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ABSTRACT

EXPERIMENTAL INVESTIGATION OF THE EFFECT OF
PHASE TRANSFORMATION ON FRACTURE
PARAMETERS OF NiTi SHAPE MEMORY ALLOY

This thesis aims to investigate the effect of martensitic phase transformation on
fracture parameters of Nickel-Titanium (NiTi) SMA. NiTi specimens were character-
ized using optical microscopy and uniaxial tensile testing. 1mm thick compact tension
(CT) coupons were cut to determine critical stress intensity factor (K¢) and crack tip
opening displacement (CTOD) under Mode-I loading at room temperature. To ob-
serve the effect of martensitic phase transformation, tests were also carried out above
martensite desist temperature (M) at which the stress induced phase transformation
is suppressed. The results revealed that the martensitic phase transformation ahead of
the crack tip, improves the fracture behavior of NiTi SMA. Finite elements, ABAQUS
was also used to solve the 2-D cracked CT specimen problem under Mode-I loading.
Shape and size of the transformation at the crack tip were examined, displacement
and stress distribution near the crack tip were obtained. K¢ and CTOD values were
also calculated using J-integral for both superelastic and austenitic NiTi. FE analysis
also revealed that the phase transformation enhances the toughness of Nitinol. The
numerical results were compared to those obtained from tests and a good agreement

was observed.



OZET

NiTi SEKIL HAFIZALI ALASIMINDA FAZ
DONUSUMUNUN KIRILMA PARAMETRELERI
UZERINE ETKISININ DENEYSEL OLARAK
INCELENMESI

Bu tezde, martensitik faz doniigiimiiniin NiTi gekil hafizali alagiminin kirilma
parametreleri tizerine etkisi caligilmigtir. Malzeme, optik mikroskop ve ¢ekme deney-
leri ile karakterize edilmigtir. K¢ ve CTOD gibi kirilma toklugu parametreleri, 1mm
kalinliktaki CT numuneler kullanarak oda sicakliginda hesaplanmigtir. Martensit faz
dontigimiiniin kirilma parameterleri iizerine etkisini gorebilmek amaciyla, deneyler faz
dontigiminin engellendigi sicaklikta My iizerinde tekrarlandi. Sonuclar martensit
faz dontstimiiniin, NiTi SHA nin kirilma toklugunu artirdigini gostermistir. Deneysel
galigmalarin yani sira, sonlu elemanlar yontemi ve ABAQUS programim kullanarak,
2-D catlakli modeller analiz edildi. Catlak ucunda olugulan transformasyon bdlgesi
olciildii ve gerilim dagilimi incelendi. J-integral parametresi kullanilarak, Ko ve CTOD
degerleri stiperelastik ve ostenitik NiTi SHA icin elde edildi. Deneysel sonuclar gibi,
niimerik sonuclar da martensit faz dontisimiiniin, NiTi SHA'min kirilma toklugunu
artirdigini gostermistir. Ayrica, deneysel ve sayisal sonuclar kargilagtirildiginda, sonuclar

arasinda uyum saglandigi tespit edilmistir.
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1. INTRODUCTION

1.1. Shape Memory Alloys

Because of their interesting properties, Shape memory alloys (SMAs) drew scien-
tists’ attention and became a major topic of research in many fields. These alloys are
capable of recovering from large strains upon heating (shape memory effect) or through
removal of load (superelasticity or pseudoelasticity) that are associated with marten-
sitic transformation. Superelasticity and shape memory effect have been observed in
many alloys such as Au-Cd, Ni-Ti, Ni-Mn-Ga, Cu-Al-Ni, Cu-Zn-Al, etc. Among these,
Ni-Ti is the most popular shape memory alloy because of its features such as biocom-

patibility, wear resistance, corrosion resistance and high recoverable strain.

NiTi, a nearly equiatomic mixture of Nickel and Titanium, is the most known
and used shape memory alloy. In 1962 William J. Buehler was working on a project for
U.S. Navy when he discovered that Nickel-Titanium alloy returns to its original shape
as a with change in temperature. This alloy was later named Nitinol, an acronym for
Nickel-Titanium Naval Ordnance Laboratory. In NiTi, parent phase is cubic and the

product phase is monoclinic. NiTi is capable of recovering strains up to approximately

8% [1].

1.2. Martensitic Phase Transformation

Martensitic phase transformation is a solid to solid diffusionless transformation
between two phases that can be induced either by a change in temperature or stress.
The parent phase, called austenite, which has generally a cubic crystal structure, has
high-symmetry and is stable at high temperature. The product phase, called marten-
site, is the low-temperature, low-symmetry phase with a tetragonal, orthorhombic or

monoclinic crystal structure.



Each martensitic crystal formed can have a different orientation, called a vari-
ant. The assembly of martensitic variants can exist in two forms: twinned martensite,
which is formed by a combination of self-accommodated martensitic variants, and de-
twinned or reoriented martensite in which a specific variant is dominant [1]. The
self-accommodated martensite forms when the transformation is induced by tempera-
ture. The detwinned martensite, on the other hand, forms when the martensitic phase

is induced by stress.

The martensitic transformation is reversible. The transformation from austenite
to martensite is named forward transformation and the transformation from martensite
to austenite is called reverse transformation. There are four characteristic temperatures

at which the martensitic phase transformation occurs:

M,: Martensite Start Temperature,

M¢: Martensite Finish Temperature,

A, Austenite Start Temperature,

Ay: Austenite Finish Temperature.

Upon cooling, the forward transformation begins at the martensitic start temper-
ature (M) and finishes at the martensitic finish temperature (A/;). Similarly, during
heating, the reverse transformation initiates at the austenitic start temperature (Ay)

and finishes at the austenitic finish temperature (Ay).

Stress and temperature have a significant effect on the martensitic transformation.
As shown schematically in Figure 1.1, transformation start and finish stresses strongly
depend on temperature in a way that transformation stresses increase with an increase

in temperature. Consequently, the new transformation stresses are represented as oMs

MP [ o4% and 0. In this figure, the o, and o are the starting and finishing stresses

, O
of detwinning, respectively. It is worth mentioning that when the applied stress is
greater than oy (the stress at which the forward transformation starts), the forward
phase transformation will result in the direct formation of detwinned martensite. Note

that the transformation desist temperature (My), is the intersection of M, line and o¢}.



The latter denotes the critical stress for slip of austenite. In a similar way, the stress
affects the transformation start and finish stresses. As shown schematically in Figure

1.1, transformation start and finish stresses increase with an increase in temperature.

Stress

M; M, A, A Temperature
Figure 1.1. Schematic of transformation temperatures variation in the presence of

applied load.

1.3. Shape Memory Effect

The nature of the shape memory effect can be explained on a stress-temperature-
strain space. Figure 1.2 shows the stress-temperature-strain curve of a typical NiTi.
According to this figure, at point A, the material is in austenite phase. Decreasing
the temperature, results in forward transformation. At temperature below M the ma-
terial is twinned martensite (Point B). Afterwards, stress is applied and the twinned
martensite is reoriented into detwinned martensite, up to the point C. Upon removal
of the load, the elastic strain is recovered, but some permanent deformation remains
(Point D). At this point, increasing the temperature initiates the reverse transforma-
tion. When the temperature reaches Ay, the SMA fully transforms to austenite and
returns to its original shape (point A). Cooling from point A to B, results in the

formation of self-accommodated variants, with no associated shape change [1].
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Figure 1.2. Stress-strain-temperature data exhibiting the shape memory effect for a

typical NiTi [1].

1.4. Superelasticity

SMAs can recover from large amount of strains (approximately 8% for a typical
NiTi). A schematic representation of superelastic stress-strain diagram is shown in
Figure 1.4. At point A, the material is above austenite finish temperature A, , but
below martensite desist temperature M,. The latter denotes the temperature at which
the stress to induce martensite is equal to the stress to plastically deform austenite. In
other words, M is the temperature upon which the stress induced phase transformation
is suppressed. At point A, the SMA is in austenite state because the temperature is
above the austenite finish temperature A;. When stress is applied to the material, it
responds elastically until point B. At this point, the stress reaches a critical value (o)
whereupon a transformation from austenite to detwinned martensite occurs. During
transformation, the stress remains almost constant and a stress plateau is formed until
point C. At this point with a stress value of o™/, material is fully transformed to

detwinned martensite. Upon further loading, the detwinned martensite behaves in



an elastic manner. Further loading results in plasticity of detwinned martensite and
eventually failure. Upon unloading within elastic region of martensite (Point D), a
reverse transformation takes place due to the fact that martensite is energetically less
favorable compared to austenite without stress at temperatures above Ay. The reverse
transformation from martensite to austenite occurs at a lower stress than ¢ resulting
in a hysteresis effect in stress-strain curve. When stress reaches the value o4 (Point
E), the reverse phase transformation starts and the detwinned martensite transforms
back to austenite. The reverse transformation is completed when the stress reaches
o, From point F, the austenite is unloaded elastically to the point A and the initial

shape with no permanent deformation is recovered.

700

600 -
500 -
400

300 -

Stress (MPa)

200 -

100 4-

L i L] ‘ L) | L) l L] L) : L)
000 001 0.02 003 004 005 006 0.07
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Figure 1.3. Superelastic stress-strain curve of a typical SMA [1].

1.5. Applications

In aerospace industry, SMAs are generally used as actuators. Using SMAs for such
purposes, simplifies the design compared to electro-mechanical actuation mechanism.

Moreover, it reduces the weight of the mechanism by eliminating extra parts. For



instance, the shape memory effect has been used in latches on the solar panels of the
Hubble Space Telescope. These latches kept the solar panels down until it was safe
to deploy them, at which point the latches were heated and returned to their original
(unlatched) shape, releasing the panels [2]. SMAs are used in Mars Pathfinder as
part of an actuation mechanism for an instrument that measure dust collection on the

surface of Mars [3] .

