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Abstract

The ultrahigh spatial resolution (~1 pm?) of synchrotron X-ray microdiffraction is combined with fracture mechanics techniques to
directly measure in situ three-dimensional strains, phases and crystallographic alignment ahead of a growing fatigue crack (100 cycles
in situ) in superelastic Nitinol. The results provide some surprising insights into the growth of cracks in phase-transforming material
at the microscale. Specifically, despite a macroscopic superelastic strain recovery of 6-8% associated with the phase transformation, indi-
vidual austenite grains experience local strains of less than 1.5%. This observation indicates that it is the localized process of the accom-
modation of the transformation and subsequent loading of the martensite that provide the main source of the large recoverable strains.
Furthermore, the plastic region ahead of the crack is composed of deformed martensite. This micromechanical transformation process is
dependent upon the material texture, and directly influences the transformation zone size/shape as well as the crack path.
© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nitinol, a nearly equiatomic alloy of Ni and Ti, has
become increasingly important for a variety of applications
involving biomedical implants, dentistry, aerospace, struc-
tural engineering, and sports and leisure equipment. In par-
ticular, the alloy has several characteristics — superelasticity,
shape memory, corrosion resistance — that make it particu-
larly favorable for the fabrication of biomedical devices,
such as endovascular stents. Such stents are manufactured
by precision laser machining of deep-drawn thin-walled
tubes and shape set processing to achieve the fully open size
[1]. Implantation into peripheral arteries and in vivo opera-
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tion subject these devices to cyclic stresses, e.g. from pulsa-
tile fatigue in response to the human cardiac rhythm; this
can cause cumulative fatigue damage, leading to device frac-
ture and potentially life-threatening scenarios. Whereas
superelastic Nitinol displays the desirable mechanical prop-
erty of very large recoverable strains (~6-8%) due to an
in situ austenite-to-martensite phase transformation, its
resistance to the stress-driven growth of fatigue cracks is
exceptionally low for a metallic material. Despite this, there
have been few studies in the literature on this topic [2-10],
and none that have focused on developing an understanding
at the micron scale and below of how cracks propagate in
superelastic Nitinol, expressly in the presence of the in situ
phase transformation.

In the present study, attention was centered on under-
standing the specific nature of the complex phase transfor-
mation ahead of a growing crack tip in Nitinol. Whereas
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other researchers have investigated crack-tip strains and
textures via synchrotron radiation with X-ray spot sizes
greater than 400 pm? (effectively representing a polycrystal-
line grain-averaging technique) [11-15], the exact size and
shape of a crack-tip plastic, or transformation, zone has
surprisingly never been characterized at micron-scale reso-
lution (1 um?) (representing a grain-by-grain strain/texture
quantification), in either an elastic/plastic or phase-trans-
formation-induced superelastic material. Indeed, the tech-
niques employed herein permit the determination of true
three-dimensional strain matrices, unlike the grain-averag-
ing techniques [11-15], which permit only two-dimensional
strain estimations. Furthermore, whereas synchrotron radi-
ation sources have been used to map strains and phases in
superelastic Nitinol specimens to the same, or lower, reso-
lution [16-21], the only experimental studies centered on
the materials with a phase transformation ahead of a crack
tip have been performed at much coarser scales, by optical
microscopy and Moiré interferometry [22,23]. In the pres-
ent work, X-ray microdiffraction permits a far greater res-
olution of ~1 um?, with the Laue diffraction patterns
providing a direct measure of the atomic response to
applied mechanical forces. Moreover, this technique pro-
vides a unique tool to distinguish among different modes
of strain accommodation, such as transformation strain
from the elastic loading of the austenite and martensite
phase.

