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ARTICLE INFO ABSTRACT

Fatigue crack propagation experiments on nickel titanium single crystal alloy, with [01 2] crystallographic
orientation, were carried out in this study. Stable microstructure, i.e. stable austenite and stable martensite, with
the same chemical composition, were investigated. To this aim, two different values of temperature were ana-
lyzed. The digital image correlation (DIC) technique was used to obtain the displacement experienced by the
sample during the application of the load. Obtained data were used as input parameters of a numerical pro-
cedure, that is able to estimate the effective stress intensity factor the sample actually experiences. The proce-
dure is also able to automatically calculate the effective crack length. Numerical crack opening displacement
measurements were also conducted in order to estimate the near crack tip stiffness of the microstructures.
Results revealed that the stable austenite exhibits a lower threshold value of the stress intensity factor and a
higher crack growth rate. Furthermore, it was demonstrated that, when dealing with martensite, local elastic
properties change, as a consequence of the variants reorientation, and this effect has to be taken into account for
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the fatigue crack growth characterization.

1. Introduction

Shape memory alloys (SMAs), and in particular the Nickel Titanium-
based ones (NiTi), received considerable interest from the scientific and
engineering communities in recent years, thanks to their unique prop-
erties, namely shape memory effect (SME) and superelastic effect (SE)
[1]. In particular, these peculiarities allow the material to recover large
deformations as a result of the reversible solid-state phase transition
between austenite and martensite. Such transformation can be acti-
vated by a change of the operating temperature (TIM, thermally-in-
duced martensite) or by the application of an external mechanical stress
(SIM, stress-induced martensite). Due to these interesting features, as
well as their good mechanical performances and biocompatibility, NiTi
alloys are highly used in many branches of engineering and medicine
[2,3], even though in most fields their applicability is currently limited
by lack of design methodologies and material knowledge, especially
when dealing with fatigue damage, i.e. with crack nucleation and
propagation.

Therefore, many studies were carried out to better investigate on
the fatigue behavior of such alloy. In early works on Ti-Ni alloys by
Melton and Mercier [4,5] it was found that: (i) crack initiation de-
creases with increasing martensite-start temperature, M;; (ii) crack-
growth rates were unaffected by the value of M;. In fact, they showed
that, when dealing with crack growth rate, NiTi in stable martensitic
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(M; = 47 °C) and unstable austenitic (M; = 20 °C) conditions exhibit
almost identical response. Similar results were reported in [6] where
the fatigue crack resistance of superelastic structure, stable austenite
and stable martensite was studied. Results showed that the lower the
temperature the higher the fatigue thresholds. Furthermore, they
showed that crack-growth rate is slower in stable martensite compared
to stable austenite and superelastic austenite. In addition, two values of
temperature were used under M and, as reported in [4], except for the
fatigue threshold, crack propagation did not seem to be affected by the
temperature. The effect of the microstructure on the fatigue crack
propagation was also investigated in [7] and, also in this work it was
found that fatigue-crack growth rates are slowest in the stable (non-
transforming) microstructures, particularly the stable austenite, and
fastest in the unstable (transforming) microstructures, particularly in-
volving a reversible transformation to martensite. However, it is im-
portant to underline that this latter results were achieved by comparing
the properties of alloys with different compositions, rather than in the
same material as reported in [6]. Fatigue crack growth experiments
were also undertaken in [8] with the aim to determine how the fatigue
threshold for nickel-titanium alloy with fixed composition changes
when the stable martensite and the unstable austenite/stress-induced
martensite are investigated. It was found that, as reported in [6],
threshold parameter for nickel-titanium increases with decreasing the
temperature. In addition, the fatigue crack propagation, in simulated
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body fluid, has been studied in [9-11], by using thin CT specimens
directly obtained from flattened NiTi tubes.

Despite this research activity, many aspects of fatigue crack growth
in SMAs are still unknown, especially because the stress hysteresis and/
or thermally induced phase transformations significantly affect the
damage mechanisms occurring under fatigue loadings, i.e. the crack
nucleation and propagation mechanisms. An accurate knowledge of
these topics is really important for the analysis of the life of damaged
structures as well as their failure modes, with the aim to improve the
overall performances of NiTi-based components or structures. The
fracture behavior of NiTi alloys strongly depends on the microstructure
near the crack tip region [12], where marked non-linear phenomena,
like phase transformation mechanisms and martensitic variants reor-
ientation are involved. As a direct consequence, classic elastic and/or
elastic-plastic theories, with handbook stress intensity calculations to
characterize driving forces, cannot be directly applied to SMAs.

For this purpose, proper investigation techniques were recently
applied to analyze mechanisms near crack tip, such as synchrotron X-
ray micro-Diffraction (XRD) [13-15], Infrared thermography (IR)
[16,17] and Digital Image Correlation (DIC) [17-23]. In particular,
both strain field and lattice evolutions were analyzed by XRD. These
studies revealed the occurrence of stress-induced transformation (B2-
B19) in austenitic alloys and detwinning/reorientation of B19” struc-
ture in martensitic ones. Similar results were obtained by Infrared (IR)
thermography that showed direct (B2-B19”) and reverse (B19’-B2) crack
tip transformations under fatigue loadings, due to the latent heat as-
sociated with stress-induced transformations. In addition, DIC was also
used to estimate the effective Stress Intensity Factor (SIF) by performing
regression on the measured displacement field near the crack tip with
the William’s series expansion [20-23]. Finally, most recently, na-
noindentation technique was proposed as an efficient and easy alter-
native method to identify near crack tip phase transformations in SMAs
[24,25], by using spherical indenters and relatively large indentation
loads (400 mN).