SMAs can be used as couplings and fasteners because of their shape memory
property. The procedure is quite simple. The SMA coupling is processed in ambient
temperature. Then the diameter is enlarged in low temperatures. After installing on
desired location which should be joined or fastened, the device is then heated up to
ambient temperature. Consequently it recovers the initial shape and fastens parts.
Raychem Corporation in 1969, used SMAs in cryogenic aircraft pipe fitting devices for
fuel systems. More than one hundred thousand of these fittings have been installed in

advanced airplanes such as the F-14 and there have been no reported failures [3].

The shape memory effect was used in the middle 70’s to design the prototype
heat engine. The concept that SMAs can produce large forces when subjected to
temperature differences was used by Banks to design this heat engine. However, it has

only been used for demonstration purposes [4].

In addition to shape memory effect and superelasticity, biocompatibility and cor-
rosion resistance make SMAs, in particular NiT1i, a good solution for variety of biomed-
ical applications such as stents, guide wires, orthodontic devices, artificial joints, etc.
Superelasticity is useful in a wide variety of medical applications, most notably in the
stent design. Stent is a mesh tube inserted into a vessel in the body to prevent con-
traction and improve the blood flow. It could be used either permanently to reinforce
blood vessels or temporarily to hold a vessel open to allow access for surgery. Stents
are manufactured with a diameter larger than that of target vessel. It is then com-
pressed and inserted with a wire in the desired place inside the vessel. After releasing,
it expands due to the superelasticity and increases the diameter of the vessel. An ex-

ample of biomedical application of shape memory effect is the Simon filter. It is used



as a filter that traps clots in blood vessels. It is deformed in low temperature, and
constrained within a catheter. When the device is inserted into the desired location,
the human body temperature expands it to the initial shape. SMA is also used to
design orthodontic braces. The braces which are made from stainless steel get loose
over time and they need to be adjusted periodically. SMA orthodontic braces however,

provide nearly constant force over a long period of time.

(a) (b)

Figure 1.4. Cardiovascular devices that utilize the engineering properties of SMAs:
(a) Top view (above) and side view (below) of the Simon filter in the deployed
configuration, (b) a self-expanding NiTi stent shown in the deployed configuration

(above) and constrained state (below) [1].

As mentioned earlier, the hysteresis effect is observed in stress-strain curve of
SMAs demonstrating energy dissipation which can be quantified by the area inside of
this hysteresis loop. This characterization has been employed for energy absorption in

damping systems in both mechanical devices and seismic structures [5].

SMASs are used in some commercial applications such as eyeglass frames, cellular
telephone antennas, and golf clubs because of their superelastic properties. SMA fibers
could also be embedded into composites. The shape memory effect is employed in SMA

rivets, clamps, seals etc.



1.6. Fracture in SMAs

High stress values cause crack tip yielding in metals. In a similar way, SMAs ac-
commodate high stress through stress induced phase transformation. In other words,
when a superelastic SMA is subjected to loading, high values of stress induce marten-
sitic transformation in the vicinity of crack tip. This stress induced martensite, plays
a significant role on fracture of SMAs, as it changes the crack tip stress distribution
unlike ordinary metals. As illustrated in Figure 1.5, three different regions can be

observed in the vicinity of the crack tip of SMAs:

(i) The austenitic untransformed region (A),
(ii) The phase transformation region (A — M),

(iii) The fully transformed martensitic region (M).

PAA Ay

Martensitic region

D Transformation region

Austenitic region

R R R

Figure 1.5. Schematic of the phase transformation region near the crack tip.



1.7. Literature Review

Early works on SMAs have been devoted to study of crystallography and thermo-
dynamics of phase transformation. Later, constitutive laws were developed to describe
stress-strain relations during transformation. As the use of the SMAs in variety of
applications increased, the necessity to study and characterize their active properties,

their failure behavior arose and started to dominate the recent studies on SMAs.

In 1995, Stam and van der Giessen [6], investigated the effect of phase trans-
formation on shape and size of the transformation zone around crack tip in SMAs.
They analyzed crack growth resistance under quasi-static condition analytically and
numerically. They stated that the phase transformation increases the toughness of the

material.

Birman in 1998 [7], analyzed Mode-I fracture of an SMA plate with a central
crack. He adopted the constitutive theory of Tanaka to evaluate the size of the plastic
zone in front of the crack. The influence of the phase transformation on the stress
intensity factor was also studied. According to their results, the effect of the phase
transformation on stress intensity factor is relatively small. As a result, they stated

that properties of austenite state may be used to evaluate stress intensity factor.

In 2000, Yi and Gao [8], analytically investigated the fracture toughening mech-
anism of SMAs due to martensite phase transformation using Eshelby inclusion and
weight function method. Analyzing asymptotic stress in semi-infinite cracks subjected
to Mode-I loading, they found that martensite transformation reduces crack tip stress
intensity factor and increases toughness. The shape and size of the transformation

zone were also determined for static and steadily advancing crack.

Yi et al. proceeded to investigate the mixed mode loading case in 2001 [9]. They
used the energy release rate and load phase angle instead of stress intensity factor to
show that martensitic transformation reduces crack tip energy release rate and increases

the toughness.
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Yan et al. in 2003 [10], investigated the effect of plasticity on martensitic trans-
formation of superelastic NiTi using a constitutive model that accounts for both phase
transformation and plasticity. They described the forward and reverse transformation
process by change of the martensite volume fraction. They discussed the influence of

hydrostatic stress on transformation is discussed.

In 2008, Lexcellent and Thiebaud [11], carried out an analytical study to deter-
mine the transformation zone at the crack tip of SMAs showing asymmetry between
tension and compression. They also compared results to those obtained from previous

experimental studies on NiTi.

In 2010, Maletta and Furgiuele [12], developed a solution for plane stress under
Mode-I loadings of NiTi based SMAs based on Irwin’s correction of LEFM. They stud-
ied the extent of martensitic transformation around crack tip and the stress distribution
in both transformed and untransformed regions. The results were compared to those
from finite element simulations and a good agreement was observed. They also inves-
tigated the effect of various parameters such as transformation stress, transformation
strain, Young’s moduli, applied stress and temperature on crack tip transformation
behavior. They stated that temperature plays a significant role on the extent of the

transformation region, crack tip stress distribution and consequently fracture of NiTi.

In 2011, Lexcellent et al. [13], predicted the transformation zone at the crack tip
of SMAs for loading modes 1, 2, 3 and mixed 142 using LEFM. They also did some
tests to investigate the temperature field evolution during fracture of edge cracked
NiTi specimens under Mode-I loading. They observed an increase in temperature in

the vicinity of the crack tip.

Maletta and Furgiuele in 2011 [14], proposed new fracture control parameters for
NiTi based SMAs by defining two stress intensity factors to describe stress distribution
in austenitic region and transformed martensitic region near crack tip. According to
their results, the stress intensity factor in austenite region is always greater than LEFM

predictions, while the stress intensity factor in martensite region is always smaller. Con-
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sequently, because fracture occurs in transformed martensitic region, transformation
has a toughening effect. It was also revealed that temperature has a marked effect on

both stress intensity factors.

Maletta and Young in 2011 [15], analytically predicted boundaries of the transfor-
mation zone and stress distribution at the crack tip of NiTi based SMAs using modified
LEFM concepts. They compared their results to those obtained from synchrotron X-
ray micro-diffraction mapping on CT specimens and a good agreement was observed.

They also discussed the effect applied load and crack length on transformation zone.

In 2012, Maletta [16], predicted the extent of transformation region and stress
distribution at crack tip of NiTi based SMAs by using an analytical model. Their
model was based on small scale yielding assumption and EPFM theory, and was able
to analyze SMAs with no constant transformation stress. They also studied the effect
of non-constant transformation stress and its slope on transformation region and stress
distribution at crack tip. They found a marked effect on transformation region and a

small effect on stress intensity factor.

Baxevanis and Lagoudas in 2012 [17], studied Mode-I fracture of a center-cracked,
infinite, pseudoelastic SMA plate under plane stress using Dugdale-Barenblatt model.
They presented a closed form expression for J -integral, COD and transformation zone
size. For the case of high remote stresses, a closed form expression for the J -integral

was derived and transformation and plastic zone sizes were numerically evaluated.

Yan et al. numerically studied effect of volume contraction induced by phase
transformation, on fracture properties of superelastic SMA in 2002 [18]. They analyzed
the behavior of quasi-static advancing crack. According to the results, the volume
contraction induced by phase transformation, increases the crack tip stress intensity

factor and reduces the toughness of SMAs.

In 2005, Wang et al. [19], investigated martensitic transformation near crack tip of

pseudoelastic NiTi SMAs. They implemented Aurichio’s model into finite element code.
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It was revealed that the amount of martensite and the extension of the transformed
region in a sharp crack is larger compared to a mild notch and gets larger as crack

gTOWS.

Wang in 2006 [20], carried out finite element calculations in NiTi CT specimens
with crack, with acute and blunt notches. He studied distribution of stress-strain and
martensite volume fraction in front of crack/notch tips and analyzed their effects on
fracture. He showed that with increasing the notch acuity from blunt notch through
acute notch to crack, stress, strain and the full martensite zone size at the crack/notch

tips increase, and crack growth changes from unstable to stable.

In another study by Wang in 2007 [21], stress and strain distribution in front of
a notch tip in CT NiTi specimen was studied using finite elements. He considered two
types of materials: first with a stress-induced martensite transformation and the other
one a fully martensite. Comparing the mechanical behavior of these two materials, he
analyzed the effect of martensite transformation on fracture behavior of NiTi. Wang

observed that martensite phase transformation improves toughness.

In 2007, Freed and Banks-Sills [22], numerically studied transformation tough-
ening behavior of cracks in SMAs under plain strain and Mode-I deformation. They
used a cohesive zone model and obtained resistance curves. According to their re-
sults, the reversibility of transformation reduces the toughness of the alloy. The shape
of the transformation zone and the effect of moduli mismatch between austenite and

martensite on transformation toughening were also discussed.

