [24]. The expressions of
DKtransformation

I and DKtransformation
II due to internal tractions are

Fig. 5. a) TEM bright-field image showing V2 and V17 type of martensite within the austenitic matrix. (b) V17 martensite at high magnification highlighting internally twinned
nature and corresponding SAED pattern of (b1) V17 martensite and (b2) the austenitic matrix on [111] zone axis stemming from the area indicated by the dashed circles in (b). (c)
TEM bright-field image obtained at different tilting angle showing multiple glide bands as highlighted by the dashed lines within the austenitic matrix. (d) higher magnification of
the area marked by the dashed square in (c) indicating pinning of martensite by dislocation glide in direct vicinity of the formed variant. (e) scanning electron microscopic image
showing the site of TEM specimen extraction relative to the crack. The TEM lamella was investigated from the side as shown in the inset. The loading and transverse directions are
shown as well.
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shown in Equation (5),

DKtransformation
I ¼

ð

Sp

�
tx0hIx0 þ ty0hIy0

�
dSp (5a)

DKtransformation
II ¼

ð

Sp

�
tx0hIIx0 þ ty0hIIy0

�
dSp (5b)

where hx0 and hy0 are the anisotropic weight functions which are
further derived in the Appendix and dSp is the line element of the
zone perimeter. Note that the presence of horizontal tractions af-
fects both Mode I and II components. The derivation of the weight
functions is elaborated in the Appendix.

The DKtransformation
I and DKtransformation

II values of each zone are
tabulated in Table 1, when the crack length is approximately
0.95mm and the w/a ratio is set to be 1. Note that the contribution
from Zone 2 is slightly lower while those from Zones 1, 3 and 4 are
relatively substantial. The evolution of DKtransformation

I and
DKtransformation

II as a function of crack length is demonstrated in
Fig. 7. It is important to mention that each point was calculated
from the DIC strain field extracted from the transformation zone of
that specific crack length. From Fig. 7, we note that the K modifi-
cation in Mode II is slightly higher than that in Mode I especially at
longer crack when w/a¼ 1.

We draw attention to the increasing change in K as the crack
gets longer in Fig. 7 which is indicative of a crack-size dependent
behavior. The increase in local driving forces are predominantly due

to crack wake effects; yet we note that evenwhen the crack wake is
small, the change in K is evaluated in the vicinity of 3MPam1/2

which is substantial. Such a magnitude of DKtransformation
completely alters the extrinsic threshold stress intensity values.

3.4. Fatigue crack growth behavior of [143] CuZnAl

The effective stress intensity factor can be obtained by regres-
sion fitting the experimental DIC displacement field to the aniso-
tropic displacement fields for cubic crystals. Such procedure has
been explained in many previous studies for both transforming
[13,16] and non-transforming materials [21,22]. The comparisons
between the theoretical and experimental (from DIC measure-
ments) displacement fields are demonstrated in Fig. 8a and c for a
short 0.5mm crack (Point A) and a 1.5mm long crack (Point B),
respectively. Note that a good agreement between theoretical and
experimental results is evident and it is consistent throughout our
analyses. From the vertical and horizontal displacements, we can
obtainDKregression

I andDKregression
II which are theMode I andMode II

component, respectively. The total DKregression can be calculated as
follows [35],

DKregression ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
DKregression

I

�2
þ a

�
DKregression

II

�2
r

(6)

where a is the ratio between energy release rates associated with
Mode I and Mode II, J2=J1, as shown in Equation (7).

Fig. 6. A schematic illustrates the loading systems of the asymmetric transformation
zone surfaces. In this study, the transformation zone is approximated as a rectangular
shape. It was further divided into four sections (Zones 1, 2, 3 and 4), where a denotes
the crack length and w the zone height. The K values were calculated from each zone
and the combination of the K values yields the net change of K arisen from the
transformation behavior. We found both Mode I and Mode II yield positive K values,
which leads to deshielding in CuZnAl.

Table 1
Stress intensity factors associated with the surface tractions imposed on different
zone boundaries are calculated and the results are tabulated below when the crack
length is roughly 0.95mm. The calculation was performed at the maximum load
level (45MPa) and assuming w/a¼ 1.

