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Abstract
The near equi-atomic intermetallic Ni Ti alloy Nitinol is used for medical implants, notably in self-expanding stent grafts and
heart valve frames, which are subjected to several hundred million load cycles in service. Increasing the testing frequency to the
ultrasonic range would drastically shorten the testing times and make the very-high cycle regime experimentally accessible. Such
tests are, however, only meaningful if the material response at ultrasonic frequency is identical to that observed in conventional
fatigue tests. A novel fatigue testing setup where superelastic Nitinol dog bone specimens are loaded at ultrasonic cycling
frequency is presented. Loading conditions resemble in vivo loading (i.e., repeated cyclic loading with relatively small strain
amplitudes, specimens in a pre-strained multi-phase state). Strains and phase transformations during ultrasonic frequency cycling
are quantitatively measured in an X-ray diffraction (XRD) synchrotron experiment and compared to the material response at low
frequency. The XRD experiment confirms that forward and reverse stress-induced phase transformation from austenite to
martensite via the intermediate R-phase occurs during low frequency (0.1 Hz, strain rate ε̇≈ 10−3 s−1) and ultrasonic frequency
(20 kHz, ε̇≈ 102 s−1) cycling. Since the same deformation mechanisms are active at low and ultrasonic frequency, these findings
imply a general applicability of the ultrasonic fatigue testing technique to Nitinol.
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Nomenclature
DAQ Data acquisition.
DIC Digital image correlation.
ESRF European Synchrotron Radiation Facility.
FEA Finite Element Analysis.
FWHM Full width at half maximum.
HCF High cycle fatigue.
USF Ultrasonic fatigue testing.
VHCF Very-high cycle fatigue.

XRD X-ray diffraction.
Af Austenite finish temperature (°C).
d Lattice spacing (Å)
Δd Lattice deformation (Å)
Q Scattering vector (Å−1) where Q = 4π/λ · sin(θ)

with wavelength λ (Å) of the incident X-ray
beam and θ half the scattering angle 2θ

εg Global strain calculated from the extension of
the specimen fixtures under tensile load

Δε/2 strain amplitude due to the cyclic displacement
amplitude Δu/2

ε˙
�

Strain rate (s−1)
εmin, εmax Minimum (maximum) tensile strain during one

ultrasonic cycle
ϕ Phase of the sinusoidal ultrasonic vibration (°)
Δϕfrm Frame phase window (°)
Δϕi Phase offset along the ultrasonic vibration signal

(°)
Δϕεmax

Phase offset along the ultrasonic vibration signal
at which minimum strain is reached (°)
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Δϕεmin
Phase offset along the ultrasonic vibration signal
at which minimum strain is reached (°)

Δu/2 Cyclic displacement amplitude (μm)

Introduction

Since its discovery in 1962 [1, 2], the nearly equi-atomic in-
termetallic Ni-Ti alloy, commonly known as Nitinol, has
attracted much interest for industrial applications. Presently,
it is widely used in the medical device industry [3, 4] because
of its two unique and closely related properties of shape mem-
ory effect and superelasticity [5, 6], as well as excellent cor-
rosion resistance, biocompatibility, and fatigue resistance [7,
8]. Common applications are minimally invasive implants like
stents, stent grafts and heart valve frames [3, 4, 9–11].

Superelasticity and shape memory in Nitinol are due to a
reversible stress-induced martensitic transformation from B2
austenite to a B19’martensite, often via an intermediate rhom-
bohedral phase called the R-phase [12]. Both the forward and
reverse transformation proceed at near constant stresses that
are commonly referred to as the upper and lower plateau
stresses, respectively. This reversible phase transformation en-
ables Nitinol devices to be compressed into a small diameter
catheter, transported to the implant location and released,
whereupon they “self-expand” i.e., regain their shape, to per-
form the intended function of structural support to blood ves-
sels and heart valves. During compression into a catheter, the
forward transformation from austenite to martensite occurs in
high-stress regions of the component; and during self-expan-
sion, spontaneous reverse transformation from martensite to
austenite occurs. Because these devices are designed to pre-
vent constriction of vessels, they are required to apply an
outward force and are not unloaded completely. So, the re-
verse transformation is restricted, leading to a multi-phase
composite comprising austenite, R-phase and martensite in
the implant condition. This composite is subjected to predom-
inantly displacement-controlled cyclic loading by the sur-
rounding tissue, resulting from cardiac cycles or musculoskel-
etal movements.