In 2007, Wang [23], numerically investigated stress-strain and phase transforma-
tion in front of a notch tip in a NiTi CT specimen and found that the maximum strain
always appears at the notch tip and then decreases with the distance away from the
notch tip. Four different regions were observed at different loading stages for the stress
distribution in front of the notch tip due to martensitic transformation and subsequent
plastic deformation. He predicted that the fracture initiation takes place in plastic

zone at the crack tip and martensitic transformation at the crack tip improves the
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toughness of SMAs.

Falvo et al. in 2009 [24], studied martensitic transformation in front of a crack
tip of single edge-crack specimens in NiTi SMA using 2-D finite element simulations.
The effect of temperature on stress-strain distribution and transformation boundaries
were also analyzed using Clausius-Clapeyron relation. According to numerical results,
the transformation zone reduced with increasing temperature. Comparing the results
obtained by finite elements to analytical results obtained by Irwin’s modified LEFM

relations, a good agreement was observed in terms of transformation boundaries.

Baxevanis et al. in 2012 [25], studied shape and size of transformation and plastic
zones near the crack tip of a pseudoelastic SMA. A small scale transformation assump-
tion under plane strain was used. The J-integral fracture toughness was studied. The
results were compared to those of elastic-plastic materials. Baxevanis et al. observed
that increasing temperature results in decreasing transformation zone size, while the
dependence of the plastic zone size on temperature is less. They also observed that
the J-integral is path dependent. According to the results, the difference between the
crack tip and far-field J-values in SMAs is smaller than the corresponding difference in

elastic-plastic materials.

In 2013, Baxevanis et al. [26], studied the quasi-static stable crack growth in shape
memory alloys under plane strain and Mode-I using finite elements calculations. They
employed small scale transformation assumption and studied transformation tough-
ening behavior. Results showed an enhancement as a result of stress-induced phase
transformation. The effect of plastic dissipation on fracture resistance of SMAs was
also studied revealing that plastic dissipation during crack growth is only a small frac-

tion of energy dissipated as a result of phase transformation.

Gall et al. studied fracture of single crystal and polycrystalline NiTi SMA using
SEM in 2001 [27]. Nucleation, growth, and coalescence of voids from the TizNiy pre-
cipitates or Ti-C inclusions besides cleavage fracture, were observed during fracture of

NiTi. They found that as the Ti3Niy precipitate size increased, a transition to more
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ductile local fracture mechanisms was observed. They also observed that polycrys-
talline samples showed a more ductile fracture surface appearance compared to the

case of single crystal.

Tong et al. in 2003 [28], investigated crack initiation and growth in NiTi carrying
out tension tests on single-edge notched sheets. They used DIC to obtain in-plane
deformation field at the crack tip. CTOD and CTOA were also calculated using crack
tip deformation data. SEM showed that fracture surface of NiTi sheet was dimpled.
They observed large scale yielding over large region ahead of crack tip in thin sheets.
Their observations revealed that nucleation, growth, and coalescence of voids from the

Ti3Ni, precipitates were responsible for the crack initiation and growth.

In 2005, Chen et al. [29], investigated the fracture behavior of NiTi at room
temperature using tension, three point bending and four point bending specimens.
They performed macroscopic mechanical tests and microscopic in situ observations
via SEM to study the crack initiation and growth. They observed that, the crack
propagates with a quasi-cleavage mode along the direction of maximum normal stress.

They concluded that martensitic transformation improves the toughness of NiTi.

In 2007, Daly et al. [2], experimentally investigated fracture properties of edge-
cracked thin sheets of NiTi. They observed strain fields in the vicinity of crack tip by
means of DIC. Using the strain field, they determined shape and size of the saturation
and transformation zones. An average fracture toughness (K¢) was measured using

LEFM and it was revealed that the phase transformation contributes to toughening.

Robertson et al. studied crack growth in superelastic NiTi in 2007 [30]. They
measured in situ three-dimensional strains, phases and crystallographic alignment by
means of synchrotron X-ray micro-diffraction. They found that crack propagation
always occurs in the fully transformed martensite. They found that the stress-induced
transformation provides a mechanism of renormalizing the stressed zone in a way that
the resulting reduction in the stress field near a crack improves fracture resistance.

They also observed that the transformation zone at the crack tip was peanut shaped,



15

consistent with LEFM anisotropic yield criteria. According to their results, the two-

phase region is only stable in a narrow stress range.

Jiang and Vecchio in 2007 [31], investigated the fracture behavior of NiTi under
quasi-static and dynamic loading conditions. They used pre-cracked bend samples
to measure the dynamic fracture initiation toughness. According to the results, the

dynamic fracture toughness of NiTi is higher than it is under quasi-static loading.

Wang et al. in 2008 [32], investigated the fracture behavior of pseudoelastic NiT1i.
Performing fracture experiments using CT specimens, they obtained Ko of the ma-
terial. SEM was used to observe fracture surfaces and it was that fracture mechanism
is dominated by cleavage. According to results obtained using finite elements, there is

always a small fully transformed region at the crack tip during fast fracture process.

In 2008, Gollerthan et al. [33], investigated behavior of a martensitic/pseudoplastic
NiTi using CT specimens. They used the LEFM approach to measure critical stress
intensity factors and obtain estimates on dimensions of pseudoplastic zones in front
of crack tips. However, LEFM couldn’t rationalize results because the mechanical be-
havior of martensitic NiTi CT specimens clearly involves large-scale reorientation and

growth of favorably oriented martensite variants.

In 2008, Creuziger et al. [34], used notched Mode-I fracture samples to exam-
ine phase transformation in single crystal NiTi. Using optical techniques in situ and
considering two different crystallographic orientations (the [100] and [111] directions),
they found that in the [100] notched samples stable crack growth was observed; in the
[111] notched samples however, crack propagated in an unstable manner. They also

stated that transformation around the notch is important in crack growth behavior.

Wang et al. [35], studied the effect of notches on fracture behavior of NiTi in
2009. They carried out fracture experiments on specimens with different notch types
and sizes. Finite element simulations were performed to analyze stress, plastic strain

and phase transformation fields. It was revealed that both the transformation zone
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and plastic zone are concentrated to the notch/crack tip with increasing notch acuity.
Fracture surfaces were examined using SEM. They observed that cracks initiated in the
mid-plane of the specimens, where the stress is maximum according to finite element
analysis. It was also observed that void nucleation, growth and coalescence of micro
cracks dominated the failure of specimens without notch and with semi-circular notches.

However, in the specimen with crack notch, cleavage fracture dominated the fracture.

In 2009, Gollerthan et al. [36], investigated crack extension under static loading
of NiTi using CT specimens in three material states: martensitic and pseudoelastic
austenitic at room temperature and austenite at temperature above My. They per-
formed fracture tests and used linear elastic fracture mechanics approach. They ob-
served that crack propagation in pseudoelastic and austenitic NiTi alloys is unstable.
In contrast, martensitic alloy shows slow crack propagation. Crack tip blunting was not
observed in the martensitic and pseudoelastic SMAs. According to this study, cracks
grow into detwinned martensitic variant microstructures in martensitic and pseudoe-
lastic NiTi and crack propagation occurred at similar stress intensities. In contrast, in
austenitic NiTi tested above My, cracks grow into austenite without martensite at the

crack tip and crack propagation starts at higher stress intensities.

Jiang et al. in 2012 [37], performed tensile and compressive tests on round tensile
samples to study fracture behavior of as cast NiTi. According to the results obtained
from microanalysis of fractured samples, under tensile test at high temperature, the
alloy showed high plasticity and the fracture was characterized by ductile fracture,

while poor plasticity and cleavage fracture were observed at room temperature.

Maletta et al. in 2013 [38], investigated fracture properties of pseudoelastic NiTi
by analytical studies, finite element simulations and experimental measurements. They
analyzed the phase transition mechanisms and resulting stress distribution at the crack
tip of single edge cracked specimens in different temperatures. They compared the
results obtained from analytical model with those obtained from finite element sim-
ulations and observed a good agreement. The experimental results were analyzed

by LEFM and modified stress-intensity factors were calculated using the analytical
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model which is based on Irwin’s correction for elastic-plastic materials. The results
revealed that the critical stress intensity factor slightly increases with increasing the
testing temperature. The fracture surfaces were also analyzed using scanning electron
microscopic. SEM results revealed a dimpled appearance typical of ductile fracture
mechanisms, and no significant differences have been observed between the different

testing temperatures.

1.8. Problem Statement and Objective

Although there have been recent developments in modeling and numerical anal-
ysis of fracture in SMAs, there is room for further experimental work. Most of the
experimental works contain study of microstructure of fracture surface or observing
crack initiation and growth in cracked or notched specimens with optical techniques
such as optical microscopy, scanning electron microscopy (SEM), synchrotron X-ray
microdiffraction, etc. There are relatively few studies on fracture toughness, which
generally include fracture toughness measurement of bulk material. Very few exper-
iments have investigated the thickness range of 1 mm. Since the fracture toughness
depends on the thickness and according to the fact that NiTi are often used in most of
the applications such as medical devices, in the form of thin sheets, direct experimental
characterization of the fracture parameters of this thickness range is desirable. In addi-
tion to the previous points, understanding of the effect of phase transformation on the
fracture properties of SMAs is as yet incomplete. Some studies [18,36], demonstrated
that the phase transformation decrease the toughness of the SMAs. On the other hand,
according to other studies [2,8,14,21,26,29|, the martensitic phase transformation has
a toughening effect. Consequently there is a need to further investigate the transfor-
mation effect on toughness of these alloys. This is crucial for the effective design and

performance of SMA devices.

The objective of this study is to investigate the effect of martensitic transfor-
mation on fracture parameters of NiTi SMA. To this aim, fracture tests are carried
out to measure fracture toughness both at room temperature and high temperature.

Considering the fact that stress induced martensite transformation is suppressed above
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a specific temperature (My), the effect of this transformation is studied comparing re-
sults obtained at two different temperatures. In addition, finite element was used to
compare the numerical results to experimental. Interpretation of numerical and ex-
perimental measurements is intended to contribute to discussion on fracture of NiTi

structures.

