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Abstract The fracture toughness of Nisg3Tiyg7Hf>o high
temperature shape memory alloy was systematically
investigated as a function of temperature. A set of nomi-
nally isothermal fracture toughness tests were conducted
on disk-shaped compact tension specimens at five tem-
peratures corresponding to three thermodynamical condi-
tions: (i) below martensite finish temperature to obtain the
fracture toughness of martensite (ii) above martensite start
temperature in austenite but below the martensite desist
temperature (My, the temperature above which the
austenite does not transform), in order to find the fracture
toughness when stress induced martensitic (SIM) trans-
formation takes place close to the crack tip, and (iii) above
My, in order to obtain the fracture toughness of austenite.
The extent of the inelastic zone near the crack tip was
detected using digital image correlation, and the fracture
surfaces were examined. The fracture behavior was highly
temperature/phase dependent. The fracture toughness of
the transforming material was higher than that of austenite
and martensite, i.e. SIM transformation acts as a tough-
ening mechanism. This was attributed to the differences in
strain hardening behavior in detwinning, martensitic
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transformation, and plastic deformation regimes of the
stress—strain response, where SIM transformation occurs
with the lowest strain hardening rate. The fracture tough-
ness values obtained here are lower than those of equia-
tomic NiTi.

Keywords Fracture toughness - High temperature shape
memory alloys - NiTiHf - Phase transformation

Introduction

Shape memory alloys (SMAs) are high energy density
active materials that can undergo repeatable and reversible
macroscopic shape changes due to martensitic phase
transformation [1]. Since SMAs feature a very high work
output for a specific volume as compared to active mate-
rials [1], they are promising candidates for replacing
existing actuators (e.g. hydraulic or electromagnetic) in
weight critical applications [2, 3]. Nickel-titanium (NiTi) is
the most commonly known and commercially available
SMA, and has seen widespread use in the biomedical
industry due to its good biocompatibility, corrosion resis-
tance, and superior mechanical properties [4]. However,
the low transformation temperatures of NiTi SMAs have
limited their applications as actuators, especially in the
aerospace industry, which requires high temperature,
actively-controlled actuators. Adding ternary alloying ele-
ments to NiTi increases the transformation temperatures to
a useable range [5, 6]. In particular, NiTiHf high temper-
ature shape memory alloys (HTSMAs) have been widely
explored through several studies focusing on microstruc-
tural analysis [7-17], mechanical properties [18-21], fati-
gue life [22-26], and the effect of processing parameters on
microstructure and properties [27-29]. Moreover, the
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practical viability of NiTiHf HTSMAs has been demon-
strated on a test flight as part of an adaptive aircraft
structure [30]. However, successful employment of NiTiHf
HTSMAs in such applications requires a complete under-
standing of their crack growth behavior and precise quan-
tification of their fracture properties. To the best of the
authors’ knowledge, there is no work in the literature
reporting fracture toughness of NiTiHf based HTSMAs in
the temperature range that covers all possible material
states. Moreover, it is not clear whether these ternary
SMAs are tougher than NiTi binary alloys or not.

In literature, the majority of studies on the fracture of
SMAs [31-41] have reported the fracture toughness of
NiTi using ASTM E399 [42], which is based on linear
elastic fracture mechanics (LEFM). However, most of the
reported experiments in such studies do not satisfy the
small-scale yielding condition, which is required for the
validity of LEFM. Additionally, because the presence of
phase transformation alters near-tip mechanical fields
[43—48], SMAs do not conform to conventional elasto-
plasticity, and therefore elasto-plastic fracture mechanics
(EPFM) cannot be used to characterize the crack growth
behavior and predict fracture in SMAs. Recently, there
have been efforts [49, 50] to obtain the fracture properties
of NiTi using the full-field displacement data, obtained
from digital image correlation (DIC). Unlike the standard
testing methods, which are used to determine the fracture
toughness from load—displacement data, this method
requires relatively sophisticated testing setup and rigorous
post processing. In an attempt to address some of these
challenges, a new methodology described in [51] modifies
the existing ASTM EI1820 standard [52] to take into
account the transformation- and reorientation-induced
changes in the elastic properties.

