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Abstract

In situ synchrotron X-ray diffraction measurements are used to create two-dimensional maps of elastic strain and texture, averaged
over a compact-tension specimen thickness, near a crack tip in a martensitic NiTi alloy. After fatigue crack propagation, the material
ahead of the crack and in its wake exhibits a strong texture, which is eliminated by subsequent shape-memory heat treatment, indicating
that this texture is due to detwinning, the main deformation mechanism of NiTi. Upon subsequent application of a static tensile stresses,
the highly textured zone reappears and grows around the crack tip as the applied stress is increased. At the highest applied stress intensity
of 35 MPa m'/?, large tensile strains are measured ahead of the crack tip and considerable elastic anisotropy is observed. This detwinning
zone is similar to the plastic zone produced by dislocation slip present around cracks in other metals. The texture in this zone is not
significantly altered after mechanical unloading, despite the development of substantial triaxial compressive residual strains in this zone.
© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Shape-memory alloys (SMA) with near-equiatomic Ni—
Ti compositions have found use in a range of technological
and engineering applications, owing to their unique
transformation-induced shape-recovery capabilities [1,2].
Additionally, their excellent corrosion resistance, biocom-
patibility, dynamic and static strength, damping capability
and radio-opacity have made NiTi-based SMA attractive
for medical implants and devices [3-5]. Fundamental to
the unusual mechanical properties of NiTi is its thermoelas-
tic, reversible martensitic phase transformation [1]. The
cubic parent austenite phase transforms to the monoclinic
martensite phase (B19, a =2.88 A, b=4.61 A, c=4.14 A,
y =96.4° [1]) phase upon cooling through the martensite-
start (M;)-martensite-finish (My) temperature interval,
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which is dependent on composition and processing. Since
the austenite phase has a higher symmetry than the mar-
tensite phase, formation of multiple martensite grains
(known as variants) with the same crystalline structure
but with different orientations occurs through self-accom-
modation, forming a twinned structure. If a stress is
applied, deformation proceeds by “detwinning’ or variant
selection of the original twinned structure, where some
variants grow at the expense of others by the motion of twin
boundaries, allowing a macroscopic shape change without
dislocation-slip-based plasticity but with large changes in
texture (crystallographic orientation). When the tempera-
ture is raised through the austenite-start (A4s)—austenite-
finish (A4f) temperature range, these detwinned martensite
variants revert to the parent phase. If the system is uncon-
strained, the macroscopic shape change due to detwinning
is recovered, resulting in the so-called shape-memory effect;
cooling back below M; results in the original twinned
microstructure. In a constrained system, a stress is
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generated as the material attempts to recover its shape.
Conversely, if the austenite is stressed above A4y, the trans-
formation from austenite to martensite can be driven by
stress alone, resulting in large deformation strains (up to
8% in tension), occurring at a nearly constant stress. Since
the martensite phase is unstable at zero stress above Ay,
the reverse transformation occurs on removal of the applied
stress, resulting in a recovery of deformation; this is known
as the superelastic effect.

While the simple macroscopic uniaxial shape-memory
and superelastic properties of NiTi are fairly well charac-
terized at the macro- and microscopic levels, and while
macroscopic studies of fracture and fatigue in NiTi have
been carried out (e.g. [6-13]), there is little microstructural
and micromechanical understanding of the effect of detwin-
ning or stress-induced transformation (and the related
strain recovery on heating or unloading) upon crack prop-
agation in NiTi, except for some theoretical studies [14-16].
Such microstructural and micromechanical information
can be accessed through in situ neutron or X-ray diffraction
measurements as a function of applied load, as demon-
strated by various authors who studied the deformation
mechanisms responsible for the shape-memory effect [17—
20] and superelasticity [21-28] in NiTi. These studies
considered the spatially averaged response of NiTi under
simple uniaxial loading. However, the small spot size avail-
able with synchrotron X-rays raises the possibility of the
spatial mapping of such phenomena, as recently demon-
strated by Mehta et al. [29].

