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Ultrasonic velocity and attenuation measurements of a commercially available Ni-rich
polycrystalline Ni—Ti alloy were simultaneously obtained upon cooling from room tem-
perature (RT) down to 130 K. The anelastic spectra show multiple anomalies in both ve-
locity and attenuation curves, which evidence a complex nature of structural
rearrangements exhibited by Ni—Ti alloy, associated with relaxations and phase trans-
formations. In particular, some evident anomalies at 285 and 180 K, not previously
exploited using ultrasonic measurements on Ni-rich polycrystalline Ni—Ti alloy, were
associated with austenite to pre-martensitic (B2 — R) and pre-martensitic to martensitic (R
— B19’) phase transitions, respectively. The peculiar temperature separation between
these transformations was interpreted based on chemical composition and the Ni—Ti alloy
microstructure evolution. X-ray diffraction (XRD), scanning electron microscopy (SEM) and
differential scanning calorimetry (DSC) were also used to add complementary results about
phase transformations and thermal events exhibited by Ni—Ti alloy at low temperatures.
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XRD, Rietveld refinement, SEM and transmission electron microscopy (TEM) analyses
confirm the coexistence of the austenite B2, martensite B19’, and Ni,Ti; phases at RT. DSC
measurements indicated reversible two-stage martensitic transitions involving B2 < R «
B19’ phase transformations at similar temperatures than the observed from ultrasonic
anomalies. Besides that, several anelastic relaxation events identified around the phase
transitions reveal the occurrence of complex physical mechanisms, such as accommoda-
tion of the twinned R-phase and martensite domain walls, twinning boundaries mobility,
and the coupling between stress-induced dislocation motion and interstitial diffusion, not
reported simultaneously in the literature. The ferroelastic nature of martensite and pre-
martensite phase transformations was confirmed for a commercially available Ni-rich
polycrystalline Ni—Ti alloy studied in this work.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In the last decades, titanium (Ti) and its alloys have received
considerable attention as biomedical materials used in load-
bearing implants such as artificial hip joints, bone plates and
screws, spinal instruments, and dental implants [1]. The main
advantages of Ti-based alloys are good biocompatibility,
relatively low elastic modulus, excellent corrosion resistance,
and, particularly, good strength to density ratio [2—6]. The
influence of alloying elements on Ti alloys contributes to a
wide range of microstructural and mechanical properties [7].
The mechanical properties of Ti are determined by its degree
of purity, which fundamentally depends on the production
and processing conditions [8]. The presence of impurities in
determined amounts increases hardness and strength to the
detriment of plasticity. The increased affinity of Ti determines
the presence of impurities like oxygen, nitrogen, carbon, and
hydrogen at high temperatures [7]. Among Ti-based alloys, Ti-
50at.%Ni (Nitinol) [9] is one of the most promising Ti implants
as it possesses a mixture of novel properties such as shape
memory effect, suitable biocompatibility, superelasticity, and
high damping properties. Their medical applications include
orthodontic wires for dental, intravascular stents, bone frac-
ture fixtures, and staples for foot surgery.

Ni—Ti-based alloys are the most important commercial
shape memory alloys with excellent mechanical properties
[10—12]. The matrix comprises the TiNi austenite phase, with
a B2 ordered structure (CsCl-type) at room temperature (RT),
the martensite is named B19’ (monoclinic), and the martens-
itic transformation occurs in two or more steps. Usually, the
first transformation is characterized by minimal temperature
hysteresis called “R-phase transformation”, which is consid-
ered a pre-martensitic behavior (precursor effect) before the
subsequent martensitic transformation itself. The second
transformation is characterized by a large temperature hys-
teresis and represents the subsequent transformation from R-
phase to B19’ phase [13].

According to Otsuka and Wayman [14], Ni—Ti alloys are
pseudoelastic at RT, while the precipitates formation can oc-
curs at different temperatures [14—16]. Among these Ni-rich
precipitates, NiyTi; is formed at lower aging temperatures

and shorter aging times [16]. While Ni;Ti is formed at higher
aging temperatures and longer times, and Ni;Ti, is formed at
intermediate aging temperatures and times [17]. The lentic-
ular structured Ni,Ti; intermetallic phase is the most relevant
concerning shape memory characteristics such as trans-
formation transition temperatures, the occurrence of residual
strains, plastic yield limit, hysteresis size, and transformation
and reorientation slopes [15]. As the final mechanical prop-
erties of Ni—Ti-based alloys are susceptible to microstructural
features, controlling the microstructural evolution during
thermomechanical processing is of significant importance.

Elastic energy dissipation spectra (attenuation or internal
friction) and anelastic relaxation form the mechanical spec-
troscopy method core, widely used in solid-state physics,
physical metallurgy, and materials science, to study structural
defects and their mobility, transport phenomena, and phase
transformations in solids [18]. In wave-propagation experi-
ments, short high-frequency pulses (frequency about MHz or
even more) are propagated through the sample [19], and their
velocity and attenuation are monitored as a function of the
temperature in the sample. It is well known that the con-
ventional ultrasonic pulse-echo technique is very sensitive to
the structural changes of the material [20], especially to linear
defects [21], domain walls motion [22], and phase transitions
[23,24].