Although substantial research has been conducted on the NiTi-based
shape memory alloy, most of the work considered the polycrystalline
alloys which, nowadays, represent the most commercially applicable.
However, it is worth pointing out that single crystal investigations
provide more details about the operant deformation mechanisms
compared to the polycrystalline NiTi that is usually highly textured
[26-28]. Furthermore, using single crystal it is possible to remove grain
boundary effects when dealing with fatigue crack growth.

A significant amount of research has been performed on single
crystals of Cu-based SMAs even though obtained data cannot be directly
transferred to single crystal NiTi due to the different crystal structure
and types of transformation that occur in these alloys [29,30].

There are not many studies available on single crystal NiTi; these
were focused mainly on mechanical response to uniaxial tension and
compression loading conditions [31-33], fracture under uniaxial ten-
sion [34,35], the effect of crystallographic orientation on the mechan-
ical behavior [36] and effect of precipitate structure on deformation
[37]. Thermally induced martensite was observed in single crystal NiTi,
displaying a triangular self-accommodation structure [38]. Most re-
cently, non Schmid behavior was observed in NiTi B2 single crystal and
a generalized yield criterion is proposed [39].

However, not many efforts were undertaken in studying the fatigue
crack propagation in NiTi single crystal alloys. To this aim, edge-not-
ched NiTi samples, with [01 2] crystallographic orientation, were in-
vestigated in this study. Fatigue tests were performed to evaluate the
crack growth rate of the stable austenite and stable martensite struc-
ture. Materials with the same composition were used, and so, two dif-
ferent values of temperature were adopted to get the desired micro-
structure. To evaluate the effective stress intensity factor the sample
actually experienced, that can be different from the one predicted by
the linear elastic fracture mechanic (LEFM), a proper numerical pro-
cedure was implemented. It is based on the regression of the near crack
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tip displacements measured by the Digital Image Correlation technique
with the William’s solution [40]. The procedure is also able to auto-
matically calculate the effective crack length that is different from the
physical one if plastic or pseudoplastic deformations occur.

It is important to underline that the proposed approach needs the
local elastic properties as input parameter. The mechanical response of
SMAs, especially in the martensitic state, is rather complex because the
martensite morphology undergoes a transition from a multi-variant
(“internally twinned”) state to a single variant (‘“detwinned”) ar-
rangement [41,42]. As transition occurs from a multi-variant twinned
morphology to a single crystal one, the elastic modulus can increase
from 50 GPa to 120 GPa [43] when high deformations are applied.
Therefore, which value of the elastic constant has to be used during the
crack growth history?

To get an answer, the crack opening displacements were measured
by virtual extensometer feature provided by the correlation software.
Obtained results were fitted with the analytical solution of the crack
opening displacement [44], based on the strip yield model, and the
elastic modulus was used as a regression parameter.

Overall, the paper outlines a methodology to characterize the fa-
tigue crack growth where the driving force is represented by the de-
termination of the crack tip displacements. Such procedure provides a
wealth of information including the effective stress intensity factor and
the automatic localization of the effective crack tip. Furthermore,
starting from the crack closure measurements it is also possible to es-
timate the effective elastic properties near the crack tip. The knowledge
of this latter parameter is of great interest especially when dealing with
materials that exhibit complex stress induced phenomena near the
crack tip, like martensitic variants reorientation.

2. Materials and methods
2.1. Materials and specimens

Single crystal edge-notched Ti-Ni 50.1 at.% samples, with load axis
along the [012] crystallographic orientation, were investigated. Each
sample was cut by electrical discharge machining (EDM) into a dog-
bone shape with a hole at each end to facilitate gripping. Fig. 1 displays
the geometry of the sample with a visual key to the dimensions.

An edge notch was made at the mid-section of the sample, using
EDM with a 0.1 mm radius wire, to facilitate the formation of fatigue
crack.

Each specimen was previously solutionized in order to obtain a solid
solution then they were heat treated at 450 °C for 100 h to get a stable
martensitic structure at room temperature (T = 20 °C) [45]. The char-
acteristic transformation temperatures were obtained by Differential
Scanning Calorimetry (DSC) and results are reported in Table 1.