Long term implants like heart valve frames and stents must
withstand very large numbers of load cycles. Assuming a
typical adult human heart rate of 72 beats per minute, 15 years
of implant life will roughly yield 5 × 108 cycles.
Consequently, fatigue properties of Nitinol in the very-high
cycle fatigue (VHCF) regime are of great interest, as these
data are essential for the development and introduction of
Nitinol-based medical devices. However, several difficulties
are associated with the investigation in the VHCF regime.
First, the testing method must reproduce the multi-phase state
(austenite, R-phase, martensite) present in implants in vivo
after the implant procedure. VHCF lifetimes will, for example,
not occur in fully reversed fatigue tests, where specimens

undergo entire transformation cycles and will fail early.
Specimens in a multi-phase state, however, can behave entire-
ly differently, as Nitinol exhibits a strong dependency of life-
times on mean strain (e.g., [13]), where the interaction be-
tween material phases and crack initiation and propagation
play a governing role. A limiting factor for very-high cycle
fatigue testing is the long testing time associated with conven-
tional testing methods, e.g. of thin wires and diamond shaped
specimens [9, 14–16]. Hence, testing of devices is time con-
suming, and precludes fast material selection and/or design
iterations. Within the context of understanding material be-
havior, samples are often not tested to failure, but are taken
off the test at 107 cycles, without the opportunity to investigate
possible failures that may occur at greater numbers of cycles,
which limits the available knowledge about the HCF and es-
pecially VHCF fatigue properties of Nitinol [6, 7, 10, 11].

Ultrasonic fatigue testing (USF) offers a faster alternative
for obtaining HCF and VHCF data within reasonable testing
times. Nitinol, however, has a strongly strain rate dependent
deformation response. At quasi-static cyclic loading rates,
elastic-plastic loading and phase transformation are both ac-
tive in Nitinol [5], and both contribute to fatigue damage evo-
lution and failure. It is not clear if the same deformation and
damage mechanisms operate at ultrasonic loading rates. The
stress-induced phase transformation in Nitinol is accompanied
by a latent heat release that causes adiabatic heating which, in
turn, leads to increased transformation stress. This manifests
as rate-dependent mechanical response [17, 18]. At sufficient-
ly high rates, the phase transformation could be suppressed
[19]. In tension, the phase transformation is spatially hetero-
geneous and proceeds in a Luders-band like form [20]. In
order for ultrasonic fatigue testing to be applicable to
Nitinol, it is necessary to show that mechanisms of phase
transformations and plastic deformations in ultrasonic and
conventional loading rates are fundamentally identical. It is
of great scientific and practical interest, if applications of
Nitinol could benefit from this vastly accelerated testing
technique.

Synchrotron X-ray diffraction, where lattice deformation
and phase changes can both be measured in situ and with
adequate spatial resolution, has been used by many re-
searchers to investigate and shed new light onNitinol mechan-
ical behavior [21–25]. One could assess the viability of ultra-
sonic fatigue testing for Nitinol by acquiring in situ synchro-
tron XRD data if a sufficiently high sampling rate can be
achieved to capture a 20 kHz load cycle and by comparing
the deformation mechanisms with those that occur at ordinary
rates.

In this study, we developed a novel experimental method
for acquiring high-speed in situ XRD data during ultrasonic
cycling of thin superelastic Nitinol sheets with sufficient fidel-
ity for measuring cyclic strain and phase transformation. We
applied small cyclic strains on Nitinol sheet-cut dog bones at a
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non-zero mean strain where a multi-phase state was present,
similar to the scenario encountered in implanted devices. The
loading frequency was approximately 20 kHz, with corre-
sponding strain rates between 5 × 101 s−1 and 4 × 102 s−1.
We present the resulting synchrotron XRD data and discuss
deformation and phase transformation behavior of Nitinol un-
der these loading conditions. Subsequently, we evaluate ultra-
sonic fatigue loading as a method for ultrahigh cycle fatigue
testing.

Cyclic Loading of Superelastic Nitinol
at Ultrasonic Frequency

Material and Specimens

Superelastic Nitinol with 55.9 wt% nickel with an austenite
finish temperature (Af) of (13.4–14.5) °C was obtained from
Johnson-Matthey (San Jose, CA, USA). Austenite is therefore
stable at room and body temperature in the absence of stress.
Tapered dog bone specimens of approximately 0.25 mm in
thickness (Fig. 1, left) were laser cut, microblasted and
electropolished by Laserage Technology Corporation
(Waukegan, IL, USA). Microblasting and electropolishing
were performed to remove the recast and heat affected mate-
rial from laser machining, as is typically done in Nitinol med-
ical implants. The enhanced surface finish improves fatigue
performance.

Figure 2 shows a representative engineering stress-strain
curve for the superelastic Nitinol specimens used in the pres-
ent study, under displacement-controlled loading. Upon ap-
plying tensile stress, the austenitic (B2) phase deforms elasti-
cally, leading to linear behavior. At around 200 MPa the lin-
earity is lost due to the formation of the R-phase (a

rhombohedral distortion of the cubic B2 phase [26]). When
the maximum stress in the center of the specimen reaches the
temperature dependent forward transformation stress, the ma-
terial transforms to martensite (B19’), that allows for contin-
ued deformation without a significant increase of stress (upper
plateau stress). The visible increase is due to the taper in the
specimen. As a single martensitic band grows from the
narrowest cross section to an increasingly wider one, a greater
load is required to reach the transformation stress (Fig. 1,
right). When the specimen is unloaded, first the martensite
relaxes elastically, leading to a decrease in stress. When the
reverse transformation stress is reached, the martensite begins
to transform back to austenite at a nearly constant stress (lower
plateau stress), recovering the transformation strain. With the
transformation completed, the austenite unloads elastically.