Currently, the low-temperature effects on the mechanical
properties of Ni—Ti shape memory alloys (SMA) have attrac-
ted significant scientific and technological interest due to the
improvements provided on their machinability [25], micro-
hardness [26], yield and tensile strengths [27], cutting effi-
ciency and wear resistance on the endodontic instruments
[28,29]. Ultrasonic attenuation studies of low-temperature
martensitic transformations in Ni—Ti alloys available in the
literature are majority devoted to analyzing high purity
equiatomic Ni—Ti single crystals [30—33] behavior. These
studies reported ultrasonic attenuation peaks and minima in
the velocity wave curve around the martensitic trans-
formation temperatures. Matsumoto et al. [30] and Ren et al.
[32] reported the broad ultrasonic attenuation peaks in their
studies at the same temperature range of martensitic trans-
formation, which was regarded as new features of the trans-
formation in Ni-Ti alloys, like as evolution of martensite
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domains (phase boundaries and martensite twin boundaries)
during the martensite phase growth. The contribution of other
physical mechanisms to the equiatomic Ni—Ti single-crystal
low-temperature ultrasonic attenuation spectrum was also
reported, as the martensite twin boundary motion, which
gave  place to relaxation  peaks  below  the
martensite—austenite transition temperature [32].

Delgadillo-Holtfort et al. [34] investigated the multistage
martensitic transformations in aged Ni—Ti SMA with 50.8 at.%
Ni using the ultrasonic pulse-echo technique at low temper-
atures. They reported that the temperature evolution of the
shear and longitudinal elastic constant delivers valuable in-
formation on the influence of lattice inhomogeneities on the
structural phase transitions in the shape memory alloy, being
the dislocations and Ni,Ti; precipitates the most important
defect structures. The influence of the defects on the elastic
properties and the structural transitions seem to be strongly
altered by aging and thermal cycling. Despite that, the phys-
ical mechanism details, which contribute to the elastic prop-
erties evolution of commercial Ni-rich polycrystalline Ni—Ti
alloys during ultrasonic experiments under a cryogenic envi-
ronment, are still so far to be completely understood.

This work aimed to investigate the low-temperature
physical mechanisms associated with reversible martensitic
transformations in Ni-rich polycrystalline Ni—Ti alloy studied
by the conventional ultrasonic pulse-echo technique, with
longitudinal waves of frequencies 5 and 10 MHz. Character-
ization techniques such as X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy
(TEM) and differential scanning calorimetry (DSC) were also
used to add complementary results regarding phase trans-
formations, thermal events, ultrasonic attenuation and ve-
locity measurements.

2. Materials and methods

The Ni—Ti wires with 8 mm of diameter were provided by the
Nitinol Devices & Components (www.nitinol.com), with the
nominal chemical composition of 54.5-57 Ni, 0.05 N + O, 0.05
Co, 0.01 Cr, 0.01 Cu, 0.05 Fe, 0.025 Nb, 0.05H (wt.%), and
500 ppm of C and O. These wires were manufactured ac-
cording to industry standards ASTM F2063[9] by precise con-
trol of the composition, cold work and continuous strain-age
annealing a temperature range of 720—820 K under a stress of
35—100 MPa [35].

The crystalline structure was evaluated at RT by XRD in the
Bragg—Brentano geometry, using a Bruker D8 Advance ECO
equipment, with Cu-K, radiation (A = 1.54056 A). The crystal-
line phases were analyzed by the Rietveld method, using
GSAS® software [36] and EXPGUI® interface [37], with a Y,03

performed by energy dispersive X-ray fluorescence spectros-
copy (XRF), using Shimadzu EDX-720 equipment. The thermal
analysis was performed by DSC in a NETZSCH DSC 200 F3
Maia, using Al crucibles containing samples weighing 12 mg at
heating/cooling rates of 10 K/min, in the temperature range of
120—-300 K (similar to the used for ultrasonic measurements,
discussed below). The Ni—Ti sample used on the DSC char-
acterizations was previously subjected to a chemical etching
using an aqueous solution of nitric acid and hydrofluoric acid
at 1:1:2 (HF:HNO3:H,0) ratio for 15 s to prevent undesired ef-
fects from sample surface impurities (oxide layers).

For ultrasonic pulse-echo measurements, one sample was
cut from the original ingot as a cylinder of 10 mm diameter
and 12 mm in height. The two plane faces were mechanically
polished for ultrasonic measurements described in previous
work [38]. Ultrasonic attenuation and velocity were measured
simultaneously using the conventional pulse-echo method
[20]. AMATEC ultrasonic pulse generator was employed with a
liquid nitrogen cryostat, being the experiment setup
completely automated for measurements and temperature
heating/cooling rates monitoring. X-cut quartz ultrasonic
transducers of 5 MHz and 10 MHz fundamental frequency
were bonded to the sample face with Nonac Stopcock Grease.
The absolute round trip time for the ultrasonic wave was
initially determined between two consecutive echoes, and
then the variations of the round trip time were accurately
measured using cross-correlation techniques over a selected
echo. Ultrasonic attenuation was obtained by monitoring two
echoes in video mode, comparing the areas between two
selected echoes. Measurements were firstly performed with
longitudinal waves of 10 MHz during the cooling from RT to
130K at a constant rate of 1 K/min to avoid thermal gradients
in the sample and always maintaining the sample near ther-
mal equilibrium. Then, the ultrasonic measurements were
performed in similar cooling-heating cycles, at 5 and 10 MHz.

3. Results and discussion
3.1. Structural, microstructural, and thermal analyses
characterizations

It was confirmed the chemical composition of the as-received
Ni—Ti samples from XRF (Table 1). The Ni content was in good
agreement with the nominal composition, while some impu-
rities, such as Fe, were slightly higher than the supplier
chemical data.