The structure of this thesis is as follows: In Chapter 2, the material is charac-
terized using optical microscopy, differential scanning calorimetry (DSC) and uniaxial
tensile tests. In the first section of Chapter 3, load-displacement curves are obtained
for NiTi CT specimen and critical stress intensity factor is measured at both room tem-
perature and high temperature. In subsequent section, crack tip opening displacement
is measured at two different temperatures. In Chapter 4, finite element analysis of 2-D
CT specimens is presented. Transformation boundaries are determined, displacement
and stress distribution ahead of the crack tip are investigated. In addition, Ko and
CTOD are calculated using J-integral for superelastic and austenitic NiTi. In the last

chapter, findings of this study are summarized.
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NiTi SMA sheets with 1 mm thickness and 55.99 wt.% Ni, which had been pro-
duced according to the ASTM F2063-12 (Standard Specification for Wrought Nickel-

Titanium Shape Memory Alloys for Medical Devices and Surgical Implants) [39], were

purchased from Johnson Matthey. The mechanical properties and chemical composi-

tion are presented in Table 2.1 and 2.2 respectively.

Table 2.1. Mechanical and physical properties of NiTi used in this study.

Temper

Surface

ouyTs (kSi)

Elongation (%) | Ay (°C)

Flat Annealed

Pickled

220

12.7 16.1

Table 2.2. Chemical composition of NiTi used in this study.

Ni

Ti

C O

Co,Cr,Cu,Fe,Mn,Mo,Nb,Si,W

Weight (%)

95.99

Bal. | <0.05 | < 0.05

< 0.2

It is worth noting that the data are taken from the data sheet of the material

provided by the supplier.

Since the mechanical properties presented were limited,

additional tests were carried out to measure required parameters.

2.1. Microstructure

In order to estimate the grain size of the NiTi sheets, the microstructure was

examined using optical microscopy. First, grinding was carried out manually using

abrasive papers by decreasing the abrasive grit sequentially. Then the specimen was

polished using polishing tabs with alumina abrasive. Finally, the specimen was etched

in a solution containing HF, HNO3 and H,O with a volume ratio of 1:4:5 and then
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studied by means of Nikon-LV150 metallographic microscope. The average grain size
was estimated as 15 pum. The microstructure of NiTi specimens for three different

magnification is depicted in Figure 2.1.

Figure 2.1. Micrograph of NiTi alloy: (a) 20X, (b) 50X, (c¢) 100X.
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2.2. Tensile Testing

Uniaxial tensile tests were carried out with two types of flat dog-bone tensile test
specimens. To obtain the material properties in both rolling direction (RD) and trans-
verse direction (TD), the samples were cut in two different directions using electrical
discharge machining (EDM). Figure 2.2 illustrates these directions on the NiTi sheet
after EDM.

Figure 2.2. Hlustration of rolling and transverse directions on NiTi sheet after EDM.

Moreover, since there were different types of tests rigs (servo-hydraulic and screw-
driven) with different loading capacities (2 KN, 10 KN, 100 KN), the tensile specimen
were cut in two different dimensions. Larger specimens were used in high capacity test
rigs and smaller specimens were tested in low capacity machine. The nominal dimen-
sions and optical image of NiTi tensile specimen in transverse and rolling directions
are given in Figures 2.3 and 2.4 respectively. ASTM standards E8/E8M-11(Standard
Test Methods for Tension Testing of Metallic Materials) [40] and F2516-07 (Standard
Test Method for Tension Testing of Nickel-Titanium Superelastic Materials) [41], were

used for specimen geometry and test procedure.

The first series of tensile tests were carried out at room temperature using the
tensile specimen shown in Figure 2.4. End tabs were used to prevent sliding. The end
tabs were fabricated from 2 mm thick Alclad Aluminum 7075-T651 sheets and Araldite
2011 epoxy adhesive was used for bonding between the specimen and end tabs as shown

in Figure 2.5.
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Figure 2.3. Nominal dimensions of NiTi tensile test specimen in transverse direction.
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Figure 2.4. Nominal dimensions of NiTi tensile test specimen in rolling direction.

Dimensions in mm.
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Figure 2.5. NiTi tensile test specimen with end tabs.

Uniaxial tensile tests were conducted on a computer-controlled screw-driven mi-
crotester (INSTRON-5848) with a 2 KN load cell and pneumatic grips. An exten-
someter was used to measure the strain in longitudinal direction. Figure 2.6 shows the

experimental setup.

Pneumatic

Grips

Figure 2.6. INSTRON-5848 setup used for tension tests at room temperature.

The tension tests were performed under displacement control. According to
ASTM F2516-07, the material should be pulled to 6% strain with a loading rate of
0.5 mm/min, then unloaded to less than 7 MPa with the same rate, and then pulled to

failure with a loading rate of 5 mm/min. However, since the capacity of the microtester
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was limited to 2 KN, the second stage of the test i.e. pulling to the failure could not
be fulfilled and as a result the specimens were pulled to the maximum capacity of the
test rig. Three tensile tests were conducted on samples which were cut parallel to the
rolling direction (RD) to assure repeatability of results within experimental error. The
stress-strain curves of these three specimens are shown in Figure 2.7, Figure 2.8 and

Figure 2.9.

Strain (%)

Figure 2.7. Stress-strain curve obtained from first test on INSTRON-5848 at room
temperature using NiTi tensile specimen cut parallel to the RD, with a loading rate

of 0.5 mm/min during first stage and 5 mm/min during second stage.

In all three tests, the material was fully austenite at the beginning. As the
specimen was pulled with a loading rate of 0.5 mm/min, the austenite was elastically
loaded with an approximate modulus of 45 GPa. The deviation from linearity began
around a stress of 400 MPa and strain of 1%. From this point on, the stress remained
almost constant while the strain increased up to almost 6% which was an indication
of the forward phase transformation. At 6% strain, the specimen was fully martensite
and was unloaded. The unloading followed a similar pattern to the loading. During

unloading, the reverse phase transformation started around a stress of 200 MPa. After
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Stress (MPa)

Strain (%)

Figure 2.8. Stress-strain curve obtained from second test on INSTRON-5848 at room
temperature using NiTi tensile specimen cut parallel to the RD, with a loading rate

of 0.5 mm/min during first stage and 5 mm/min during second stage.

Strain (%)

Figure 2.9. Stress-strain curve obtained from third test on INSTRON-5848 at room
temperature using NiTi tensile specimen cut parallel to the RD, with a loading rate

of 0.5 mm/min during first stage and 5 mm/min during second stage.
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the reverse transformation was completed, the austenite was elastically unloaded to 7
MPa with a small amount of residual strain. Afterwards, the second stage of loading
started with a loading rate of 5 mm/min. The forward phase transformation started
at similar stress and strain values as those of the previous stage. This time however,
the stress was not constant during transformation as a result of the increased loading
rate, as expected. As a consequence, the forward phase transformation finished around
500 MPa. From this point on, the fully transformed martensite was loaded elastically
with an approximate modulus of 14 GPa up to the maximum loading capacity of the
test rig i.e. around 700 MPa. The mechanical properties obtained from stress-strain

behavior of the NiTi are reported in Table 2.3.

Table 2.3. Mechanical properties obtained from tension tests at room temperature

using NiTi specimens cut parallel to RD.

E4 (GPa) | Ey (GPa) | € (%) | UPS (MPa) | LPS (MPa)
Test 1 45 13 5 365 117
Test 2 A1 14 5 416 156
Test 3 45 13 5 414 158

As can be seen from Table 2.3, the values of the modulus of elasticity for marten-
site are smaller than those for austenite. It is important to emphasize that the elastic
modulus obtained from the stress-strain curve does not represent the true modulus of
martensite (according to some studies it is much higher than that of austenite [42]).
In fact, in addition to the elastic deformation of martensite, other deformation mech-
anisms are operative. In other words, the deformation in the martensite portion of
the stress-strain curve is actually a mixed process of elastic deformation of stress in-
duced martensite, plastic deformation of austenite, grain reorientation and detwinning
of martensite variants [43]. For measuring the true elastic modulus of martensite other
techniques such as neutron diffraction measurements should be used, that is not cov-
ered in the present work. As a result, the elastic modulus measurements in this study

are based on the macroscopic stress-strain response of the material , and the slope



27

of the curve for both the austenite and fully transformed martensite is used for the

determining the elastic modulus.

According to ASTM F2516-07 [41] , the upper plateau strength (UPS) is deter-
mined as the value of the stress at a strain of 3.0% during the initial loading of the
specimen. In a similar way, the lower plateau strength (LPS) is determined as the

value of the stress at a strain of 2.5% during the unloading of the specimen.

The second series of tensile tests were carried out at room temperature using the
tensile specimen shown in Figure 2.3. Again end tabs were used on the specimens to
prevent sliding using same material and adhesive as used before. Uniaxial tensile tests
were conducted on a computer-controlled screw-driven Zwick/Roel Z010 with a 10 KN

load cell and wedge grips. Figure 2.10 shows the experimental setup.

Wul ge G rIp 5

%
4

Extensometer|

Manual Controller

Figure 2.10. Zwick/Roel-Z010 setup used for tension tests at room temperature .

Similar to the previous tests, the material was pulled to 6% strain with a loading
rate of 0.5 mm/min, then unloaded to less than 7 MPa with the same rate, and then
pulled to failure with a loading rate of 5 mm/min. Here, in the second stage of loading,
the specimen was pulled up to 1000 MPa because the epoxy adhesive could not sustain

more loads. As a result, pulling to failure could not be fulfilled again. Two tests
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were conducted on samples which were cut parallel to the transverse direction (TD)
to assure repeatability of results within experimental error. The stress-strain curves of

these two specimens are shown in Figures 2.11 and 2.12.
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Figure 2.11. Stress-strain curve obtained from first test on Zwick/Roel Z010 at room
temperature using NiTi tensile specimen cut parallel to the TD, with a loading rate

of 0.5 mm/min during first stage and 5 mm/min during second stage.