2. Experimental procedures
2.1. Material

Nitinol material, with a composition of Ti—50.8 at.% Ni,
was received from Nitinol Devices & Components, Inc.
(Fremont, CA) in the form of compact-tension (C(T)) spec-
imens machined from thin-walled Nitinol tubing. This tub-
ing, with a wall thickness of ~0.4 mm, similar to that used
for manufacture of self-expanding stents, was cut longitu-
dinally, and then unrolled and shape-set flat. The heat
treatments required to produce flattened material from
the original tube configuration were similar, both in
annealing time and temperature, to the commercial
shape-setting procedure utilized for stent manufacture
[24]. The flattened material was laser machined into a
C(T) specimen geometry, conforming to ASTM Standard
E 647 [25], such that all fracture mechanics testing could
be performed with the same thickness configuration that
is typically used for stents. Specimen dimensions were
thickness B ~ 0.4 mm and width W~ 10.8 mm, with an
initial crack size following fatigue pre-cracking of
a~ 5.4 mm. Specimens were then annealed at 750 °C for
30 min to grow the grains from approximately 10 nm to
10-25 pm, i.e. to a size where diffraction scans (with a spot
size of ~1 pm?) could result in several diffraction patterns
collected per grain to accurately measure austenite grain-
by-grain and intergranular variations. The specimen was
further aged (475 °C, 3 min) to tune the austenite finish

temperature, Ag, to ~15 °C such that testing at room tem-
perature would have the same relative deviation
(AT ~ 7°C) as experienced by a stent in the human body
(A¢ ~ 30 °C, body temperature ~37 °C); this AT approach
has been shown to provide accurate modeling of mechani-
cal response in Nitinol [26]. Finally, the specimen was elec-
tropolished prior to testing to minimize surface
discontinuities and residual stresses from processing, and
to produce a stent-like chemically resistant finish.

2.2. Experimental setup

To measure the local strains at a crack tip, a technique
was developed that combines micromechanical loading of
fracture mechanics specimens with in situ high-resolution
imaging via X-ray microdiffraction (at beamline 7.3.3 at
the advanced light source synchrotron radiation facility,
Berkeley, CA). The C(T) specimen was fatigue pre-cracked
ex situ at near-threshold stress intensities' (AK ~
3 MPay/m, with K ,x < 4 MPa,/m) to generate an atomi-
cally sharp crack with minimal residual stress, using an
automated servo-hydraulic MTS mechanical testing system.
The pre-cracked specimen was then loaded on the beamline
with a custom-designed in situ microtensile loading device
[21] to the desired cyclic mode 1 stress intensity
(7.5-15 MPa/m, resulting in load ratio,” R, of 0.5). In situ
fatigue loads were applied in displacement-control with a
stepper motor traversing at 0.25 um s~ ' and a force capacity
of 100 N.

The beamline’s microdiffractometer (45 mm sample-to-
detector distance) was used to obtain white-beam (5—
14 keV) Laue diffraction patterns from very highly local-
ized regions (spot size ~1 pm?) in the vicinity of the crack
tip. Microscopic platinum markers were deposited onto the
sample by focused ion beam machining (FIB) to precisely
locate and track the crack tip on the diffractometer using
X-ray fluorescence. By comparing Laue patterns taken in
unstrained material, the local grain orientations, three-
dimensional strains and phases were computed at the grow-
ing crack tip by analyzing the deviations in the spot loca-
tions in diffraction patterns collected near the highly
strained crack-tip region; the well-established mathemati-
cal algorithms used to compute strain and orientation
matrixes from the Laue patterns are described in great
detail in Refs. [28,29]. The depth of beam penetration into
the C(T) specimen was less than 10 um (2.5% of the sample
thickness), so that plane-stress conditions prevailed. Each
contour plot presented herein represents data obtained

! The stress intensity, K, characterizes the stress and displacement fields
in the vicinity of a crack-tip. Here, it is calculated from the relationship:
K= (Pap/BW'/z)f(a/W), where P, is the applied load, B and W are,
respectively, the sample thickness and width, as defined in Fig. 1, and fla/
W) is a geometric factor of the order of unity [27].

2 The load ratio, R, is defined as the ratio of the minimum to maximum
loads (Ppmin/Pmax), and hence for tensile loading, it is the ratio of the
minimum to maximum stress intensities (Kmin/Kmax)-
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from the analysis of literally thousands of such Laue dif-
fraction patterns collected in a grid pattern around the
crack tip, involving hundreds of hours of diffraction pat-
tern collection, several tens of gigabytes of data and days
of computational analysis. It should be noted that a total
of four C(T) specimens were evaluated using these tech-
niques, with the results herein representing the representa-
tive data from just one of those specimens.

