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In situ laboratory-based and in situ synchrotron X-ray diffraction techniques were employed to study
quantitatively the strain-induced austenite-to-martensite (A—M) transformation in thermally cycled
(TC) superelastic NiTi alloys. The propagation of the A—M interfaces and the evolution of the micro-
structure were traced during uniaxial tensile loading. It was shown that the TC material exhibits lo-
calized transformation via the propagation of transformation bands. The amount of the martensite
phase depends approximately linearly on the applied strain. Analysis of the broadening of the austen-
ite diffraction lines indicates the presence of highly deformed austenite grains within the transforma-
tion bands. Analysis of the austenite diffraction-line shifts indicates that the overall lattice strain in the
(retained) austenite in the transformation bands differs from that of the austenite in the adjacent un-
transformed regions. © 2015 International Centre for Diffraction Data.

[doi:10.1017/S0885715614001456]
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I. INTRODUCTION

Superelasticity (or pseudoelasticity) is a property of NiTi
shape memory alloys (SMAs), which is of pronounced tech-
nological interest. The effect derives from the reversible
stress-induced austenite (BCC)-to-martensite (monoclinic)
(A—M) phase transformation (Funakubo, 1986). When NiTi
SMAss are tensilely (or compressively) loaded above the aus-
tenite finish temperature (Ay), after a linear elastic deformation
stage, an apparently plastic deformation occurs, often at its ini-
tiation accompanied by a decrease in the stress. This region of
apparent plastic deformation, during which the A—M transfor-
mation occurs via the propagation of transformation fronts, is
characterized by a plateau-type part of the stress—strain curve
(“the transformation plateau’) (Sittner et al., 2005), that is al-
most completely recovered upon unloading (Otsuka and
Shimizu, 1986); strain recovering of up to 10% occurs
(Otsuka and Ren, 2005). The so-called thermal or mechanical
fatigue behavior (exhibited by material undergoing multiple
thermally or strain-induced transformation cycles) is of signif-
icant technological interest, as such fatigue can cause degrada-
tion of the material’s behavior (Melton and Mercier, 1979;
Lagoudas, 2008). Fatigue studies have been performed exten-
sively in the past and thus changes induced by load-cycling,
such as decrease of the Young’s modulus, the critical stress
for the A-M transformation and the stress—strain hysteresis
(Miyazaki et al., 1986b; Strnadel et al, 1995; Tobushi
et al., 1996; Liu et al., 1999; Brinson et al., 2004;
Nemat-Nasser and Guo, 2006; Nayan er al., 2008; Kang
et al.,2009) and by thermally cycling such as decrease of mar-
tensite finish (My), austenite start (A,), and austenite finish
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(A¢) temperatures, increase of dislocation density and appear-
ance of the R phase (Miyazaki er al., 1986a; McCormick and
Liu, 1994; Hammersley, 1997; Matsumoto, 2003; Liu et al.,
2006; Pelton et al., 2012), have been documented. However,
these previous studies generally do not expose the A—M trans-
formation mechanism in association with the type of loading.
Knowledge of the evolution of the martensite fraction upon re-
peated transformation cycles is important not only for under-
standing the nature of the A—M transformation, but it also is of
obvious practical importance.

Diffraction techniques have been employed in several
studies to examine the A—M (or M—A) transformation kinetics
and mechanisms in strain-induced transformations (Bourke
et al., 1996; Vaidyanathan et al., 1999b, 2001; Sittner et al.,
2004; Raghunathan et al., 2008) or temperature-induced trans-
formations (Eggeler et al., 2005; Khalil-Allafi et al., 2006;
Koker et al., 2013) by either employing in situ X-ray or neu-
tron diffraction. These studies were focused on characterizing
overall phase fractions, thereby overlooking that the A-M
transformation may be of macroscopically heterogeneous
character. Thus the A-M transformation has been classified
as to be of Liiders-type by Miyazaki et al. (1981). Within
this context, it is noted that some austenite may be retained
within the martensite (Bourke er al, 1996; Khalil-Allafi
et al., 2004; Young et al., 2010). This retained austenite is,
in some cases, transformed to martensite after the phenomeno-
logical end of the “transformation plateau”, during the elastic
straining of the overall martensitic specimen (Tan et al.,
2004).