In these tests, the specimen, which was initially in the austenite state, was pulled
with a loading rate of 0.5 mm/min. The austenite was elastically loaded with an
approximate modulus of 38 GPa which was lower than that of the specimens which
were pulled along RD. Upon further loading, the phase transformation started around
500 MPa. Stress remained almost constant while strain increased up to 6%. At this
point the stress induced martensite was unloaded. Unloading followed a similar pattern.
During unloading, the reverse phase transformation started around 200 MPa. After
the reverse transformation finished, austenite was elastically unloaded to 7 MPa with
a small amount of residual strain. The second stage of loading began with a loading
rate of 5 mm/min. The forward phase transformation started at a similar stress and
strain values as those of the previous stage. This time however, the stress was not

constant during the transformation due to the increased loading rate, as expected. As
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Figure 2.12. Stress-strain curve obtained from second test on Zwick/Roel Z010 at

room temperature using NiTi tensile specimen cut parallel to the TD, with a loading

rate of 0.5 mm/min during first stage and 5 mm/min during second stage.

a consequence, the forward phase transformation was completed at higher value of

stress around 700 MPa. From this point, the stress induced martensite was loaded

elastically with an approximate modulus of 34 GPa (which was higher than that of the

specimens which were pulled along RD) up to 1000 MPa. The mechanical properties

obtained from the stress-strain behavior of the NiTi are reported in Table 2.4.

Table 2.4. Mechanical properties obtained from tension tests at room temperature

using NiTi specimens cut parallel to TD.

E4 (GPa) | Ey (GPa) | € (%) | UPS (MPa) | LPS (MPa)
Test 1 38 34 4 508 192
Test 2 38 34 4 489 172

According to the fact that the failure stresses of NiTi could not be obtained in

the previous tests due to problems associated with the adhesive or capacity of the test
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rig, another tensile test were carried out to overcome the problems encountered. This
time a servo-hydraulic test machine (INSTRON-8801) with a 100 KN load cell was
used. Consequently, the capacity problem was solved. In addition, the wedge grips of
the test machine eliminated need of end tabs. A difficulty in using this test rig was
that the test in low rates (lower than 3 mm/min) couldn’t be done. Since the second
stage of loading i.e. the loading to failure, is conducted with a rate of 5 mm/min, this

problem did not affect the procedure. The experimental setup is shown in Figure 2.13.

e

Lol ot
(]

N &

Figure 2.13. INSTRON-8801 experimental setup used for tension tests at room

temperature.

As mentioned earlier, the tensile samples, which were cut along the transverse
direction (TD) were pulled to failure with a loading rate of 5 mm/min. The obtained

stress-strain curve is shown in Figure 2.14.



31

1800
1600
1400
1200
1000
800
600
400
200

Stress (MPa)

Strain (%)

Figure 2.14. Stress-strain curve obtained from test on INSTRON-8801 at room
temperature to measure opyrg using NiTi tensile specimen cut parallel to the TD,

with a loading rate of 5 mm/min.

In this test, the austenite was elastically loaded with an approximate modulus
of 48 GPa. The phase transformation started around 400 MPa and at a strain of 1%.
As a result of high loading rate, the stress plateau had a slope. The forward phase
transformation finished at around 700 MPa. From this point on, the stress induced
martensite was loaded elastically with an approximate modulus of 38 GPa. Upon
further loading the failure occured. As can be seen in Figure 2.14, no specific yield
point is observed in the stress-strain behavior of the material. As a result, only the
ultimate tensile stress (oyrs) can be measured. The mechanical properties obtained

from the stress-strain behavior of the NiTi are tabulated in Table 2.5.

Uniaxial tensile tests were also carried out at 100°C to observe the behavior
above martensite desist temperature My (the temperature above which the stress in-
duced phase transformation is suppressed). Loading and unloading tests with a rate of

3 mm/min on the superelastic NiTi specimens which were cut parallel to transverse di-
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Table 2.5. Mechanical properties obtained from tension tests at room temperature

using NiTi specimens cut parallel to TD.

EA (GP&)

e (%)

auTs (MPa)

Test 1

48

38

4

1680

rection (Figure 2.3), were performed at 100 °C using INSTRON-8801. A hot air blower

was used to increase the specimen temperature. During the test, the temperature was

measured by means of Optris-PI infrared thermometer. The reflection from the spec-

imen surface was prevented by means of a black matt paint to make sure that the

temperature measurements were reliable. The experimental setup is shown in Figure

2.15. Two tests were carried out to assure repeatability of results within experimental

error. The stress-strain curves are shown in Figure 2.16.

Figure 2.15. INSTRON-8801 experimental setup used for tension tests at high

Thermal Camera

temperature.

The stress-strain curves illustrates that the reversibility due to phase transforma-

tion during unloading is not observed anymore. Consequently, the irreversible strain
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Figure 2.16. Stress-strain curves obtained from tests on INSTRON-8801 at 100 °C

using NiTi tensile specimen cut parallel to the TD, with a loading rate of 3 mm/min.

reflects the plastic deformation of austenite. The elastic modulus of austenite in both
tests at high temperature were found to be 70 GPa, a value much larger than that
of austenite at room temperature. It indicates that the change of elastic modulus of
NiTi is very different from conventional metals in which the elastic modulus decreases
as the temperature increases. Finally, to obtain the ultimate tensile stress (oprs) of
NiTi at high temperature, another tension test was performed using same specimen,
configuration and procedure as previous tensile tests at high temperature. In this test,
however, the specimen was pulled to failure as illustrated in Figure 2.17. The ultimate
tensile stress (oyrg) is found to be 1262 G Pa which is smaller than that of specimens

tested at room temperature as expected.
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Figure 2.17. Stress-strain curve obtained from test on INSTRON-8801 at 100°C to
measure oprg using NiTi tensile specimen cut parallel to the TD, with a loading rate

of 5 mm/min.
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3. EXPERIMENTAL INVESTIGATION OF FRACTURE
BEHAVIOR

A crack can be loaded in the three different modes. Mode-I or the opening mode
is caused by tension. However, Mode-IT (sliding mode) and the Mode-III (tearing
mode) are caused by in-plane and out-of-plane shearing, respectively. Mode-I is the
predominant mode in majority of fracture problems in engineering so the present study

is limited to this case.

3.1. Stress Intensity Factor

3.1.1. Basics

For describing the stresses ahead of the crack, a polar coordinate system is defined

with the origin at the crack tip as shown in Figure 3.1.

yh Tyy

- /‘ y—b ﬂ.r'.!
v o |
741 t .
I // ‘ Tyx
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i
crack _a ' g

Figure 3.1. Definition of the coordinate system ahead of the crack tip [44].

The stress components near the crack tip, in linear elastic isotropic material for

Mode-I loading are:
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0

O = (plane stress) (3.1d)
0oy = V(Opw + Oyy) (plane strain) (3.1e)
Toz = Tyz = 0. (3].f)

It is worth mentioning that these equations are derived based on the theory of
linear elasticity and higher order terms are ignored. Because the nonzero stress compo-
nents rapidly increase near the crack tip. Stresses tend to infinity upon approaching the
crack tip because of the \% singularity. Since all the nonzero stresses are proportional
to the quantity K7, the crack tip stress field can be described by this factor which is
called stress intensity factor. The stress intensity factor is given a subscript to denote
the mode of loading. It is an extremely important fracture mechanics parameter which

measures the severity of the crack:

K; = lim (ayy 27T7°>. (3.2)

r,6—0

In finding K, the material is assumed to be linear elastic and that the approach being
used is called linear elastic fracture mechanics (LEFM) [45]. It is generally convenient

to express K as a function of applied stress and crack length by the following equation:

K = foJna , (3.3)

where a is the crack length, o is the remote stress and the quantity f is a dimensionless

function that depends on the geometry and loading configuration. For the compact
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tension (CT) specimen, K is calculated using the following equation:

K = % f (%) , (3.4)

where:

a2+ (%) 0.886 + 4.64 (%) — 13.32 (&)° + 14.72 (&) - 5.6 (&)
f<W>: [ (1- a)% ]’ (3.5)

w

for which P is the applied load, B is the specimen thickness and W is the specimen

width as shown in Figure 3.2.

‘W .
L
B
g
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Figure 3.2. Schematic of CT specimen.

As long as this K is below a critical value, the structure can resist a crack. This
critical value is called the fracture toughness (K¢). The values of K¢ are affected by
some parameters such as thickness, temperature and loading rate. As shown in Figure
3.3, K¢ decreases with increasing thickness until a plateau is reached. From this point
on, K¢ is no longer affected by further increase in thickness and it becomes relatively

constant. This value is denoted as K¢ and is called the plain strain fracture toughness.
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Figure 3.3. Schematic representation for dependence of K on Thickness.

3.1.2. Experiments

In fracture toughness Ko testing, an increasing displacement is applied to a
cracked specimen until it breaks. Load versus displacement is recorded during the test;
K¢ is determined using the maximum load which is recorded from load-displacement
curve and the specimen geometry i.e. the crack length, specimen width and thick-
ness. Fracture toughness Ko testing of metals based on LEFM principles is governed
by ASTM E399-12 (Standard Test Method for Linear-Elastic Plane-Strain Fracture
Toughness K¢ of Metallic Materials) [46].

K¢ tests were carried out using NiTi compact tension (CT) specimens. CT
specimens were cut by means of electro discharge machining (EDM) from 1 mm thick
such that the loading direction was parallel to rolling direction (RD). ASTM E399-
12 [46] were used for specimen geometry and test procedure. It is important to note that
some of conditions and limitations given by the standard test method such as specimen
thickness were not applied because of the thickness of the NiTi sheet used. NiTi alloys
are normally not used as a bulk material, and consequently, they are commercially
available in the shape of wires, thin sheets and tubes [38]. Nominal dimensions and

optical image of CT specimen are given in Figure 3.4.
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Figure 3.4. Nominal dimensions of NiTi compact tension (CT) specimen used in K¢

testing. Dimensions in mm.

Considering the fact that even the narrowest practical machined notch cannot
simulate a natural crack [46], all specimens were fatigue pre-cracked under cyclic load-
ing, to produce an ideally sharp crack. The fatigue pre-cracking was carried out at
room temperature using the servo-hydraulic INSTRON-8801 test rig with a 100 KN

load cell. The experimental setup for fatigue pre-cracking is shown in Figure 3.5.