3. Results

3.1. Macro scan region (far from the crack tip — fatigue
cycle 1)

A large region (~1 mm?) surrounding a crack tip was
examined during the first fatigue loading cycle with diffrac-
tion collection points spaced on a 16 um x 16 um grid that
provided a coarse view of the microscopic strains (Fig. 1).
Loads were applied in a sequence such that the sample
experienced a mode I stress intensity of 7.5 MPay/m (just
below the crack-initiation fracture toughness of
10 MPay/m [8,10]), followed by continued loading to
15 MPay/m (close to the onset of catastrophic fracture)
and finally reverse loading back to 7.5 MPay/m. The
strains presented in Fig. 1 are on the scale of +1%, which
represents the approximate value of the global tensile strain
required to induce the austenite-to-martensite phase
transformation.

As expected, the largest normal strains occur in the
plane of the crack surface in the direction of applied load-
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ing (the Y direction). Loading to the maximum stress inten-
sity (15 MPa+/m) resulted in a dramatic increase in the size
and extent of the strains around the crack tip. Reverse
loading back to 7.5 MPay/m naturally resulted in their
decrease, although the magnitude of the strains after
unloading are much larger than after initial loading to
the same stress intensity; this is indicative that cycles of
loading can impart residual strains in the vicinity of the
crack tip. Although this phenomenon is well known for
the cyclic loading of fatigue cracks in traditional elastic—
plastic metals, where dislocation plasticity can leave a zone
of compressive strain directly ahead of the crack tip (the
cyclic plastic zone), it had been uncertain whether similar
notions apply to a superelastic material where deformation
is accommodated by a totally different mechanism, i.e. via
a shear-based phase transformation.

3.2. Local scan region (near the crack tip — fatigue cycles 1—
100)

The evolution of strain and microstructure in response
to applied low-cycle fatigue (1-100 cycles) was investigated
in situ across a highly localized region (180 x 180 um?) sur-
rounding a crack tip. The diffraction collection points were
spaced on a 3 um x 3 um grid with 1 um? spot size, which
provided a grain-by-grain resolution of the strains, phases
and crystallographic orientations. Fig. 2 shows the local
strain and crystallographic alignment (texture) at unload-
ing cycles 1, 2, 10 and 100. The austenite phase was indexed
and color-coded according to its associated strain and crys-
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Fig. 1. Strain maps from an ~1 mm X I mm (16 pm step size) box around the crack tip for the first load/unload fatigue cycle. The top row shows the
resultant strains (&,y, &, &x,) and regions of transformed martensite surrounding a crack loaded from 0 to 7.5 MPa+/m, with the black regions representing
the crack and the phase-transformed material as determined by an absence of Laue diffraction spots. The second row of contour maps shows a dramatic
increase in strains and volume fraction of martensite after the crack was further loaded to a stress intensity of 15 MPay/m. Finally, the sample was reverse
loaded back to 7.5 MPay/m, where it is apparent that both the residual tensile strains parallel to the crack face (e,,) and the martensite volume fraction are
much larger than during the first forward cycle of loading. As expected, strains parallel to the loading axis (e,,) were the greatest, but no far-field strains
exceeded +1%, which is the approximate strain required for the austenite-to-martensite phase transformation in this material.
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Fig. 2. Local equivalent strain maps, i.e. the combined contribution of the three-dimensional strain matrix per Eq. (1), and grain orientation (texture)
maps from fatigue unloading cycles 1, 2, 10 and 100 (each at K = 7.5 MPa./m) showing the evolution of the transformation zone. Strains in the austenite
grains surrounding the crack tip were generally in the 0.5-1.0% range (green), with very few grains experiencing strains as high as 1.5%. Texture maps show
the grain’s planar texture parallel to the crack surface, and demonstrate local anisotropic orientation that influences the direction of the growing fatigue

crack.

tallographic alignment (Miller Index). In contrast, the
transformed martensite has a nanocrystalline lath structure
that is significantly smaller than the incident X-ray beam
size; consequently, the white-beam diffraction conditions
did not produce any diffraction spots, and martensite is
shown as black-colored regions in Fig. 2.

Interestingly, both the equivalent strain maps and grain
orientations in Fig. 2 clearly show that material in the wake
of the growing crack is predominantly austenite. This indi-
cates that even during catastrophic fracture, the material in
the crack wake fully transforms back to the austenite phase
on unloading. Moreover, this observation indicates that all
structural characterizations of the crack-tip transformation
region must be performed under in situ loading in order to
derive an accurate picture of the mechanisms of crack
propagation in transforming Nitinol.