We report here in situ synchrotron X-ray diffraction
mapping of the complex strain and texture field around a
sharp fatigue crack tip subjected to a far-field stress. Syn-
chrotron strain measurements around cracks have previ-
ously been reported in, e.g., aluminum alloys [30,31] and
steels [32,33]. The diffraction data thus obtained allows,
in addition, monitoring of the influence of the crack tip
stress field on the preferred orientation (i.e. variant selec-
tion by detwinning) within monoclinic, martensitic NiTi.
In conventional polycrystalline metals, dislocation slip
occurs once the local effective stress around the crack tip
exceeds the yield stress, resulting in plastic flow and stress
redistribution. The goal of our work is to understand the
extent to which detwinning occurring in martensitic NiTi
can act as an alternative method of relieving the stress field
around the crack tip. This information is required to
understand the fatigue and fracture behavior of these mate-
rials and at present is principally investigated through
numerical modeling (e.g. [14-16]).

2. Experimental procedures

Polycrystalline NiTi plates were fabricated by electrodis-
charge machining (EDM) of a billet previously produced
by hot isostatic pressing (HIP) of pre-alloyed NiTi powders
(99.9% pure, 49.4 at.% Ni) [18]. The billet had a nominal
grain size of 11 £ 3 pm and a random initial texture [18].
To remove any initial residual strains, the material was

solutionized at 930 °C for 1h in titanium-gettered argon
and then furnace-cooled to room temperature. This
ensured that the material was fully martensitic, given the
martensite transformation temperatures (M;=49 and
M;=35+2°C) and austenite transformation tempera-
tures (A = 66 and A= 86 °C) reported in Ref. [18].

The plates were then machined into a compact-tension
specimen with 3.5 mm thickness and a 17 mm deep notch
was cut using EDM, from which a 12 mm long fatigue
crack was grown with a nominal AK; of 30 MPa m'? over
2000 cycles (R =0) at 1 Hz. Based on the requirements of
ASTM E399 for fracture toughness testing, the thickness
of material required for plane-strain conditions to domi-
nate is B > 2.5(K1/O’ys)2. This condition is an empirical
approximation to the requirement that the plastic zone be
small compared to the thickness of the sample. Under uni-
axial loading conditions, detwinning in this material initi-
ates at an applied stress of around 150 MPa and finishes
at approximately 300 MPa, while slip-based plasticity
occurs at a stress of around 600-700 MPa, as reported in
Refs. [18,34]. Thus, by taking the “yield stress” in the
ASTM equation to mean, in this case, the occurrence of
detwinning, the dimensions of the sample are such that
the sample is not under plane strain conditions, although
it is under plane strain conditions if the yield stress appro-
priate for slip-based plasticity is used instead. However, the
sample thickness was constrained to a maximum of 3.5 mm
due to the limitations in the penetration depth of X-rays
and the experimental arrangements, and thus while we
report the nominal applied stress intensity Kj based on
plane strain assumptions, the actual K; imposed will be
slightly lower due to the reduced constraint of the thinner
samples used, and could be calculated using numerical
approaches.

High-energy X-ray diffraction measurements were car-
ried out at the 1-ID beamline of the Advanced Photon
Source (Argonne National Laboratory, IL). A tensile force
was applied to the specimen using a custom-built, screw-
driven loading system mounted on top of a motorized
translation table. The system, which is similar to that used
in Refs. [35,36], was operated in displacement control, with
the macroscopic force applied to the sample recorded using
a load cell in the load train. Diffraction measurements were
performed with a monochromatic 81 keV (4 =10.015 nm)
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Fig. 1. Schematic illustrating the experimental arrangement and the
coordinate system.
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X-ray beam in transmission geometry for 30s. We define
the “x” coordinate axis as parallel to the crack growth
direction and the “y” coordinate axis as perpendicular to
the crack direction but still in the plane of the plate, i.e.
parallel to the applied load direction (see Fig. 1). The sam-
ple was positioned such that the incident X-ray beam, with
a square 50 x 50 pm? cross-section, penetrated the sample
parallel to the plate normal direction (Fig. 1). By translat-
ing the sample in the x- and y-directions in a raster fashion,
diffraction patterns were obtained for various volumes in
the vicinity of the crack, building up a spatial diffraction
map. Complete Debye—Scherrer diffraction rings from the
NiTi present in the 0.05x 0.05 x 3.5 mm? diffraction vol-
ume were recorded using an image plate (Mar345) of
345 mm diameter and 100 um pixel size and with a 16-bit
dynamic range. An ion chamber and a PIN (p-type, intrin-
sic, n-type) diode embedded within the beam stop were
used to measure the initial and transmitted intensity, facil-
itating orientation of the sample, and in particular crack,
with respect to the beam. The sample-to-camera distance
was ~1.2 m. In addition, calibration diffraction cones were
produced from a paste composed of vacuum grease and
pure ceria powder (CeO,, NIST Standard Reference Mate-
rial SRM-674a), which was smoothly applied to the side
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edge (yz, Fig. 1) of the sample and measured after each ras-
ter. The calibration diffraction data provide a precise con-
version between pixel position on the camera and d-spacing
of the diffraction peak.