Different isothermal tensile tests were carried out, see Fig. 2a, by
monotonically increasing the temperature from 20°C to 120°C, to
capture the variations of the Young’s modulus and critical stress (o).
The latter represents the detwinnig stress for the martensitic structure
(T < My) and B2-B19’ transformation stress for the austenitic one
(T > Ay). However, it is important to note that for temperature values
higher than 80 °C the material exhibited a stable austenitic behavior,
i.e. without phase transformation and pseudoelastic recovery cap-
ability. As shown in Fig. 2, the material exhibits a typical martensitic
response in the temperature range 20-40°C, with almost constant
Young’s modulus (Ey ~ 40 GPa) [46] and detwinning stress
(o.r & 150 MPa). A pseudoelastic behavior was observed in the tem-
perature range 50-60°C with a Young’s modulus approaching the
austenitic one and a critical stress increasing with the temperature. A
typical austenitic response, with no recovery capability, was observed
at higher temperatures (T > 80 °C), with the constant elastic modulus
(E4 ~ 80 GPa) and a critical stress almost constant with the tempera-
ture (o, ® 550 MPa). In this study, two values of the temperature were
investigated, i.e. T = 20 °C and T = 80 °C, in order analyze the fatigue
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Fig. 1. Visualization of the investigated sample.

Table 1
Transformation temperatures of the investigated material (°C).

As Af M My

45 55 30 25

crack growth response of the two stable crystallographic phases of the
material. Crystallographic orientation of the samples was determined
by electron backscattered diffraction (EBSD) at T = 20 °C and by X ray
diffraction (XRD) at T = 80 °C. In both cases, it was seen that the load
axis direction is [0 1 2], the width direction is [8 3 5] whereas the
thickness direction is [6 4 7], see Fig. 1.

2.2. Fatigue tests

Load controlled fatigue tests were performed, by using a servo-hy-
draulic testing machine equipped with a load cell of 10 kN, applying a
maximum stress Omax = 60 MPa, a fixed stress ratio
(R = Oyin/Omax = 0.1) and a frequency of 5Hz,. Most recently, it was
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Fig. 2. Mechanical properties of the material (Ti-Ni 50.1 at. %) along the [0 1 2] orientation as a function of the testing temperature in the range 20-180 °C:

curves and (b) elastic modulus and critical stress.
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demonstrated that crack growth rate is significantly dependent on the
loading frequency in SMA when dealing with pseudoleastic alloy [47].
In fact, due to the thermo-mechanical coupling effect, a decreasing of
the crack growth rate with increasing the frequency was obtained.
However, no phase transformations are involved on the investigated
samples, therefore no effect of the frequency, on the fatigue crack
growth, should be expected.

The specimens were polished to a mirror finish. Black paint was
then airbrushed to create a speckle pattern on the specimen surface for
the digital image correlation (DIC) analysis.

A commercial image correlation program (Vic-2D, Correlated
Solutions, USA) was used to perform DIC analysis. A digital camera was
adopted to capture images during the fatigue crack growth experi-
ments. The camera resolution was 1600 by 1200 pixels, the maximum
frame rate was 15 fps, and an adjustable lens with a 12X magnification
range and 2X adapter was used. The experimental setup is shown in
Fig. 3.

A computer program controls the load frame and synchronizes the
acquisition of the images. Once a crack was visually identified, mea-
surement cycles were run periodically, at 0.25Hz, to capture a
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Fig. 3. The experimental setup. Labeled in the figure: (1) camera, (2) light source, (3)
lens, (4) specimen, and (5) thermal induction equipment.

significant number of images to provide an in-depth analysis into the
fatigue cycles.

The first image of each measurement cycle, captured at minimum
load, was used as the reference for DIC analysis. The maximum subset
size was 85 pm by 85 um with a maximum of 8 pm between the centers
of the subsets. The DIC allowed determination of both the horizontal
(uy) and vertical (u,) displacements (see Fig. 4). In particular, the dis-
placement vector for a grid of m measurements points around the crack
tip, namely {u*} = {uyq,Uy1, Ui, Uyis - UmsUym}, Were captured to esti-
mate the effective stress intensity factor by the least square regression
of DIC data, as described in the following sections.

Fatigue crack propagations curves (da/dN vs AK) were obtained,
based on Mode I stress intensity range estimated by least square re-
gressions. In fact, almost straight cracks perpendicular to the load axis
were always observed and a negligible mode mixity was recorded
(Ky/Kr < 0.05). It is worth noting that crack closure effects, which
usually happen during crack propagation experiments, result in a re-
duced actual stress intensity range. In particular, crack opening occurs
at the opening SIF (K,,), which could be slightly higher than the applied
minimum one (K,;,), and the effective stress intensity range must be
calculated accordingly (AK, = Kyax—Kp). This is normally carried out
by capturing the crack opening load during fatigue cycling. However,
DIC method directly provides the actual stress intensity range, as it is
based on the real near crack-tip displacement field experienced by the
sample during fatigue loading, i.e. no crack opening is recorded for
K < K,, and AK accounts for the contribution only when the crack is
fully open.

Remote stress, o A

.