Because the constitutive response of the SMAs is sen-
sitive to temperature, even small variations in temperature
may further complicate the study of their fracture behavior.
Consequently, quantifying fracture properties of SMAs can
be challenging compared to conventional metals. Although
fracture properties of NiTi SMAs have been reported in
many studies over the years, there seems to be a lack of
consensus on the effects of temperature/phase transforma-
tion on their fracture toughness [31, 34, 51, 53, 54], in
particular on whether martensitic transformation provides a
toughening effect or not. For example, Holtz et al. [31] and
Maletta et al. [54] reported that fracture toughness
increases monotonically with temperature in NiTi SMAs.
However, the results of Gollerthan et al. [34] and Hagh-
gouyan et al. [51] demonstrated that the fracture toughness
of NiTi binary SMAs is a stepwise function, with fully
martensitic materials and materials transforming from
austenite to martensite having the same fracture toughness,
and the austenite phase above martensite desist

temperature, My, exhibiting higher fracture toughness.
Clearly, there is a need to systematically investigate the
fracture behavior of new NiTiHf HTSMAs at different
temperatures, especially in the martensitic transformation
range.

There are only two reported studies on the fracture and
crack growth behavior of NiTiHf HTSMAs [55, 56]. In the
recent study by the authors, the fracture of an aged
martensitic NiTiHf has been investigated under mode-I
nominally isothermal loading. Using a disk-shaped com-
pact tension (DCT) specimen, fracture toughness was
measured at room temperature (below martensite finish
temperature, My) [55]. Unstable crack growth was observed
due to the limited extent of dissipation mechanisms near
the crack-tip. The results showed that the fracture tough-
ness of martensitic NiTiHf is relatively lower than that of
binary NiTi SMAs. Amin-Ahmadi et al. [56] studied crack
propagation mechanisms in an aged NiTiHf HTSMA using
post-mortem microstructure characterizations. Transmis-
sion electron microscopy (TEM) micrographs showed that
cracks propagate mainly along the (011) type II twin
planes, switching between the twin planes to avoid nano-
sized H-phase precipitates.

In the present study, we present the first investigation
into the fracture toughness of a NiTiHf HTSMA at dif-
ferent temperatures and phases: (i) below M; in fully
martensitic state (ii) above martensite start temperature,
Mg, where the stress induced martensitic (SIM) transfor-
mation takes place, and (iii) above M, in fully austenitic
state. Microstructural characterization, near tip strain field
measurements, and post-mortem fracture surface analyzes
have been performed. The fracture toughness values of the
NiTiHf HTSMA were determined at five different tem-
peratures. It was observed that the martensite phase exhi-
bits the lowest fracture toughness and SIM transformation
provides a significant toughening effect leading to a higher
fracture toughness in the martensitic transformation regime
than that of both austenite and martensite phases. The
deformation and strain hardening behavior observed in the
uniaxial tension experiments shed some light into the
potential reasons for the observed differences in the evo-
lution of fracture toughness values with temperature.

Experimental Methods

Material

Elemental Ni, Ti, and Hf (99.98%, 99.95% and 99.9% in
purity, respectively) were used to fabricate Nisg 3Tizg 7Hfg
(at.%) HTSMA via vacuum skull melting under partial

argon atmosphere. The material was vacuum homogenized
at 1050 °C for 72 h and furnace cooled down to room
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temperature. Finally, the homogenized ingot was sealed in
a mild steel can and hot extruded at 900 °C. The trans-
formation temperatures of the hot extruded material were
measured using differential scanning calorimetry (DSC)
and determined using the intersecting tangent lines method
to be My=125.6 °C, M, = 152.7 °C, A, = 163.1 °C and
Ar = 183.6 °C, where A, and A; indicate austenite start and
finish temperatures, respectively (Fig. 1a).