The sample was first measured in the as-fatigued condi-
tion, with no applied load. It was then heat-treated outside
the beam at 150 °C for 15 min (in the austenitic field, but
well below the temperature required for any recrystalliza-
tion) and then furnace-cooled to room temperature, before
again being measured under zero applied load. The load
was then increased to four levels (P = 2.0, 2.55, 3.05 and
3.55kN, corresponding to nominal stress intensities
K; =20, 25, 30 and 35 MPa ml/z) with raster maps taken
at each applied load. The sample was subsequently
unloaded and another strain map taken. Finally, another
ex situ heat treatment was carried out at 150 °C for
15 min and the sample was measured for a last time. For
each measurement, the beam was rastered by translating
the sample in the x- or y-direction, using 50 um steps
within 1 mm of the crack tip and larger steps further away,
obtaining a total of 200-500 measurement points, as illus-
trated in Fig. 2. For some data sets, due to limited experi-
mental time, only the inner parts of the map were used, as
can be seen on the contour plots shown. The time taken for
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Fig. 2. Illustration of locations at which diffraction measurements were made, with illustrative contour plot data in faint (corresponding to the data shown
in Fig. 7a). The crack tip position, as determined by radiography-type intensity scans, is at the origin (0,0), with all dimensions in mm. The far-field
uniaxial stress is parallel to the y-direction, as indicated by the large arrows. Although all measured data are used to generate the contour plots, only a
central region, as shown by the dotted square, is given in the following figures.
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Fig. 3. Typical powder diffraction ring pattern collected far from the crack tip on the as-fatigued sample, at zero applied load. The labels correspond to

A-(010),B-(011), C-(100), D - (110) diffraction peaks.

a single map at a given applied load (including readout
time and translation) was 8-12 h.

A typical diffraction pattern is shown in Fig. 3, where
the rings corresponding to the (010), (011), (100) and
(110) reflections are labelled. As evidenced by the smooth-
ness of the diffraction ring intensities, the grain size is sig-
nificantly smaller than the diffracting volume and the
texture is insignificant, providing good polycrystalline aver-
ages. To determine the lattice strains from measured dif-
fraction rings, a procedure similar to those from Refs.
[36,37] is used, although, due to space restrictions, we
report just a subset of the data obtained. This algorithm
[38]1s implemented using the program language MATLAB
[39], and consists of the following steps:

1. The beam center, detector tilt, and sample-to-detector
distance (“calibration parameters’) are determined with
the software FIT2D [40], using CeO, (200) reflections
near the detector center and CeO, (33 3) reflections near
the detector outer edge.

2. The diffraction pattern is converted from polar to Carte-
sian coordinates in N radial x M azimuthal bins (in this
case with values of N =500 over the d-spacing range

1.82-5.05 A, and M = 36, corresponding to an angular
increment of 10°) using the calibration parameters to
correct for beam center, detector tilt, and sample-to-
detector distance. Here, only the patterns near 0°, 90°,
180° and 270° (integrated over £5° around the nominal
direction) are used, corresponding to intensities and
strain components &, and &, parallel and perpendicu-
lar to the crack growth direction, respectively (Fig. 2).

. The pattern is converted to a GSAS format [41].