The size and shape of the forward-advancing transfor-
mation zone remains relatively constant between cycles 1
and 10, but appears slightly larger and more diffuse at cycle
100. This is most likely due to interaction of the propagat-
ing crack with locally anisotropic grains (i.e. crystallo-
graphic orientation differences) as it advances forward.
Note that during the 100 fatigue cycles the crack advanced
~30 pum, commensurate with approximately 1 grain.

3.2.1. Crack-tip strain
Equivalent strains surrounding the crack tip were calcu-
lated from the three-dimensional strains that were deter-

mined from the Laue diffraction pattern analyses using
the relationship [307]:

3

= Ty P )+ (=)L, (1)
where ¢, are the deviatoric strains calculated from the Laue
diffraction patterns and v is Poisson’s ratio, taken to be
0.33 [31]. A significant finding in this research is that our
measurements reveal that the majority of the austenite
grains were subjected to only 0.5-1.0% elastic strain (green
on the strain scale in Fig. 2). Furthermore, the maximum
elastic strain experienced by any austenite grain was only
1.5%, which is near or just above the global threshold for
phase transformation (i.e. the onset of the stress plateau
in a stress—strain curve), and this was observed for grains
only in the region of highest stress/strain within the trans-
formed region.

3.2.2. Crack-tip grain orientations

The grain orientation maps in Fig. 2 show the presence
of untransformed grains (~10-25 pm in size) of austenite
near the crack-tip (left, and ahead of the crack tips in
Fig. 2) that are surrounded by martensite. The two grains
that suppress the transformation, the red and green ones
in Fig. 2, were oriented with, respectively, their (100) and
(110) crystallographic faces parallel to the crack surface.
The presence of untransformed grains within a zone of suf-
ficient transformation strain suggests that the critical trans-
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Fig. 3. Evolution of a (100)-oriented grain immediately ahead of the
growing crack tip in superelastic austenitic Nitinol which underwent
transformation to martensite at K.« (15 MPay/m), but returned to its
same orientation upon unloading to Ky, (7.5 MPay/m).

formation stress has a very large crystallographic anisot-
ropy and the grain alignment (texture) plays a crucial role
in the transformation zone and the renormalized stress field
ahead of a growing crack tip. From the limited numbers of
grain orientations available for observation in a C(T) sam-
ple, we were unable to derive a quantitative dependence of
the critical stress anisotropy. We have therefore undertaken
a companion study on a simpler stress—strain geometry to
investigate the mechanism of transformation from austen-
ite to martensite at a local scale in much more detail.® It
was clear, however, from these texture evaluations that
the grains do not reorient as a result of the transformation.
This point is made clear in Fig. 3, which shows a (100)-ori-
ented grain immediately ahead of the crack tip which is
austenite at K = 7.5 MPa+/m, transforms to martensite at
K = 15 MPay/m and then returns to its identical (100) ori-

3 For a complete crystallographic description, two planes and one
direction need to be specified. Such data were calculated, but, because no
clear trends were observed, the orientation results for the extra plane and
direction are not included herein.

45°

on

Fig. 4. Lattice misorientation map at K = 7.5 MPa,/m (first cycle),
showing martensitic regions in black and austenite regions in yellow-to-
burgundy. Note the presence of subgrain low-angle boundaries within the
large-angle grain boundaries. Many of these smaller subgrains trans-
formed to martensite well away from the primary transformation zone,
effectively creating a region of mixed phase.

entation upon unloading back to a stress intensity of
7.5 MPa+/m.

Additional insight may also be gained from Fig. 4,
which shows the effect of austenite grain misorientation
on the shear transformation in the vicinity of the crack
tip (cf. Fig. 1 at 15 MPay/m). Clearly there are subgrain
boundaries, demarked by low-angle misorientations
(<2°), contained within the larger grains that are misori-
ented by more than 10° (i.e. high-angle grain boundaries).
The fully martensitic transformation zone (shown in black)
encompassed several grains immediately surrounding the
crack tip. Furthermore, several smaller grains or subgrains
beyond the primary transformation zone also transformed
to martensite.

