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Abstract In this study, the thickness dependence of the

fracture toughness in a NiTi shape memory alloy (SMA) is

investigated. To this aim, compact tension specimens with

various thicknesses were tested at room temperature, while

in fully martensitic state, and under mode-I loading.

Stable crack growth was observed in all specimens,

regardless of the thickness. The resistance curves were

obtained from load–displacement data and the J-integral

values were determined using a recently proposed

methodology for SMAs. Critical J values were obtained

and compared to reveal the thickness dependence of the

fracture toughness. Strains were measured using digital

image correlation technique to evaluate the nonlinear

deformation zone near the crack tip. To investigate the

fracture mechanism, the fracture surface analysis was

carried out. The results suggest modifications towards

relaxing the existing thickness requirements for fracture

toughness measurements in SMAs.

Keywords Fracture toughness � Crack growth � Thickness

effect � NiTi shape memory alloy

Introduction

Shape Memory Alloys (SMAs) are a unique class of active

materials with the ability to repeatedly undergo and recover

large deformation when subjected to thermomechanical

inputs [1]. This ability has roots in a displacive phase

transformation between austenite (the parent phase) and

martensite phase (the product phase) [2]. SMAs such as

NiTi have been studied in the last few decades due to their

widespread application in biomedical industry [3, 4]. More

recently, they have been of interest as solid-state actuators

in aerospace industry where high actuation energy density

alongside reduction in weight, volume and complexity is

desired [5–7]. In such applications, repeatable phase

transformation in the presence of high stresses can result in

crack initiation and propagation [8]. Therefore, successful

applications of SMAs under various thermomechanical

loading paths requires a complete understanding of their

fracture behavior, and accurate measurement of fracture

parameters [9]. The thermo-mechanical behavior of SMAs

has been widely explored and few ASTM standards has

been recently established for their uniaxial characterization

(e.g. Refs. [10, 11]). However, there is limited knowledge

about the fracture behavior of SMAs and there are no

specific standards available for measuring their fracture

parameters, other than ASTM standards related to fracture

mechanics for conventional materials.

One of the most important criteria for the analysis and

design of SMAs, especially for actuation applications, is

the fracture toughness. Fracture toughness of NiTi SMAs

have been reported in few papers [12–21] and the effect of

various material and testing parameters on the fracture

response of NiTi have been experimentally investigated.

The effects of temperature on fracture toughness of NiTi

SMAs have been investigated in few studies. Holtz et al.
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[12] and Maletta et al. [19] reported a monotonic increase

in fracture toughness with temperature. Gollerthan et al.

[16], showed that the fracture toughness of NiTi was very

close for fully martensitic and transforming materials (31

and 34 MPaHm, respectively) while that of stable austenite

was substantially higher (53 MPaHm). Daly et al. [14]

investigated fracture properties of thin (160-lm-thick)

edge-cracked NiTi specimens. They performed tests on

specimens with different crack sizes and used the maxi-

mum load to calculate fracture toughness using Linear

Elastic Fracture Mechanics (LEFM). An average fracture

toughness (Kc) of * 51 MPaHm was reported. They

found that the results were independent of crack size to

width (a/W) ratio in the range 0.42\ a/W\ 0.55. Ahadi

et al. [22] studied the grain size dependence of fracture

toughness and crack growth resistance in NiTi. They

obtained critical stress intensity factors for compact tension

(CT) specimens with grain sizes in the range of 10 to

1500 nm. They reported a transition from rising to flat R-

curve behavior, a monotonic decrease in the size of crack-

tip transformation zone, and fracture toughness changing

from * 46 to * 25 MPaHm with grain size reduction.

They attributed this behavior to the grain size dependence

of transformation stress and crack propagation path.