Together with the information from the CeO, powder
which allows a conversion between pixel position and
absolute d-spacings, this program is used for single peak
fits using an appropriate peak shape (in this case a
pseudo-Voigt function). Rietveld [42] refinement of the
diffraction pattern would also be possible but was not
attempted here.

. Lattice strains &, and ¢, are then calculated as

e =(d — dy)/dy, where d, is a reference lattice spacing
(discussed below), by fitting a peak to the azimuthal dif-
fraction pattern that corresponds to the required direc-
tion in the sample. Since the 0° and 180° diffraction
patterns are equivalent directions in the sample, the
average obtained from analysis of these two patterns is
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then reported here as the strain in the x-direction (&) in
the sample at that location, and similarly for the 90° and
270° diffraction patterns, which correspond to the y-
direction strains ¢,,. We observed that the same strain
results were obtained for the two equivalent directions
(0°/180° and 90°/270°), within experimental error.

5. Integrated intensities and widths for each peak are also
determined during the above fitting process, based on
the peak parameter values reported from the peak fitting
routine. The background intensity contribution is deter-
mined by a linear fit over the entire fitted diffraction
spectra. The resultant data are then plotted in the form
of a two-dimensional map using MATLAB [39].

3. Results
Since the experiment is carried out in transmission, the

diffraction pattern obtained is an average of the entire
through-thickness material, i.e. 50 x 50 x 3500 um?®. Thus,

-
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the strains or intensities obtained by analysis of the diffrac-
tion peaks are averaged over this full thickness. This fact
should be considered in interpreting the results presented
here since the crack front is unlikely to be completely lin-
ear. Furthermore, the stress state will vary from plane-
stress at the sample surface to a more complex, perhaps
even plane-strain, state near the center of the sample, and
the results reported are an average over these stress
conditions.

The results reported here include the integrated intensity
of various diffraction peaks, as well as the average lattice
strains for selected peaks. To allow easy comparisons
between different diffraction peaks, a single reference inte-
grated intensity was defined for each diffraction peak by
averaging over the entire set of measurements obtained
on the sample that had undergone a heat treatment to
reproduce the initial near-random texture (e.g. the average
of all the values shown in Fig. 5a). All intensities reported
have been normalized with respect to the reference intensity
for the given diffraction peak and, therefore, do not include

Y-axis [rm]

X-axis [mm]

1500

1000

Y-axis [mm]

X-axis [mm]

Fig. 4. Texture and strain maps for as-fatigued sample. Normalized intensity parallel to y-direction (perpendicular to crack propagation direction) for
(a) (010) peak and (b) (100) peak. Strain component ¢, (pe) for (c) (010) peak and (d) (100) peak.
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Fig. 5. Evolution of texture maps showing (010) normalized peak intensity parallel to the y-direction (perpendicular to crack growth) for various K
values (in MPa ml/z): (a) 0, (b) 20, (c) 25, (d) 30, (e) 35, (f) 0 (unload).
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Fig. 6. Evolution of texture maps showing (100) normalized peak intensity parallel to the y-direction (perpendicular to crack growth) for various Kj
values (in MPa ml/z): (a) 0, (b) 20, (c) 25, (d) 30, (e) 35, (f) 0 (unload).

information about structure factors or absorption, but only The reference lattice parameter for each diffraction peak
relative changes due to variations in local texture or variant  is obtained in a similar way, by averaging over the data set
selection. from the heat-treated sample. In addition, a correction is
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made to the strains reported based on the ceria measure-
ments. This ceria reference is used principally to correct
for changes in position of the sample relative to the detec-
tor, occurring during removal and repositioning of the
sample for heat treatments, or due to incrementing of the
applied load. The strains reported thus should simply rep-
resent any residual or internal strains caused by the applied
load or fatigue history, and will not include any influence
of (initial) thermal or processing strains, since we assume
these are identical for all samples and small, given the ini-
tial treatment conditions. However, given the fact that the
sample has been moved in and out of the beam, there will
remain a slight inherent uncertainty in the absolute strain
values reported (associated with any errors in measurement
of the ceria reference), which would not influence relative
strain changes within a plot. Peak widths were not
observed to vary more than the uncertainty in measure-
ment in any data sets, and values are therefore not
reported.