Microstructural Characterization

Because the microstructure of SMAs is extremely impor-
tant in controlling their thermomechanical response
[11, 25, 34, 57-59], in particular their fracture behavior
[23, 35, 60, 61], the oxide content, the size and distribution
of oxides, and other microstructural features, including the
existence of H-phase precipitates [9], were investigated
using scanning electron microscopy (SEM) and TEM. In
Fig. 2a, the backscattered electron image shows the white
hafnium oxides decorating the grain boundaries. In Fig. 2b,
the size distribution of oxides is shown, seen to skew left
with a tail to the right, indicating mostly small particles
(under 1 pm?). In Fig. 2c, a bright field TEM image and
corresponding selected area diffraction pattern (SADP) are
presented. The TEM image and the diffraction pattern do
not provide an evidence for the existence of H-phase pre-
cipitation. In the bright field image, there are no clear
second-phase particles, and in the SADP, there is no dif-
fuse scattering around the martensite spots that would
indicate either the precursor to the H-phase precipitates or
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Fig. 1 Differential scanning calorimetry of a hot extruded, polycrys-
talline Nisg3Tis97Hf>o high temperature shape memory alloy,
revealing transformation temperatures to be My = 125.6, My = 152.7,
Ay =163.1, Af = 183.6 °C
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the precipitates themselves. These images were captured on
the [100] zone axis of B19’.

Uniaxial Tensile Experiments

For tensile experiments, dog-bone geometry samples, with
the gage dimensions of 8 x 3 x 1 mm?®, were cut using
wire Electrical Discharge Machining (EDM), and tested to
failure with an engineering strain rate of 5 x 10~* s~ ' ona
servo-hydraulic MTS test frame equipped with a high-
temperature MTS extensometer. The extensometer was
directly attached to the gage section of the samples. These
samples were loaded in nominally isothermal conditions in
order to determine their mechanical properties at different
temperatures. The testing temperatures were decided based
on the transformation temperatures so that fully marten-
sitic, martensitically transforming, and fully austenitic
materials would all be tested. For martensitic materials,
two experiments were performed below M; (My-100 °C,
M-25 °C) at 25 °C and 100 °C. For the samples which are
martensitically transforming under stress, the experiments
were performed at 160 °C and 200 °C (As-S °C, Ag
+ 15 °C), which are above M, but below M,. For the
experiments at 160 °C, the samples were first heated above
Ay and then cooled down to the test temperature to ensure
the starting phase of the experiment is full austenite. The
austenitic material was tested above My at 360 °C
(Ag + 175 °C).

Fracture Toughness Experiments

Following the ASTM Standard E1820 [52], DCT speci-
mens, with the width W =20 mm and the thickness
B =3.25 £ 0.25 mm, were tested at five different tem-
peratures, 25 °C, 100 °C, 160 °C, 200 °C, and 360 °C,
similar to the uniaxial tension experiments, to measure the
fracture toughness at different temperature regimes. The
specimens were first polished on both sides with abrasive
paper down to 1200 grit. The specimens were then cycled
sinusoidally at 10 Hz at room temperature with an MTS
servo-hydraulic frame (810 Material Test System) under
load control, with the load ratio of R = Pp,;n/Pmax = 0.1, in
order to grow a fatigue pre-crack. After pre-cracking, all
crack length-to-width ratios (a/W) were within the
0.45 < a/W < 0.55 range. Two experiments were per-
formed at each testing temperature.