Vertical displacements

Remote stress, o L

Fig. 4. Schematic depiction of a single edge crack subjected to a remote stress, together
with the corresponding near crack tip horizontal and vertical displacements.
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2.3. SIF estimation by linear regression analysis

To determine the effective stress intensity factor, the specimen ac-
tually experiences, a least squares regression was performed on the DIC
measured displacements, by the William’s expansion series [40]. In fact,
theoretical methods, based on linear elasticity, do not consider the large
crack-tip nonlinearities occurring in SMAs and, consequently, do not
provide correct estimation of the SIF. The near crack-tip displacement
field {u} = {u, u,}” based on William’s expansion series, as a function
of the polar coordinate with origin at the crack tip (+,6), for an aniso-
tropic material is given by [40]:

d)ll ¢12

wy={u, u} = [1/’21 ¢22]{K1 Ki}*

(€9)]
where K; and Kj; are the mode I and mode II stress intensity factors,
respectively; Py are functions of the polar coordinates (r,0) and are
given by:

\/;Re

2
Py =
2

P {11, /c0SO + p,SInO—pu,p, \[cosd + ,ulsine}]

{pz\/cose + u,sind —pl\/cose + ,ulsine}]

M=K

r
P = \/;Re
\/ZRe

m

= |2 Re
T

1

[/q—uz {11451/cOS6 + ,sin6 —u,q,\[cosb + ,ulsine}]

1
1
1

21
22

¥
b

s {g,/cosf + p,sin6 —g,,/cosb + ulsina}]

(2)
where Re denotes the real part of a complex number, while p, and g, are
given by:

Py = aullkz + A~y

a2
Qi = QoM + ;Tk_a%

3
1, are the complex roots of the characteristic Eq. (4):
anpt—2meu® + Qary + aee) 20264 + a2 = 0 @
a;; are the components of the elastic compliance matrix [C]:
{e} = [Cl{a} (5)

where {¢} and {o} are the strain and stress vectors, respectively.

As the samples are subjected to rigid body motions during the ex-
periments, three in-plane rigid motion terms, i.e. rotation (A) and rigid
translation perpendicular (B,) and parallel (B)) to the load axis have to
be included into Eq. (1). Furthermore, the T-stress term (T), i.e. the
second term of the William’s series, is taken into account in order to
improve the fitting between analytical and experimental results, as
follows:

{u} = [$){U}
- ¢11 11)12 ¢13 ¢14 ZplS lplﬁ
1lb21 11b22 ¢23 llb24 1!125 ¢26 (6)

where {U}={K; Ky T A B, B, represents the vector of un-
known parameters and the additional functions y; are given by:

K Ky T A Be B}

;3 =1 ay1c0s6
¥y, = —r sinb

Yis =Py =1

Y16 ="1%5=0

Py = =T V a1,8in0
,, = rcosd

7

Eq. (6) can be also rewritten as a function of the Cartesian co-
ordinates (x, y) (see Fig. 4) by the following substitutions:
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r=&x=x0)* + (y=yp)
6 = tan~!((y—y,)/(x—x,

(y=2p)/(x—=x0)) ®
where (x,,y,) are the coordinates of the crack tip (see Fig. 4). If Eq. (6) is
applied to the m measurements points of the DIC the following system
of 2m linear equations is obtained:

{w} = [$1{U} )

where [$*] is a 2mx6 matrix obtained by computing the matrix [¢] of Eq.
(6) in the m measurement points. Eq. (9) represents an overdetermined
system of linear equations, i.e. with 6 unknowns and 2 m equations. In
such cases the least square method can be used, which minimizes the
sum of the squares of the errors, by the pseudo-inverse of the matrix
[¥*]:

U} = (W1 [ D ] '} (10)

2.4. Effective SIF estimation by non-linear regression analysis

The knowledge of the crack tip location is required to apply the
method described in the previous section. Usually, the physical location
is identified by the digital images captured during fatigue testing. The
corresponding coordinates (xo,y,) are used for the linear fitting de-
scribed previously. However, such physical location does not give the
best fit of the linear solution of Eq. (9), as the crack-tip nonlinearities
cause a redistribution of the linear stress and displacement fields. In
particular, in standard elastic-plastic metals, the vertical asymptote of
the crack-tip stress is moved by a quantity Aa, that is proportional to
the extent of the plastic zone (Aa « (K;/Sy)?), resulting in an effective
crack-tip length and SIF, namely a, and Kj,, as described by the Irwin
correction of the LEFM. As a consequence, estimation errors on the SIF
are expected if physical crack-tip location is used instead of the effec-
tive one.

This phenomenon was also analyzed in fracture mechanics of SMAs
[23], where the SIF was computed based on crack length corrections
similar to the Irwin’s approach for elastic-plastic materials. It was
shown that these effects are even more important in SMAs due to the
marked crack-tip non-linearity resulting from local stress-induced
transformations. In particular, small estimation errors are expected
under the assumption of small scale transformation, as discussed in
[48-52], i.e. for low values of the SIF. When increasing the SIF, crack-
tip non-linearity cannot be neglected and the effective crack length has
to be considered.

To overcome this limitation the effective crack tip coordinates,
namely (x,,),), must be considered as unknown parameters in Eq. (6),
i.e. they have to be included in a new vector of unknowns
{Ul={K, Kn T A B, B, x. y}'. However, this leads to a
system of non-linear equations and, consequently, a new non-linear
fitting procedure was developed.

In particular, the vector of unknown parameters {U} is calculated by
an iterative procedure based on Newton-Raphson method. To this aim
Eq. (6) can be written as a series of iterative equations based on Taylor’s
series expansions as follows:

oy,

8
W1 = (U}, + ,Zl Ered| = {u}, + V{u}{aU},

(1)

where the subscript n indicates the n-th iteration step, V{u} is the
gradient (2 X 8 matrix) with respect to the unknown terms {U} and
{AU} ={AK; AKy AT AA AB, AB, Ax, Ay}’ is the correc-
tion to the estimation of the vector {U} at the n-th step.