Figs. 4-9 show maps of the diffracted intensity and
strain for the (010) and (100) peaks around the crack tip
for the sample in the as-fatigued condition (Fig. 4) and
after heat treatment under various levels of static stress
intensities Kj (Figs. 5-9). Strain units are given in e (cor-
responding to 10~ strain) and peak intensities are normal-
ized by the reference intensity for each peak (as described
above). Given a random texture for the reference sample,
an intensity value of unity (/= 1) is expected for random
orientations of grains; a value / =2 means twice as many
grains are oriented in this particular direction in the sample
as would be expected based on random arrangements. In
analogy with more formal texture analyses, units of “‘mul-
tiples of random distribution” (m.r.d.) are used here.

In all these figures, the nominal crack-tip position is at
the origin (0,0), and the crack propagates in the positive
x-direction (see Fig. 2). The crack-tip position was located
by carrying out intensity scans of the sample, using the
diode detector in the beam-stop, and is estimated to be cor-
rect within a 25 pm error. During the incrementing applied
load stages, the nominal crack position shifted vertically (in
the y-direction, due to movement of the load train as the
force increases), but did not shift horizontally (in the x-
direction, within measurement accuracy) except on increas-
ing the stress intensity from 30 to 35 MPa m'/2, when it
moved by about 100 um. This final horizontal shift is prob-
ably a result of crack growth due to the applied load.

In order of decreasing d-spacing, the (010), (011),
(100), (110) and (101) diffraction peaks are all sufficiently
separated to allow unambiguous high-quality peak fitting.
The first four of these are indicated on Fig. 3; however,
the other peaks discussed in the paper ((101), (111) and
(002)) are not easily seen on the scale of the figure. Inten-
sity and strain fields for the other measured diffraction
peaks are qualitatively similar to those reported in Figs.
4-9 for (100) and (010) peaks, as illustrated in Fig. 10
for the (011), (110) and (101) peaks parallel to the loading
direction for K;=35MPam"? The (111) and (002)

a 1 T T T T T 2

Y-axis [mm)

X-axis [mm]

Y-axis [mm]

X-axis [mm]

Fig. 7. Evolution of texture maps showing normalized peak intensity
parallel to the x-direction (parallel to crack growth) for K; = 35 MPa m"/>.
(a) (010) peak, (b) (100) peak.

peaks are also sufficiently separated to provide reasonable
peaks fits, but inspection of the data does not provide
much additional information to that of the higher d-spac-
ing peaks, and is not discussed here. Peak overlap among
the remaining diffraction peaks means that analysis would
require a Rietveld approach [42], which is beyond the scope
of this paper.

4. Discussion
4.1. Residual strains and texture in as-fatigued sample

Fig. 4a and b shows maps of the normalized integrated
intensities (which we can consider to be in some sense tex-
ture maps) parallel to the loading direction, obtained for
the (010) and (100) peaks, respectively. With the crack
tip at the origin (x =0, y =0), the wake of the crack is
located at negative values of x, i.e. about 1 mm of the
length of the fatigue formed crack is in the measurement
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Fig. 8. Strain maps (ue) for (100) peak: (a) &, for Ky = 35MPa ml/z, (b) &y for Kj =35 MPa ml/2, () &, for Ky =MPa m'/? (unload), (d) &, for

K;=0MPa m'/? (unload).

zone. There is a strong increase in intensity for the (010)
peak in the wake of the crack tip; a corresponding decrease
in the intensity for the (100) peak is visible in the same
areas. For comparison, an annealed, uncracked sample
shows a uniform intensity value of unity, with measure-
ment error at an individual position of approximately
40.2, as shown in Figs. 5a and 6a. The zone of altered tex-
ture also clearly extends around 2 mm from the crack tip in
the y-direction, with intensities gradually reducing from
more than 2 m.r.d. near the crack tip to 1.2m.r.d. at
2 mm for the (010) peak (i.e. corresponding to the volume
fraction of grains with (010) plane normals parallel to the
y-axis being around 2-1.2 times random) and correspond-
ingly increasing from 0.5 to 0.8 m.r.d. for the (100) peak.
The relative changes in intensity for the (010) and (100)
peaks are thus roughly equal to each other at any given dis-
tance from the crack tip. The far field on the bottom right
of the figure (for x > 3 and y < —3) represents material with
random texture (intensity of 1 + 0.2 m.r.d.), which is unaf-
fected by the presence of the fatigue crack.