The present work involves a quantitative study of the re-
versible A—M transformation in thermally cycled (TC) NiTi
SMAs, on the basis of in situ X-ray diffraction (XRD) (labo-
ratory and synchrotron) techniques and presents a spatial anal-
ysis of the progress of the A-M transformation, that is, as a
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function of the position along the specimen and the applied
strain. Additional characterization of the martensite fraction
within the transformation bands, the overall austenite and mar-
tensite lattice strain, crystallite size, and microstrain have been
performed as well.

Il. EXPERIMENTAL
A. Specimen preparation

NiTi SMAs in sheet form were acquired from Memry
GmbH (Germany). The Ni content was 50.3 at.% Ni (as deter-
mined by ICP-OES in the present study). The sheets were cut
in “dog-bone” shape specimens, with the long axis of the
specimens being parallel to the long direction of the original
sheets. Thermal cycling was conducted by dipping the speci-
mens in boiling water and liquid nitrogen, each for 3 min, for
100 cycles.

B. In situ laboratory and synchrotron XRD

In situ laboratory XRD studies were undertaken at room
temperature (RT) on a Bruker D8 diffractometer using
CuKa radiation (X-ray generator settings were 40 kV and
30 mA) and a SOLIX detector, as shown in Figure I(a).
A Kammrath & Weiss (Germany) Tensile/Compression
Module equipped with a 10 kN loading shell was mounted
on the diffractometer. Polycapillary optics in the incident
beam (spot-size of approximately 1 x 6 mm?) and Soller slits
in the diffracted beam were employed. The specimen was
loaded along a complete superelastic cycle in displacement-
control mode with 1 um s~ displacement speed. The XRD
measurement was performed upon stopping the tensile test
at specific strains during loading/unloading of the specimens.
The evolution of the A—M transformation was studied by fol-
lowing the variation of the maximum intensity of the (110) re-
flection of the austenite phase along the specimen’s strain

Figure 1.  (Color online) Experimental setup for in sifu tensile measurements
(a) on a conventional X-ray diffractometer in the laboratory (Bruker D8) and
(b) on the diffractometer at the MPI beamline at ANKA, Karlsruhe, Germany.
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gauge (the central region of the dog-bone specimen where
the width is constant) with a step size of 0.5 mm and a count-
ing time of 3 s per step. The martensite fraction was calculated

by Eq. (1):

n=1-+ ()

where 7' is the maximum intensity of the (110) austenite reflec-
tion at a given strain and I, is the maximum intensity of the
(110) austenite reflection in the unstrained state along the
strain gauge. It should be noted that by determining (for se-
lected specimens) the martensite fraction, according to Eq.
(1), not from the maximum intensity of the (110) austenite re-
flection but from the integrated intensity, similar results were
obtained.

Additionally, diffraction patterns were collected at the
center of the specimen in a 26 range of 36°-46°, with a steps-
ize of 0.04° 26 and a counting time of 3 s per step. The
diffraction-line profiles were fitted with pseudo-Voigt func-
tions using the software package WinPLOTR (Roisnel and
Rodriguez-Carvajal, 2000). A characteristic stack of diffrac-
tion patterns is shown in Figure 2, as recorded from the center
of the TC specimen along one superelastic cycle, showing the
relatively abrupt formation of the martensite phase upon load-
ing and the similarly abrupt reverse transformation upon un-
loading. This relatively abrupt nature of the transformation
reflects the passage of the transformation front at the center
of the specimen. It is important to note that no retained mar-
tensite was observed in the TC specimen after complete
unloading.

The synchrotron XRD measurements were performed in
situ on the MPI beamline at ANKA, Karlsruhe Germany
[Figure 1(b)]. A DEBEN leadscrew tensile rig (UK) equipped
with a 5 kN loading shell was mounted on the diffractometer.
The beam energy was 12 keV (corresponding wavelength of
1.033 A) and the spot-size was 1 x 1 mm? approximately. A
Nal scintillation point detector was used. Monochromatization
and horizontal focusing of the white X-ray beam originating
from a 1.5 T magnet was achieved using a Si (111) double-
crystal monochromator. An Rh-coated X-ray mirror focused
the beam vertically.