Zone # DKtransformation
I DKtransformation

II

MPa
ffiffiffiffiffi
m

p

1 3.32 0.65
2 �0.62 �1.72
3 4.37 2.77
4 �2.85 3.78
Total 4.22 5.48

Fig. 7. The evolution of DKtransformation
I and DKtransformation

II as a function of the crack
length.
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J1 ¼ �pKI

2
a22Im

�
KIðm1 þ m2Þ þ KII

m1m2

�
(7a)

J2 ¼
pKII

2
a11Im½KIIðm1 þ m2Þ þ KIm1m2 � (7b)

The correlation between crack growth rate (da/dN) and stress
intensity factor ranges is illustrated in Fig. 8b. The blue dots
represent the DKregression values acquired from regression fitting.
Note that the effective threshold value is close to 4.5MPam1/2 for
[143] CuZnAl which is lower than superelastic Ni2FeGa (~8MPam1/

2) [16] and higher than stable austenitic NiTi (~1.5MPam1/2) and

Fig. 8. a) The regression results are illustrated for both horizontal and vertical displacement fields at Point A where the crack length is roughly 0.5mm. The crack tip is highlighted
with a yellow dot. b) The crack growth rate (da/dN) is plotted against the stress intensity factor range. The black dots demonstrate the results from the handbook (LEFM), blue dots
the regression results, and the red dots are the combination of handbook results and the calculated DKtransformation. Note that this is a deshielding case with DKtransformation near
4MPam1/2. The intrinsic threshold is near 5MPam1/2. The dashed lines are added to aid the eye. c) The regression results are illustrated for both horizontal and vertical
displacement fields at Point B where the crack length is roughly 1.5mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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martensitic NiTi (~2.1MPam1/2) [13]. The slope of the Paris region
(Stage II) is approximately 1.8. The black dots are the DKLEFM values
obtained from the handbook solution by Tada, Paris and Irwin [17]
for a slanted crack. We found that the DKLEFM values fall signifi-
cantly short ofDKregression. After considering the change of the crack
tip driving force due to asymmetric transformation by incorpo-
rating DKLEFM with DKtransformation (shown in Figure (6)), i.e.ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDKLEFM

I þ DKtransformation
I Þ

2
þ aðDKLEFM

II þ DKtransformation
II Þ

2
q

(red
dots), the results match with each other very well.

3.5. The sensitivity of DKtransformation calculation

In this section, we present the sensitivity of DKtransformation

values due to the variations in relevant parameters, such as w/a
ratio, Cijklε**ij , etc. Fig. 9a illustrates the evolution of DKtransformation

values as a function of the geometric parameter (w/a) while
keeping the other factors constant. Note that both DKtransformation

I
and DKtransformation

II increase with the increase of w/a, while the
former grows faster than the latter. Nevertheless, the magnitude of
the Mode II component remains substantial. Fig. 9b and c demon-
strate the influence of Cijkl and ε**ij on DKtransformation: the DKtrans-

formation values also increase with increasing magnitude of Cijkl and
ε**ij .

4. Discussion of results

The role of the localized transformation zones that are non-
symmetric is to introduce an additional stress intensity compo-
nent (i.e. DKtransformation >0) which causes deshielding and degra-
dation in fatigue crack growth resistance. In the case of the
martensite variants in this work, we note the presence of a sub-
stantial Mode II stress intensity component. Considering the notion
that the intrinsic resistance such as the threshold stress intensity
value is a material property, akin to friction stress for example, we
make the following argument. The stress intensity experienced by
the crack has two components: one due to applied loading and the
other is due to internal tractions. If the internal tractions provide a
positive K term then the net effect is a reduction in the allowable
applied K component. This effectively reduces the allowable
external stress. On the other hand, if the internal forces provided a
negative K contribution then the effect of this is to allow a higher
applied K component, which can be viewed as shielding mecha-
nism, such as observed in Ni2FeGa [16]. The negative contribution is
well-known in transformation studies which emanates from
compressive tractions at the crack flanks. On the other hand, the
upshot of a positive contribution on the driving forces is less un-
derstood but can be significant. Therefore, we point to the cate-
gorization of SMAs into two categories: shielding versus
deshielding controlled fatigue crack growth. While the shielding
effect is well conceived in the literature [16,25,33], the possible
deshielding effect is much less elucidated.