Maps of residual elastic strains determined for the same
two (010) and (100) peaks are shown in Fig. 4c and d. For
both peaks, the strain field in the wake of the crack shows
strong residual compression (about —2000 pe for (010) and
—3000 pe for (100)) along the y-axis, while the material far
ahead of the crack (x > 3 and y < —3, with no detwinning)
still shows a compressive strain but with a smaller magni-
tude of about —1000 pe. We do not attempt here to convert
the measured strains to stresses, which would necessitate
knowledge of the stiffness tensor for NiTi. However,
because diffraction-measured elastic strains are linearly
related to stresses, qualitative comments can still be made
about the stress field surrounding the crack. We note that
the compressive strains, and hence stresses, near the crack
tip (Fig. 4c and d) must be balanced by tensile stresses
which are presumably outside of the measurement range.
Also, the fact that the magnitude of residual strains (and
stresses) is different for the two diffraction peaks is expected
since the elastic response of NiTi is known to be strongly
anisotropic [43], even without the influence of detwinning.
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Fig. 9. Strain maps (ug) for (010) peak: (a) ¢, for K; =35 MPam'”, (b) &, for K; =35 MPam'?, (c) ¢, for K; =0 MPam'? (unload), (d) &, for

K;=0MPam'"? (unload).

It is thus apparent that fatigue crack propagation
induces both substantial residual strains/stresses and tex-
ture through detwinning in the vicinity of the crack. During
crack propagation, the zone ahead of the crack is expected
to be in tension, with martensite detwinning acting as a
deformation and relaxation mechanism, similar to the plas-
tic zone present in metal deforming by dislocation slip. A
small plastic slip zone is also probably present, but its size
is expected to be much smaller than the detwinning zone,
since the critical stress for slip is much higher than that
for detwinning and the size of the process zone is roughly
proportional to one over the square of the critical stress.
Once the sample is unloaded, the volume which has
deformed plastically in tension by detwinning is driven into
compression by the surrounding material, possibly produc-
ing further detwinning and creating a residual strain and
stress field.

Heat treatment of the fatigued sample was successful in
removing any preferred orientation of the martensite vari-
ants near the crack tip, as shown in the texture maps of
Figs. 5a and 6a, which is evidence that the shape-memory

effect is active near the crack. This in turns confirms that
the texture observed in Fig. 4a and b is indeed due to crys-
tallographic reorientation associated with martensitic det-
winning during crack propagation. The other possibility —
that texture resulted from dislocation plasticity — can be
discarded, since such texture would only be eliminated by
a heat treatment at much higher temperatures capable of
inducing recrystallization and/or grain growth.

4.2. Evolution of strains and texture in in situ tested samples

Evolution of texture is shown in Figs. Sb—e and 6b—e
through normalized peak intensity maps measured under
in situ static loading for stress intensity values K= 20,
25, 30 and 35MPam!? The effect of increasing the
applied stress intensity is clearly seen in the increase in
the (010) peak intensity in the y-direction in the crack tip
zone (Fig. 5b—e) and the corresponding decrease in the
(100) peak intensities (Fig. 6b—¢). The envelopes of the
zones with intensity higher than 1.2 m.r.d. for (010) and
less than 0.8 m.r.d. for (100) strongly overlap on the maps
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Fig. 10. Texture maps showing normalized peak intensity for Kj= 35 MPa m'/? parallel to loading direction (perpendicular to crack growth), for

(a) (011) peak, (b) (110) peak and (c) (101) peak.

of Figs. 5 and 6, and hence can be taken as the extent of the
detwinning zone. This zone, which is - approximately -
shown as a dotted line in the maps, clearly grows with
increasing applied stress. At higher levels of detwinning,
the sizes of the zones appear to be slightly different in size;
for example, considering the contours for 2.0 m.r.d. in
Fig. Se and 0.5 m.r.d. in Fig. 6e (which might be inter-
preted as about 50% of the material having detwinned), it
is apparent that the latter is of larger radius, covering per-
haps twice the area of the former.