+1%

Evv

-1%

50 um

Fig. 5. Austenite strain (¢,,) map at K =7.5 MPay/m showing trans-
formed martensite regions in black (cf. Fig. 4). The austenite tensile strain
values range from +1% (red) to —1% (blue) across this area. Of particular
interest are the compressive regions directly ahead and in the wake of the
martensite in line with the crack tip. Peripheral areas also show either
compressive regions within the tensile zone (upper right) or tensile regions
in compressive zones (lower left).
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3.2.3. Crack-tip micromechanics

The micromechanics at the propagating crack front is
critically affected by the process of transformation from
austenite to martensite, which in turn is strongly affected
by the local crystallographic orientation of austenite
grains, as shown by the untransformed grains within the
expected transformation zone in Fig. 2. The high-resolu-
tion &,,, strain map at Ky, is illustrated in Fig. 5. This fig-
ure clearly shows austenite regions that have compressive
strains where tensile strains are expected; for example, see
the compressive regions on the right above the transformed
martensite, and to the left of the crack tip where one would
expect full transformation. Furthermore, two regions on
the perimeter of the transformation front (right and above,
and left and below) demonstrate highly tensile strained aus-
tenite islands surrounded by transformed martensite.

4. Discussion

In situ synchrotron X-ray microdiffraction is clearly an
unparalleled technique to examine local strains and
dynamic phase transformation at a growing crack tip under
load in superelastic Nitinol. Although there were many
interesting observations made in the course of this investi-
gation, we will concentrate our discussion on the following
salient features:

e the effect of austenite-martensite transformation on
micromechanics of crack propagation;

o the effect of crystallographic orientation of the austenite
size and shape of the transformed martensite region
ahead of the advancing crack tip; and

o the effect of stress cycling on the magnitude and distri-
bution of elastic strains in austenite.

4.1. Effects of the martensitic transformation

The size and shape of the transformation zone may be
considered by drawing comparisons to the plastic zone size,
as estimated from linear-elastic fracture mechanics
(LEFM) using isotropic homogeneous yield criteria.* It is
clear that such a simple LEFM approach has very real lim-
itations in predicting the transformation distributions
around a crack tip in an in situ transforming material, spe-
cifically since transforming Nitinol (i) displays an aniso-
tropic mechanical response (e.g. Young’s modulus of the
austenite is twice that of the martensite, £, ~ 2E,,) and
(i) shows texture-specific transformation and hence
mechanical anisotropy. The inadequacy of direct applica-
tion of LEFM to transforming Nitinol has been noted in
recent publications [32,33]. Despite these limitations, how-
ever, a Nitinol-specific anisotropic yield criterion [32] based

4 Here the plastic-zone size can be simply estimated by relationships of
the form ry ~ f (K/ay)z, where oy is the yield strength and f takes values
typically between 1/6 and 1/2.

upon the tension—compression asymmetry can be employed
to accurately predict the “peanut” shape of the transforma-
tion zone. At first glance, this might not seem significant
since this shape is well established in plane-strain condi-
tions; however, present samples were under plane-stress
conditions, such that the “peanut”-shaped zone (with little
transformation directly ahead of the crack tip) would not
be anticipated when a isotropic homogeneous yield crite-
rion is used.’

As such, the present work illustrates that even the mod-
ified-LEFM models fail to capture the complex features
that are revealed by high-resolution strain analysis. In par-
ticular, continuum-based mechanics analyses do not fully
reflect the essential and crucial role that the stress-induced
phase transformation plays in fracture mechanics of Niti-
nol and how it alters the understanding of the fracture
toughness. As such, it is useful to review the salient features
of stress-induced martensitic transformations and then
relate these features to the more complex stress fields asso-
ciated with an advancing crack. Fig. 6a illustrates the
applied stress—global strain diagram for transforming Niti-
nol, i.e. above the A (austenite finish) temperature. A key
characteristic of stress-induced martensite under these ideal
conditions is that the transformation occurs at a single
value of applied stress, i.e. the stress plateau is perfectly flat
(although in practice there are non-equilibrium effects
related to the nucleation of the martensite that give rise
to a small stress range). The martensitic transformation
also has a very strong crystallographic dependence (as dis-
cussed in the next section), and this texture dependence
therefore has an impact on the size and shape of the trans-
formation zone; these crystallographic effects are discussed
in more detail in a companion paper [34]. Although ~8%
global strain may be accommodated by a combination of
elastic, plastic and transformational strain in a region of
two-phase mixture of austenite and martensite, this
mixed-phase region is stable under a very narrow stress
range. Therefore, in a stress-gradient-dominated geometry
such as a C(T) specimen, the two-phase region is vanish-
ingly small; and therefore the transition from austenite to
martensite must be very abrupt and the two-phase region
is very limited, as seen in the strain and grain maps (Figs.
1-5).