Mechanical Setup for Synchrotron In Situ Cycling

Stents and similar medical devices are first compressed into a
catheter, transported to the implant location through arteries
and “deployed” by releasing from the catheter, which results
in a multi-phase composite comprising austenite, martensite,
and often the R-phase. During service, this composite is sub-
ject to cyclic loading. In the present study, a pre-strain is ap-
plied, which is the tensile equivalent of the above process as
shown in Fig. 2: A global strain εg (i.e., extension of the clamp
distance in Fig. 1, left) of approximately 6% is applied first
to mimic compression into a catheter where forward transfor-
mation to martensite occurs; deployment i.e., releasing the
device from the catheter, is equivalent to partially unloading
the test specimen to reach ≈ 3% global strain along the
lower plateau where the reverse transformation to austenite
is partially complete. Subsequent cyclic loading mimics pul-
satile loading within the blood vessel due to cardiac cycles.

Fig. 1 Sheet specimen shape used for ultrasonic fatigue testing and in situ
XRD (all dimensions in mm), specimen thickness is 0.25mm (left); phase
distribution across the pre-strained specimen (right)

Fig. 2 Stress-strain curve of specimen pre-straining procedure applied
before cyclic loading
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During “type I” loading (Fig. 2, IIIa) the specimen is cycled so
that neither the upper plateau stress is exceeded, nor the lower
plateau stress is undershot i.e., the specimen only experiences
nominally elastic deformation. In “type II” (Fig. 2, IIIb) both
plateau stresses are exceeded / undershot so that the specimen
should undergo forward and reverse transformation between
the austenitic B2 austenite phase and the B19’ martensite
phase.

A miniaturized tensile stage to fit into the beam path at
beamline ID15A at the ESRF was developed, that incorpo-
rates an ultrasonic load train (Fig. 3). With this, the specimen
can be cyclically loaded in the synchrotron beam path at ap-
proximately 20 kHz after the simulated crimping procedure
(Fig. 3, left). The tensile stage is equipped with a load cell of
500 N capacity. Two synchronously stepper motor driven
spindles allow for 0.3 μm step resolution of crosshead dis-
placement. The stage is controlled via custom software written
in NATIONAL INSTRUMENTS LabVIEWand allows for displace-
ment, load, and extension control. It also features a basic func-
tion generator for sinusoidal loading at frequencies up to 2 Hz.

Small Cyclic Strains at High Strain Rates

Cyclic loading of thin sheets at ultrasonic frequency is not
trivial, as the specimen shape imposes significant constraints
on existing ultrasonic fatigue testing techniques. For speci-
mens of small thickness (typically below 1 mm thickness),
sound transfer degrades and undesirable higher order har-
monics could occur due to the abrupt change in cross section
from the load train to the thin sheet. At the same time, the
tendency of the specimen to buckle increases as sheet thick-
ness decreases due to the decreasing critical buckling load. In
an existing technique to test thin maraging steel sheets at ul-
trasonic frequency the sheet specimen is clamped to a so-

called carrier specimen and is forced to vibrate along with
the resonance vibration of the carrier specimen [27]. This ap-
proach, however, is not directly applicable to thin sheets of
Nitinol, as the carrier specimen cannot accommodate the large
static strains that are required for the pre-straining procedure.

In the present investigation, we adapted the conventional
ultrasonic fatigue testing method for cycling thin sheets of
superelastic Nitinol by removing the resonance requirement
altogether (Fig. 3). Rather, the upper end of the sheet specimen
is screw-mounted to the lower end (i.e., vibration antinode) of
a resonating ultrasonic horn. The lower end of the specimen is
screw-mounted to a rigidly mounted rod stub at the load cell.
The upper end of the specimen is thus forced to move in
unison with the resonance vibration of the horn at approxi-
mately 20 kHz and is experiencing cyclic strain at the same
frequency. The specimen is not vibrating in resonance, but it is
cyclically stressed in a quasi-static fashion.

The sinusoidal cyclic displacement at about 20 kHz cycling
frequency is generated and controlled by the ultrasonic fatigue
testing equipment developed at Physics BOKU Vienna [28].
Specimen and fixture heating were avoided by the combined
use of a pulse-pause sequence for loading and forced-air
cooling (21 °C). Pulses of 100 ms and pauses of about
500 ms were found to be adequate. The displacement ampli-
tude Δu/2 of the vibration antinode at the lower end of the
ultrasonic horn (i.e., the upper end of the specimen) is obtain-
ed from dynamic strain gauge readings taken at the position
indicated in Fig. 3, that are translated to displacement ampli-
tudesΔu/2 via modal FEA simulation [29] at the actual reso-
nance frequency of ≈ 18.3 kHz. The relationship between
strain gauge reading and displacement of the horn’s lower
end was verified with a FOTONIC fiber optic measurement sys-
tem. The same sensor was intermittently employed to confirm
that no buckling vibrations occurred.