In the initial phase transformation from austenite to
martensite on cooling with no applied stress, there are 12
possible variants which can be formed, which are accom-
modated randomly in a trigonal manner [1]. As load is
applied, detwinning occurs preferentially by selecting alter-
nate variants which relax the applied stress. Given the com-
plexity of the detwinning process (with (011), (111) and
(001) “compound” twins all observed in the literature for
NiTi [1]), it is not easy to make quantitative statements
about the type of detwinning occurring around the crack
tips. In NiTi, the a lattice parameter is substantially smaller

than the b or ¢ lattice parameters. Hence the observed
reduction in «a (i.e. the (100) peak in Fig. 6) intensity and
increase in both the b (i.e. the (010) peak in Fig. 5) inten-
sity and the ¢ intensity (observed but not shown here due to
space restrictions) with applied load can be understood as
being driven by a detwinning stress relaxation mechanism,
where an increase in the amount of “a”-oriented grains
compared to “b”-oriented grains in a particular direction
in the sample would act to relax compressive stress in that
direction. The reverse effect would occur for tensile stresses,
but in a more complex fashion, since tension can select

[T ]

either the “b”- or “c”-axis over the “a’’-axis, while com-
pression will always preferentially select the “a”-axis.

The change in intensities in the x-direction, i.e. along the
crack propagation direction (shown in Fig. 7a and b for
K; =35 MPa m"? for the (010) and (100) peaks), displays
the opposite trend to that seen in the y-direction (shown in
Figs. 5e and 6¢), with — in general — locations of reduced
intensity in the y-direction corresponding to locations of
increased intensity in the x-direction for a given diffraction
peak and vice versa. However, some deviations from this
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simple rule are observed, most probably due to the com-
plex multi-axial stress field.

The maximum normalized intensities in the y-direction
observed at K;=35MPa m'? were ~3.5m.r.d. for the
(010) and ~0.1 m.r.d. for the (100) peaks, which are not
shown on the corresponding figures (Figs. 5e and 6e,
respectively) due to the contour levels chosen. Even with-
out considering the twinning mechanisms and the details
of the monoclinic crystal structure, these differences in
the maximum intensities, as well as in the extent of the
nominal 50% twinning level described above, can be
roughly understood in terms of the symmetry of the crystal
structure discussed in the previous paragraph. If a tensile
stress causes a grain with the (100) axis in a given direction
to detwin, it can select twins that tend to have either a “b”
or “c”-axis (or intermediate) in the tensile stress direction.
Thus, even though there is a large reduction in the number
of grains with the (100) peak in a given direction, there is a
smaller relative increase in the number of grains with the
(010) peak in that direction, since there will also be some
grains detwinning to other orientations.

5000

a1

4000

Y-axis [mm]
a

Y-axis [mm]
)

X-axis [mm)]

Fig. 11. Linear elastic fracture mechanics predictions (assuming plane strain) for K; = 35 MPam
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For K;=0MPam!? after unloading from Kj=35
MPa m'? (Figs. 5f and 6f), there is a very slight reversal
of detwinning compared to that seen at maximum load
(Figs. S5e and 6e), but the majority of the detwinning is
permanent.

The extent of the detwinned zone (delineated in Figs. Se
and 6e, as described above) can be compared to the predic-
tion from linear elastic fracture mechanics (LEFM). Using
the standard equations for stress at a crack tip in the
absence of any relaxation mechanism (as given e.g. in Ref.
[44]), it is possible to calculate the elastic strain or von Mises
equivalent stress as a function of distance and angle from
the crack tip. Fig. 11a—c shows the results from such calcu-
lations carried out in MATLAB [39] under plane-strain
assumptions with a Young’s modulus of 62 GPa and
Poisson ratio of 0.3 [16] for a stress intensity Kj= 35
MPa m'2. By comparing Fig. 11c with Figs. 5¢ and 6e, it
can be seen that the envelope of the detwinned zone corre-
sponds roughly to a von Mises stress of 200 MPa, which is
in reasonable agreement with the values reported for the
uniaxial applied stress required to cause detwinning in NiTi
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12, (a) Elastic strain parallel to loading direction &,,, (pe);