A TC specimen was tensilely loaded with 5ums™" dis-
placement speed at RT. At the measured strain of 4.75%, a
martensite nucleation event was apparent by a drop in the
stress—strain curve (see Section I). Scanning of the maximum
intensity of the (110) austenite reflection at this strain, along
the strain gauge, indicated the nucleation of a martensite trans-
formation band at one side of the specimen, as evident by a
decrease of the intensity of the (110) austenite reflection.
Therefore, grid diffraction measurements were performed, at
this strain, to characterize the material in both the transforma-
tion band and its surrounding region. The grid measurements,
covering an area of approximately 8.75 mm?, were undertaken
with a step size of 0.25 mm along and perpendicular to the
long axis of the strain gauge. Diffraction patterns were collect-
ed at each grid position in a 20 range from 24° to 32° with a
0.01° stepsize and a 1 s counting time per step.

After completion of the grid measurements, the specimen
was further loaded along a superelastic cycle (with 5 um s~
displacement speed) and additional measurements were per-
formed, upon stopping the tensile test at specific strains, at

Stress-induced phase transformations in thermally cycled superelastic S77
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Figure 2. XRD patterns obtained at the center of the specimen’s strain gauge of the thermally cycled (TC) material at different strain values.

the center of the specimen using a MarCCD 2D detector.
Diffraction images were collected which included the 26
range of 24°-32° with 60 s counting time per diffraction
image. The diffraction images were processed and integrated
using the software package FIT2D (Hammersley, 1997).
Profile fitting was performed as described above (Section IL.B.)
for the laboratory XRD measurements.

Phase fraction analysis was conducted using the integrat-
ed intensities of austenite and martensite reflections Eq. (2):

_ > Ivar i
> Iartiit + Iaci10)

m 2)

where (110, is the integrated intensity of the (110) reflection
of the austenite phase and Iniar 44 1S the integrated intensity of
a (hkl) reflection of the martensite phase, at a given strain, at
every measurement point of the grid. Equation (2) is an appli-
cation of the relationship for quantitative phase analysis of al-
lotropic/polymorphic forms of a substance (by assuming that
the mass absorption is the same for both phases) given by
Klug and Alexander (1974). The intensities of the four stron-
gest martensite reflections (110), (111), (020), and (012) “PDF
03-065-0145 (ICDD, 1970)” were used for determining the
martensite phase fraction, which in the diffraction pattern
are close to the strongest austenite reflection (110) (see
Figure 2). Summing the integrated intensities of these mar-
tensite reflections reduces the possible effect of texture on cal-
culating the martensite phase fraction (Cullity and Stock,
2001). The initial sheet material exhibited a strong preferred
orientation of austenite with the {110} lattice planes parallel
to the surface. However, texture measurements at selected
strains showed that the austenite texture does not change
upon loading. That is why, the martensite fractions calculated
by Eq. (1) or Eq. (2) are not affected by a change of austenite
texture of the specimens.

C. Size/strain line-broadening analysis

Single-line crystallite size/microstrain analysis was per-
formed for the austenite phase using the (110) austenite reflec-
tion, as recorded in situ at the center of the specimen, for
different values of applied strain. The crystallite size D¢
and the microstrain £,,¢ along the normal to the specimen sur-
face were determined following the method given by de
Keijser et al. (1982) and Delhez et al. (1982). Corrections
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for the contribution to the integral breadth by the instrumental
broadening were made using a LaB¢ reference material (No.
660, National Institute of Standards and Technology, USA)
(Mittemeijer and Welzel, 2012).