Katanchi et al. [18] studied mixed-mode fracture of NiTi

and performed fracture experiment using butterfly-shaped

specimens to obtain fracture toughness in the range of

mode-I to mode-II by changing the loading angle. They

calculated stress intensity factors using LEFM formulation

and found that the material was tougher in mode-I loading

compared with mode-II loading conditions as the size of

the transformed zone decreased and the fracture surface

roughness increased. Mutlu et al. [20] studied the effect of

loading rate on fracture toughness of NiTi under mode-I

loading. They tested 1-mm thick CT specimens at different

quasi-static-range loading rates and calculated critical

stress intensity factors. Interestingly, an increasing–de-

creasing trend was reported with increasing loading rate

while the transformation zone near the crack tip was found

to be decreasing because of the increase in near-tip tem-

perature at higher loading rates.

Majority of the published studies in the literature on

fracture of NiTi SMAs are based on LEFM approach and

use the ASTM E399 standard [23]. Most of the studies,

however, do not comply with the small-scale yielding

condition, required for validity of LEFM. There have also

been efforts [17, 19, 20] to measure the fracture toughness

using displacement data, obtained from digital image cor-

relation (DIC). Unlike the standard test methods, this

method requires relatively sophisticated testing setup and

rigorous post processing. In general, because of the com-

plex fracture mechanics associated with martensitic trans-

formation/reorientation, applying the existing fracture

mechanics theories and standard test methods/requirements

to SMAs is not straightforward [24]. To address some of

these challenges, a method is proposed by Haghgouyan

et al. [25] that uses the J-integral, introduced by Rice [26],

as the fracture criterion for measuring the fracture tough-

ness of SMAs. This method is based on the Elastic Plastic

Fracture Mechanics (EPFM) and modifies the existing

ASTM E-1820 [27] standard to take into account the

martensitic transformation/reorientation-induced changes

in the elastic properties of SMAs.

Reviewing the literature, the reported fracture toughness

values have been measured using specimens with different

thicknesses, however, each study has considered a specific

value of thickness. In other words, there is no data avail-

able from the same material system and testing conditions,

but with different thickness values. In conventional metals,

it is well-established that the fracture toughness values tend

to decrease with specimen thickness until a plateau is

reached in the toughness-thickness trend, after which the

fracture toughness becomes relatively insensitive to thick-

ness [28]. This apparent asymptote is referred to as the

plane-strain fracture toughness, a size-independent mate-

rial property. Attributing this behavior to a transition from

plane stress to plane strain, however, is too simplistic since

there is always some level of stress triaxiality along the

crack front. Moreover, as mentioned earlier, the fracture

behavior of SMAs is rather complex compared to the

conventional metals and extra caution should be taken

when applying the existing fracture mechanics theories to

them. Therefore, the thickness requirements developed for

conventional metals to ensure a constraint-independent

value of fracture toughness may not necessarily apply to

SMAs, and a comprehensive set of experiments on speci-

mens with various thicknesses is required for a rigorous

evaluation.

The present study is the first investigation, to the best of

our knowledge, into the effect of specimen thickness on the

fracture toughness of NiTi SMAs. The fracture toughness

values are determined using CT specimens with four dif-

ferent thicknesses. Full-field strain measurements and

fracture surface analysis are carried out to investigate the

extent of near-tip nonlinear deformation zones and reveal

the underlying fracture mechanisms. The remainder of the

paper is structured as follows. In the next section, material

characterization and experimental procedures are provided.

Then, the results are presented and discussed. Finally, the

paper is concluded with a summary of key findings.
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Experimental Procedures

Material

For this study, Ni49.5Ti50.5 (at.%) was acquired from ATI.

The material was fabricated using the Vacuum Induction

Melting/Vacuum Arc Melting (VIM/VAR) and processed

via rotary forging at 800 �C followed by air cooling. For

the sake of brevity, the material will be referred to as NiTi

in what follows. A TA Q2000 differential scanning

calorimetry (DSC) instrument was used to determine the

transformation temperatures. A heat/cool cycle between 0

and 150 �C was performed at a rate of 10 �C/min. The

corresponding DSC curve is plotted in Fig. 1a, from which

the phase transformation temperatures were found using

tangent lines as Ms = 68 �C, Mf = 42 �C, As = 77 �C, and

Af = 106 �C, where Ms, Mf, As, and Af denote martensite

start, martensite finish, austenite start and austenite finish

temperatures, respectively.