The standard method suggests that the pre-crack load be selected such that the
maximum stress intensity factor during fatigue crack growth does not exceed 80% of
the estimated K¢ value of the material. Using available Ko measurements reported
in literature, the maximum load associated with the 80% of Ko was estimated around
450 N. To decrease the failure possibility during fatigue, the maximum pre-cracking
load for the NiTi CT specimens was selected as 300 N which was later decreased to
200 N . It should be noted that the pre-cracking was performed using INSTRON-SAX
software in load control mode with sinusoidal wave form at a frequency of 5 Hz .
Different crack lengths were obtained (13.5 mm < a < 14.3 mm ) which were within
the range of ASTM E399 (0.45W < a < 0.55WW). Table 3.1 shows the details of fatigue
pre-cracking of NiTi CT specimens for K¢ testing.



40

Figure 3.5. INSTRON-8801 experimental setup used for fatigue pre-cracking of NiTi

Table 3.1. Details of fatigue pre-cracking of NiTi CT specimens for K¢ testing.

CT specimens.

Load(N) | Cycle | Frequency (Hz) | Pre-crack Size (mm)
Specimen 1 300 2500 5 1.5
Specimen 2 300 2500 1.7
Specimen 3 200 10000 5) 2.3
Specimen 4 200 10000 5) 2.3
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The optical images of pre-cracks on four specimens are shown in Figure 3.6. It is

worth noting that the exact measurement of pre-crack sizes was carried out after final

fracture using the OLYMPUS 100AL optical microscopy.

Figure 3.6. Optical images of pre-cracks on NiTi CT specimens used in Ko testing;

(a) specimen 1, (b) specimen 2, (c) specimen 3, and (d) specimen 4.

According to ASTM E399-12 [46], to maintain a quasi-static loading condition,
the specimen should be loaded such that the rate of increase of stress intensity factor
(K), is between 0.55 and 2.75 MPay/m/s. The testing machine loading rate (Ap)
associated with this allowable range was determined using ASTM E1921-13 [47], as
a function of E, K and W for each allowable specimen geometry. Table 3.2 shows
the allowable loading rate for different a/WW values. Using the mentioned method, the

load-line displacement rate was found to be 0.5 mm/min.
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Table 3.2. Loading rate estimation for CT specimens [47].

SE(B) Specimen Rate Estimation | CT Specimen Rate Estimation
/W | 245 ww W |
0.45 | 0.346 5.064 0.45 | 0.412 3.475
0.50 | 0.333 5.263 0.50 | 0.386 3.829
0.55 | 0.318 5.522 0.55 | 0.361 4.212
0.60 | 0.302 0.851 0.60 | 0.336 4.635
0.65 | 0.283 6.267 0.65 | 0.312 0.118
0.70 | 0.263 6.798 0.70 | 0.287 0.696

After fatigue pre-cracking, fracture tests were carried out both at room temper-
ature and high temperature (100°C). As already mentioned, mechanical tests above
the martensite desist temperature M,, were used to observe mechanical properties of
austenite in the absence of martensitic transformation. Consequently, by comparing
the values of K obtained from these two temperatures, one would be able to discuss
the effect of stress induced martensitic transformation occurring at the crack tip of NiTi
specimens. Fracture tests were carried using the screw-driven INSTRON-5848 test ma-
chine with a 2 KN load cell. A COD gauge was used to measure the displacement at

the crack mouth. The experimental setup is shown in Figure 3.7.

The tests were performed in displacement control mode with a loading rate of
0.5 mm/min. Load versus crack mouth opening displacement was recorded. Bluehill
software was used to control the test procedure and record the data. A hot air blower
was employed to increase the specimen temperature for high temperature tests. Dur-
ing the test, the temperature of the specimen was measured by means of Optris-PI
infrared thermometer and the reflection from the specimen surface was prevented by
means of a black matt paint to increase the temperature measurement accuracy. The
infrared thermometer output in two temperature values is shown in Figure 3.8. The

CT specimens were then pulled to fracture.
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Figure 3.7. INSTRON-5848 experimental setup used for Ko determination of NiTi

CT specimens.

+ 28.99°C 1t 101.91°C

Figure 3.8. Infrared thermometer output at: (a) room temperature, (b) high

temperature.
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3.1.3. Results and Discussion

Two tests were carried out at each temperature to assure repeatability of results
within experimental error limits. The Load-CMOD curves obtained from fracture
tests on NiTi CT specimens at room temperature are shown in Figures 3.9 and 3.10.
It should be noted that two different crack sizes were used to discuss the effect of crack

size on fracture toughness.

- Pmax = 515.4 N

500 +

0 0.1 0.2 0.3 0.4 0.5 0.6
Displcement (mm)

Figure 3.9. Load-CMOD curve for NiTi CT specimen with a=13.5 mm at room

temperature.

The characteristic features of the load-displacement curves suggested that a devi-
ation from linearity was observed before the maximum load was reached. As expected,
the maximum load for the specimen with smaller crack size was higher. K values were
then obtained using maximum load P,,,, from load-displacement curves and Equation

3.4. The results are tabulated in Table 3.3.

An average value of K¢ equal to 31.9 MPa,/m was calculated from the tests at

room temperature. It is worth noting that this value is very close to previous literature
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Figure 3.10. Load-CMOD curve for NiTi CT specimen with a=14.3 mm at room

temperature.

Table 3.3. Results of K¢ testing of NiTi CT specimens at room temperature.

Prae (N) | @ (mm) | K¢ (MPay/m)
Test 1 515.4 13.5 32.8

Test 2 441.4 14.3 31.1
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results which indicate average K¢ values around 32 MPay/m [38] and 34 MPay/m [36]
for superelastic NiTi SMA. It can be clearly seen that the Ko is independent of the
length of crack. The Load-CMOD curves obtained from fracture tests on NiTi CT

specimens at 100 °C are shown in Figures 3.11 and 3.12.

500
" Pmax = 433.7 N
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(=)
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1

CMOD (mm)

Figure 3.11. Load-CMOD curve for NiTi CT specimen with a=13.7 mm at 100°C.

Similar to the fracture tests at room temperature, a deviation from linearity was
observed before the maximum load was reached. However, this deviation was more
considerable in the case of high temperature tests, indicating more stable crack growth
in specimens tested at 100°C. Later observations of fractured samples supported this
claim. Similar to previous tests, the specimen with a longer crack fractured at lower

load values. K¢ values were obtained using a similar approach and the results are

tabulated in Table 3.4.

An average value of K¢ equal to 28.1 MPa,/m was calculated from the fracture
tests at high temperature. The results show that similar to the tests at room tem-
perature, the fracture toughness values are independent of crack size. Stress intensity
factor (K') versus crack mouth opening displacement (CMOD) curves for NiTi SMA

for different a /W ratios at room temperature and 100 °C are shown in Figure 3.13.
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Figure 3.12. Load-CMOD curve for NiTi CT specimen with a=14.3 mm at 100 °C.

Table 3.4. Results of K¢ testing of NiTi CT specimens at 100 °C.

Pz (N) a (mm) Ko (MPam)
Test 1 433.7 13.7 28.3
Test 2 395.5 14.3 27.9
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Figure 3.13. Stress intensity factor vs. CMOD curves for NiTi SMA for different a/W

ratios at room temperature and at 100°C.

Comparisopn of the results obtained at two different temperature values, clearly
shows that increasing the temperature above the martensite desist temperature My,
decreases K of NiTi specimens. In other words, when the stress induced martensite
transformation is suppressed at the crack tip, the specimen shows lower resistance to the
crack growth which demonstrates the toughening effect of martensite transformation

in NiTi SMAs.
3.2. Crack Tip Opening Displacement
3.2.1. Basics
LEFM is valid as long as nonlinear material deformation is confined to a very

small region surrounding the crack tip. Elastic plastic fracture mechanics (EPFM)

approach is used where LEFM is no longer valid i.e. in the case of nonlinear materials.
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Considering the fact that crack blunting occurs in nonlinear materials prior to fracture
as shown in Figure 3.14, crack tip opening displacement (CTOD) is defined as a fracture
parameter which describes crack tip conditions in these class of materials. Like the
stress intensity factor, critical values of CTOD can be used as a measure of fracture

toughness.

Sharp Crack

~_-=x CTOD

-
e S

)/

Blunted Crack

Figure 3.14. Schematic of crack tip blunting resulting in CTOD.

Because the crack opening displacement varies as the crack tip is approached, the
definition of CTOD is somewhat arbitrary and depends on distance from the crack tip.
Using crack tip displacement field at the physical crack tip, and considering the fact
that crack tip plasticity makes the crack behave as if it is slightly longer, Wells [48],
found a relationship between CTOD and stress intensity factor K, assuming an effective
crack length of a + r, as shown in Figure 3.15. The crack tip displacement field for

Mode-I loading in linear elastic isotropic material is governed by the following equation:

Ky fro (0 5 (0
Uy = 2 5 Sin <2> [/{Jrl 2 cos (2)], (3.6)

where K is Mode-I stress intensity factor, u is the shear modulus, r and 6 are polar
coordinates, k = (3 —v)/(1+v) for plain stress and x = 3 — 4v for plain strain , where
v is the Poisson’s ratio. Using § = 7 and r = r,, the displacement behind the effective

crack tip can be obtained as:

K41 T 4 r
Uy = 2 Kﬂ/ﬁ:EKI“i 5 (3.7)
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Figure 3.15. Irwin plastic zone correction.

where E/ = FE for plane stress and E' = E/(1 — v?) for plane strain. r, (the radius of

the plastic zone) for plane stress is:

1 /(K \?
Ty - % <0'_YS> ) (38)

where oyg is the yield stress. Substituting Equation 3.8 into Equation 3.7 gives:

4 ( Ki°
TOD = 2u, = — . .
CcTO Uy =~ (UYSE’> (3.9)
Considering the relation between the energy release rate G and stress intensity factor
K, (G = k?/F') an alternative relation for CTOD is obtained as:
4 (G
CTOD = — (—) . (3.10)
T™ \0Oys
As illustrated in Figure 3.16, using strip yield zone model approach [49], CTOD can
also be described as the crack opening displacement at the end of the strip yield zone:
K? G