Fig. 1 shows the XRD pattern and Rietveld refinement re-
sults for Ni—Ti sample at RT for as-received and after ultra-
sonic measurement conditions, where it can be qualitatively

standard sample for instrumental contribution, and crystal-
lographic datasheets from the inorganic crystal structure
database (ICSD). The microstructure was evaluated by SEM,
using FEI Inspect S-50, equipped with an X-ray energy
dispersive spectroscopy detector (EDAX SDD Apollo X). The
TEM analysis was performed using an FEI Tecnai G2 F20 TEM/
STEM 200 kV equipped with field emission gun (FEG) coupled
to energy dispersive spectrometry (EDS) EDAX detector, car-
rying semi-quantitative analyses. The chemical analysis was

Table 1 — Chemical analysis of the as-received Ni—Ti
sample.

Element Content (wt.%) Content (at.%)
Ni 57.71 £ 0.05 52.68 + 0.05
Ti 41.90 + 0.05 46.90 + 0.05
Fe 0.10 + 0.01 0.10 £ 0.01
Balance/Others 0.29 + 0.01 0.32 + 0.01
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Fig. 1 — XRD pattern and Rietveld refinement results for as-received Ni—Ti sample with the coexistence of austenite (B2),
martensite (B19'), and Ni,Tiz phases: (a) as-received and (b) after ultrasonic measurement conditions.

observed at the most intense diffraction peak (26 ~ 42°), two
shoulders at higher (26 ~ 45°) and lower (26 ~ 40") diffraction
angles, which are associated with the presence of other
crystalline phases. Following the literature [39—43], the pres-
ence of the diffraction peaks around the most intense peak at
20 ~ 42" in Ni—Ti alloys could be related to the Ni,Tis (trigonal,
R 3) for high diffraction angles and with B19’ martensite phase
(monoclinic, P2;/m) for both low and high angles, which
coexist with B2 austenite phase (cubic, Pm 3 m). The best
Rietveld refinement results, with excellent convergence and
stability, was achieved considering the coexistence of
austenite B2 (ICSD 105412), martensite B19’ (ICSD 164156), and
Ni,Ti; (ICSD 105422) phases. The Rietveld refinement (GoF
<2.000) indicated the presence of a majority of austenite B2,
with some amount of martensite B19’ (~30%), and minor
NiyTis (>20%) phases in both conditions.

The microstructural features of the Ni—Ti sample are
shown in Fig. 2 for as-received condition. The microstructure,
Fig. 2a and b, is composed of a biphasic morphology, with
some grains of the austenite B2 phase permeated by needle-
like structures of the martensite B19’ phase. The Ni,Tis
phase could not be identified through SEM images due to its
low volumetric fraction in the microstructure, in agreement
with the Rietveld refinement results. The irregular austenite
grain size is also a result of the thermomechanical processing
of the sample. The chemical mapping, Fig. 2c—e, indicates that
the small inclusions, with length in the order of tens of mi-
crometers, presented in the microstructure were slightly Ni-
depleted, which could be related to Ti-rich oxides particles
formed during the thermomechanical processing. Fig. 2c—e
presents X-ray elemental mapping through EDS of Ti—K (blue)
in Fig. 2d and Ni—K (red) in Fig. 2e.

The semi-quantitative microanalysis of the as-received
Ni—Ti sample was performed by EDX with ZAF correction
(EDAX ZAF), being the obtained results presented in Table 2.
Similar to the XRF composition, the sample exhibited a Ni-rich
content, indicating a uniform elemental distribution at the
micrometric level.

Thermal characterization through DSC analysis of the as-
received Ni—Ti sample (Fig. 3) was employed to determine

the endothermic and exothermic processes that arise from
the martensitic phase transformations. The DSC curve ob-
tained during the heating of the as-received Ni—Ti sample
shows two endothermic events, between 250 and 300 K,
which should be related to the B19’ to R-phase transformation
(273.9 K), and to R-phase to austenite B2 phase (291.2 K),
respectively, as shown in the inset of Fig. 3. Upon cooling, the
DSC present complex exothermic reaction peaks in the range
of the RT to 270 K, which should be associated with the
austenite B2 to R-phase transition (B2 — R). Additionally, a
sizeable exothermic event, with low intensity, was also
detected during the cooling cycle, between 180 and 170 K,
centered at 176.1 K, which could be related to the pre-
martensite R-phase to martensite phase transition (R —
B19’). Therefore, the sequence of phase transformations, B2 —
R — B19’, detected during the cooling cycle is evidenced in the
two-stage symmetrical martensite transition [44,45]. Wang
et al. [46] reported that only the B2 — B19’ transformation
could be observed in the full solution annealed binary Ni—Ti
alloys.

The occurrence of NiyTi; precipitates in the Ni—Ti sample
already in as-received condition at RT, as observed in XRD
analysis can be strictly related to the thermomechanical
treatment history of this alloy. In this sense, the absence of
DSC events related to the precipitation of intermetallic phases
is expected. Also, the presence of small content of a third
alloying element, such as Fe and Al, in polycrystalline Ni—Ti
alloys can favor R-phase formation [15,39]. Moreover, the
pre-martensite R-phase presence already on its early forma-
tion stages shows a significantly rhombohedral distortion of
this phase which further increases with decreasing tempera-
ture [47].

On the other hand, precipitates (such as Ni,Tiz) or dislo-
cations, which can be introduced by various thermomechan-
ical treatments, are essential for inducing the R-phase
transformation [31,48]. Thus, the existence of DSC peaks
associated with the pre-martensite R-phase is a good indica-
tion of precipitates and/or dislocations in the sample micro-
structure. Bataillard et al. [49] used “in situ” TEM analysis to
study the microstructural evolution of Ni—Ti alloys during the
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Fig. 2 — SEM/EDS analysis of the as-received Ni—Ti sample: (a) and (b) imaging of the austenite and martensite phases; (c),
(d), and (e) X-ray elemental mapping through EDS of Ti—K (blue) and Ni—K (red).