Tensile Property Characterization

Tensile property characterization was performed on a

servo-hydraulic MTS test frame equipped with a 10 kN

load cell and an MTS extensometer. A dog-bone specimen

with gage length, width, and thickness of 8, 3, and 0.8 mm,

respectively, was pulled to failure at room temperature

with an engineering strain rate of 5 9 10-4 s-1. The

resulting stress–strain curve is plotted in Fig. 1b. Because

the testing temperature was below Mf, the material initially

had self-accommodated martensite structure. Upon load-

ing, the material was deformed predominantly elastically

with a Young’s modulus of * 67 GPa, which is compa-

rable with previously reported values for martensitic NiTi

[29–31]. At * 200 MPa, a stress plateau appeared as the

reorientation of martensitic variants took place. After the

stress plateau was completed (at * 5% strain) the stress–

strain curve slope increased again as the reoriented

martensite was deformed predominantly elastically. Fur-

ther loading resulted in martensite yield at around 500 MPa

and 10% strain. The specimen failed at * 950 MPa after

more than 40% elongation.

Fracture Toughness Experiments

CT specimens with four nominal thicknesses (2, 3, 4, and

5 mm) were cut using wire electrical discharge machining

(EDM). The thickness range investigated in this work is of

practical importance, especially in actuation applications

for aerostructures [32, 33]. A total of 12 specimens were

cut, i.e. 3 specimens for each thickness value, to examine

the consistency of the results. Specimens are enumerated

considering their thickness values: specimens 1, 2, 3 with

2 mm thickness, specimens 4, 5, 6 with 3 mm thickness,

specimens 7, 8, 9 with 4 mm thickness, and specimens 10,

11, 12 with 5 mm thickness. The specimens were prepared

by mechanical grinding down to 1000 grit to remove the

residual stresses and surface roughness and to aid crack

size measurements. It should be noted that after mechanical

grinding, the thickness of the specimens was reduced

by * 0.15 mm. The geometry of the CT specimen is given

in Fig. 2a where W, a0, and B are the specimen width,

initial crack size, and thickness, respectively. A set of NiTi

CT specimens with the selected thickness values are shown

in Fig. 2b. Prior to the fracture experiments, fatigue pre-

cracking was performed at room temperature under a

constant load ratio of R = Pmin/Pmax = 0.1 and at a fre-

quency of 10 Hz. The maximum load values used for pre-

cracking were 800, 1200, 1600, and 2000 N for 2, 3, 4, and

5 mm thick specimens, respectively. Fatigue pre-cracking

produced initial crack size to width ratio of 0.46\ a0/

W\ 0.5 for all specimens, which was in the range rec-

ommended by ASTM E1820. The specimen numbering

Fig. 1 Material characterization results for NiTi: a differential scanning calorimetry curve, b tensile stress–strain curve at room temperature
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and geometry for all tested CT specimens is provided in

Table 1.

Mode-I fracture experiments were conducted at room

temperature on an MTS-810 servo-hydraulic test machine

under displacement control at a cross-head speed of

0.4 mm/min. Load and displacement were measured con-

tinuously during the tests using a 10 kN load cell and an

MTS crack opening displacement (COD) gage, respec-

tively. The use of COD gage allows for the direct mea-

surement of displacement from the load line. For the sake

of brevity, load line displacement will be referred to as

displacement in what follows. Unloading/reloading

sequences were carried out at 0.1 mm displacement chan-

ges to determine the specimen compliance, necessary to

calculate J-integral and crack extension. The compliance

values were corrected for rotation in accordance with the

ASTM E1820.

DIC was used to measure in-plane strains near the crack-

tip during the experiments. The use of DIC, an optical

technique to measure full-field displacement, is preferred

over strain gages or extensometers due to the amount of

information that can be collected during deformation his-

tory, and its ability to capture localized deformations. DIC

has been emerged as a method to analyze deformation in

SMAs [34–37] and evaluate the crack-tip parameters

[38–40]. To this aim, surface of the specimens was uni-

formly sprayed with a thin layer of white paint, and then

black speckles were sprayed to create the DIC pattern.