TOD = - A1
¢To oysk'  oys (3:11)

It can be seen the Equation 3.11 is slightly different from Equation 3.10. CTOD can
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Figure 3.16. Estimation of CTOD from the strip yield model.

be expressed in a general form as follows:

K2 ¢

CTOD = =
maygE/ moys '

(3.12)

where m is a dimensionless constant that depends on the stress state and material
properties. m = 1 for both linear elastic and elastic-plastic cases based on the strip
yield model which assumes plane stress conditions and a non-hardening material. Since

J = G for linear elastic material behavior [44]:

J

moys ’

CTOD =

(3.13)

Although this equation describes the relationship between CTOD and J in the limit of
small scale yielding, it applies well beyond the validity limits of LEFM [44]. Rice [50],
also defined the CTOD as the displacement at the 90° intercept as depicted in Figure
3.17. Shih [51] invoked this definition to obtain a relationship between the J and the
CTOD by means of Hutchinson-Rice-Rosengren (HRR) solution:

CTOD = dnJ ) (3.14)

Oys

where the coefficient d,, depends on the material properties. d,, = 1 for a non-hardening
material in plane stress condition. Comparing Equation 3.14 and Equation 3.13 indi-

cates that d,, = 1/m.
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Figure 3.17. Definition of CTOD as the displacement at the intersection of a 90°

vertex with the crack flanks.

3.2.2. Experiments

In laboratory measurements of CTOD, the load line displacement (LLD) is mea-
sured and the CTOD is then inferred because its direct measurement is not practical.
The CTOD fracture toughness measurement is governed by ASTM E1290-08 (Stan-
dard Test Method for Crack Tip Opening Displacement Fracture Toughness Measure-
ment) [52]. In this test method crack tip opening displacement is the displacement
of the crack surfaces normal to the crack plane at the tip of the fatigue pre-crack.
According to this test method, the determination of CTOD at the onset of unsta-
ble brittle crack extension, characterizes the fracture toughness of the material. The
test method involves displacement controlled loading of fatigue pre-cracked specimens.
Load versus clip gauge crack opening displacement is recorded. Using the obtained

load-displacement curve, the CTOD is calculated using the following relationship:

1 K? nA
TOD = | —— | | =L 4 TP 1
¢To (may> [E’ - B(W —a)]|’ (3.15)

where oy = (0yg + oyrs)/2 and A, is the area under the plot of load versus plastic
component of clip gauge opening displacement v,, corresponding to the onset of unstable

brittle crack extension.The constants m and 7 are calculated for CT specimen using
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following equations:

2 3
m=3.62—421 ( oS ) +4.33 ( ovs ) —2 ( ovs > , (3.16)
ouUTS ours aurs

a

5= —7.999 + 49.737 (W

) — 78.988 (%)2 +41.226 (%)3 . (3.17)

CT specimens that were used for CTOD testing of NiTi were cut by means
of electro discharge machining (EDM) from 1 mm thick sheet such that the loading
direction was parallel to rolling direction (RD). The nominal dimensions and optical
image of CT specimen are shown in Figure 3.18. It is worth noting that the slight
difference in specimen configuration compared to the one used in Ko test allow for

measurement of the load line displacement (LLD).

32.50

Figure 3.18. Nominal dimensions of NiTi compact tension (CT) specimen used in

CTOD testing. Dimensions in mm.

To produce an ideally sharp crack, CT specimens were also fatigue pre-cracked
using cyclic loading at room temperature using the servo-hydraulic INSTRON-8801
test rig with a 100 KN load cell. The experimental setup for fatigue pre-cracking was
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the same as shown in Figure 3.5. Pre-cracking was performed with a frequency of
5 Hz in load control mode with sinusoidal wave form in the range 0 - 200 N using
INSTRON-SAX software. Table 3.5 shows the details of fatigue pre-cracking of NiTi
CT specimens for CTOD testing. It should be noted that the obtained crack sizes were
within the range of ASTM E1290 (0.45W < a < 0.7WW).

Table 3.5. Details of fatigue pre-cracking of NiTi CT specimens for CTOD testing.

Load (N) | Cycle | Frequency (Hz) | Pre-crack Size (mm)

Specimen 1 200 7000 5 2.5

Specimen 2 200 7000 5 2.3

The optical images of pre-cracks on two specimens are illustrated in Figure 3.19.

It is worth noting that the exact measurement of pre-crack sizes was carried out after

final fracture using OLYMPUS 100AL optical microscopy.

Figure 3.19. Optical images of pre-cracks on NiTi CT specimens for CTOD tests,

(a) specimen 1 and (b) specimen 2.

Fracture tests were carried out using the screw-driven INSTRON-5848 test rig
with a 2 KN load cell. A COD gauge was used to measure the displacement at the
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load line. The experimental setup was the same as shown in Figure 3.7. An increasing
displacement with a loading rate of 0.5 mm/min was applied to cracked specimens until
they finally broke. Load versus clip gauge opening displacement was recorded during
the test. Bluehill software was used to control the test procedure and to record the
data. Similar to K¢ measurements, tests were carried out at both room temperature
and high temperature (100°C) to investigate the effect of stress induced martensite
transformation at the crack tip. For increasing and measuring the specimen tempera-

ture, the method explained in Section 3.1.2 was used.

3.2.3. Results and Discussion

The Load-LLD curves obtained from fracture tests on NiTi CT specimens at room

temperature and high temperature are illustrated in Figures 3.20 and 3.21 respectively.

LLD (mm)

Figure 3.20. Load-LLD curve for the NiTi CT specimen with a=16 mm at room

temperature.

From load-LLD curves, it could be seen that the total LLD in the curve of high
temperature test is smaller compared to that of room temperature test. CTOD value

at the onset of unstable brittle crack extension was obtained using Equation 3.15
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LLD (mm)

Figure 3.21. Load-LLD curve for the NiTi CT specimen with a=15.8 mm at high

temperature.

where K was calculated using Equation 3.4, in which the load P obtained as the load
corresponding to the onset of unstable brittle crack extension. The constants m and
n were calculated using Equations 3.16 and 3.17 respectively. A,, was obtained by
constructing a line parallel to the elastic loading line in load-displacement curve. The
results are illustrated in Table 3.6. Note that LLD* is the value of load line displacement

corresponding to the onset of unstable brittle crack extension.

Table 3.6. Results of fracture toughness CTOD testing of NiTi CT specimens.

a (mm) | LLD* (mm) | v, (mm) | CTOD (mm)
Room Temperature 16 0.4 0.08 0.010

High Temperature 15.8 0.28 0.06 0.006

Comparing the results clearly illustrates that increasing the temperature above

the martensite desist temperature My, decreases the CTOD at the onset of unstable
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brittle crack extension. In other words, when the stress induced martensite transfor-
mation is suppressed at the crack tip, the specimen shows lower resistance to crack
growth. This is in agreement with previous K¢ measurement results indicating the

toughening effect of martensite transformation in fracture of NiTi SMAs.



58

4. NUMERICAL INVESTIGATION OF FRACTURE
BEHAVIOR

Finite elements (ABAQUS) was used to model superelastic and austenitic NiT1i
edge cracked specimens to compare the experimental results to numerical ones. The
term superelastic NiTi is used to denote NiTi that transforms to martensite under
stress, while the term austenitic NiTi is used to denote the one that does not transform.
Stress distribution, phase transformation regions and displacement of crack surfaces
were obtained. Fracture parameters such as stress intensity factor K¢ and crack tip
opening displacement CTOD were calculated using J-integral to better understand the

effect of stress induced martensite transformation at the crack tip.

The ABAQUS UMAT subroutine for superelastic SMAs [53], based on Auricchio-
Taylor-Lubliner constitutive model [54, 55], was used to model NiTi and to input ma-
terial properties. The stress-strain curve used by ABAQUS for SMA and the material
properties required are shown in Figure 4.1. The material parameters used in this
model were estimated from the stress-strain curves obtained from uniaxial tensile tests
on NiTi specimens. In Table 4.1, the definition of parameters and their corresponding
values are tabulated. Unloading and the corresponding reverse transformation are not
considered because in fracture tests the specimen is directly pulled to failure. The
value (g—;)U was adopted from the study by Baxevanis and Lagoudas [17] because the
stress-temperature curve was not determined in this study. Because at temperatures
above M, NiTi does not show a superelastic behavior, at high temperature tests, NiTi
was simply modeled as an elastic material with elastic modulus of austenite obtained

from tensile tests at high temperature.



Figure 4.1. Uniaxial behavior of superelastic SMAs in UMAT subroutine.
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Table 4.1. UMAT inputs used in this study.

Property Definition Value
E4 Austenite elastic modulus 45 (GPa)
V4 Austenite Poisson’s ratio 0.33
Ey Martensite elastic modulus 14(GPa)
U Martensite Poisson’s ratio 0.33
el Transformation strain 5 (%)

(g—")L Slope of ¢ — T diagram during loading 8.7 (MPa/K)
oy Start of forward transformation stress 400 (MPa)
of End of forward transformation stress 450 (MPa)
To Reference temperature 300 (K)

(g—;)U Slope of ¢ — T' diagram during unloading | 8.7 (MPa/K)
or Start of reverse transformation stress 200 (MPa)
ot End of reverse transformation stress 130 (MPa)
o2 Start of transformation stress in compression | 400 (MPa)
el Volumetric transformation strain 5 (%)
Ny Number of annealings to be performed 0

4.1. Evaluation of Stress Intensity Factor
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To model the specimen used in experiments (Figure 3.4), a 2-D plane stress

finite element model was built. Due to symmetry of compact tension specimens, only

the upper half of the specimen was modeled. An eight-node biquadratic plane stress

quadrilateral, reduced integration element (CPS8R) was used. Mesh geometry of the

2-D specimen is illustrated in Figures 4.2. As shown in the figure, a nonuniform mesh

was used by employing relatively fine mesh in the crack tip region, and coarser mesh

elsewhere.
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Figure 4.2. Mesh geometry of 2-D CT specimen.