Fig. 3 Mechanical setup for in
situ synchrotron XRD during
cycling at ultrasonic frequency;
schematic (left) and detail view
with mounted specimen (right)
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Pre-Straining, DIC and Static Strain Distribution

The pre-straining procedure as well as cyclic loading were
both performed under displacement control. Because of the
localized nature of the transformation [20], strain is heteroge-
neous across the specimen and cannot be calculated analyti-
cally from the global load-displacement data. In addition, for a
given static displacement or ultrasonic cyclic displacement,
the resulting strains and strain amplitudes depend on the com-
pliance of the system load frame, ultrasonic load train and the
specimen. A relationship between applied displacements and
strains within the dog bone can be obtained despite these
difficulties by using a strain mapping technique like digital
image correlation (DIC).

A DANTEC DYNAMICS DIC system was employed to derive
global strain and the strain distribution along the specimen as a
function of crosshead displacement. First, the specimen was
loaded to approximately 6% global strain. A single martensite
band nucleates at the center of the specimen at a 34° angle to
the horizontal. As loading progresses, the entire gauge section
of the specimen is converted to martensite. During the partial
unload to 3% global strain, the band contracts back to the
center, resulting in a single martensite band at the center of
the gauge section and austenitic regions above and below this
band (Fig. 1, right). The strain in the martensite band, a sum of
both elastic and transformation strains, is 4% - 5%, whereas
the strain in the austenitic region remains below 1%. R-phase
is not detectable by DIC due to the small strains involved in
the austenite to R-phase transformation and its continuous
nature. The interface between austenite/R-phase and martens-
ite, though visible as a sharp line on the surface to the naked
eye, is revealed to be a narrow band of material (100 μm -
150 μm width) with intermediate strains. This band is distinct
from the martensitic band and will be referred to as the upper
and lower transition zone, respectively (Fig. 1, right).

In Situ Synchrotron XRD during Ultrasonic
Cycling

In situ synchrotron diffraction experiments were performed at
the European Synchrotron Radiation Facility (ESRF) to inves-
tigate the material response at the very high strain rates during
ultrasonic loading (between 101 s−1 and 2 × 102 s−1). Of par-
ticular interest in this investigation is the equivalence of de-
formation mechanisms and phase transformation at low and
ultrasonic frequency. To that end it must be verified that both,
the R-phase as well as the martensitic phase, occur during
cyclic loading at approximately 20 kHz as they do under
quasi-static or low frequency loading conditions. XRD is a
commonly used non-destructive technique for observing lat-
tice deformation in a wide range of materials and has been
successfully applied to Nitinol for phase identification

[30–32]. The present experiment aims to combine those abil-
ities of XRD with in situ cyclic loading of Nitinol sheet spec-
imens to resolve lattice deformations and phase transitions
during cycling at ultrasonic frequency, resulting in small
strains at high strain rates.

XRD Setup

The experiment was conducted at the ESRF in Grenoble,
France, at the beamline ID15A, which was specifically chosen
for its high-energy X-ray radiation and its fast detector capa-
bility (Vaughan, G.B.M, et al., J. Synchrotron Radiat., under
review). It is crucial to achieve short exposure times (approx-
imately 1 μs) so that the diffraction spectra corresponding
to a specific phase ϕ of the sinusoidal 20 kHz vibration
can be reliably recorded. 60 keV radiation was employed
for all measurements in this study with a beam size of
(134 ± 5) μm × (170 ± 5) μm FWHM. The sample to de-
tector distance was 714 mm. The DECTRIS CdTe Pilatus 2 M
detector used in this study is capable of very short gated expo-
sures i.e., the detector will expose for as long as an external
trigger signal remains at logic high level. The minimum suc-
cessfully achieved exposure time was 170 ns, which comfort-
ably permits the targeted exposure time of 1 μs. Sample-
detector distance and Q-range were calibrated with a LaB6

powder sample; the background was corrected with an air mea-
surement of 40 min duration. Tests were carried out in air with
a controlled temperature of 21 °C at 50% relative humidity.

Data Acquisition Strategy

Preliminary tests at ID15A had indicated that with an energy
of 60 keV, exposure times of about 10 ms were necessary to
acquire diffraction patterns with reasonable intensity (i.e., the
ratio of the interpeak zone to the austenitic (110) peak was
approximately 2 × 10−3). However, since a clear attribution of
a single diffraction pattern to a specific phase ϕ of a
20 kHz cycle is crucial, a single exposure should not signifi-
cantly exceed 1 μs. To circumvent this limitation, a frame
summation scheme was devised which is illustrated in
Fig. 4: Rather than acquiring one single exposure for one
specific phase offset position Δϕi, a short frame phase win-
dow Δϕfrm of about 1 μs length at phase position Δϕi was
repeatedly exposed until a cumulative exposure of texp, i =
10 ms was acquired. This process was repeated for a slightly
larger Δϕi + 1 to obtain texp, i + 1 and so forth, until all phase
positions Δϕ were covered. For this scheme it is crucial that
Δϕi andΔϕfrm are accurately timed within a few nanoseconds
for every single triggering iteration.