Continuous recording of optical images was performed at

1 Hz by a Point Grey Grasshopper CCD camera equipped

with a Tokina 100 mm f2.8 macro lens, resulting in an

optical resolution of 0.02 mm/pixel. Postprocessing was

performed via Vic2D-6 software (developed by Correlated

Solutions) with a subset size of 21 9 21 pixel and a step

size of 3 pixels.

Results and Discussion

Load–Displacement Data

The experimental load–displacement data for NiTi CT

specimens tested at room temperature under mode-I load-

ing are plotted in Fig. 3a–d for 2, 3, 4, and 5 mm speci-

mens, respectively. As mentioned earlier, the unloading/

reloading sequences were carried out throughout the

experiments to determine the specimen compliance. The

characteristics of the load–displacement curves were found

to be very similar in all tested specimens, regardless of the

thickness. The response was linear at the beginning of

loading, associated with the elastic response of martensite.

Upon further loading, a deviation from linearity was

observed because of the reorientation of martensite at high

stresses close to the crack tip. Further loading resulted in

crack extension and the load–displacement curve reached

its maximum load. After this point, upon further increase in

the applied displacement, a gradual decrease in the load

was observed. The load continued to decrease until the end

of the experiment in absence of any major sudden load

drop, indicating stable crack growth. The main difference

Fig. 2 a Schematic of a compact tension specimen where W, a0, and B are the specimen width, initial crack size, and thickness, respectively, b a

set of NiTi compact tension specimens with W = 20 mm, a0 & 10 mm and B = 2, 3, 4, and 5 mm

Table 1 Specimen numbering and geometry for all tested compact

tension specimens

Nominal thickness Specimen # B (mm) a0 (mm)

2 mm Specimen 1 1.85 9.16

Specimen 2 1.84 9.91

Specimen 3 1.82 9.72

3 mm Specimen 4 2.87 9.12

Specimen 5 2.82 9.20

Specimen 6 2.81 9.21

4 mm Specimen 7 3.83 9.28

Specimen 8 3.87 9.77

Specimen 9 3.82 9.74

5 mm Specimen 10 4.86 9.47

Specimen 11 4.92 9.58

Specimen 12 4.85 9.47

B is the thickness and a0 is the initial crack size; the width is

W = 20 mm in all specimens
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in the load–displacement curves of specimens with differ-

ent thicknesses was the maximum load that was reached

during the experiments. For each thickness value, the small

difference in the maximum load was because of the slightly

different initial crack size and the sample to sample vari-

ation. The characteristic features of the load–displacement

curves obviously do not comply with those of a linear

elastic material, indicating that the data cannot be inter-

preted on the basis of LEFM.

Strain Field and Reorientation Zone

In-plane strains were measured using DIC for all tested

specimens. To be brief, the results presented here are from

a single specimen at each thickness value (specimens 1, 4,

7 and 10), and correspond to an applied displacement of

2 mm on the loading path and a crack extension of *
1.5 mm. The strains parallel to the crack plane (exx), in the

loading direction (eyy), and in-plane shear strains (exy) are

shown in Fig. 4a–c, respectively. It can be seen that the

size and the shape of all the strain contours were very

similar for all components and in all specimens, regardless

of the thickness, suggesting no significant thickness effect

on the near-tip mechanical fields. It should be noted,

however, because DIC is a surface measurement technique,

the strain plots correspond to the surface of the specimens

where the plane stress condition prevails. Therefore, extra

caution is required in drawing a conclusion based on a

surface measurement since it may not represent the possi-

ble through-the-thickness variations.

To estimate the nonlinear deformation zone near the

crack tip, in this case martensite reorientation zone, the von

Mises equivalent strain is calculated and plotted in Fig. 4d.