In contrast, LEFM-based models (e.g. [32,33]) predict
progressively decreasing and continuous stress gradients
that radiate away from the crack tip. Indeed (nominally),
this has what has been observed in each of the other studies
that have utilized synchrotron radiation as a means of char-
acterizing crack-tip zones in aluminum [11,13], steels [12,14]
and non-transforming Nitinol [15]. However, it is more pre-
carious to apply these same principles to a phase-transform-
ing material to predict the transformation-zone size and
shape. Specifically, such an analysis would predict a region

5 To date, even Nitinol-specific anisotropic yield criteria, such as that
proposed in Ref. [32], are not successful in predicting the size of this zone,
giving estimates that are roughly six times larger than shown in Figs. 2-5.
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Fig. 6. (a, b) Illustration of the localization of phases as they correlate to a
global tensile stress—strain curve. Notice that the transformed zone
(corresponding to the black regions in the Figs. 1-3) is comprised of 100%
martensite. Experimental results show that grains immediately surround-
ing this zone are austenite with strains no greater than 1.5%, whereas
LEFM would predict a smooth stress gradient. In (c) the distribution of
crack-tip stresses according to LEFM is modified to take into account the
observations of local compression regions in the austenite that accompany
the transformation from austenite to martensite at ™. From (a), stress-
controlled crack growth implies that above o™ ™ there is 100% martensite;
(b) shows the approximate shape of the resulting martensite zone.

of fully transformed martensite, surrounded by a continu-
ous mixed-phase region, which in turn is surrounded by
100% austenite. However, this model is contrary to what
our data show, and indeed contrary to predictions from
thermodynamics of martensitic transformations.

A schematic representation of the phase and local stress
distribution surrounding the crack tip is illustrated in
Fig. 6b and compared with Fig. 6a. The central core of
the transformed region is at the highest stress, and under
conditions of K.« (close to fracture instability at K.) this
region has locally exceeded the yield stress of martensite
shown at the ultimate tensile stress. The successive outer
transformed regions depicted in Fig. 6b contain a combina-
tion of elastic and plastic stresses in martensite according
to the stress—strain diagram. As the local stress drops below
the phase-transformation stress, oM martensite is no
longer stable and there is a jump to the linear elastic curve
of the austenite. The local criteria of significance here is
that the crack-tip stress fields must be locally continuous
across a transformation boundary. Consequently, when

both the transformation strain (~4% as discussed in Sec-
tion 4.2) and elastic moduli mismatch are considered, stress
continuity across the interface can be maintained only by
locally relieving strain (and sometimes even locally revers-
ing the strain) in both phases. Experimentally, we observe
such strain reversals near the crack tip, as shown in
Fig. 5. These reversals effectively provide a strain accom-
modation mechanism with the resultant impact of reducing
the local stresses.®

It should be noted that the schematic diagram shown in
Fig. 6 cannot be directly obtained from the synchrotron X-
ray diffraction techniques but rather serves to enhance
understanding of the possible stress distributions at the
crack tip. Indeed, stress is not an observable quantity at
the local state, but can only be inferred from knowledge
of local strain and the elastic modulus. As such, in conven-
tional elastic—plastic metals there exists a unique relation-
ship between stress and strain. However, the elastic
modulus of NiTi, and therefore the constitutive relation-
ships near the crack-tip, are convoluted by a combination
of three primary factors, which have been discussed in pre-
vious sections but are summarized here for clarity:

1. There is a contribution from a two-phase mixture,
whereby austenite and martensite have distinctly differ-
ent elastic moduli.

2. The elastic, plastic and transformational strains strongly
depend on the local grain orientation.

3. The path dependency of the stress—strain relationship in
transforming NiTi (e.g. stress and strain hysteresis) com-
plicates the stress analysis.