For the fracture toughness experiments, the specimens
were loaded in displacement control at a rate of
7.5 x 107> mm/s, following the procedures in ASTM
Standard E1820 [52]. To capture the specimen’s compli-
ance throughout the experiments, partial unloads and
reloads were performed by decreasing the displacement by
0.05 mm at 0.15 mm intervals, a range recommended by
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Fig. 2 a A back scattered electron image of the hot extruded,
polycrystalline Nisg3TizgsHf>y high temperature shape memory
alloy. Hafnium oxides are seen in white, decorating the grain
boundaries of the sample; b the size and frequency of the oxide
distribution, showing a skewed distribution with a tail to the right;

the ASTM Standard E1820. The load and crosshead dis-
placement were recorded continuously at a rate of 10 Hz
throughout the experiments. The crosshead displacement
was then converted to load line displacement (LLD) using
a method introduced in [51], while removing the effect of
machine compliance. For the experiments at elevated
temperatures, the samples were heated with a Roy 1500
induction heater controlled by a Eurotherm 2200 PID
temperature controller. The temperature of the sample was
measured by averaging the readings from 6 K-type ther-
mocouples directly spot-welded onto the sample.
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c the bright field TEM image, taken on the [100] zone axis, of
martensite lathes and corresponding selected area diffraction pattern
(SADP). Neither the bright field image nor the SADP show any
indication of precipitates

Temperatures were recorded in a LabView program
through a Measurement Computing data acquisition board.

In Situ Optical Imaging

Over the course of the experiments, optical images were
recorded at a rate of 1 fps using a Point Grey Blackfly
camera with a Canon 18-55 mm lens. These images were
used to monitor the crack size and measure the 2-D strain
distribution using DIC. DIC was chosen because of its non-
contact nature. In order to perform DIC, the samples were
spray painted with either high-temperature-resistant black
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paint and speckled with white or vice versa. The imaging
was performed at a resolution of 0.14 mm per pixel. The
VIC-2D software, developed by Correlated Solutions, was
used to calculate the full-field Lagrangian strains.

Results and Discussion
Uniaxial Mechanical Response

The uniaxial tensile test results at different temperatures
are presented in Fig. 3a. Starkly different stress—strain
responses near the transformation temperatures are clear,
which is typical for SMAs. However, the response of the
present NiTiHf HTSMA is subtly different than conven-
tional binary NiTi SMAs, as described below. Although it
is not the main focus of the current work, in the following,
we briefly discuss possible deformation mechanisms that
can be responsible for these differences. Understanding the
deformation mechanisms during uniaxial loading at dif-
ferent temperatures is expected to help shed some light on
the reasons for the evolution of fracture toughness with
temperature (“Fracture Toughness Evolution as a Function
of Temperature” section below).

For the two experiments below My (25 °C and 100 °C),
upon loading, the self-accommodated martensite deforms
elastically before undergoing martensite reorientation/de-
twinning. Then, the samples fail during reorientation/de-
twinning, probably before the reorientation process is
completed. It is worth noting that the stress required to
detwin the martensite is lower at 100 °C than that at 25 °C.
The detwinning region has a high strain hardening slope
(11 £ 1 GPa), which indicates the difficulty of detwinning
and likelihood of simultaneous plastic deformation. In
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Fig. 3 Uniaxial tension and mode-I fracture toughness results of hot
extruded, polycrystalline Nisg3Tiyg7Hfg high temperature shape
memory alloy at 25 °C (M-100 °C), 100 °C (M-25 °C), 160 °C (As-
5 °C), 200 °C (A¢ + 15 °C), and 360 °C (Af + 175 °C): a stress—
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contrast, SIM transformation region (experiments at
160 °C and 200 °C) features a lower strain hardening slope
(5 GPa) than the detwinning region. The very high strain
hardening rate observed in the deformation of the
martensite phase in the present NiTiHf alloy is quite dif-
ferent than what is observed in binary NiTi, and it is mostly
due to the difficulty of detwinning in NiTiHf HTSMAs
[62, 63].

In the 160 °C and 200 °C cases, three stages of inelastic
deformation can be distinguished. In the first stage, the
austenite transforms into SIM. Upon further loading, the
SIM is elastically deformed, however, in this second stage,
there must be other deformation modes in play since the
slope of the stress—strain curves in this stage is significantly
lower than what would be expected only from elastic
deformation. At the end of the second stage, the onset of a
third stage is obvious at both 160 °C and 200 °C. However,
the third stage is much clearer in the samples tested at
200 °C due to the extended strain observed in this stage at
200 °C. In fact, the observation of such high tensile duc-
tility at 200 °C is somewhat surprising since in general,
many of the Ni-rich NiTiHf and NiTiZr compositions have
not been reported to exhibit such high tensile ductility
[10, 14-17, 62]. The relatively high ductility should be a
consequence of the combination of SIM, detwinning, and
inelastic deformation of SIM. It is worth noting that at
200 °C, upon unloading at low strain values (the first
stage), the samples show perfect superelasticity (not shown
here).