R-phase transformation into martensite. At the starting tem-
perature, the crystalline structure was identified as a single
austenite B2 phase containing Ni,Ti; precipitates, which acts
as the source of a local stress field, influencing the nucleation
and the growth of the R and martensitic phases. The R-phase
nucleation occurs around the Ni,Tiz intermetallic, and it
shows a triangular morphology. Simultaneously, the
martensite phase grows with a preferred orientation due to
the precipitates' stress field, which appears in a needle or
lamellar shape nucleating from the precipitates towards the
bulk. As observed in the DSC curve (Fig. 3) during the cooling
cycle, a significant separation (around 100 K) was detected
between the temperatures for B2 — R and R — B19’ phase
transitions. As was reported by Sitepu [39], a small Fe addition
in Ni-rich Ni—Ti alloys should spread the temperature ranges
for B2 — R and R — B19’ transformation by more than 100 K.
Thus, the observed behavior in DSC data for the temperature
range between phase transitions in as-received Ni—Ti alloy

can be associated with the alloying elements impurities found
in the studied alloy. The Fe impurity fraction should be
highlighted, which agrees with XRF analysis (see Table 1), at
least twice the value reported by the supplier in the nominal
chemical composition.

The TEM analysis was required in order to confirm the
phases formed after cryogenic cooling-heating cycles for the
ultrasonic velocity and attenuation measurements, expecting
that no significant phase transformation would occur after
such treatment.

Fig. 4 presents TEM bright field image at lower magnifica-
tion of NiTi alloy showing in Fig. 4a the general microstructure
with grain size of hundreds of nanometers (sub-micron
grains). In the right upper corner of Fig. 4a it is presented the
selected area diffraction (SAD) of [0 O 1]niti zone axis. Fig. 4b
shows TEM-BF image of another region of microstructure with
NiTi cubic (B2) matrix and Ni,Tis precipitate (red dotted circle),
with respective SAD of NiTi phase (white square - right upper

Table 2 — EDS semi-quantitative microanalysis through SEM of an as-received Ni—Ti sample.

Element Content (wt.%) Content (at.%) K-Ratio Z A F
Ti—K 445 49.6 0.4357 0.9875 0.9590 1.0337
Ni—K 55.5 50.4 0.5346 1.0091 0.9546 1.0000
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Fig. 3 — DSC curve of the as-received Ni—Ti sample.

corner), and SAD of NisTiz intermetallic phase (red square —
left lower corner) in the [3 1 1]niaTis ZONe axis.

In order to confirm composition of phases in the micro-
structure of NiTi alloy it was realized the scanning trans-
mission electron microscopy (STEM) image mode combined
with EDS analysis. Fig. 5 presents STEM-annular dark field
(ADF) micrograph of NiTi alloy showing NiTi cubic (B2) grains
and darker precipitate (Fig. 5a). Fig. 5b and c presents
respective X-ray elemental mapping through STEM-EDS
showing: (i) Ni—K; and (ii) Ti—K distributions, confirming
uniform distribution of elements at nanoscale in the NiTi
matrix and the existence of Ni,Ti; intermetallic phase. These
TEM results are in agreement with the XRD patterns and
crystalline phases previously identified in the microstructure
characterization.

3.2. Ultrasonic attenuation analysis at low
temperatures

Ultrasonic velocity and attenuation measurements were car-
ried out to obtain additional information about the tempera-
ture dependence of phase transitions and the anelastic
relaxations between them in an as-received Ni-rich poly-
crystalline Ni—Ti alloy. Fig. 6 shows the 10 MHz ultrasonic
attenuation and velocity measured for the as-received Ni—Ti
sample during cooling in the 295 to 130 K temperature
range. A highly complex attenuation spectrum response was
observed, associated with some anomalies in velocity.

In order to facilitate the comparison with DSC charac-
terization (see Fig. 3) and previous works available in the
literature for different compositions of Ni—Ti alloys
[18,30,32,50,51], the anelastic relaxation spectrum (Fig. 6)
was divided into four temperature regions, labeled as Ta_,z,
R, Tr—m, and M. At RT, the austenite B2 is the majority
phase in the Ni—Ti alloy in this study. Starting the cooling,
the beginning of the anomalous attenuation increased due
to internal changes in the material. In the T, _,g temperature
range, where the austenite B2 — R transition takes place,
there were identified three ultrasonic attenuation anoma-
lies, labeled as P1, P2, and P3. These anomalies should be
related to the austenite to R-phase transformation,
extending until 234 K when the wave velocity reaches a
minimum value. The R temperature region, where the R-
phase is the majority phase is expected, presented two ul-
trasonic anomalies, P4 and P5, where the R-phase majority
fraction is expected. The Tr_u temperature range is
compatible with the corresponding R-phase to martensite
B19’ phase transformation observed in the DSC curve.
This phase transformation is identified as the attenuation
peak, P1’, followed by an abrupt wave velocity anomalous
decrease. In the last temperature range, M, where a
majority (or a single) martensite B19’ phase is expected, an
attenuation anomaly P2’ is observed. Due to these anelastic
anomalies’ complex nature, the identification and inter-
pretation of the physical mechanism responsible for each
attenuation peak will be independently treated, as follows.
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Fig. 4 — TEM bright field image of NiTi as-cast alloy at lower magnification showing (a) general microstructure with grain
size of hundreds of nanometers (sub-micron grains). (b) TEM bright field image of NiTi as-cast alloy showing (a) NiTi cubic
(B2) matrix and Ni,Ti; precipitate (red dotted circle), selected area diffraction (SAD) of Ni-fcc matrix (white square), and SAD
of Ni,Ti; intermetallic phase (red square).
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Fig. 5 — (a) STEM-ADF (annular dark field) image of NiTi as-cast alloy showing NiTi cubic (B2) grains and darker precipitate at
the right and respective X-ray elemental mapping through EDS showing: (b) Ni—K; and (c) Ti—K distributions, confirming
uniform distribution of elements (dotted white line region of Fig. 5a) of matrix and Ni,Ti; intermetallic phase.