Based on the grain and strain maps in Figs. 1-5, we pro-
pose a qualitative model, shown in Fig. 6¢, for the nominal
crack-tip field in the presence of the transformation. Far
from the crack tip, there is a subcritical stress in the austen-
itic grains that follows the linear elastic curve in Fig. 6a.
Closer to the crack tip, the critical transformation stress,
o® M, is reached and austenite transforms to martensite.
At this stress level, there is an effective jump from the aus-
tenite curve to the martensite curve in Fig. 6c¢. It is appropri-
ate to draw two curves for Nitinol since the phases have
such different mechanical properties. The transformation
clearly relieves some of the local strain, as shown in
Fig. 5, yet in some cases the strain becomes compressive.
Consequently, we may draw the martensite curve below
that of the austenite; the dotted part of the martensite curve
represents a range of stress relief. As such, o™ ™ defines the
radius of the incipient martensite region and is shown here
as the larger boundary. The stresses continue to increase as
the tip of the crack is approached and the martensite regions
under these higher stresses are depicted with smaller bound-

% An alternative viewpoint of this phenomenon is that the transformed
phase is stable only under an applied force and the energy to stabilize it
must come from the local stress field; hence it is a transformation of
mechanical energy into internal crystal energy.
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aries. The smallest black boundary indicates the size of the
plastically deformed martensite, consistent with the “pea-
nut”-shaped region in Fig. 6b. The result of this mechanism
is a fully martensite region surrounding the crack tip with
strained austenite at the periphery, consistent with the
strain and grain maps obtained with this study.

The sharply defined transformed zone in combination
with reduction of the stress field at the boundary of the
transformed zone has the effect of “renormalizing” the
stress field in the vicinity of a crack tip in phase-transform-
ing Nitinol. Consequently, Nitinol should not be thought
of as a locally continuous isotropic medium, but rather
as a matrix of discrete grains and subgrains that have very
different material properties that depend upon their specific
crystallographic texture and phase. In this micromechani-
cal view of the fracture mechanics of superelastic Nitinol,
crack propagation always occurs in the fully transformed
martensite. The mechanical properties of the transformed
zone, therefore, are of utmost importance to the fracture
mechanics of transforming Nitinol. The stress-induced
transformation provides a mechanism of renormalizing
the stressed zone. If this renormalization is large, i.e. a
large transformation energy, then the resulting reduction
in the stress field near a crack can have a beneficial effect
of increasing the fracture resistance.

When the crack tip has traversed the martensite region
the internal stress field that stabilized the martensite is elim-
inated and the material transforms back to austenite. This
is in contrast to conventional elastic—plastic materials,
where the deformed zone at a crack tip can only elastically
recover; as such, there are large plastic zones in the wake of
the advancing crack. In this respect, superelastic Nitinol is
quite different; specifically, there is very minimal residual
martensite left in a wake of a propagating crack. For exam-
ple, a small amount of martensite is seen at the bottom cen-
ter of Figs. 4 and 5 in the wake of the crack, an effect that
we believe is due to the stabilizing effect of plastic deforma-
tion of the martensite near the crack tip, whereby the dis-
location tangles pin the martensite from transforming
back to austenite, as discussed below.

Figs. 1 and 2 also illustrate that there is an increase in
the volume fraction of martensite with in situ stress cycling.
However, upon one unloading cycle to 7.5 MPa+/m, only a
portion of the martensite has retransformed to austenite,
which again indicates that martensite has been stabilized
by local residual elastic strains in austenite as well as plastic
strains in martensite. The results from Fig. 2 further illus-
trate that the volume fraction of martensite continues to
increase with increasing number of stress cycles, which
may be due to a combination of the orientation of the
grains experienced by the advancing crack tip, coupled
with the dislocation tangle phenomenon.