Considering the stress–strain response of the material

(Fig. 1b), the martensite reorientation is completed at *
5%. Therefore, the color bar is adjusted such that the red

color represents reoriented martensite. It can be seen that in

all cases, the nonlinear zone is large compared to the

characteristic dimensions of the specimen. Note that the

red region approximates the fully reoriented zone, and

reorientation process starts at as early as * 0.5% strain.

Hence, the region that is undergoing reorientation, i.e.

material points outside the red and engulfed by the dark

blue color, is even larger in size, clearly indicating that

LEFM cannot be implemented to interpret the data.

Fig. 3 Load–displacement curves for NiTi compact tension specimens with four different thickness values, a 2 mm, b 3 mm, c 4 mm, and

d 5 mm, tested at room temperature in martensite under mode-I loading
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Resistance Curve and Fracture Toughness

To measure the resistance of the material to crack exten-

sion, fracture resistance curve (R-curve) was developed,

which is essentially a plot of the fracture parameter, here

selected as J due to the invalidity of LEFM for the present

NiTi SMA, as a function of crack extension, Da. To this

end, for each loading increment on the load–displacement

response corresponding to an unloading/reloading

sequence, J and Da values were obtained using the elastic

compliance method. The method is described in the

appendix. The ASTM E1820 procedure was followed to

construct the J–R curves and obtain the fracture toughness

near the onset of stable crack propagation (JIc). A con-

struction line was drawn from the origin with a slope of

2rY, where rY is the effective yield strength, defined here

as the average of reorientation stress and the ultimate

tensile strength (Fig. 1b). Two exclusion lines were drawn

parallel to the construction line intersecting the abscissa at

0.15 and 1.5 mm following the ASTM standard. A power-

law regression line was fit through the data confined by the

exclusion lines. Finally, the critical J value was determined

from the intersection of an offset line, drawn from Da =

0.2 mm and parallel to the construction line, and the

regression line. The J–R curves for CT specimens with 2, 3,

4, and 5 mm thickness are plotted in Fig. 5a–d, respec-

tively. Rising R-curve behavior was observed for all

thickness values, associated with the reorientation of

martensite near the crack-tip. As seen from the DIC results

in Fig. 4d, the inelastic deformation zone at the crack tip

was large compared to the characteristic dimensions of the

CT specimen. The increase in the size of the inelastic zone

during loading required the driving force to be increased to

maintain the stable crack growth, resulting in the rising R-

curve behavior.

The average JIc values for different thicknesses obtained

from J–R curves are presented in Fig. 6a. Comparing the

values from each thickness to the mean value obtained

from all experiments, no specific trend was observed,

suggesting no thickness effect on the fracture toughness of

martensitic NiTi in the thickness range investigated in this

work. The average extrapolated critical stress intensity

factors, KJIc ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

JIcEM

p
, where EM denotes the Young’s

modulus of martensite, are plotted together with LEFM-

based critical stress intensity factors KQ (if assumed to be

valid) in Fig. 6b for comparison purposes. It can be seen

that KQ significantly underestimate the fracture toughness

of NiTi as it is a load-based fracture parameter and doesn’t

Fig. 4 Surface strain contours for NiTi compact tension specimens

with 2, 3, 4, and 5 mm thicknesses (specimens 1, 4, 7, and 10,

respectively) measured using digital image correlation. The plots

correspond to images taken at an applied displacement of 2 mm and

after * 1.5 mm crack extension: a exx, b eyy, c exy, and d eeq
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account for the dissipation mainly caused by martensite

reorientation. Nevertheless, similar to JIc (and therefore

KJIc) values, no thickness effect was observed by com-

paring KQ values obtained from specimens with different

thicknesses. The JIc, KJIc and KQ values are summarized in

Table 2.

Fracture Mechanisms

The fracture surfaces were investigated with scanning

electron microscopy (SEM). Figure 7 shows SEM images

of the fracture surface of NiTi CT specimens with 3 mm

and 5 mm thicknesses (specimens 4 and 10, respectively).