The above scheme was implemented using a NATIONAL

INSTRUMENTS multi-function DAQ card (PCIe-6321) running
on customLabVIEW code, generating a (0–5) V trigger signal
wired to the detector for gated exposure. Time referencing of
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the output trigger signal is tied to the cycle generation clock of
the ultrasonic fatigue test generator and can be configured to
generate j output pulses. The trigger generation sequence
starts only after the pulsed ultrasonic vibration has reached
its nominal amplitude. If the number of output pulses exceeds
the numbers of cycles per pulse, it is split over multiple ultra-
sonic pulses. The ultrasonic system’s resonance frequency is
constantly monitored with a continuously running FFT algo-
rithm that is accurate to within 0.1 Hz at the actual 18.3 kHz
cycling frequency [33]. The phase-related quantities (Δϕ,
Δϕfrm) are set in terms of phase angle, while the correspond-
ing absolute time intervals are continuously calculated from
and adjusted for changes in resonance frequency for optimum
accuracy of phase attribution. For the current beam configu-
ration a total exposure texp, i = 10 ms at each of phase offset
Δϕi (i∈ [0, 49]) was targeted over a frame phase window of
7.2° (i.e., Δϕfrm ≈ 1.09 μs at ≈ 18.3 kHz resonance frequen-
cy), requiring j = 9174 individual frames per 10 ms total ex-
posure. The 9174 individual frames were broken up over ten
successive ultrasonic pulses of 100 ms duration each.

In addition to the ultrasonic tests, specimens were also
cyclically loaded at a low frequency. Exposures of 10ms were
taken at the same 50 phase positions Δϕi while cycling the
specimen at 0.1 Hz. While these measurements set the base-
line for comparing scattering patterns at high and low frequen-
cy loading, they initially also served a different purpose:
Inherent to the ultrasonic equipment’s electronic design, the
sinusoidal strain signal in the specimen is phase-shifted with
respect to the cycle generation clock of the USF equipment by
an initially unknown (but constant) amount. By comparing
phase resolved observations of lattice deformation at both fre-
quencies, the initial phase offset of the USF equipment can be
determined with respect to the known phase of the low-
frequency signal. With this, it is possible to pinpoint the phas-
ing i of minimum (Δϕεmin

) and maximum strain (Δϕεmax
),

respectively, during an ultrasonic cycle, saving overhead

cycles and time to capture the 48 less relevant positions in
between.

In Situ Synchrotron XRD Data

Because the austenite-martensite transformation stress is sen-
sitive to temperature, it is vital to ensure that the X-ray beam
does not cause specimen heating. With 86% X-ray transmis-
sion through the 0.25 mm thick specimen at 60 keV, in situ
temperature measurements with an infrared camera showed
no detectable changes in specimen surface temperature with
a continuously incident beam on the air-cooled specimen over
the duration of one minute. This implies that the mechanical
response, phase transformation, and, by extension, diffraction
data are unaffected by the X-ray beam.

As detailed in the previous section, a single diffraction pat-
tern was derived from a total exposure of 10 ms. Static dif-
fraction patterns for the investigated Nitinol were acquired in
the austenitic (i.e., without any tensile load applied) and in the
martensitic state. Figure 5 (top row) shows the raw patterns
that allow for a clear distinction between the cubic austenite
(B2) (left column) and the monoclinic martensite (B19’) (right
column) phase. A pronounced directionality (i.e., arcs instead
of circles) of some peaks is visible in both patterns, indicating
that the specimens were cut (and consequently loaded) in sheet
rolling direction that corresponds to the (100) and (200) direc-
tion for the austenite, and to (001) for the martensite, respec-
tively. Raw patterns were integrated over the “northern” azi-
muthal sector between 81° and 99°, as these sectors contain
the largest contributions of these peaks. Figure 5 (bottom row)
shows the integrated patterns for both phases with the crystal-
lographic directions of the most prominent peaks indicated.