4.2. Effects of crystallographic orientation

In Fig. 1 and especially Fig. 2, it is apparent that there is
a non-uniform strain distribution in the austenite at stress

intensities of both 7.5 and 15 MPa+/m, where several aus-
tenite grains clearly resist transformation. It is known that
both the shape-memory and stress-induced transformation
in Nitinol depend on the orientation of the grains. Otsuka
et al. [35] described the transformation strain for shape
memory in terms of the phenomenological crystallographic
theory and noted that these strains are nearly proportional
to the Schmid factor used to predict the critical resolved
shear stresses for plasticity. Miyazaki et al. [36] found that
this theory matched well with the shape-memory transfor-
mation strains in Tisg sNisg 5 single crystals. They found
that the maximum transformation strain of ~10.5% is
obtained near (111), whereas near {100) the strain is only
~3%. Robertson et al. [37] studied the crystallographic tex-
ture in flattened (polycrystalline) Nitinol tubing used in the
current study, and observed a strong {221} (122) orienta-
tion with additional {111) drawing direction components.
They used this preferred texture to calculate the predicted
transformation strain as a function of tensile deformation
direction based on the Taylor (modified Schmid) factor.
Their predictions match well with a maximum transforma-
tion strain of between 3.8% and 4.8%, which varied with
the angle between the tensile direction and drawing axis.
As such, it is reasonable to expect that the orientation of
the austenite grains, in combination of the direction of
the advancing crack, and the resolved loading direction will
strongly influence the tendency of the grains to transform
to martensite. However, we have not yet found a clear
trend to correlate grain orientation with transformation,
possibly because of the imposed complex stress state due
to the presence of the crack. A companion paper on the
use of synchrotron X-ray diffraction on in situ straining
of Nitinol uniaxial tensile specimens will more fully address
this topic [34].

4.3. Effect of stress cycling

The strain maps presented in Figs. 1 and 2 clearly differ-
entiate the regions of transformed martensite at the crack
tip from the elastically strained austenite in the surround-
ing regions as a function of applied stress intensity. These
strain maps reveal that the cyclic application of stress
results in a rather complex microstructure and strain distri-
bution near the crack tip. For example, as expected, the
individual strain components (g,,, &, and &) all increase
when the stress intensity is increased from 7.5 to
15 MPay/m. Upon unloading back to K = 7.5 MPa+/m,
however, ¢, has larger strain lobes, indicating higher resid-
ual tensile strains after only one in situ stress cycle. In con-
trast, the residual strain components from ¢, and ¢, have
not grown to the same extent as &, but show some realign-
ment. These observations are unambiguous indications
that the stress-induced martensitic transformation in the
vicinity of a crack tip has modified the microstructural sub-
structure to a great extent. Nevertheless, it is interesting to
note that the austenite reaches a local maximum of about
1.5% strain, although the global strain is considerably
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higher at the crack tip. This observation is consistent with
an earlier synchrotron-based X-ray diffraction study of
superelastic Nitinol subjected to global bending strains
up to 6% [21]. It is therefore of considerable interest that,
even under triaxial stress states, the maximum austenite
strain remains <1.5%.

5. Conclusions

Based on a study using synchrotron X-ray microdiffrac-
tion, with ~1 um? (i.e. grain-by-grain) spatial resolution, to
measure in situ the strains, phases and crystallographic
alignment ahead of a growing fatigue crack, subjected to
1-100 cycles between mode 1 stress intensities of
Kumin = 7.5 MPay/m and K, = 15 MPay/m, in a phase-
transforming, superelastic material, austenitic Nitinol, the
following conclusions can be made:

1. As anticipated, the three-dimensional calculation of the
far-field strains exhibited the maximum strains in the
direction of applied load. Those strains were less than
1%, which is nominally commensurate with the tensile
transformation strain.

2. The shape of the crack-tip transformation zone and the
subsequent fatigue propagation path was clearly influ-
enced by the local texture and consequent micromechan-
ics. Indeed, the transformation front was seemingly
affected by the grain orientation (texture) such that
certain grains that appeared to be within the transfor-
mation zone did not transform. However, crystallo-
graphic evaluation over this small region ahead of the
crack tip revealed no clear trend in which specific orien-
tations caused the suppression.

3. The transformation-zone shape was consistent with
LEFM anisotropic yield criteria demonstrating a region
of compression directly ahead of the crack tip (i.e. ““pea-
nut” shaped), although the size was significantly
overestimated.

4. Forward transformation of individual grains to mar-
tensite at K., and reverse transformation back to aus-
tenite at K,;, did not result in any change in the texture
of the austenite grains.

5. Grains in the wake of the crack tip, which correspond-
ingly were unloaded, were seen to transform back to
austenite after the crack tip grew some distance away.
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