Eq. (11) can be rewritten in terms of the correction of the dis-
placement vector at the n-th step, namely {Au}, = {u},1—{u}:

(€] {AU},

where the matrix [£],

{Au}, = 12)

(2 x 8) represents the gradient of the
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displacement vector {u}, (see Eq. (11)).

If Eq. (11) is applied to the m measurements points and the dis-
placement vector at the n + 1 step is set to the experimental one
({au*}, = {u*}—{u},) the following overestimated system of 2m equa-
tions is obtained:

{au'}, = [g*]n {AU},

where [£*], is a 2mx8 matrix obtained by computing the matrix [£], of
Eq. (11) in the m points.
Least squares regression gives the best fit of {AU},:

(AU, = (&7, (61 [ET {au,

The solution of the system gives the correction vector of unknowns
for prior estimates of the coefficients. Accordingly, an iterative proce-
dure must be used to obtain the best-fit set of coefficients. The proce-
dure described above is repeated until the corrections {AU} become
acceptably small.

It is important to point out that convergence cannot be easily
reached if the initial trial values for {AU} are far from the effective ones.
However, it was observed that if the trial location of the crack tip is not
far from the real one, convergence of the solution is quite fast.

To validate the new fitting procedure, finite element (FE) simula-
tions were carried out. In particular, an elastic-plastic material was
modeled with the same Young’s modulus of martensitic SMA
(E = 40 GPa) and with the yield stress equal to the detwinning stress of
the SMA (S, = 150 MPa). In fact, this leads to a very similar size of the
crack-tip non-linear zone and, consequently, to a comparable variation
in the effective crack-tip length and SIF. In addition, this test case re-
presents the worst condition among the investigated ones, as it has the
lowest critical stress and, consequently, the largest non-linear zone.

The specimen in Fig. 1 was modeled by 2D four-node shell elements
and a special refinement was adopted for the near crack tip zone. Pure
Mode I loading was applied, by a concentrated load P at the pinhole
(see Fig. 5a). Nodal displacements were considered as the target solu-
tion for least square regression, i.e. they are related to the experimental
displacement {u*}. Eq. (10) were firstly used to fit the numerical data
obtained from the simulations, i.e. by considering the physical location
of the crack tip. In Fig. 5b the contours of the vertical displacement near
the crack tip obtained from FE simulations (blue contours) are com-
pared with those given by the linear regression method (red contours).
Results show that if plasticity occurs, due to the high stress localization,
the numerical displacements do not match with the analytical ones,
affecting the calculation of the fracture parameters. On the contrary
when the effective crack tip is well identified, by the non-linear fitting
described above (Eq. (14)), a much better agreement between the two
solutions is observed, as shown in Fig. 5c.

a3

a4

2.5. Crack opening displacement measurements

Virtual extensometers, a tool provided by the DIC method, were
used to measure the Crack Opening Displacement (COD). Basically,
they track two subsets, one on each side of the crack, as shown in Fig. 6.
Since the virtual extensometers require no physical setup, many of
these can be placed along the crack line, as shown in Fig. 6a. In par-
ticular, virtual extensometers, provide the displacement components
parallel (u,) and perpendicular to the load axis (u,). The differences in
the displacement components between the two sides of the crack,
namely & = uyup—Uyjow and & = Uy up—Uxjow are obtained accordingly
(see Fig. 6¢). The parameter &; and &;; describes the opening (Mode I)
and sliding (Mode II) modes, respectively.

It is important to underline that, due to closure mechanisms, crack
flanks will result close when the applied load, P, is lower than the value
required to completely open the crack, P, see the blue dashed crack
profile in Fig. 6¢. At this stage K; < K,, therefore no SIF will be re-
corded by the regression analysis. Only when P > F,, crack tip will be
completely open, see the dark bold profile of the crack in Fig. 6¢. At this
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Fig. 5. Comparison of the vertical displacement at the crack tip between FE and regression results: (a) correlation window; (b) linear regression carried out by considering the physical
location of the crack tip; (c) non-linear regression carried out by estimating the effective crack tip.

stage K; > K,, and an appreciable SIFs will be recorded by the regres-
sion analysis.

To measure the COD virtual extensometers with subset size of 21 by
21 pixels were used in this study and the first image of each loading
cycle was taken as the reference image for digital correlation.

The extensometers were equally spaced, at a distance of about
15 pm for small crack length and 50 um for bigger size, along the crack
line, from the EDM notch to the crack tip. The COD profile during
loading was directly obtained by this method.

3. Results and discussion
3.1. Near crack-tip displacements

To demonstrate the accuracy of the non-linear regression technique,
the experimental and regressed displacement fields were systematically
compared. Computations were carried out by considering isotropic
properties for the martensitic structure (B19’), i.e. the following in-
plane elastic compliance coefficients were used:

an =ayp=1/E

a; = —Vv/E
a6 = s =0
Qe = I/G

(15)

where E and v represent the Young’s modulus and Poisson’s ratio, re-
spectively, while and G = E/(2(1 + v)) is the shear modulus. In fact,
this simplified assumption has been proved in [53], where it has been
demonstrated that the material exhibits similar behavior in different
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orientations. In addition, the presence of randomly oriented martensitic
variants gives almost isotropic properties in B19’. On the contrary,
anisotropic properties were set for the austenite (B2) according to the
values reported in [53].