Based on our experimental results so far, the CuZnAl (this study)
and FeMnNiAl (unpublished) both exhibit deshielding behavior
while NiTi and Ni2FeGa display shielding response. The CuZnAl
system has a much higher anisotropy, compared to NiTi, while
FeMnNiAl has a smaller number of lattice correspondences, (3)
compared to NiTi (12). Although the deshielding mechanisms and
causes are still under study, the phenomenon can be attributed to
the aforementioned factors for CuZnAl ((i) the anisotropy of elastic
constants) and FeMnNiAl ((ii) the number of lattice correspon-
dences). Other factors can also have a contribution including: (iii)
local crystal orientation and stress state and (iv) latent hardening
which affects the transformation variants in latent systems due to
variant activation in the main system would also have an effect.

Among the factors above, items (i) and (ii) are expected to have the
largest effects as evident from the experimental results.

The present results develop the notion of a deshielding mech-
anism which can be utilized in conjunction with the Paris law
representation of fatigue crack growth [5,13,16,26] to gain a true
intrinsic crack growth resistance. In some SMAs, the transformation
zone is symmetric, i.e. NiTi and Ni2FeGa, while in others, i.e. CuZnAl
and FeMnNiAl the variant localization transpires at one side of the
crack. The shape of the transformation zone in general can be even
more complex. Even in polycrystals, near the threshold regime, the

Fig. 9. The sensitivity of the DKtransformation values due to the variation of three pa-
rameters: a) w/a, b) Cijkl and c) ε**. The factor f (which is plotted as x-axis) is in the
range 0.5e2.
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role of microstructure and the localized transformation variants are
expected to produce variations from the conventional stress in-
tensity descriptions and modeling efforts shown in this study will
prove to be extremely useful. Therefore, the findings in this paper
are an attempt to improve the understanding of fatigue crack
growth behavior in SMAs.

We note that volume changes, which are pronounced during
transformation in ceramics, can indeed be present in some SMAs as
well. For example, the CoNiAl and NiFeGa SMAs exhibit finite
positive and negative volume changes respectively compared to
NiTi which undergoes a small negative volume change [36]. Our
formulation would accommodate the volume change effects
readily. In the case of SMAs such as CuZnAl, the volumetric strains
are near zero [12] while the transformation shear strains are much
larger and dominate. When the transformation zone is symmetric,
then the transformation shear is resolved to strains normal to crack
plane and corresponding negative tractions surrounding the crack
wake shield the crack. However, if the transformation zone is
asymmetric, the transformation shear adds a large shear driving
force as noted in this paper. Such a shear contribution to stress
intensity does not exist for the symmetric case. It is this additional
shear driving force that limits the fatigue crack growth resistance in
a number of SMAs.

We also point to the ease of measurement of transformation
zones via strain measurements in CuZnAl (this study) and FeMn-
NiAl at macroscales [37]. On the other hand, it is possible that the
presence of localization may not be readily viewed in optical mi-
croscopy or with digital image correlation [38] because the
martensite variants are extremely fine in NiTi for example [39].
Nevertheless, when such variants are asymmetric with respect to
the crack tip in view of the high elastic anisotropy and the pre-
vailing stress states, then the deshielding effects dominate. In
similar fashion, this mechanism can be transferred from the single
crystal material contemplated in the current study to polycrystal
material. However, as stated in the manuscript additional compli-
cations stemming from grain boundaries had to be avoided for
these fundamental investigations, which is why a CuZnAl single
crystal was investigated.

We also make the following remark on the fatigue crack growth
resistances of stable austenite vs martensite have been studied in
past research studies. It was found that the martensite exhibits
superior resistance as shown by Ritchie on polycrstalline NiTi [5]
and by Sehitoglu et al. on single crystalline NiTi [13]. These previous
experiments were conducted in the purely martensitic regime and
purely austenitic regime (i.e. stable austenite, no transformation)
and the fatigue crack growth results were compared. In the case of
austenite tomartensite transformation as in this study, the crack tip
crystal structure alternates between austenite and martensite
during a fatigue cycle and the driving forces and fatigue crack
growth rates are mainly governed by the tractions induced by the
transformation strain. Consequently, we emphasize that the fatigue
crack growth responsewill depend on the elastic moduli difference,
the anisotropy of austenite and martensite, the transformation
strain tensor, the propensity of plastic flow and martensite variant
location including its boundaries and inclination as described in
this study. Future studies must consider the response of CuZnAl in
the stable austenite and martensite regimes to gain further insight
on the monolithic response.