Lastly, in the experiments performed at 360 °C, the
austenite phase exhibits conventional plastic deformation
behavior with decreasing strain hardening response under
increasing applied strain until failure. Although it needs to
be confirmed microscopically, the periodic load drops

Nisg 3Tipg 7Hf2

DCT Specimen
Isothermal Load-
Displacement Curves

Load Line Displacement (mm)

(b)

strain response of dog-bone shaped specimens under tension; b load—
displacement response of the disk-shaped compact tension (DCT)
specimens (thickness B = 3.25 £ 0.25 mm, width W = 20 mm, ini-
tial crack length gy = 10 £ 1 mm)
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observed in the stress—strain response at 360 °C (Fig. 3a)
can be a consequence of deformation twinning in austenite,
the typical deformation mechanism observed in the
austenite phase of high strength binary NiTi [62, 64—67].
From all of these stress—strain curves, it can be seen that
there is a notable difference in the material behavior
depending on whether the samples experience martensite
reorientation/detwinning or SIM transformation—the
samples strain-harden significantly more when the
martensite detwins than what is observed during the SIM
transformation.

Fracture Toughness Evolution as a Function
of Temperature

The experimental load—displacement curves obtained from
the DCT specimens are presented in Fig. 3b at the same
temperatures that the uniaxial mechanical responses were
determined. The initial crack lengths in all specimens were
ap =10 £ 1 mm. The load drops on the load—displace-
ment curves come from the unload-reload sequences used
to measure the compliance in cases where stable crack
growth was observed. In the martensite phase (at 25 °C and
100 °C), unstable crack growth was observed after reach-
ing the load maximum. In the experiments at 160 °C, the
material had a greater deviation from linearity and an
extended displacement range beyond the load maximum
before the complete failure occurred. At 200 °C, the
material reached a load maximum without stable crack
growth, and failed in an unstable manner. In the case of the
purely austenitic material (360 °C), the drop from maxi-
mum load was sudden. The load drops at 25 °C and 100 °C
were more gradual than those in the 200 °C and 360 °C
cases.

Fracture toughness values at each testing temperature
were determined from the corresponding load- displace-
ment data, by employing the modified J-integral method as
the fracture criterion, proposed in Ref. [51]. For the sam-
ples that exhibited fracture instability, i.e. at 25 °C,
100 °C, 200 °C, and 360 °C, the single-point J method was
implemented where the J-value at the maximum load is
calculated as the sum of elastic and inelastic components:

el gel in Ain
AT n"A 7

Bb Bb
where b is the length of the unbroken ligament, A and A™
are the elastic and inelastic components of the area under
the load—displacement curve, respectively, #°' and 5™ are
geometry-dependent factors.

For the samples that experienced stable crack growth,
i.e. at 160 °C, the R-curve method was used where the J-
value at the ith unload/reload sequence is calculated as
Ji= Jl-el + J}“ where Jfl and J}“ are the incremental elastic

J=J =

and inelastic components of J;, respectively. Also, crack
extension, Aa, was calculated at each unload/reload
sequence using the specimen compliance. The critical J-
value was then obtained from the intersection of a regres-
sion line to J-Aa data and an offset line at 0.2 mm. More
details on the aforementioned methods can be found in Ref.
[51]. At 25 °C, 100 °C, 200 °C, and 360 °C, using the
single point J method, an average fracture toughness J, of
35.3, 50.7, 56.4, and 43.1 kJ/m? were determined for these
four temperatures, respectively. For the samples tested at
160 °C, an average J,, value is calculated, using the con-
structed R-curve (Fig. 4) as 84.8 kJ/m”. These Jo values
representing the fracture toughness are plotted in Fig. 5 a
as a function of the temperature.

