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Nitinol has been widely used to make medical devices for years due to its unique shape memory
and superelastic properties. However, the texture of the nitinol wires has been largely ignored due
to inherent complexity. In this study, in situ synchrotron X-ray diffraction has been carried out
during uniaxial tensile testing to investigate the texture evolution of the nitinol wires during
martensite detwinning, variant reorientation, and phase transformation. It was found that the
thermal martensitic nitinol wire comprised primarily an axial (120), (120), and (102)-fiber texture.
Detwinning initially converted the (120) and (102) fibers to the (120) fiber and progressed to a
(130)-fiber texture by rigid body rotation. At strains above 10%, the (130)-fiber was shifted to the
(110) fiber by (210) deformation twinning. The austenitic wire exhibited an axial (334)-fiber,
which transformed to the near-(130) martensite texture after the stress-induced phase
transformation. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4846495]

Ni-Ti alloys, especially nitinol, have been widely used
in the medical industry due to their unique mechanical prop-
erties and good biocompatibility."? Simple binary Ni-Ti
alloys are capable of functioning within the shape memory
(thermally actuated) or superelastic (load-actuated) regimes
dependent upon processing and relative operating tempera-
tures. Such behavior is highly demanded by many minimally
invasive device designers to ensure compliant, resilient, or
actuated function within the targeted anatomy. For example,
very high recoverable inelastic strain (e.g., superelasticity)
allows a self-expanding stent to be deployed through a very
small opening and spring back to bolster the arterial wall.>*
In fact, nitinol has dominated the medical device market-
place in high performance peripheral vascular products such
as stents, guidewires, endovascular aneurysm repair devices,
and embolic protection devices.” Proper function of such
appliances depends on the orientation distribution or nano-
scale alignment of atomic lattice within the population of
crystals that make up the component, whether random or tex-
tured due to the crystal anisotropy.®™® Therefore, understand-
ing the orientation distribution within the material and the
texture evolution during transformation is important in mate-
rial selection, device design, manufacturing, and application.
Compared to other materials such as Ti alloys and steels,
very few quantitative studies exist on texture in nitinol. A
few studies exist for Ni-Ti alloys in the form of plate,
sheet,”” and recently a hot rolled bar'®'" while very few
studies have been conducted on the texture of drawn Ni-Ti
wires. Gall et al.'? reported a (111) austenite fiber in the cold
drawn bar but did not show the texture in the stress-induced
martensite. Willemse et al.'? reported (110), (110), (101),
and (101) multiple fibers in the martensite and a (111)-fiber
in the austenite of Ni-44Ti-4Cu (at. %) wire without giving
details on how the texture was obtained. It appears that
Willemse’s paper provides the only known extant dataset
informing the martensite and the austenite texture in the
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Ni-Ti alloy wires. This knowledge gap is important because
many of the medical devices are made of small diameter
wires."? In this Letter, we report the texture evolution of a
thermally martensitic wire and an austenitic wire during de-
formation by in situ synchrotron X-ray diffraction. The
results provide one step towards informing nitinol wire ori-
entation distribution and texture evolution and will be of util-
ity to both academics and industrialists.

Two binary Ni-Ti alloys with chemical compositions of
Ti-56.1 wt. % Ni (alloy 1) and Ti-55.9 wt. % Ni (alloy 5) were
procured from a VAR (Vacuum Arc Melting)-melted, hot
forged, hot-rolled, shaved, and cold-drawn process stream at
approximately 2 mm diameter. Wire samples from these two
alloys were made by a conventional multiple cold drawing
and repetitive annealing process using equivalent production
equipment and parameters as those used in the manufacture of
nitinol wire. After the last process anneal, the sample made of
alloy 1 was cold drawn to 60% reduction to a diameter of
0.3 mm; the sample made of alloy 5 was cold drawn to 40%
reduction to a diameter of 0.35 mm. Both samples were then
heat treated in a fluidized bed at temperature of 600 °C for 30
s followed by water quench. The grain size is about 100-
200nm. The active austenitic finish temperature (Af) meas-
ured by DSC (Differential Scanning Calorimetry) is 244 K for
alloy 1 and 374K for alloy 5. Therefore, alloy 1 is austenitic
and alloy 5 is martensitic at room temperature of about 300 K.
In situ tensile testing was carried out at room temperature
(300K) on the beam line 11-ID-C at the Advanced Photon
Source (APS) at Argonne National Laboratory. The experi-
mental set-up was similar to that in Refs. 14 and 15, where
equivalent techniques were employed to study the
stress-induced martensitic phase transformation in different
alloy systems such as Co alloys and beta Ti alloys. Samples
were tensile deformed to a total engineering strain of 30%.
X-ray diffractions were collected at selected strain levels by a
Perkin—Elmer 2-D detector. The sample to detector distance