3.2.1. P1, P2, and P3 peaks at a longitudinal wave with 5 and 10 MHz frequencies. The
Fig. 7a shows the ultrasonic velocity dependence with tem- latter was measured after five thermal cooling-heating at RT
perature decreasing in the T, _ g region around P1, P2, and P3 cycles for temperatures around P1, P2, and P3 peaks.
ultrasonic attenuation anomalies at a frequency of 10 MHz. Figs. 6 and 7, it is observed for 10 MHz a sharp and strong
Fig. 7b presents the ultrasonic attenuation response observed attenuation peak, labeled as P1, at temperatures around 280K,
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interval 130 K—295 K during cooling.
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accompanied by an abrupt decrease in the corresponding
wave velocity (Fig. 7a). The measured ultrasonic velocity
changes are directly related to variations of the effective
elastic modulus [20]. As observed in Fig. 7b, the P1 peak tem-
perature is frequency-independent for ultrasonic longitudinal
waves in the 5-10 MHz range, indicating the structural
modification in Ni—Ti alloy. The DSC curve obtained for Ni—Ti
alloy during cooling (Fig. 3) shows an endothermic peak
associated with B2 — R phase transformation at a similar
temperature of the P1 anomaly in ultrasonic characterization.
Besides, the P1 peak shape is narrow and asymmetrical and is
followed by an abrupt reduction in velocity around 282 K
(Fig. 7a), which confirms the phase transition nature of this
peak. The ultrasonic velocity curve during cooling did not
exhibit an inversion of reduction tendency at the P1 temper-
ature range, but only for temperatures around 230 K. However,
the P1 peak should indicate only the beginning of a continuum
B2 to R-phase transformation, which can extend to tempera-
tures near the minimum value of elastic modulus (velocity).

Also observed in Figs. 6 and 7, in temperatures around 280
and 270K, the attenuation spectrum showed a strongincrease
in the losses, with a maximum height at 272 K (in 10 MHz),
with a subsequent attenuation decreasing until 265 K,
denoting an attenuation peak, labeled as P2. Besides, in the P2
peak temperature, the ultrasonic velocity curve at 10 MHz
presented an inflection point, as shown in Fig. 7a. The fre-
quency dependence of the P2 anomaly is observed in Fig. 7b,
where the P2 peak maximum height was shifted to low tem-
peratures (266 K) due to the reduction of the ultrasonic fre-
quency to 5 MHz, which is compatible with the thermally
activated anelastic relaxation mechanisms.

Reducing the temperature, after the P2 anomaly, the ul-
trasonic attenuation response at 10 MHz, presented a broad
anelastic peak, so-called P3, for a temperature range between
230 and 260 K, and centered around 250 K, which is followed
by a weak modification of the wave velocity inclination (Figs. 6
and 7a). The attenuation spectrum of the Ni—Ti sample ob-
tained for longitudinal waves, with a frequency of 5 MHz,

showed an unclear frequency-dependence of the P3 peak
compared with the ultrasonic characterization results of
10 MHz (Fig. 7b). This fact suggests that the anelastic relaxa-
tion mechanism responsible for P3 anomaly is weakly
frequency-dependent, or near frequency-independent, for
ultrasonic longitudinal waves over this range. After the P3
maximum, the ultrasonic attenuation reduction related to the
P3 occurs at the same temperature range when the wave ve-
locity curve reaches its minimum value and inflection point
(Figs. 6 and 7a). This fact should be associated with the end of
the diffuse phase transition between austenite B2 and pre-
martensite R-phase.

Although in a different frequency range, about 1 Hz, Biithrer
et al. [50] studied the structural evolution of the Ni-rich Ni—Ti
alloy. In the reported anelastic relaxation characterization,
they detected two wide, and asymmetrical internal friction
peaks during the sample cooling, centered at 270 and 190 K.
Those peaks were associated with the austenite to pre-
martensite R-phase and R-phase to the martensite phase
transformations, respectively.

Golovin et al. [51] studied the mechanisms of
dislocation—impurities interaction in the B2 and martensite
phases in Ti-50.6 at.%Ni alloys, submitted to plastic defor-
mation and distinct heat treatments, using internal friction
measurements at Hz frequencies during cooling. The reported
internal friction spectrum was composed of two narrow
peaks, at 285 and 220 K, related to B2 — R and R — B19’,
respectively.

Matsumoto and Ishiguro [30] analyzed the ultrasonic
attenuation response of the high purity equiatomic Ni—Ti
alloy using longitudinal waves at 10 MHz in temperatures
around the martensite transition. It was reported two atten-
uation peaks observed during cooling, a sharp peak at 253 K
caused by the transition from the high-temperature phase
(CsCl structure) to the intermediate phase (thombohedral),
and a broad and asymmetric peak at about 203 K during the
martensitic transformation on cooling. However, the analysis
data from Matsumoto and Ishiguro [30] detected that the
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broad and asymmetric peak around 203 K reported is, in fact,
separated into two peaks, at 220 and 200 K.