Elastic Deformation at Low and Ultrasonic Frequency

To confirm that the DAQ strategy was sufficiently resolving
the ultrasonic vibration signal, lattice deformation Δd was
calculated from peak shifts occurring over one full ultrasonic
cycle. To this end, the specimen was cycled in tension-tension
at the ultrasonic frequency in the fully austenitic state with an
amplitude ofΔu/2 = 15 μm (type I), which corresponds to an
average strain amplitude of Δε/2 = 2.6 × 10−4. The mean
strain was chosen so that the specimen remained fully aus-
tenitic over the whole cycle, but with the minimum strain
still in tension (i.e., no compression occurred). The beam
was aimed at the center of the gauge section. At a reso-
nance frequency of approximately 18.3 kHz, the strain rate
in the center of the gauge section was ε̇≈ 7 × 101 s−1.
Patterns were acquired for all 50 phase positions Δϕi ∈
[0°, 352.8°]. The peak shift was calculated with respect
to the specimen at a static mean load. The same procedure
was completed for a full loading cycle at a loading

Fig. 4 DAQ and triggering scheme for in situ synchrotron XRD data-
acquisition at ultrasonic cycling frequency
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frequency of 0.1 Hz with Δu/2 = 15 μm (ε̇≈ 4 × 10−4 s−1).
Figure 6 shows Δd as a function of the phase offset Δϕi

over a full cycle at the ultrasonic frequency (left), and at
the 0.1 Hz quasi-static cycling frequency (right). The DAQ
strategy is able to resolve lattice deformation due to the
sinusoidal vibration reasonably well, both temporally and
in magnitude. Coincidentally, the phase offsets for minimum

(Δϕεmin ) and maximum strain (Δϕεmax ), as well as for the two
zero crossing positions during one ultrasonic cycle were derived.

The entire procedure was repeated for both ultrasonic and
quasi-static loading at 0.1 Hz, at two additional positions:
2 mm above and 2 mm below the center of the gauge section
(Figure 6). It is clearly visible that Δd(Δϕi) is virtually iden-
tical at all three positions, and also between ultrasonic and

Fig. 5 XRD pattern of austenitic
(left column) and martensitic
phase (right column); raw patterns
(top row) and integrated spectra
(bottom row); the most relevant
peaks for fitting to derive lattice
parameters are indicated

Fig. 6 Phase-resolved shift in B2
(200) lattice spacing d = 2π/Q in
the fully austenitic specimen with
respect to d at tensile mean strain
in the center of the gauge section,
and 2 mm above and below,
respectively, during one full
ultrasonic cycle (fres≈ 18.3 kHz,
Δu/2 = 15 μm, ε̇≈ 7 × 101 s−1)
(left) and during quasi-static
cycling (f = 0.1 Hz, Δu/2 =
15 μm, ε̇≈ 4 × 10−4 s−1) (right)
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0.1 Hz loading. This confirms that the assumption of quasi-
static behavior during ultrasonic cycling is satisfied, as ultra-
sonic loading matches loading at 0.1 Hz both in magnitude
and uniformity along the specimen.

Nitinol Forward and Reverse R- Phase
Transformations during Cycling at Ultrasonic
Frequency

During conventional cyclic loading in Nitinol, elastic de-
formation and phase transformations between austenite,
R‑phase and martensite are all likely. At ultrasonic strain
rates, elastic deformation is expected in the same manner
as in conventional loading, and the results presented above
experimentally prove this expectation for Nitinol. The
same cannot be said about phase transformations, which
could possibly be suppressed at high loading rates [17,
20] due to adiabatic heating and consequent increase in
transformation stress.

Upon static tensile loading of the fully austenitic specimen
(Fig. 2), the R-phase appears in the gauge section at around
200 MPa. When the specimen is cycled around this mean
strain, the mass fraction of R-phase in the illuminated volume
should increase towards maximum strain and subsequently
decrease towards minimum strain.

Figure 7 shows integrated diffraction patterns of the
R‑phase (012) peak that were acquired at maximum,
minimum, and mean strain during ultrasonic cycling with
Δu/2 = 10 μm (ε̇≈ 5 × 101 s−1 in the center of the gauge sec-
tion). With increasing strain, the peak height increases in uni-
son with a shift to lower values of Q, while the ratio of the
austenitic (110) peak height to the R-phase (012) peak de-
creases from ≈ 168 at minimum strain to ≈ 121 at maximum
strain. The increase in peak height implies a larger mass frac-
tion of R-phase in the illuminated volume, while the shift is a
consequence of the lattice deformation during maximum
strain. We conclude that the B2 to R-phase transformation,

both forward and reverse, can occur at the very high strain
rates during ultrasonic cycling.

Nitinol Forward and Reverse Austenitic-Martensitic
Phase Transformations during Cycling at Ultrasonic
Frequency

The same concept was employed for investigating forward
and reverse transformation to martensite. The specimen was
first pre-strained and was then loaded to a point halfway be-
tween the lower and the upper plateau stresses, so that the
phase distribution across the specimen length would corre-
spond to Fig. 1 (right). The beam was positioned closely be-
low the lower transition zone (i.e., in the austenite).
Subsequently, a sufficiently high displacement amplitude
was applied to cause hysteretic loading along both plateaus
of the stress-strain curve (type II loading; Fig. 2 IIIb). This
procedure leads to the experimental difficulty of specimen
movement. The upper end of the specimen that is fixed to
the resonating ultrasonic horn shows maximum sinusoidal
displacement. Towards the lower end that is fixed to the load
cell, this movement decreases, however, significant displace-
ment still occurs in the center region of the specimen. With
respect to the beam alignment, this means that the location
closely below the transition zone, while illuminated by the
beam at mean strain, would move upwards under the beam
towards maximum strain. Much of the ultrasonic displace-
ment is consumed by elastic deformation of the existing
phases, and even if additional martensite were to form, it
would not be detected by the beam. Conversely, as the spec-
imen is relaxed to minimum strain, although martensite would
be transformed back to austenite, due to the movement of the
transition zone additional martensite would be introduced into
the beam path. Both effects could impede detection of the
forward and reverse transformation. This was overcome by
choosing a very high cyclic amplitude of 35 μm (equivalent
to a global strain amplitude of ≈ 5 × 10−3) and aiming the