We note that although no gross plastic deformation takes place
(strain almost completely recovers upon unloading in the trans-
formation zone as shown in Fig. 4c), the results are affected by a
degree of irreversibility in strain that develops at within the
transformation zone. An important consideration for crack growth
analysis is the resistance to plastic flow tominimize the irreversible
strains. Since these materials do not obey the Schmid Law [40], the

nucleation and crack growth would also be affected by the plastic
flow resistance. In our supplementary TEM work in the trans-
formation zone in CuZnAl, the presence of plastic deformation is
evident. However, detailed analysis of phenomena related to plastic
flow is outside the scope of the current study and is left for future
studies.

One of the major findings of this study is the recognition of the
fact that the development of asymmetric transformation field in
the vicinity of an advancing fatigue crack causes deshielding, which
adversely affects the fatigue crack growth response. Another point
in this paper is the role of asymmetric tractions producing a high
Mode II contribution to fatigue crack growth. Finally, we would like
to point that this is a very comprehensive study because thousands
of material points are tracked and used to derive an intrinsic stress
intensity factor so that we can make a demarcation between the
extrinsic and intrinsic values. In addition to the presented results,
we observed the asymmetric transformation zones in [001] and
[011] CuZnAl single crystals [43] and also in FeMnNiAl single
crystals(not reported here). Future studies should make digital
image correlation observations at high magnifications with loading
stages inside scanning or transmission electron microscopes to
observe variants which may have submicron dimensions in certain
shape memory alloys.

In summary, we are able to explain the contrasting behavior of
SMAs that exhibit shielding and deshielding effects. We evaluate
the stress intensity utilizing two methods: (a) fitting the displace-
ments fields to the analytical anisotropic displacement solutions by
performing a least-squares regression and (b) handbook solutions
for stress intensity corrected with stress intensity due to internal
tractions around non-symmetric transformation zones. Both
methods gave the same result which increases the confidence level
in our methodology. The fracture mechanics hand book K-solution
falls far short of the regression solution, the difference being the
deshielding term. The results not only explain the local driving
forces for accelerated crack growth in SMAs with non-symmetric
transformation, but also provides a framework for calculating the
intrinsic (i.e. effective) K values. It is noted that such behavior is not
unique to Cu based SMAs and is expected to dominate in other
SMAs especially near the threshold regime where local variant ef-
fects dominate.

5. Conclusion

We draw the following conclusions from the current study:

(i) Unlike NiTi where a symmetric transformation pattern de-
velops near the crack tip and its wake, the CuZnAl single
crystal exhibits significant non-symmetric transformation
zones. This phenomenon can be attributed to the high elastic
anisotropy at the vicinity of the crack tips that nucleate
different martensite variants. In the case of [143] CuZnAl, we
found the activation of V2 and V17 martensite variants that
match the crystallographic theory and that define the ge-
ometry of the transformation domain.

(ii) The stress intensity associated with the asymmetric trans-
formation is numerically determined in this study using an
anisotropic elasticity-micro-mechanical calculation. We un-
veil a deshielding mechanism (positive Mode I and Mode II
components) due to such asymmetric transformation at the
crack tip which promotes fatigue crack growth. The high
levels of local Mode I and II stress intensities reduce the
allowable external stress magnitude resulting in lower
design stresses. The handbook solution for the calculated
stress intensity modified with internal K change matches the

Y. Wu et al. / Acta Materialia 176 (2019) 155e166164



regression results derived from measured displacements
very closely lending considerable credibility to our approach.