Fig. 7 report the displacement contours obtained from the austenitic
(B2) and martensitic (B19’) specimens for a crack length a = 1.12 mm
at the maximum applied stress 0, = 60 MPa. In particular, Fig. 7a and
b report the vertical and horizontal displacements, respectively, for
austenite (B2), whereas Fig. 7c¢ and d show the vertical and horizontal
displacements for martensite (B19’). The blue and red contours re-
present the experimental and regressed results, respectively. A good
agreement between experiments and computations is observed.

In addition, a little inclined path was observed during the crack
propagation (see Fig. 7a and c), but the maximum inclination angle is 7°
and the mode II stress intensity range (AKj;) is one order of magnitude
lower than that of mode I (AK;). For this reason, the effect of mode II
was neglected in this study.

3.2. Fatigue crack propagation

Fatigue crack propagations curves (da/dN vs AK) were obtained,
based on mode one effective stress intensity range (AK;,) estimated by
the non-linear regression method described in Section 2.4. Effective
stress intensity ranges were compared with those obtained by Linear
Elastic Fracture Mechanics (LEFM), namely AKjg:

where Ao is the remote stress range and f (%) is the geometric factor for
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Fig. 6. Schematic depiction of the COD measurement by DIC: (a) location of virtual extensometers along the crack line; (b) mode I and mode II displacement components (§; and &j7).

a single-edge notch tension specimen [54]:
2 3 4
f(ﬂ) = 1.12—0.23(3) + 10.55~(3) —21.71-(3) + 30.38-(3)
w w w w w

Crack propagation curves for both martensitic (B19’) and austenitic
structures (B2) are reported in Fig. 8a and b, respectively. Obtained
data show higher scattering in the austenitic curve compared to the
martensitic one. This effect can be attributed to the different displace-
ment amplitude experienced by the two microstructures. In fact, if the
contour plots, reported in Fig. 7, are compared, it is possible to observe
that austenite experiences lower amplitude, as a consequence of its
higher stiffness, compared to the twinned martensite. This results in
higher noise of the austenitic displacement maps, see Fig. 7, and higher
dispersion of the SIF data when they are calculated with the regression
method. Figures also reports a direct comparison between effective
data, obtained from DIC, and LEFM predictions. In addition, data within
the steady state crack propagation regime, were fitted to the Paris law:

a7

da _ -
N C(AKy) 18)

The values of the coefficients (C and m), for both effective and LEFM
data, are also reported in Fig. 8. Comparison between Fig. 8a and b
shows higher values of the exponent m for the martensitic phase, re-
sulting in a higher propagation rate. In addition, marked differences
between effective and LEFM data are highlighted, with significantly
lower values of the exponent m in the LEFM curves. In particular, m
decreases from 3.1 to 1.6 for B19” and from 2.8 to 1.2 for B2 structure.
The differences between the two methods are attributed to both the
crack closure effects and the near crack tip fields redistribution, caused
by local large non-linearity including both phase transitions and plas-
ticity. In fact, these effects are taken into account by the DIC method, as
described in the previous sections, instead they are neglected by LEFM.
In addition, the values of m obtained by LEFM are considerably smaller
than typical values for engineering alloys, which are in the range
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m = 2-7 [55].

Furthermore, the figures also show the differences in the fatigue
threshold (AK; ) measured using the two methods. In particular, con-
cerning the B19’ structure the LEFM fatigue threshold was determined
to be AKjgm=4MPa- m'? whereas the effective one was
AKpen = 3.3 MPa-m'/2, For the B2 structure, instead, the LEFM fatigue
threshold was determined to be AKjg . = 3.7 MPa-m!/? whereas the
effective one was AKp,; = 1.4 MPa-m'/2, Obtained data revealed that
more evident closure mechanisms occur when dealing with the auste-
nitic microstructure.

Fig. 9 reports a direct comparison of the effective curves for the two
crystallographic phases. Both structures show a comparable behavior in
the Paris regime with a slope m = 3.1 for the B19” and m = 2.8 for the
B2 microstructure. On the contrary, they behave in a drastically dif-
ferent way in the near threshold zone. In fact, effective fatigue
thresholds were determined to be 1.4 MPa'm'/? for B2 and 3.3 MPam®/
2 for B19’ microstructure. The latter result is in agreement with data
reported in [6], where the crack propagation in NiTi shape memory
alloys, considering closure mechanisms, was studied. In addition, in
[56], where only the martensitic structure was analyzed, even higher
values of AK; 4, with respect to our study was recorded.

On the contrary, a different trend was observed in [7], where higher
values of threshold were found for austenite than martensite. However,
it is important to underline that in this literature work the LEFM ap-
proach was adopted.

Table 2 shows a direct comparison between literature results and
those obtained in this work.