Fig. 7 R-phase formation during
ultrasonic cycling shown at the
R‑phase (012) peak at minimum,
maximum and mean strain during
one ultrasonic cycle for the entire
acquired Q-range (left) and de-
tailed look at the R-phase (012)
peak (right); Δu/2 = 10 μm,
ε̇≈ 5 × 101 s−1
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beam at a point sufficiently far below the transition zone: Even
though the transition zone would move away under the beam,
the martensitic band would widen so much that it would ex-
tend back into the beam at maximum strain, while it would not
rebound into the beam at minimum strain. This, however,
presents a new difficulty, as the very high amplitudes only
yield very short fatigue lifetimes. At 9174 frames per full
exposure at each of the 50 phase offsetsΔϕi, with each frame
accounting for one load cycle, plus overhead cycles during
pulse build up the specimen would quickly be destroyed be-
fore the acquisition could be completed. This was overcome
by only acquiring exposures at the phase positions of mini-
mum and maximum strain, Δϕεmin

and Δϕεmax
, respectively,

that had been obtained by aligning the ultrasonic signal with
the known phasing of the 0.1 Hz loading as shown in Fig. 6
(right).

With this it was possible to complete a few subsequent
exposures k and k + 1 at Δϕεmin

and Δϕεmax
in an alternating

fashion before the specimen fractured. The results are present-
ed in Fig. 8 that shows theQ-range relevant for the martensitic
(101) peak. The (101) peak appeared during maximum tensile
strain, which shows that martensite formation occurs at the
high cyclic strain rate of approximately ε̇≈ 2 × 102 s−1 in the
center of the gauge section. Further, the martensitic peak dis-
appears duringminimum tensile strain. This demonstrates that
both the forward and reverse transformation fromB2 austenite
to the B19’ martensite can occur at ultrasonic loading rates.

Discussion

In the present study, we examined strain rate effects on phase
transformations in Nitinol by comparing cyclic deformation at
ultrasonic loading rates with those at quasi-static rates. Similar
work has not been reported earlier in the literature; high strain
rate behavior of Nitinol was mostly studied using split-
Hopkinson pressure bar (SHPB) setups that exert single im-
pulse loads e.g., [18, 34–36]. These setups often require
(cylindrical) specimens of at least several millimeters in thick-
ness and lateral dimensions, and the SHPB does not allow
loading of (thin) sheets and wires because impulse transfer
requirements cannot be met. Additionally, specimens used in
SHPB typically lack stress intensifying shapes i.e., they fea-
ture large simultaneously transforming volumes without
preordained transforming sections that would localize the
stress induced martensite (SIM) transformation. Some degree
of pulse shaping is mandatory to achieve at least sectionally
constant strain rates. Specimens are loaded from a fully re-
laxed state to very large strains of up to 24% [18] causing
irreversible plastic deformation, which precludes the possibil-
ity of investigating fatigue at small cyclic strain amplitudes in
specimens under a multi-phase configuration, such as those

that occur during service life of a medical implant like a stent.
Even studies that specifically investigate “small strains” [34,
37] focus on single impulse loading of fully relaxed specimens
up to several percent strain, a loading configuration that does
not resemble actual in service loading conditions. Several
studies have reported substantial increases in specimen
(surface) temperatures during single impulse loadings at strain
rates of the order of 103 s−1 [18, 20, 34, 38], that are attributed
to adiabatic heating, as a multitude of transformation fronts
moves through the testing volume. Concomitant shifts of
transformation stresses (both forward and reverse) of the order
of ≈ 7 MPa K−1 [20] were also observed even at rather low
strain rates of about 10−3 s−1 [39, 40]. This suggests that, at
sufficiently high strain rates, stress induced martensite forma-
tion could be entirely suppressed [34] .

In the present investigation, small cyclic amplitudes of up
to Δε/2 ≈ 5 × 10−3 at strain rates of the order of ε̇≈ 102 s−1

were applied to small sheet specimens in a pre-strained multi-
phase state, by means of an adapted USF testing setup. The
strain rates were determined by the system’s resonance fre-
quency and the applied displacement amplitude Δu/2 arising
from the sinusoidal loading signal. The aim was to explore the
possibility of accelerated fatigue testing of materials intended
for medical implant applications under loading conditions rel-
evant to in vivo loading conditions i.e., repeated cyclic load-
ing with small strain amplitudes, versus single impulse load-
ings with residual plastic deformation.