Up to now, all of the fracture toughness values have
been designated as Jy. The Jo value can be qualified as
geometry-independent fracture toughness, Jc, which is the
material property, if the specimen meets thickness and
unbroken ligament conditions, given by the equation
B, by > N (JQ / 20')/)2 [52], where by is the initial unbroken
ligament, N is a constant, which is 10 or 100, depending on
if the R-curve or single point J method is used, respec-
tively, and ov is the average of the critical stress (the stress
for the onset of reorientation/detwinning, the transforma-
tion, or conventional plastic yield stress), and ultimate
tensile strength. The experiments at 160 and 360 °C do
satisfy the thickness requirements to qualify Jg as J¢, and
the experiments at all other temperatures do not.

Although the experiments at 25 °C, 100 °C, and 200 °C
do not satisfy thickness requirements according to ASTM
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Fig. 4 R-curve construction for the fracture toughness experiment at
160 °C for the hot extruded, polycrystalline Nisg3Tisg7Hf>o high
temperature shape memory alloy. The critical value of Jg, shown by
the dashed line, is obtained from taking the intercept of a power law
regression line of the J-Aa data and a 0.2 mm offset line with a slope
of 20y. Here oy is the average of the transformation stress and
ultimate tensile strength at the test temperature. Points to the left of
the 0.15 mm exclusion line and to the right of the 1.50 mm exclusion
line are not used for regression analysis to obtain the power law
regression line
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Fig. 5 a Fracture toughness Jo vs temperature; and b fracture
toughness Kjq vs. temperature for the hot extruded, polycrystalline
Nis 3Tisg 7Hf>o high temperature shape memory alloy. See text for
detailed description of how these values were determined from the
load displacement curves in Fig. 3b. The SIM transformation appears
to have a toughening effect on the fracture toughness in both Jg and
Kjq. The material at 200 °C has a less pronounced toughening effect
because the stress required to induce transformation at that temper-
ature is higher than that at 160 °C

E1820, the thickness range utilized in this study is of
practical importance especially for aerospace applications
[68, 69]. Therefore, this study determines the J values as a
function of temperature for the first time for NiTiHf
HTSMAs, which can be utilized to identify the failure
limits for the given thickness range. Moreover, as discussed
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in [70], the required thickness to ensure a thickness-inde-
pendent fracture toughness for SMAs is not expected to be
as stringent as the thickness requirement for conventional
ductile materials. Nevertheless, further investigations on
the effects of thickness on the fracture of HTSMAs are
desirable.

In order to take into account the change in the elastic
moduli of SMAs with temperature, the calculated Jg values
are converted to Ky values with Kjp = /JgoE, where E is
the temperature dependent elastic modulus. The Kj values
are plotted as a function of temperature in Fig. 5b, and all
E, Jo, and K)q, values are tabulated in Table 1. Based on
Fig. 5, it can be seen that the SIM transformation in the
present NiTiHf HTSMA clearly acts as a toughening
mechanism due to the energy dissipated by martensitic
transformation. This can be seen through the higher values
of Jg and Kjq at 160 °C and 200 °C where SIM transfor-
mation occurs. SIM transformation has a greater effect on
the fracture toughness at 160 °C because the stress needed
to start the transformation is lower at 160 °C than at
200 °C, which agrees with the Clausius—Clapeyron rela-
tion. Similarly, the higher fracture toughness at 100 °C
compared to that at 25 °C can be explained by the lower
stress required to detwin the martensite at 100 °C, as
mentioned in “Uniaxial Mechanical Response” section.