According to the low-magnification images, no evidence of

shear lip formation or crack tunneling were observed. The

Fig. 5 J–R curves for NiTi compact tension specimens with four different thickness values, a 2 mm, b 3 mm, c 4 mm, and d 5 mm, tested at

room temperature in martensite under mode-I loading

Fig. 6 Fracture toughness values for near equiatomic, martensitic NiTi shape memory alloy compact tension specimens with different thickness

values: a JIc, b KJIc and KQ
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flat fracture surfaces suggest much less sensitivity of the

fracture toughness to the specimen thickness. The high-

magnification images of the fracture surface reveal a quasi-

cleavage fracture, i.e. dominated by cleavage exhibiting

small parts with ductile tearing. The decrease in apparent

toughness with specimen thickness is generally observed in

materials that fail by ductile crack growth, i.e. their fracture

mechanism is dominated by void nucleation, growth, and

coalescence. In such materials, the crack extends prefer-

ably in areas that triaxiality is higher, resulting in a flat

fracture surface in the middle, and shear lips near the

edges. Therefore, in thicker specimens where the flat

fracture surface dominates the thickness, the fracture

toughness is not affected by the thickness. As observed

here, the fracture mechanism of NiTi was dominated by

cleavage and the fracture surface was flat, explaining the

insensitivity of fracture toughness to the specimen

thickness.

Discussion on the Specimen Thickness Requirement

for the Fracture Toughness of SMAs

According to the ASTM E1820 standard, the critical

J value obtained from a J–R curve is a size-independent

value of fracture toughness if b0, B[ 10 JIc/rY. The

requirement for b0 (the initial unbroken ligament) is to

ensure J-dominance and the one for B is to ensure a con-

straint-independent value of fracture toughness. As men-

tioned earlier, rY is the effective yield strength, and in

conventional metals, it corresponds to the average of the

ultimate tensile strength and the yield stress. In this work,

rY is interpreted as the average of stress required for ini-

tiation of reorientation and the ultimate tensile strength.

Using yield stress instead of reorientation stress would

underestimate the nonlinear deformation zone near the

crack tip considerably. Implementing the properties

obtained from the uniaxial stress–strain response (Fig. 1b)

and the obtained critical J values (Fig. 6a), to satisfy

thickness criterion the minimum required initial ligament

and thickness is * 2.3 mm. While all the specimens meet

the initial ligament requirement, the 2 mm-thick specimens

Fig. 7 SEM images showing the fracture surface of compact tension

specimens with: a 3 mm thickness (Specimen 4), and b 5 mm

thickness (Specimen 10). Low-magnification images show no

evidence of shear lips or crack tunneling while high-magnification

images reveal a quasi-cleavage fracture mechanism

Table 2 Average JIc, KJIc and KQ values for near equiatomic,

martensitic NiTi shape memory alloy samples at different thickness

values from 2 to 5 mm

B (mm) JIc (kJ/m2) KJIc (MPa m1/2) KQ (MPa m1/2)

2 130 ± 9 93 ± 3 32 ± 1

3 131 ± 15 94 ± 5 33 ± 2

4 130 ± 6 93 ± 2 32 ± 1

5 134 ± 16 95 ± 5 32 ± 1
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do not meet the thickness requirement. In general, for

SMAs the yield stress should be interpreted as the stress

required for either phase transformation, martensite reori-

entation, or austenite yield, depending on the ambient

temperature.

Although NiTi SMAs show highly nonlinear response,

they fail predominantly by cleavage fracture, and as

observed from the SEM images in this study, crack tun-

neling and shear lips were not evident on the cleavage-

dominated fracture surface. This is because the contribu-

tion of plastic deformation, responsible for a ductile frac-

ture mechanism, on fracture of NiTi SMAs is smaller

compared to the contribution from transformation/reorien-

tation [41], and the size of the plastic zone at the crack tip

is an order of magnitude smaller than the one anticipated in

conventional elastic–plastic materials [42]. It is important

to note that the material investigated in this study reached

relatively high values of elongation to failure (more than

40%) and fracture toughness (95 MPaHm and above)

compared to their counterparts such as NiTiHf [40], indi-

cating that other SMAs are more likely to fail by cleavage

fracture mechanism. This suggest that compared to con-

ventional ductile metals, the fracture toughness in SMAs is

less sensitive to the specimen thickness, and hence, the

ASTM thickness requirement to ensure a constraint-inde-

pendent fracture toughness measurement might be far

stringent for SMAs, the deformation and fracture mecha-

nism of which differs from those of conventional metals.