It is worth noting that data presented in this paper are very valuable
because they draw attention to the precise measurements near
threshold. In addition, obtained results are based on experiments per-
formed on single crystal alloy, i.e. without grain boundaries, and,
therefore, they reflect an intrinsic measure of the threshold. The addi-
tion of grain boundaries, in fact, will contribute to irreversibility which
in turn accelerates crack growth [57]. In this study grain boundary
effects are removed while focusing on the intrinsic matrix fatigue crack
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growth response.

3.3. Crack opening displacements

DIC displacement gages were used to measure crack opening dis-
placements (&) along the crack length. Figs. 10 and 11 show the crack
opening displacement for increasing values of the applied load. Data are
normalized with respect to the maximum opening displacement (&7,,,,)
recorded by the closest virtual extensometer to the notch, at the max-
imum load B,4y.

Results are reported for the austenitic (Fig. 10) and martensitic
(Fig. 11) microstructures, and for two different values of the crack
length (¢ = 1.2 mm in Figs. 10a and 11a, a = 1.75 mm in in Figs. 10b
and 11b)

As shown in Fig. 10, the austenitic structure exhibited clear closure
mechanisms, in fact crack flanks, behind the crack tip, result closed up
when the load is lower than around 20% of the peak one, P, ~ 0.2-Fyq.
Only when P > P, crack tip appears to be completely open. It is im-
portant to note that no clear results were obtained for the shortest crack
sizes due to the numerical noise related to the low resolution of the
pictures, however no closure should be expected during this time.

On the contrary, no evident closure effect was observed in the
martensitic specimen, where the crack seems to be always open until a
length a = 1.8 mm, after that it appears close up to around 5% of peak
load, Py, & 0.05-Bya.

This latter result seems to not completely agree with the crack
propagation behavior exhibited by the martensitic structure shown in
Fig. 8. In fact, near the threshold regime the LEFM and effective curves
almost match, confirming that closure effects do not play an important
role. On the contrary, in the Paris and critical regime their trend is
completely different and closure mechanisms should be expected. The

Table 2
Paris law parameters obtained from literature and from this study.
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observed behavior can be related to the particular microstructure of the
martensitic material near the crack tip. In fact, it is well known that
martensite is characterized by a random distribution of variants whose
orientation can significantly affect the elastic properties [46]. Typically,
their orientation is related to the direction of the applied load, in fact
they tend to align with it and the higher the stress level the closer the
martensitic orientation with respect to the loading axis. However, these
mechanisms are closely related to the crack length, as the shorter the
crack the smaller the volume of material subjected to stress induced
transitions. As a consequence, during the first stage of the fatigue life,
no evident reorientation mechanisms should be expected close to the
crack tip and no big change on the local elastic properties should occur.
When crack gets longer, a bigger volume of material will experience
high stress and a higher number of variants will reorient in the most
favorable applied stress direction, increasing the local stiffness of the
material. Fig. 12 qualitatively depicts this phenomenon.

In particular, figure shows that at the first cycle (stress free condi-
tion) the near crack tip variants are randomly distributed and the elastic
properties recorded from the monotonic tensile test, Fig. 1, should be
expected. When the crack starts to propagate it will grow in a new
structure characterized by partially distributed variants with higher
stiffness. At the end of the its life, the crack should be totally sur-
rounded by a new structure with almost completely distributed variants
and with the highest stiffness experienced by the sample [43].

In order to better investigate on this phenomenon, crack tip opening
displacement range was used as a physically measurable fracture me-
chanic parameter to characterize crack growth. In particular, analytical
solution of the maximum crack tip opening displacement (8qx), based
on the strip yield model, was used to fit the experimental data [44]:

 (Kiman)? (1_ x )o.s_il 1+ (1—%)0,5

Simas = x n|—— v
fmax Eo,, w w 1—(1—%)05

(19)

where Kjn.x is the SIF obtained at the maximum load (By,y), o, is the
critical stress and w is the maximum extent of the non-linear zone
(detwinning and plasticity) given by:

w= E(Klmax )2
8\ G (20)

Upon unloading to P, = 0.8-By,x, leading to a SIF Kj,, the crack tip
opening displacement changes as follows:

£ \05
(Klmax_Klu)Z X 05 X 1+ (1_5)
A5[ = almax_alu = 1 T AL T, . NO05
2Ea,, Aw 28w (1= )"
1—-(1
Aw
21D
where Aw is equal to:
Aw = T ( Kimax—Kn )2
32 Ter (22)

The SIF variation upon unloading (Kjmax—Kj,), in Eq. (21) is directly

Reference AKy, [MPam'/?] C [(m/cycle)/(MPa-mUz)m] m
Austenite Martensite Austenite Martensite Austenite Martensite
[4] 2.4 (LEFM) 510711 2.6
[6] 2.5 (LEFM) 3 (LEFM) 710~ 31012 3.3 3.8
1.8 (Effective)
(71 5.4 (LEFM) 4.5 (LEFM) 310712 81012 2.8 3.1
[8] 3.5 (LEFM) 210712 4
[56] 5.8 (LEFM) 31071 4.6
Present results 3.7 (LEFM) 4 (LEFM) 8107 1° (LEFM) 7:10~1° (LEFM) 1.2 (LEFM) 1.6 (LEFM)
1.4 (Effective) 3.3 (Effective) 4107 1° (Effective) 11010 (Effective) 2.8 (Effective) (Effective)
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Fig. 10. Crack opening displacement for the austenitic structure: (a) crack length a = 1.2 mm and stress intensity factor AKy, = 3.1 MPa-m!/2; (b) crack length a = 1.75mm and stress

intensity factor AKy, = 4.14 MPa-m!/2,

computed with the DIC method, by correlating images at B.x with
respect to the reference one taken at B,.