In contrast to Fig. 5, in the binary equiatomic NiTi SMA
[51], the fracture toughness appears to be a stepwise
function as a function of temperature, i.e. the fracture
toughness of martensite phase and the material that expe-
riences SIM transformation is lower than the fracture
toughness of plastically deforming austenite phase. This is
the case because the crack propagates in martensite—if the
material begins in austenite, it first transforms to martensite
and the crack progresses through the transformed marten-
site region. Therefore, the measured fracture toughness
represents the fracture toughness of martensite, regardless
of the starting phase whether it is martensite or austenite
which transforms to martensite upon loading. The fracture

Table 1 Apparent elastic modulus (E), average J, and average Kjq
values at different test temperatures for the hot extruded, polycrys-
talline Nisg3Ti297Hf>0 high temperature shape memory alloy

Temperature (°C) E (GPa) Jo (kJ/mz) Ko (MPa\/ m)
25 66.4 353 48.4
100 64.3 50.7 57.1
160 54.8 86.4 68.0
200 71.6 56.4 63.4
360 81.1 43.1 58.9
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toughness for austenite is different above My because the
material no longer undergoes SIM transformation.

It is believed that the reason for the differences in the
fracture toughness in the present NiTiHf of the martensite
phase and austenite phase, which transforms into marten-
site under stress in the transformation temperature range, is
the difference in the energies absorbed during the reori-
entation/detwinning and the SIM transformation processes.
In equiatomic NiTi, the detwinning process absorbs a
similar amount of energy as the transformation [51], thus,
similar fracture toughness values are observed. In the
present NiTiHf, the strain hardening rate (11 & 1 GPa) in
the detwinning region of martensite phase is much higher
than that during the transformation (5 GPa) (Fig. 3a),

(%)
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0.0
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Fig. 6 Strain (e,y) contour plots at the onset of crack growth for the
DCT specimens of the hot extruded, polycrystalline Niso3Tizg 7Hf2q
high temperature shape memory alloy, obtained using DIC at different

leading to a smaller inelastic deformation zone at the crack
tip. In contrast the SIM transformation leads to a higher
fracture toughness and a larger inelastic deformation zone
at the crack tip, as experimentally demonstrated in the next
section. Under similar load values, the SIM transformation
dissipates more energy as compared to the detwinning
process.

Evaluation of Inelastic Deformation Zone
at the Crack Tip using DIC

DIC was used to quantify the 2-D strain distributions near

the crack tip. At each testing temperature, the deformed
image was obtained at the onset of crack growth. For the

®)

0.6

0.0

-0.6

-1.2

yy(%)
12

0.6

0.0

-0.6

test temperatures: a 25 °C, b 100 °C, ¢ 160 °C, d 200 °C, and
e 360 °C. For the ease of comparison, the color bar is fixed for all
temperatures so that the red color approximates the inelastic zone
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ease of comparison, the color bar is fixed for all testing
temperatures so that the red color approximates the
inelastic zone. The results at different temperatures are
presented in Fig. 6. As can be seen in the figure, at 25 °C,
the inelastic zone is relatively small, which matches with
the trends in Fig. 5. At 100 °C, there is an increase in the
size of the inelastic deformation zone. At 160 °C, there is a
noticeable increase in the inelastic zone size, due to the
SIM transformation. This can be rationalized using the
observations in the uniaxial stress—strain response at
160 °C, according to which the inelastic deformation
mechanism, in this case, martensitic transformation, starts
at a significantly lower stress/strain values compared to the
detwinning mechanism in martensite. At 200 °C, the
transformation zone becomes relatively small because at
this temperature the transformation is triggered at a higher
stress value. Lastly, at 360 °C, the inelastic deformation
zone is comparable in size to that at 25 °C.