lll. RESULTS AND DISCUSSION
A. Laboratory XRD results

The stress—strain curve and the evolution of martensite
fraction (as a function of the position along the specimen’s
strain gauge, see Section II.A.) are shown in Figure 3. The
TC material showed localized A-M transformation, that is,
on both loading and unloading transformed bands appeared
with their fronts propagating along the specimen. A single
martensite transformation band formed, upon loading, at one
side of the specimen, at approximately 2% tensile strain,
that is, after an elastic straining region of the austenitic speci-
men where no martensite could be detected. With increasing
the applied strain, no increase of the applied stress was ob-
served (i.e., the “transformation plateau™) and the front of
the transformation band propagated (the speed of propagation
is approximately equal to the displacement speed, i.e., 1 um
s~ 1), without new bands nucleating. At approximately 7.5%
tensile strain, the transformation had covered the whole strain
gauge (Figure 3). During unloading the reverse transformation
initiated at about 5.5% tensile strain at the edges of the speci-
men and (now) two transformation bands developed with
fronts propagating toward the center of the specimen. Owing
to poor spatial resolution, the lateral width of the specimen
was completely embedded by the incident beam, an inclina-
tion of the transformation front (see Section II.B.) could not
be observed and thus the fronts have been indicated perpendic-
ular to the specimen-length axis in Figure 3.

The evolution of the overall martensite fraction as a func-
tion of applied strain during loading of the TC specimen, cal-
culated from Eq. (1), is shown in Figure 4. Evidently the
dependence of the overall martensite fraction on the applied
strain is approximately linear (in the range of 2—6% strain).

In many phenomenological models for pseudoelasticity of
SMA:s, it has been postulated that the martensite fraction de-
pends linearly on the transformation strain (e.g., Bouvet
et al., 2004; Taillard er al., 2008). The present experimental
result (Figure 4) provides conclusive support for such an as-
sertion, whereas previous experimental studies are less

Polatidis et al. S78
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Figure 3.

(Color online) Stress—strain curve and evolution of martensite fraction in the thermally cycled (TC) specimen. The bars on the right-hand side of the

graph represent graphically the results of the phase analysis along the specimen’s strain gauge (see Section IL.B.).

convincing because the experiments were performed on pow-
ders (instead of bulk material) in compression (Vaidyanathan
et al., 1999a, b) or digital image correlation was used for the
phase-transformation analysis which is an indirect method
where phase fractions are inferred from strain values (Kim
and Daly, 2011).

Lattice strains (¢ = [d — dr]/dr) in the direction perpen-
dicular to the surface of the specimen for the austenite and
martensite phases in Figure 5 were determined from the posi-
tions of the diffraction lines measured at the center of the strain
gauge with respect to the reference lattice spacing (dr). The
reference lattice spacings (dr) were determined as follows:
for the austenite phase the reference lattice spacing was deter-
mined from the (110) reflection of the undeformed austenite,
that is, as recorded before applying a load; for the martensite
phase, the reference lattice spacing was determined for the
(020) reflection as was recorded upon its first detection
upon loading: dg110)=2.1486 A and di(oz0,=2.0858 A, re-
spectively. Thus the obtained results are shown in Figure 5, in-
corporating the results obtained from both laboratory and
synchrotron measurements. It follows that both austenite
and martensite are subjected to compressive strain along the

100 T T T
Thermally-cycled

80 . .
60 - .

40 -

201 -

Martensite fraction (%)

0 1 2 3 4 5 6 7 8
Applied strain (%)

Figure 4. Evolution of the overall martensite fraction for the thermally
cycled (TC) specimen upon loading.
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direction normal to the specimen surface, which is expected
for uniaxial tensile loading. An abrupt change in the austenite
strain of the TC specimen was observed when the transforma-
tion front reached the center of the specimen (at approximately
4.8% tensile strain). It is noted that the compressive lattice
strain of the martensite formed in the TC specimen
(Figure 5) does not change significantly with increasing the
applied strain.

B. Synchrotron XRD results

The relatively small beam-size of the MPI beamline at
ANKA (1 x 1 mm?) allows a much higher spatial resolution
than the laboratory XRD instrument. As a consequence, an in-
clination of the transformation band could be detected.
Contour plots of the martensite fraction, austenite-lattice
strains (perpendicular to the specimen surface) and full-width
at half-maximum (FWHM) of the (110) austenite reflection,
obtained from the grid measurements on the transformation
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g . e 1
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s sy |
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Figure 5. Lattice strain perpendicular to the specimen surface calculated