A 441.4 N point load was applied i.e. the load used in Ko experiment at room
temperature. Upon loading, immediately the transformation zone appeared around the
crack tip. The transformation boundaries are plotted in Figure 4.3. SDV21 represents
the fraction of martensite. The red shows fully transformed martensite region. The
region with a dark blue color is the untransformed region. The region between these
two is actually a mixture of austenite and martensite in which the fraction of martensite
varies between zero and 1. The size of fully transformed region along the crack plane
was measured to be 0.22 mm and total transformation zone was 1.22 mm as shown in

Figure 4.3.

' 0.22 mm : 1 mm

Figure 4.3. Transformation zone at the crack tip, a = 14.3 mm and F' = 441.4 N.



62

The stress induced martensite transformation results in a more complex stress
distribution. To further observe this effect, the stress distribution near the crack tip
is evaluated for both superelastic and austenitic NiTi SMA. In the case of austenitic
NiTi, a point load of 395.5 N i.e. the maximum load used in K¢ experiment above the
M, temperature. A path was defined along the crack plane, and the stress component

in loading direction (¢,,) was measured along this path. The oy, distribution for

superelastic and austenitic NiTi SMA are plotted in Figure 4.4.

— Superelastic NiTi

~ ~ Austenitic NiTi
[x1.E3]
4.0 T

3.0

2.0

Stress (MPa)

Figure 4.4. Stress distribution near the crack tip for superelastic and austenitic NiTi

CT specimens.

It can be seen that in superelastic SMA the stress increases as we get closer to the
crack. A stress plateau then appears as a result of stress induced transformation. Fol-
lowing this plateau, the stress values tend to infinity in the fully transformed martensite
region at the crack tip. In austenitic model, however, the mentioned plateau is not

observed and the stresses increase by getting near the crack and finally tend to infinity

at the crack tip.

Because when a UMAT subroutine is used, ABAQUS does not calculate stress

intensity factors directly, J-integral values are calculated first and then related to K¢
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and CTOD using LEFM relations assuming a small scale transformation near the crack
tip. Figure 4.5 shows the J-integral values calculated for several contours to examine

the contour dependency of the values.
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Figure 4.5. J-integral values of superelastic NiTi CT specimen, a = 14.3 mm and

F =4414 N.

As it can be seen in this figure, the J-integral values in front of the crack tip,
decrease with increasing contour number because of the non-homogenous nature of the
material as a result of the stress induced martensite transformation. However, after
a few contours, the values start to increase and then converge to the constant value
of 23.88 KJ/m? indicating the fact that the J-integral values are contour independent
in untransformed homogeneous region. This was later confirmed by calculating the J
values for austenitic NiTi where the constant value obtained for all contours including

the ones at the vicinity of crack tip.

Considering the fact that J = G for linear elastic homogeneous materials and
assuming that this relation can be used for the SMA as well, the stress intensity factor
was calculated for both superelastic and austenitic NiTi using the equation J = K?/E 4,

where the J value is calculated from numerical analysis and E4 is the elastic modulus
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of austenite from uniaxial tensile tests. The results are tabulated in Table 4.2.

Table 4.2. Numerical results of K for superelastic and austenitic NiTi SMA.

J-integral (KJ/m?) | Ko (MPay/m)
Superelastic NiTi 23.88 32.78

Austenitic NiTi 11.04 27.79

It can be seen that the toughness of the superelastic NiTi is larger compared to
that of the austenitic NiTi, in which martensitic transformation is suppressed. This
confirms the claim that transformation at the crack tip of NiTi SMA enhances the

toughness of the alloy.

4.2. Crack Tip Opening Displacement

The 2-D plane stress model of the CTOD test specimen is shown in Figure 4.6.
Only the upper half of the specimen was modeled due to symmetry. Like the previ-
ous model, an eight-node biquadratic plane stress quadrilateral, reduced integration
element (CPS8R) was used. As shown in the figure, a nonuniform mesh was used by

employing relatively fine mesh in the crack tip region, and coarser mesh elsewhere.
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Figure 4.6. Mesh geometry of 2-D CT specimen.

A point load of 315.3 N was applied for the superelastic NiTi and a point load
of 320.4 N was applied for austenitic case. These loads were the loads after which
the unstable brittle crack extension was observed in experimental CTOD toughness
measurements. Consequently upon applying this critical load, the CTOD value that
is obtained from numerical calculations would represent the CTOD fracture toughness

of NiTi SMA.

Like the previous case, a transformation zone appeared at the crack tip upon
loading as shown in Figure 4.7. The size of fully transformed region along the crack
plane was measured as 0.19 mm and total transformation zone was measured as 1.02

1m1m.
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0.83 mm

Figure 4.7. Transformation zone at the crack tip, @ = 16 mm and F = 315.3 N.

The displacement (u,) along the crack surfaces for superelastic and austenitic

models is plotted in Figure 4.8. The displacements were measured under the applied

load at which unstable brittle crack growth occured. From the plot, it can be seen that

all displacement values along the crack surface for the superelastic NiTi are larger than

that of austenitic one. Consequently, it can be predicted that the displacement at the

crack tip (CTOD) would be larger as well.
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Figure 4.8. Displacement along the crack surface for superelastic and austenitic NiTi

CT specimens.
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J-integral values calculated for several contours as shown in Figure 4.9. In supere-
lastic NiTi, the J values converge to the constant value of 19.88 KJ/m? after certain
number of contours. On the other hand, for austenitic NiT1i, the constant value of 11.14

KJ/m? was obtained for all contours including the ones at the vicinity of crack tip.
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Figure 4.9. J-integral values of superelastic NiTi CT specimen, a = 16 mm and

F = 3153 N.

CTOD toughness values are then obtained for both superelastic and austenitic

NiTi using Equation 3.14 and assuming that d,, = 1 as shown in Table 4.3.

Table 4.3. Numerical results of fracture toughness CTOD of superelastic and

austenitic NiTi.

J-integral (KJ/m?) | CTOD (mm)
Superelastic NiTi 19.88 0.011
Austenitic NiTi 11.14 0.008
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According to the results, it could be seen that the superelastic NiTi has a higher
CTOD value as expected, indicating the toughening effect of stress induced martensite
transformation at the crack tip of NiTi SMAs. This is in agreement with previous

results of K¢ analyzes.

4.3. Comparison of Experimental and Numerical Results

K¢ and CTOD values obtained from experimental measurements and numerical
calculations are tabulated in Table 4.4. Experimental results indicate that both K and
CTOD values decrease when stress induced martensite transformation at the crack tip
is blocked the difference being more considerable for CTOD. The same trend is observed
in numerical results. In finite element results, both Ko and CTOD are larger for the
superelastic NiTi. Similar to the experiments, the difference between CTOD values are
much more than K. The experimental and numerical results are in good agreement,
indicating the toughening effect of phase transformation in fracture behavior of NiTi

SMAs.

Table 4.4. Comparison of experimental and numerical results.

Material State | Ko (MPay/m) | CTOD (mm)

Superelastic 31.9 0.010
Experimental
Austenitic 28.1 0.006
Superelastic 32.78 0.011
Numerical

Austenitic 27.79 0.008
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5. SUMMARY AND CONCLUSIONS

In this study the effect of stress induced martensite transformation on fracture
parameters of NiTi SMA was investigated numerically and experimentally. The mi-
crostructure of thin sheets of NiTi was examined using optical microscopy to obtain
average grain size. Uniaxial tensile tests were carried out at room temperature and
stress-strain curves were obtained for 1 mm thick dog-bone specimens in both rolling
(RD) and transverse (TD) directions to determine the mechanical properties of the
alloy. The material tensile strength, austenite and marteniste elastic moduli, trans-
formation stress and strain were measured. Tensile tests were repeated at 100°C to
measure the properties in the absence of martensitic phase transformation. It should
be noted that the martensite elastic modulus obtained from the stress-strain curves,
does not represent the true modulus of martensite and alternative techniques such as
neutron diffraction measurements should be used to measure the true elastic modulus

of martensite.

Fatigue pre-cracked compact tension (CT) specimens with 1 mm thickness were
used to study the fracture toughness of the NiTi SMA at both room temperature and
high temperature. Load versus crack mouth opening displacement (CMOD) curves
were plotted and the K¢ values were calculated using LEFM principles. Considering
the fact that LEFM is valid as long as nonlinear material deformation is confined to
a very small region surrounding the crack tip, EPFM principles were implemented
to measure an alternative fracture parameter. CTOD values were measured using
load versus load line displacement (LLD) curves. The results revealed that for both
parameters, the fracture toughness of the NiTi SMA decreases if temperature increases

above martensite desist temperature M.

Superelastic and austenitic 2-D cracked CT specimens were also analyzed using
finite elements. ABAQUS UMAT subroutine for superelastic alloys was implemented
to define the superelastic behavior. Transformation boundaries were determined. Dis-

placement and stress distribution near the crack tip were calculated. J-integral values
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were calculated and used to obtain K- and CTOD values. It was observed that the
J-integral values are contour dependant near the crack tip of superelastic NiTi be-
cause of the non-homogenous nature of the material as a result of the stress induced
martensite transformation. Consequently, the J values obtained from untransformed
homogeneous region were used to calculate Ko and CTOD. The results showed that
the fracture toughness of the superelastic NiTi is higher as a result of martensitic

transformation.

A good agreement was observed between numerical and experimental results in
terms of K¢ and CTOD. In addition, in both analyses, a decrease in fracture tough-
ness was observed when the stress induced martensite transformation was suppressed,
indicating that transformation ahead of the crack tip improves the toughness of NiTi
SMA. This conclusion is in agreement with most of the previous studies on fracture
of SMAs [2,8,14,21,26,29], in which the toughening effect of the martensitic trans-
formation has been reported. However, it is in contrast with few studies [18, 36].
Consequently, the effect of martensitic transformation at the crack tip of NiTi SMAs

still needs further investigation.
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