(a)

Test Temperature:
100 °C (M25 °C)

()
Test Temperature:
200 °C (Ai+15 °C)

Fig. 7 Fracture surfaces of the hot extruded, polycrystalline Nisg 3.
Tiyg 7Hf9 DCT specimens taken using an SEM at room temperature:
a in the samples tested at 100 °C, the fracture surface is relatively flat
indicating quasi-cleavage fracture; b for the samples tested at 160 °C,
the fracture surface features noticeably more dimples indicating much

@ Springer

Comparing the DIC results to the fracture toughness
values, one can see that the trend in the temperature evo-
lution in the inelastic deformation zone size matches well
with the temperature evolution of the fracture toughness
values. This explains the higher fracture toughness value
for the samples undergoing SIM transformation, especially
at 160 °C, where the material undergoes phase transfor-
mation at early stages of loading (Fig. 3a) and dissipates
much more energy than martensite detwinning and plastic
deformation of austenite.

Comparison of Fracture Surfaces from Different
Temperature Failures

The fracture surfaces of the all failed DCT samples were
investigated using SEM at room temperature in order to
identify the signature fracture characteristics. The results
are presented in Fig. 7. It can be seen that there is a

(b)

Test Temperature:

(d)

Test Temperature:
360 °C (A+180°C)

N

|

1
>

3
.["
)

TS
e —;

higher energy dissipation for fracture; ¢ for the 200 °C samples, the
surfaces seem to exhibit a striated pattern, which is believed to be
martensite lathes forming upon cooling inside the larger austenite
grains; and d for the samples tested at 360 °C, the surface is jagged,
and has evidence of inter-granular fracture
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difference in the fracture surface morphology at different
testing temperatures, which is characterized by either
cleavage or micro-void coalescence, or a combination of
both. At lower temperatures (25 and 100 °C), the fracture
surfaces are much flatter, evidence of quasi-cleavage,
transgranular fracture (Fig. 7a). As the temperature
increases into the range where SIM transformation takes
place (at 160 °C), the fracture surfaces become dimpled
and show evidence of ductile fracture (Fig. 7b). As the
temperature increases to 200 °C and 360 °C, the fracture
surfaces show increasing characteristics of intergranular
fracture (Fig. 7c, d), likely to be along the austenite grain
boundaries. The repeating structures on the fracture surface
which look like parallel bands in these figures, should be
bundles of martensite lathes, based on the martensite twin
size observed in Fig. 2, that form upon cooling down from
the austenitic phase, as these SEM micrographs were taken
at room temperature, and not at the temperature of the
fracture toughness experiments. Overall, the fracture sur-
face morphologies follow the same temperature trends
observed in the fracture toughness experiments and DIC
observations, where the SIM transformation leads to the
most energy dissipation during the crack growth.

Summary and Conclusions

In the present study, the fracture behavior of a Ni-rich
Nisg.3Ti 7Hf,g (at.%) HTSMA was investigated at dif-
ferent temperatures using disk-shaped compact tension
specimens: below My, above M, but below My, and above
My, in order to determine the fracture toughnesses of
martensitic, martensitically transforming austenitic, and
plastically deforming austenitic phases, respectively.
Fracture behavior was observed to be highly temperature/
phase dependent. The stress-induced martensite (SIM)
transformation was found to be a toughening mechanism,
increasing the fracture toughness in the present NiTiHf
HTSMA, and resulting in stable crack growth when the
temperature is close to M. This is in contrast to the fracture
toughness values of similar phases in binary equiatomic
NiTi SMAs, where martensitic and martensitically trans-
forming austenitic phases experience the same fracture
toughness values near the transformation temperatures
while plastically deforming austenitic phase exhibits much
higher fracture toughness. The apparent toughening via the
SIM transformation in the NiTiHf HTSMA is due to the
differences in the strain hardening behavior of the
martensite detwinning, SIM transformation, and austenite
plastic deformation regimes, leading to different sizes of
inelastic deformation zones at the crack tip and thus dif-
ferent energy dissipation levels. This toughening mecha-
nism is less significant when the stress required for SIM

transformation is higher at higher temperatures. Digital
Image Correlation was implemented to monitor the extent
of the inelastic deformation zones near the crack tip, which
match well with the observations in temperature evolution
of the fracture toughness values. The inelastic zones at
temperatures where the SIM transformation is active before
failure were found to be larger than at temperatures where
only one phase is present, or the stress required to form
SIM is very high.
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