© 2013 AIP Publishing LLC
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FIG. 1. Synchrotron diffraction spectra of the martensitic wire during defor-
mation; (a) at 1.9% engineering strain, (b) at 2.1% engineering strain. The
bottom of each figure shows the experimental results, the top of each figure
is the result by Rietveld fit.

was ~2.2m. The X-ray wavelength used in this study was
0.10801 A. The beam size was ~0.2 x 0.2 mm>. The instru-
ment resolution Ad/d was 0.2%. With this experimental setup,
most of the strong diffractions, especially the first 12 peaks,
were well captured as shown in Fig. 1. The “raw” data process
was performed in FIT2D software,'® and the texture was inter-
preted by Rietveld fitting'” embedded in Maud'® as described
in Refs. 14 and 15. Examples are given by Figs. 1(a) and 1(b),
which show diffraction spectra at the deformation strain of
1.92% and 2.12%. The lower part of each figure shows the
measured diffraction spectra while the upper part of each fig-
ure shows the result of the Rietveld refinement. It can be seen
that all details of the experimental result, especially the inten-
sity patterns, were well captured by the Rietveld fitting. The
change in intensity patterns between Fig. 1(a) and Fig. 1(b) is
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the result of the martensite detwinning process. The fitted
martensite lattice parameters before deformation are
a=2.906A,b=4.659A,c=4.123 A, and y = 97.69°.

Fig. 2 plots the inverse pole figures of the axial direction
of the martensitic wire at different strain levels during defor-
mation. It can be seen that the un-deformed material has 4
texture components. Direct pole figures suggest that they
correspond to the (120), (120), (102), and (102) fiber tex-
tures. During deformation, the strength of the (120) texture
component first gradually increased while the strengths of
other three components gradually decreased; at the strain of
~2.1%, the (120), (102), and (102) fibers suddenly disap-
peared with the sharp increase in the (120) texture strength
in the axial direction. Calculation of intensity centers shows
that the center of the peak strength moved out from the (120)
plane and formed the strong (130) fiber. The strength of the
(130)-fiber first increased up to 5% strain to 15.05 multiples
of random density (mrd) and began to lose strength beyond
13% (13.4 mrd) strain with intensity handed off to the
(110)-fiber observed weakly at 13% strain (2 mrd) and more
strongly after 30% strain. After unloading, the strength of
the (110) fiber slightly decreased while the strength of the
(130) fiber slightly increased.

The sharp texture change observed at ~2% strain can be
explained by the martensite detwinning process. Fig. 3 shows
the possible twinning systems that are responsible for the
observed multiple texture components in the martensitic
wire. It can be seen that the (010) compound twinning could
be responsible for the observed (120) and (120) components
while the [011] type II twinning likely caused the coexisting
of the (120) and (102) components in the wire axial direc-
tion. Fig. 3(b) is similar to that shown in Ref. 19, but it
shows that the (120) and (102) planes are almost parallel af-
ter the [011] type II twinning. The (010) compound twin is
equivalent to the (001) compound twin reported in literatures
that use the f angle as the non-orthogonal angle.” The (102)
and (102) planes have the same d-spacing; thus, these two
texture components can be treated as from the same group of
grains. The d-spacing of the (120), (120), and (102) planes is
1.93, 1.69, and 1.67 A, respectively. To effectively accom-
modate the tensile strain, detwinning likely occurred in those
twinned grains oriented with the shortest d-spacing (i.e., the
(120) and (102) components), giving rotation of their (120)
plane-normal close to the loading direction. The reason det-
winning eventually gave a strong (130)-fiber instead of a
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FIG. 2. Inverse pole figures of the axial
direction of the martensitic wire at dif-
ferent strain levels. Strains are labeled

at the bottom of each inverse pole
figure.
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(120)-fiber is not clear, but it may be related to the rigid
body rotation associated with the martensitic transforma-
tion.”' The texture strength increased as detwinning contin-
ued with deformation. At higher strain levels, other
deformation modes were likely activated, which decreased
the strength of the (130) fiber and produced the (110) tex-
ture. Previous TEM studies™** showed that at strains above
7%, the martensite was deformed by the (210)[@0],
(010)[100], and the (100)[010] compound twinning. Most
recently, in situ neutron diffraction has been used to study
the texture change of a hot rolled/drawn martensitic bar dur-
ing deformation.'®!'"* It was found that the (150) and (010)
fibers formed after detwinning were shifted to the (230) tex-
ture by the (210) deformation twinning. In the present work,
considering that the angle between the (130) pole (i.e., the
[0.9 1.3 0] direction) and the [120] axis is ~40°, which is
very close to the angle between the (110) pole (i.e., [1.3 0.57
0] direction) and the [120] axis (~42°), an 180° rotation
about the [120] twinning axis is able to bring the (110) pole
to the wire axial direction, which was originally occupied by
the (130) pole. However, the (010)[100] and the (100)[010]
twinning systems do not have this capability. Therefore, it is
very likely that the (210) deformation twinning is also re-
sponsible for the (110) texture observed at high strains in our
case. It appears that the activities of different twinning sys-
tems are more determined by the stress strain status rather
than the initial textures. These data may inform why the
(010) and the (100) deformation twinning systems observed
in the thin film** and sheet®* were not active in bar and wire
samples due to the distinct sample geometries and stress
strain status during deformation. More studies with different
sample geometries and textures are recommended.