Ren et al. [32] reported ultrasonic attenuation experiments
on a single crystal of NiseTisg using [001] longitudinal waves
with a frequency of 30 MHz during cooling. Around the
B2—-B19’ phase transition, they reported an ultrasonic atten-
uation spectrum composed of three peaks. The two first peaks
(P1+P2) are convoluted, centered at 268 K, and the third
attenuation is a broad peak (P3) centered at 252 K. According to
systematic studies, the P1 peak was related to the B2—B19’
phase transition. In contrast, the P2 peak was associated with
a drastic evolution of martensite domains (phase boundaries
and martensite twin boundaries) during the martensite phase
growth. It lowered the temperature correspondingly to ob-
servations of the coarsening of ferroelastic domains in
second-order phase transitions. P3 was also related to
martensite twin boundary motion.

The P1 and P2 attenuation peaks convolution in an equia-
tomic single crystal of Ni—Ti proposed by Ren et al. [32] was
directly related to a wide temperature interval of the first-
order martensite phase transition occurrence, then both
processes concur in this two-phase region. For second-order
ferroelastic transformation, P1 and P2 peaks should be sepa-
rated, as observed in Figs. 6 and 7b.

Wang et al. [46] reviewed the unique properties of R-phase
transformations in near-equiatomic NiTi alloys. They re-
ported that the R-phase transformation was characterized as
a pre-martensitic transformation, and the thermodynamic
order of this phase transformation was extensively treated. In
accordance with Wang et al. [46] and their references, the B2
— R phase transition is an independent martensitic trans-
formation created by the rhombohedral distortion of
the B2 lattice that occurs before the B19’ transformation,
and it is mainly considered as a first-order transformation.
However, the R-phase also shows second-order trans-
formation behavior, as after the B2 — R transformation, the

rhombohedral angle « of the R-phase gradually decreases with
decreasing temperature or increasing stress.

On the other hand, following Landau-Devonshire phase
transition formalism applied to processes that occur at a
structural phase transformation on the quantities measured
in ultrasonic experiments [52], the elastic constants curves
dependence (which is proportional to velocity wave) around
the transition temperature region evidence distinct behavior
between first- and second-order phase transitions. For first-
order phase transformation, the elastic constants should
present an abrupt change in a narrow temperature range, with
a minimum value at the transition temperature. In contrast,
for continuum phase transitions, the elastic constants should
change in a wide range of temperature, which characterizes
this transition order's diffuse nature.

Thus, considering that the Ni—Ti alloy under analysis is a
commercial Ni-rich polycrystalline Ni—Ti alloy, we can as-
sume that the P1 peak here reported is compatible with the B2
to R-phase transformation. It is worth mentioning that the
main differences between the literature data and our obser-
vations are related to ultrasonic waves' behavior near the P1
peak, when observed only an abrupt change at 282 K (see
Fig. 7a) but without minimum at the P1 peak position. As
observed in Fig. 6, the velocity wave curve reaches a minimum
value of around 235 K. These facts suggest that the B2 to R-
phase transition in this sample has a diffuse characteristic,
being that the P1 peak is related to the beginning of this phase
transformation. At the same time, the minimum velocity as-
signs the end of the transition.

The occurrence of the satellite P2 peak separated from the
P1 anomaly is in good agreement with the ferroelastic nature,
diffuse, and continuum of the B2 to R-phase transformation
here reported for a commercial Ni-rich polycrystalline Ni—Ti
alloy. As discussed previously, the P2 peak should be intrin-
sically related to the coarsening of pre-martensite ferroelastic
domains in second-order phase transitions, which evidenced
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a drastic domain evolution due to the forming and accom-
modation mechanism of the domain walls in twinned R-
phase growth.

Liang et al. [33] extended the ultrasonic measurements in
single crystals of NisoTiso for [001] longitudinal waves with a
frequency of 10 MHz during sample cooling. The authors
confirmed that the P1 and P2 peaks separation, and a mean-
ingful low-temperature shift of the Ren's P3 peak, now
centered at 240 K. The proposed physical interpretation of the
peak at 240 K was similar to the internal friction peak reported
by anelastic characterization in Hz range around 200 K in NiTi-
type shape memory alloys [53], well-known as part of rather
complex damping spectra below the martensitic transition.
This peak could be attributed to a Snoek- (or possibly Zener-)
type hydrogen relaxation [54].

The weakly frequency-dependent or near frequency-
independent behavior of the P3 peak here reported suggests
that the physical mechanism responsible for this peak should
be unlikely related to Snoek-type relaxation due to light im-
purities, such as hydrogen. On the other hand, a significant
number of the studies related to ultrasonic measurements are
limited to single crystal equiatomic Ni—Ti alloys, without
significant differences between the R-phase and B19’ occur-
rence temperatures, in opposition to the results here reported
for a commercially available Ni-rich Ni—Ti alloy. The impu-
rities contents in the Ni-rich polycrystalline Ni—Ti alloy
studied can act as decreasing factor for the twinning bound-
aries mobility rate in the R-phase for ultrasonic longitudinal
waves in the studied frequency range, giving place to a weakly
frequency dependence of the P3 peak.

3.2.2. P4 and P5 peaks

For the temperatures about 214 and 226 K, the ultrasonic
attenuation spectrum of the as-received Ni-rich Ni—Ti alloy
measured with longitudinal waves at 10 MHz presented the
fourth anomaly, labeled P4. This anomaly, centered at 220K, is
followed by a substantial elastic hardening with temperature
decreasing, as observed in Fig. 8a. The P4 peak is also detected
when the attenuation spectrum was obtained with longitu-
dinal waves at 5 MHz. However, its maximum height was
weakly shifted to lower temperature values (216 K) in com-
parison to attenuation data collected at 10 MHz, as shown in
Fig. 8b. The small thermally activated response of the P4 peak
reveals that the origin of P4 should be associated with a
physical mechanism that involves higher energy activations
or lower relaxation rates.