(b) elastic strain perpendicular to loading direction &, (ue); (c) von Mises effective stress (MPa).
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(e.g. [34]). More quantitative comparisons are not possible
using this approach, given the ambiguities in comparing
an LEFM calculation (Fig. 11a—c) with the present mea-
surements of inelastic deformation by detwinning (Figs.
5e and 6e). More complex numerical modeling techniques
(e.g. finite element models) would be required to allow a
more quantitative comparison in terms of the shape of the
detwinning zone and its evolution with increasing stress
(e.g. [16]), and will be the subject of future work.

Maps of elastic strains are shown for the maximum
applied load (Kj=35MPa ml/z) for the (100) peak
(Fig. 8a and b) and the (010) peak (Fig. 9a and b) both
perpendicular (y-axis) and parallel (x-axis) to the crack
propagation direction. High tensile &, strains are seen in
the zone close to the crack tip, with maxima of 2400 ue
in the (100) peak (Fig. 8a) and 3200 pe in the (010) peak
(Fig. 9a). Ahead of the crack tip (i.e. y ~ 0, x > 0.2), strains
are highly triaxial in nature, with tensile strains for both ¢,
and ¢, (Figs. 8a and b and 9a and b). The elastic &, strains
observed in the (100) peak (Fig. 8a) further from the crack
tip are generally more tensile than the strains seen in the
(010) peak (Fig. 9a), as expected from the elastic anisot-
ropy of NiTi. For the ¢, strains, the effects of the crystal-
lography appear to be more significant with the (100)
grains (Fig. 8b) in compression very close to the crack tip
(0 pe at the crack tip itself, increasing in magnitude to
—1000 pe at 0.2 mm from the tip), while the (010) grains
are in tension (with a peak of approximately 2000 pe).
These maps are in qualitative (though not quantitative,
as expected) agreement with LEFM calculations of strain
(Fig. 11a and b). For example, the compressive “lobe” in
the &, strains seen extending at about 60° from the crack
propagation direction (Fig. 8b) is predicted by LEFM
(Fig. 11b). Again, the elastic anisotropy is clear, with the
(100) grains (Fig. 8b) showing significantly larger magni-
tude compressive strains in this region than seen for the
(010) grains (Fig. 9b).

Finally, after unloading (Figs. 8¢ and d, 9c and d), the
entire residual strain fields for the (100) and (010) peaks
are compressive, with greatest compression seen near the
crack tip reaching maximum e&,, strains of about
—2500 pe for both the (100) and (010) peaks. Slightly
smaller magnitude compressive &, strains are seen. This
strain field is similar to, but perhaps more clearly defined
than, the residual strain field observed around the
unloaded crack after fatigue propagation (Fig. 4c and d).
The similarity is expected since in both cases crack propa-
gation occurred, although during fatigue and static load-
ing, respectively.

5. Conclusions

Two-dimensional maps of elastic strain and texture
(averaged through the specimen thickness) in the vicinity
of a crack tip in a martensitic NiTi alloy were created from
in situ synchrotron X-ray diffraction measurements. The
following results were obtained:

e After fatigue crack propagation with AKj;= 30 MPa
m'/2, the material in the vicinity of the crack and in
its wake exhibits texture and residual compressive
strains.

e A shape-memory recovery heat treatment eliminates this
texture, indicating that it is due to detwinning, the main
deformation mechanism of NiTi.

e Static tensile loading of the sharp fatigue crack leads to
reappearance of the textured zone around the crack tip,
and its growth as the stress is incrementally increased.
This detwinning zone is similar to the plastic zone pro-
duced by dislocation slip present around cracks in other
metals.

e Under the highest applied stress intensity Kj= 35
MPa m'/?, high triaxial tensile strains are measured
within and beyond the detwinning zone around the
crack tip, with this strain field becoming compressive
when the applied stress is removed. The elastic anisot-
ropy of NiTi is apparent in the complex distribution
of strain for different diffraction peaks.

e Mechanical unloading of the crack does not alter the
texture of the detwinned zone near the crack tip, but
produces considerable compressive residual strains.
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