(iii) A successful regression fitting between experimental
displacement fields and analytical solutions is revealed.
Although the intrinsic level of threshold stress intensity
factor for superelastic [143] CuZnAl single crystal is of the
order of 4.5MPam1/2, the extrinsic level is only 2MPam1/2

which is a dramatic reduction.
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Appendix. The calculation of weight functions

The definition of weight function dates back to Bueckner [34]
and Rice [24]. Essentially, the derivation of theweight functions can
be achieved by solving the following equations if the crack tip
horizontal (u (1) ), vertical (v (1) ) displacement fields and K values in
a reference loading system (1) are known,

hx ¼
H

2Kð1Þ

duð1Þ

dl
(A1a)

hy ¼ H
2Kð1Þ

dvð1Þ

dl
(A1b)

where l denotes the length of the crack and H is an appropriate
elastic modulus: for anisotropic materials the modulus can be
chosen from the work of Sih et al. [41], which will be elaborated
later in this section. Equation (A1) was conveniently written in
cartesian coordinate. However, the transformation from cartesian
to cylindrical coordinate is feasible and has been illustrated in
Ref. [16].

Due to the inclined nature of the crack propagation in [143]
CuZnAl single crystal, both Mode I and Mode II stress intensities
exist. In other words, we can have weight functions in Mode I and
Mode II due to the displacements in x' and y' directions, i.e. hIx0 ,
hIIx0 ,hIy0and hIIy0 (see Fig. 6 for the definition of x' and y'), as well.
These terms are given in Equation (A2) in cylindrical coordinates,

hIx0 ¼
H
2K1

�
duI

dq
sin q

r
� duI

dr
cos q

�
(A2a)

hIIx0 ¼
H
2K2

�
duII

dq
sin q

r
�
duII

dr
cos q

�
(A2b)

hIy0 ¼
H
2K1

�
dvI

dq
sin q

r
� dvI

dr
cos q

�
(A2c)

hIIx0 ¼
H
2K2

�
dvII

dq
sin q

r
�
dvII

dr
cos q

�
(A2d)

where the definitions of q and r are illustrated in Fig. 6. The cor-
relations between the components of the crack tip displacement
fields, uI, uII, vI and vII, and the Mode I and Mode II stress intensity
factors, K1 and K2, have been derived by Sih et al. [41] as follows,

uI ¼ K1
ffiffiffiffiffi
2r

p
Re

�
1

m1 � m2

�
m1p2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos qþ m2 sin q

q

� m2p1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos qþ m2 sin q

q ��
(A3a)

uII ¼ K2
ffiffiffiffiffi
2r

p
Re

�
1

m1 � m2

�
p2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos qþ m2 sin q

q

� p1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos qþ m2 sin q

q ��
(A3b)

vI ¼ K1
ffiffiffiffiffi
2r

p
Re

�
1

m1 � m2

�
m1q2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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vII ¼ K2
ffiffiffiffiffi
2r

p
Re

�
1

m1 � m2

�
q2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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� q1
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where m1 and m2 are the roots of Equation (A4) where a11, a22, a12,
a16 and a66 are the compliance of elastic constants for CuZnAl [42]
and pi and qj are the anisotropic terms defined in Equation (A5).

a11m
4 �2a16m

3 þ ð2a12 þ a66Þm2 � 2a26mþ a22 ¼ 0 (A4)

pi ¼ a11m
2
i þ a12 � a16mi (A5a)

qj ¼ a12mj þ
a22
mj

� a26 (A5b)

Sih et al. [41] also provided the solutions for the Mode I and
Mode II stress intensity factors in an anisotropic media. In partic-
ular, they calculated the K1 and K2 values due to the traction fields
over the crack surface (Zone 4 in Fig. 6). These solutions are pre-
sented in Equation (A6) as the reference loading system (where a
solution is known) and the elastic moduli, H, of an anisotropic case
were given as expressed in Equation (A7),

K1 ¼ �
1

p
ffiffiffi
a

p
ða

0

ty0 ðx0Þ

" ffiffiffiffiffiffiffiffiffiffiffi
aþ x
a� x

r
�
1
2
ao
bo

#

dx0 (A6a)

K2 ¼ � 1
p

ffiffiffi
a

p
ða

0

tx0 ðx0Þ
�

a2o
2bo

þ 1
2bo
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a12
a11
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���
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H¼ � 1
8

�
m1 � m2

m2

��
i

aobo

�
a12
a11

þ
�
a2o � b2o

��
þ 1

�
(A7)

where ao and bo are the real and imaginary part of the m terms, i.e.
m1 ¼ ao þ boi and m2 ¼ � ao þ boi.
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