According to Blanter et al. [18], twin boundaries are
considered a generally very efficient damping source in ther-
moelastic martensite. In particular in NiTi-type shape-mem-
ory alloys, which are also able to absorb hydrogen. Different
types of twin boundaries, varying with details of the
martensitic transformation (with B2, B19, B19’ or R phases)
depending on alloy composition and heat treatment, are
considered sources of the H-free damping spectra. Such
spectra may involve either an almost constant high damping
in all the martensitic states or a well-developed (non-relaxa-
tion and non-transient) peak at the B2 < B19’ transition, as
discussed above for the P3 peak. However, hydrogen may
actively enhance this “transformation peak” (and at the same
time decrease the damping in the low-temperature regime)

probably due to a pinning/depinning process, as possible to
occur in the P1’ and P2’ peaks to be discussed in the sequence.
In other cases, as for B19’ martensite, a very high thermally
activated relaxation peak, just slightly below the martensitic
transition, can be produced by relatively small amounts of
hydrogen. This last peak, with activation energy about
0.6—0.7 eV compared to 0.4 eV for the Snoek-type “200 K peak”
mentioned above, has been attributed to an H dragging pro-
cess similar to the Snoek-Koster relaxation for dislocations
[53,55—58].

The rhombohedral distortion arising from the R-phase
growth and accommodation mechanism in the as-received
Ni—Ti sample can slightly improve the dislocations density
in temperatures about 230 K (elastic modulus minimum
value). Besides considering the H presence among Ni—Ti al-
loy's impurities elements in the study, even in small concen-
trations, we suggested that the P4 peak anelastic relaxation
mechanism should be a dislocation relaxation in the presence
of interstitial hydrogen atoms trapped at the dislocation. A
diffusion-controlled bowing mainly causes this relaxation
from dislocation segments, i.e., a coupling of stress-induced
dislocation motion and interstitial diffusion. It gives the
place an H dragging process similar to the Snoek-Koster
relaxation.

For temperature range 184—214 K, the Ni—Ti alloy's ultra-
sonic attenuation measurement for 10 MHz longitudinal wave
showed a broad and asymmetric anomaly, at around 200 K,
followed by a substantial attenuation reduction until 184 K,
which characterizes the P5 peak, as observed in Fig. 6. A signif-
icant elastic hardening was detected in association with the
attenuation P5 peak, denoted by an inclination change in the
velocity wave curve at 202 K, as shown in Fig. 8a. For ultrasonic
attenuation measurements at 5 MHz, the maximum height
temperature of the P5 peak was observed at 192 K, which de-
notes the frequency-dependence behavior. The comparison
between 5 and 10 MHz attenuation measurements in the P5
peak temperature range for the commercially available Ni-rich
Ni—Ti alloy is presented in Fig. 8b. Meanwhile, as well as the
P4 peak, the ultrasonic attenuation response of the P5 peak has
not been simultaneously reported in previous ultrasonic mea-
surements in Ni—Ti alloys in literature [18,30,32,33,50,51,53—58].

From the structural viewpoint, the monoclinic martensite
B19’ phase growing is expected to occur already in tempera-
tures slightly smaller than the R — B19’ transformation fol-
lowed by a rhombohedral R-phase fraction reduction. The
competition between distinct structural phases in the Ni—Ti
alloys is well-known in literature [39,45,47]. The microstruc-
tural evolution related to the martensite B19’ phase growth
happens similarly to the R-phase previously discussed. The
martensite nucleation sites are the precipitates' stressed
borders, with a needle or lamellar shape starting from the
precipitates towards the bulk [49].

Simon and coauthors [59,60] pointed out that during the
formation of martensite B19’ in Ni—Ti alloys, the additional
cooling cycles provide a burst-like growth of some material
regions B19'-needles can be observed in addition to B19'-re-
gions that nucleate and grow promoted by the stress-fields of
dislocations. Moreover, they proposed that the stress field of
an approaching martensite needle activates an in-grown
dislocation segment and generates characteristic narrow
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Fig. 9 — (a) Wave velocity as a function of temperature for as-received Ni—Ti alloy measured with longitudinal waves of
10 MHz during cooling, around P1’ and P2’ anomalies, and (b) ultrasonic attenuation as a function of temperature measured
with longitudinal waves of 10 and 5 MHz during cooling. The blue and red lines are an indication of linear regime changes.

and elongated dislocation loops that expand along {1 1 O},
planes parallel to {0 0 1}g;o compound twin planes.

Therefore, due to martensite B19' phase growth with sub-
sequent R-phase reduction and the structural phases
competition around R — B19' phase transition (below 200 K),
the less mobile twinning domain wall of the B19' phase should
be favored over those present in R-phase. This effect
increased the elastic modulus hardening with temperature
decreasing, followed by reducing the elastic losses, as
observed for the P5 peak.

3.2.3.  PI’' and P2’ peaks

In Fig. 6, for temperatures below 190 K, the ultrasonic attenua-
tion spectrum presents two anomalies, labeled asP1' and P2’ due
to undeniable resemblance to P1 and P2 peaks observed below
RT, being P1’ a sharp and asymmetrical peak followed by a sat-
ellite P2’ peak. In association with the P1’ peak, centered at 180K
for 10 MHz measurement, the velocity curve (elastic modulus)
showed a suddeninflection point, as shown in Fig. 9a, indicating
astructural modificationin Ni—Tialloy. As observedin Fig. 3, the
DSC curve obtained during cooling of the as-received Ni—Tialloy
showed anintense endothermic reaction peak at approximately
the same temperature. This reaction is located at a similar
temperature range of the P1’ peak, which should be related to
the pre-martensite R-phase (trigonal) to martensite B1Y
(monoclinic) phase transformation. The small temperature
difference between the DSC curve and ultrasonic attenuation
data for R — B19 phase transition can be associated with the
phase transformation kinetics.