Summary and Conclusions

The effect of thickness on the fracture toughness of a near-

equiatomic NiTi shape memory alloy was investigated

while in fully martensitic state (below Mf). Mode-I fracture

experiments were conducted at room temperature on

compact tension specimens with four different thickness

values (from 2 to 5 mm). Stable crack growth was

observed in all tested specimens where the characteristics

of the load–displacement curves were found to be very

similar, regardless of the thickness. The in-plane strains,

measured using digital image correlation, revealed rela-

tively large zone of martensite reorientation as the main

deformation mechanism acting near the crack tip. The

resistance curves were developed using J-integral as the

fracture parameter, and the fracture toughness values near

the onset of stable crack propagation (JIc) were obtained.

Comparing the JIc values showed no thickness effect for

the thickness range investigated in this study. The insen-

sitivity of fracture toughness to the specimen thickness is

attributed to the underlying fracture mechanism in NiTi

SMAs being dominated by cleavage resulting in a flat

fracture surface with no shear lip formation. The results

obtained in this study can be extended to other NiTi-based

SMAs, the fracture mechanism of which is similar to that

of NiTi. Therefore, this work is considered a step towards

modifying the existing thickness requirements for fracture

toughness measurement in phase transforming materials.
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Appendix

Calculation of J-integral

J can be calculated at the ith unloading/reloading sequence

as the sum of elastic and inelastic components

Ji ¼ Jeli þ Jini ; ð1Þ

where

Jeli ¼ Jeli�1 þ
geli�1

Bbi�1

Ael
i�1;i

� �

1 � celi�1

bi�1

ai � ai�1ð Þ
� �

; ð2Þ

Jini ¼ Jini�1 þ
gini�1

Bbi�1

Ain
i�1;i

� �

1 � cini�1

bi�1

ai � ai�1ð Þ
� �

; ð3Þ

where gel, gin, cel, and cin are geometry dependent factors

geli ¼ 1:5 þ 2:02
bi
W

� �

; gini ¼ 2 þ 0:522
bi
W

� �

; ð4Þ

celi ¼ 0:5 þ 2:92
bi
W

� �

; cin ¼ 1 þ 0:76
bi
W

� �

: ð5Þ

where bi is the length of the unbroken ligament. Ael
i�1;i and

Ain
i�1;i are the increments of the elastic and inelastic area

under the load–displacement curve from step i - 1 to i,

respectively

Ael
i�1;i ¼

1

2
Pi þ Pi�1ð Þ deli � deli�1

� �

; ð6Þ

Ain
i�1;i ¼

1

2
Pi þ Pi�1ð Þ dini � dini�1

� �

; ð7Þ

where P is the load, del and din are elastic and inelastic

components of the displacement, respectively

deli ¼ PiCi; d
in
i ¼ di � deli ; ð8Þ

where Ci is the elastic compliance measured from the ith

unloading sequence.

Calculation of Crack Extension

Crack extension is calculated as
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Da ¼ ai � a0; ð9Þ

where a0 is the initial crack size and ai is the current crack

size corresponding to the ith unloading/reloading sequence

and can be calculated using the elastic compliance method

as

ai
W

¼ 1:000196 � 4:06319uþ 11:242u2 � 106:043u3

þ 464:335u4 � 650:677u5;

ð10Þ

where

u ¼ 1
ffiffiffiffiffiffiffiffiffiffiffi

BECi

p
þ 1

� � : ð11Þ

The Young’s modulus (E) is different for austenite, self-

accommodated and reoriented martensite, and it should be

selected according to the phase at the nominal testing

temperature at which the experiments are performed.
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