In the present study, infrared spot measurements
( FWHM ≈ 0 . 5 mm ) a t t h e t r a n s i t i o n z o n e s
(≈100 μm wide; Fig. 2) during cyclic loading with high
displacement amplitudes Δu/2 ≥ 35 μm (without forced-
air cooling) revealed temperature increases of only

Fig. 8 Austenite - martensite forward and reverse transformation shown
by the appearance of the martensitic (101) peak (plotted versus scattering
vector Q) during maximum tensile strain εmax and its disappearance
during minimum tensile strain εmin for subsequent exposures k and k + 1;
Δu/2 = 35 μm, ε̇≈ 2 × 102 s−1
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ΔT≤ 1 K. While the real temperature increase is likely
underestimated due to the spot size, in contrast to the
works above, we did not observe substantial macroscopic
heating during cyclic loading of thin dog bone specimens.
Temperature increases did not occur despite cyclic mar-
tensitic transformation (both, forward and reverse) taking
place at the high strain rates of ε̇≈ 102 s−1 (Fig. 8). We
suspect the lack of significant temperature increase in the
present experiments to be a consequence of the specimen
geometry and cyclic loading from a multi-phase state
where austenite, R-phase and martensite are all present.
The additional transforming volume during cycling loading is
only a few μm3; coupled together with the relatively large surface
area that allows effective cooling, this limits the concomitant in-
creases in temperature and martensitic transformation stress. In
contrast, in previous studies where larger temperature increases
were observed in cylindrical specimens of uniform cross section,
the transforming volumes were significantly larger [e.g., 18, 34–
36]. Additionally, the fact that both the forward and the reverse
martensitic transformation are not being suppressed in the present
study even at strain rates of ε̇≈ 102 s−1 may also be due to small
transforming volumes during cyclic loading. These findings are in
line with the crystallography point of view that because the SIM
transformation in Nitinol is a displacive volume preserving trans-
formation, it is expected to be rate independent, as long as the
temperature is undisturbed by any latent heat release.

The present investigation has strong implications for fa-
tigue testing of Nitinol in the HCF and VHF regime. We
showed that the austenite to R-phase transformation occurs
during ultrasonic cycling. The amount of R-phase in the pre-
dominantly austenitic matrix increases and decreases during
an ultrasonic cycle in the same manner as in quasi-static load-
ing. We could also confirm transformation to and from mar-
tensite during ultrasonic loading. Since both mechanisms
(transformation to R-phase and B19’ martensite) that operate
at low frequency loading also operate at ultrasonic loading
frequencies, one of the principal necessary conditions is met,
unlocking the possibility of investigating the fatigue proper-
ties of Nitinol in the HCF and VHCF regime. However, it is
not yet known if the process of fatigue damage and the asso-
ciated fatigue lifetimes are equivalent at low and ultrasonic
frequencies. Further studies are necessary to investigate how
ultrasonic frequency fatigue data can be applied for fatigue
prediction of actual components stressed at low frequencies
in vivo.

Conclusions

In this study, a unique new experimental technique is present-
ed to quantitivelymeasure strains during high strain rate cyclic
deformation, with the primary goal of comparing ultrasonic

and ordinary cyclic loading. The implementation of this meth-
od has provided important insights into ultrasonic cyclic load-
ing of Nitinol that are of interest to accelerated fatigue testing
of Nitinol medical implants.

& A novel setup for in situ synchrotron XRD during
ultrasonic cycling of thin sheet specimens of superelastic
Nitinol was developed, where the specimens undergo
forced vibrations at about 20 kHz cycling frequency. The
newly developed technique is capable of applying cyclic
strains at high strain rates of the order of ε̇≈ 102 s−1 to
superelastic Nitinol dog bone specimens in a pre-strained
multi-phase state. It is capable of suppressing macroscopic
specimen heating through loading in a pulse-pause
sequence and additional forced air cooling.

& AnXRD experiment at the ESRF confirmed that the novel
setup and DAQ strategy were able to sufficiently resolve
lattice deformation during ultrasonic vibrations.
Cycling the material in the elastic regime confirmed that
the lattice strains produced at ultrasonic loading
rates are identical to that observed during quasi-static
loading.

& The same deformation mechanisms were activated
at ordinary (0.1 Hz, ε̇≈ 10−3 s−1) and ultrasonic
(20 kHz, ε̇≈ 102 s−1) loading rates namely, the forward
and reverse transformation from austenite to martensite
through the intermediate R-phase.

& The XRD experiment addresses the general applicability
of the ultrasonic fatigue testing technique to Nitinol.
Further testing is necessary to compare low frequency
and ultrasonic testing at high amplitudes to unlock the
possibility of investigating Nitinol fatigue behavior in
the HCF and VHF regime with the ultrasonic technique.
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