Fig. 9b presents the influence of longitudinal wave fre-
quency on the P1’ and P2’ anomalies. It is essential to note the
absence of the P1’ peak for ultrasonic measurement at 5 MHz
in Fig. 9b. The height of the P1’ peak presented a dependence
on the Ni—Ti alloy thermomechanical history, being its value
decreased in each new ultrasonic measurement cycle. After
about five ultrasonic measurement cycles, the P1’ peak dis-
appeared, and it would not be detected when the frequency
was changed to obtain the 5 MHz measurement. The H con-
tent in Ni—Ti alloys may actively enhance R — B19 phase

transition, probably due to a pinning/depinning process.
Hence, the thermomechanical treatment provided by ultra-
sonic attenuation measurement cycles can promote a similar
effect as thermomechanical aging treatment at low temper-
atures to the material. This effect was described by Shamini
et al. [61], which can give place to decreasing of the H content
in solid solution or by the H anchoring by dislocations [22] due
to the increase of linear defects density with thermal cycles.

For temperatures below martensite B19' phase transition
(lower than 174 K), as presented in Figs. 6 and 9a, the ultrasonic
attenuation curve at 10 MHz showed a typical anelastic
anomaly centered at 165 K, labeled as P2'. In Fig. 9a, for tem-
peratures around 165 K, the wave velocity curve presented an
indication of linear regime change, compatible with P2’ peak,
which characterizes a minimum value of the elastic modulus,
being recovered the expected hardening elastic modulus
behavior with temperature decreasing below P2’ peak
maximum. Fig. 9b shows the thermally activated behavior of
the anelastic mechanism responsible for the P2’ peak, being
observed that the P2’ height peak was shifted to a lower tem-
perature (158 K) when the frequency was reduced to 5 MHz.

The separation between P1’ and P2’ is clear evidence of the
ferroelastic nature of the martensitic transformation exhibi-
ted by the Ni-rich polycrystalline Ni—Ti alloy in the present
study. As previously discussed for the P2 peak, the P2’ peak
should be intrinsically related to the coarsening of martensite
ferroelastic domains in second-order phase transitions,
compatible with the domain evolution due to the forming and
accommodation mechanism of the twinning boundaries of
martensite B19' phase [32,33,49]. Nevertheless, the main dif-
ference between P2 and P2’ peak mechanisms is the less
mobile nature of the twinning boundaries of the B19' phase
compared to those of the R-phase. Besides, for low tempera-
tures, the interaction between H and dislocations on the
metallic matrix of the Ni—Ti alloys can promote a drastic
mobility reduction of the interstitial elements by the freezing
(or trapping) mechanism of these impurities, which should be
associated with the fast stabilization of the ultrasonic atten-
uation for temperatures below the P2’ peak.
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4, Conclusions

In summary, this work presents a series of ultrasonic char-
acterization, accompanied by XRD, SEM, TEM, and DSC re-
sults, of a commercial Ni-rich polycrystalline Ni—Ti alloy
(Nitinol). The structural, microstructural, thermal, and ther-
momechanical properties were used to explore the low-
temperature martensitic transformations and shed light on
the physical mechanisms which contribute to the complex
anelastic relaxation spectrum presented for longitudinal ul-
trasonic waves during the sample cooling at cryogenic tem-
peratures. The ultrasonic measurements of velocity and
attenuation obtained during the Ni—Ti alloy cooling at fre-
quencies of 5 and 10 MHz of longitudinal waves exhibited a
complex anelastic spectrum, presenting non-reported evident
anomalies below 190 K. The full ultrasonic spectrum is
composed of several attenuation peaks identified as phase
transitions and anelastic relaxation processes. Several
anomalies were detected in our analysis of ultrasonic data,
some related to the other experimental techniques and others
only from ultrasonics. The ultrasonic characterization from
RT below 130 K of Ni-rich polycrystalline Ni—Ti alloy shows
the evident anomalies observed below 190 K in ultrasonic
attenuation and velocity. The most relevant and not previ-
ously reported result in the literature, where two new peaks
P1’ and P2’ are observed in Fig. 6. Referred to this figure, the
global picture can be established as the P1 and P1' peaks
associated with the beginning of the B2 — R and R— B1Y
phase transitions; in contrast, the main contribution to the
satellite P2 and P2’ peaks arises from the twinned R- and B19'-
phases domain walls accommodation mechanisms, respec-
tively. The thermal separation observed between P1 and P2,
and P1’ and P2’ anomalies agree with the B2 - Rand R — B19
phase transformations' ferroelastic nature. For temperatures
190—-260 K, the ultrasonic response showed three relaxation
peaks (named P3, P4, and P5) related to complex behavior,
such as the twinning boundary mobility of the R-phase,
coupling of stress-induced dislocation motion and interstitial
diffusion, and increasing less mobile twinning domain wall of
the martensite B19' phase. The ultrasonic results reported and
the picture agrees with the complementary techniques,
especially to the DSC analysis. Something to highlight is the
significant separation (around 100 K) detected between the
temperatures for B2 — R and R — B19 phase transitions,
mainly related to impurities in Ni-rich Ni—Ti alloys.
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