Fig. 4 shows diffraction spectra of the austenitic wire
sample before and after the stress-induced martensite trans-
formation. Similar to Fig. 1, the lower part of each figure
shows the experimental results; the upper part shows the fit-
ted results. It can be seen that diffraction patterns of both the
austenite and martensite phases were well captured. Inverse
pole figures of the austenite before deformation and the
stress-induced martensite at selected strain levels are shown
in Fig. 5. It can be seen that the austenite has a strong (334)
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FIG. 3. (a) (010) compound twining
and (b) [011] type II twinning in the
martensite. Crystal structures are con-
structed by using the Balls & Sticks
software.?

@ Ni
@ Ti

fiber texture, which is 8° away from the well adopted (111)
fiber texture.'> The reason for this difference is unknown
and requires further investigation. After the stress-induced
phase transformation, a strong (261) fiber texture was
produced in the martensite (Fig. 5(b)). Similar to the near
(130)-fiber of the martensitic wire, the strength of the (261)
fiber was slightly decreased at high strains (Fig. 5(c)). The
fitted lattice parameters are a=3.016 A for the austenite,
and a=2.900A, b=4.630A, c=4.150A, and y=96.49°
for the stress-induced martensite phase.
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FIG. 4. Synchrotron diffraction spectra of the austenitic wire during defor-
mation; (a) before deformation, (b) after martensite phase transformation.
The bottom of each figure shows the experimental results, the top of each
figure is given by Rietveld fit. Identifications of martensite peaks can be
found in Fig. 1.
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Based on the orientation relationship between the aus-
tenite and martensite,?® the (343) austenite plane is parallel
to the (61.160.17) martensite plane. The angle between the
(61.160.17) plane and the (130) plane in martensite is ~6.8°
(~4.8 between the (61.160.17) and the (261) planes), which
is likely caused by the rigid body rotation. It is worth men-
tioning that, for this specific case, no precipitates or stress-
induced R phase were observed during the test. Further, the
volume fraction of the residual austenite was less than 3% at
strains above 5.5%:; thus, the influences of these factors on
the texture of the SIM should be negligible. Therefore, the
strong (130) martensite fiber texture was produced from the
(334) austenite texture by a lattice deformation and a rigid-
body rotation. The large d-spacing of the (130) plane makes
it most favorable among all the possible variants. Fig. 5
shows that the strength of the (130) martensite is about 6
times higher than the (334) austenite (i.e., 35.96 vs. 6.42
mrd). The change of reflection multiplicity caused by the
structure change may explain this observation. The reflection
multiplicity is 24 and 4 for the (334) austenite plane and the
(130) martensite plane, respectively. Thus, the random den-
sity of the (130) martensite plane will be 6 times lower than
the (334) austenite plane. The result of this is that the texture
by multiples of random density of the (130) martensite is 6
times sharper than the correspondent austenite plane.

In summary, the texture evolution of a thermal marten-
sitic and an austenitic nitinol wire during tensile deformation
were studied by in situ synchrotron X-ray diffraction. The
thermal martensitic wire had the (120), (120), and (102)
fibers before deformation. During deformation, detwinning
converted the (120) and (102) fibers to the (120) fiber, while
associated rigid body rotation led to the final (130)-fiber. At
strains above 10%, the (210) deformation twinning caused
the (130)-fiber shift towards the (110) fiber. On the other
hand, the austenitic wire showed an initial (334)-fiber instead
of the well-accepted (111)-fiber, which transformed to the
near-(130), (261)-fiber in the stress-induced martensite.

Use of the synchrotron X-ray at APS was granted by the
U.S. Department of Energy, Office of Science, under
Contract No. DEAC02-06CH11357. Data analysis was per-
formed by using the FIT2D and Maud software. S.C. and
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'35.96

FIG. 5. Inverse pole figures of the axial
direction of the austenitic wire at dif-
ferent strain levels; (a) austenite, (b),
(c) stress-induced martensite. Strains
are labeled at the upper left of each
pole figure.
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