from the (110)5 and (020)y; reflections recorded at the center of the
specimen as a function of applied strain during loading of the thermally
cycled (TC) material (laboratory XRD measurements); results for the
austenite-lattice strain as obtained from synchrotron measurements have
been included. The lines drawn are meant as guides for the eye.
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band of the TC specimen, are shown in Figure 6. The inclina-
tion of the band in these plots, with respect to the length axis
(tensile loading axis) of the specimen, is approximately 59°.
This value of inclination angle is similar to a previously ob-
served one (55°; by Shaw and Kyriakides, 1997). Evidently,
the transformation front is not sharp, but there is a gradual
transition from the untransformed region to the maximum
martensite fraction in the middle of the band. Such a gradual
transition is also apparent from the FWHM and strain plots de-
termined from the austenite (110) reflection [Figures 6(b) and
6(c)]. For the austenite-lattice strain calculation, the reference
(110) austenite lattice spacing dg =2.1263 A was determined
similarly to the method described in Section III.A., for the lab-
oratory XRD measurements. The austenite lattice strain plot in

E

Martensite phase fraction
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0.0 0.5 1.0 1.5
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—_—
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Figure 6. (Color online) Martensite fraction, macrostrain
perpendicular to the specimen surface, and FWHM of the (110) austenite
reflection recorded at and adjacent to a transformation band, shortly after its
nucleation, at applied strain of 4.75%, in a thermally cycled (TC) material.
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Figure 6(b) shows that inside the transformation band the
(retained) austenite phase is subjected to compressive strain
in the direction perpendicular to the specimen surface, as ex-
pected for uniaxial tensile loading (see Section IIL.A.). It is
therefore interesting to note that in the region adjacent to the
transformation band, the lattice strain of the austenite in the di-
rection perpendicular to specimen surface is tensile. Contrary
to this observation, in other work (Schmahl et al., 2004) the
untransformed austenite, adjacent to the transformation
band, was observed to be subjected to compressive strain (per-
pendicular to the loading axis) of similar magnitude as the lat-
tice strain of the retained austenite. A higher value of tensile
lattice strain (parallel to the loading axis) of the austenite
lying adjacent to the transformation front, as compared to
the untransformed austenite away from the transformation
front, was observed by Young et al. (2010) by use of neutron
diffraction. The presence of highly strained austenite, adjacent
to the transformation front, has been suggested to facilitate the
A-M transformation (by reducing, locally, the critical stress
for transformation) and thus to promote the propagation of
transformation fronts over the nucleation of new transforma-
tion bands (Young et al., 2010). Evidently, the present state
of knowledge does not allow a detailed description of the
state of strain in the (retained) austenite and its relation to
the transformation mechanism.

C. Crystallite size—microstrain analysis

The austenite (110) reflection originating from the re-
tained austenite within the transformation band was signifi-
cantly broader than the austenite (110) reflection obtained
from the surrounding, as yet untransformed, material. This
may be attributed to the combined effects of crystallite size
and microstrain broadening for the retained austenite. The re-
sults of the corresponding size—strain analysis are shown in
Figure 7, representing data obtained at the center of the strain
gauge at different values of applied strain during loading.
The transformation front reached the measurement position
of the TC specimen at approximately 4.8% tensile strain.
The retained austenite, within the transformation band, has
significantly lower crystallite size and higher microstrain,
compared to the untransformed austenite.

700 ——— — ——1————— 0.014
Thermally-cycled m  Crystallite Size

600 - O Microstrain | 0.012

, - ; l {0.010
2 500p T s —— .
— L - m
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Figure 7.  Crystallite size (solid squares) and microstrain (hollow squares), as
determined from the (110) austenite reflection, at the center of the specimen’s

strain gauge as a function of applied strain for the thermally cycled (TC)
specimen. The lines drawn are meant as guides for the eye.
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IV. CONCLUSION

The TC NiTi SMAs exhibit localized transformation
(Luders-type transformation), as described in a quantitative
way (Figure 3).

The overall martensite fraction depends linearly on the ap-
plied strain (Figure 4).

The martensite fraction decays, gradually going from
within the transformation band toward the untransformed ad-
jacent regions, indicating that the transformation front is not
sharp. Relatively large strain gradients (from compressive to
tensile nature) occur for the austenite grains across the trans-
formation bands (Figure 6).

The retained austenite within the transformation band is in
a highly deformed state, in contrast to the original state, as ex-
hibited by crystallite and microstrain values (Figure 7).
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