Eq. (21) was adopted to fit the experimental crack opening dis-
placement measured with the virtual extensometers, and the elastic
modulus E was used as regression parameter. Fig. 13a shows a com-
parison between the analytical solution and the regressed data of the
crack opening displacement.

The fitting procedure, performed on the measured crack opening
displacement, provided very interesting information about the elastic
modulus near the crack tip, as shown in Fig. 13b. In particular, the
austenitic structure shows an almost constant trend of the Young’s
modulus with values close to 80 GPa. Only a small increasing trend is
observed at the lowest values of the crack length, which can be at-
tributed to measurement errors of the COD.

On the contrary, the martensitic structure exhibits a marked in-
creasing trend of the Young’s modulus as a function of the crack length.
In fact, at the beginning of the test, when the crack length and the
detwinned zone at the crack tip are small, the elastic modulus is ex-
pected to be very close to that observed by the tensile test, i.e. it is
around 40 GPa. When the crack grows the elastic modulus increases,
meaning that a redistribution of the martensitic variants, along the load

direction, is happening. The trend tends to stabilize with further in-
creasing the crack length denoting that all the variants are completely
reoriented. Finally, in the near fracture zone a Young’s modulus close to
90 GPa is estimated. This result seems to be in agreement with ob-
servations reported in [43] where the elastic modulus of the oriented
martensite was measured to be around 120 GPa, which is actually
higher than that of austenite.

Obtained data, reported in Fig. 13b, were used as input parameters
to calculate the new crack propagation curves. In particular, for each
measurement point, the corresponding elastic modulus obtained from
Eq. (21) was used to calculate the effective SIF from Eq. (14). From the
new calculations, not big difference was obtained for the austenitic (B2)
structure, in fact results are identical to the one reported in Fig. 8b.
Instead, a completely new trend was recorded for the martensite (B19”),
Fig. 14, and it well approaches the LEFM calculated behavior. This
latter result can justify the reason why no big closure effect was mea-
sured with the virtual extensometer analysis.

4. Conclusions

Fatigue crack growth analysis on NiTi edge-notched samples, with
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Fig. 11. Crack opening displacement for the martensitic structure: (a) crack length a = 1.2 mm and stress intensity factor AKj, = 5.32 MPa-m'/2; (b) crack length a = 1.75 mm and stress

intensity factor AKy, = 8.38 MPa-m!/2,
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Fig. 12. Evolution of the oriented martensitic variants zone during the load history.

[01 2] crystallographic orientation, were carried out in this study with
the aim to evaluate the crack growth rate of the stable austenite (B2)
and stable martensite (B19’) structures. Materials with the same com-
position were used and, consequently, tests were carried out at two
different values of temperature, i.e. at T = 20°C and 80 °C. A proper
numerical procedure was implemented to estimate the effective stress
intensity factor and crack length, i.e. those taking into account the near
crack tip non-linearity similarly to the Irwin’s correction of the linear
elastic fracture mechanics.

The procedure starts from the near crack tip displacements, mea-
sured with the Digital Image Correlation (DIC) technique, and by means
of a least square regression approach, based on the William’s series
solution, is able to estimate the fracture parameters even when irre-
versibility occurs. The proposed approach needs the local elastic
properties as input parameter. However, these latter are not easy to
estimate, especially when dealing with the martensitic structure. In
fact, as well known, the stress-induced transitions from multi-variant
(“twinned”) to single variant (“detwinned”) arrangements cause a
stiffness increase of the material.

To accurately estimate the effective elastic modulus, the crack

opening displacements measurement were calculated by DIC using
virtual extensometers. The obtained results were fitted with the ana-
lytical solution of the crack opening displacement, based on the strip
yield model, and the elastic modulus was extracted as regression
parameter.

The obtained results from fatigue tests, show that austenitic struc-
ture has a lower fatigue threshold value, AKy,;, = 1.4 MPa-m"/? com-
pared to martensite AKj,;, = 3.3 MPa-m!/2, and a higher crack growth
rate. Furthermore, it was demonstrated that, when dealing with mar-
tensite, the local elastic properties change, as a consequence of the
variants reorientation, and this effect has to be taken into account for
the fatigue crack growth characterization.

Finally, it is worth noting that data presented in this paper are very
valuable because they are based on experiments performed on single
crystal alloy and so they draw attention to the precise measurements
near threshold. In fact, thanks to the absence of the grain boundary
effects it has been possible to focus on the intrinsic matrix fatigue crack
growth response.
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Fig. 13. (a) comparison between experimental and regressed crack opening displacements; (b) evolution of the local elastic modulus during the load history.
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