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Abstract

TiNi shape memory alloy (SMA) specimens have been subjected to tension carried out at
various strain rates. The goal was to investigate a nucleation and development of the stress-
-induced martensitic transformation by infrared (IR) and acoustic emission (AE) techniques.
Therefore, both the infrared radiation and acoustic emission data were recorded using a fast
infrared camera and acoustic emission set-up, respectively. It has been shown that the initial,
macroscopically homogeneous transformation initiates in the elastic stage of the deformation
even before the stress-strain curve knee and formation of the localized transformation bands. It
has also been found that the homogeneous transformation occurs at similar stress level for all
strain rates applied, while the localized martensitic transformation depends on the strain rate.
Nucleation and development of the localized transformation bands, detected by the infrared
camera, were confirmed by acoustic emission technique. The differences between the IR and
AE activities were recorded during the TiNi SMA loading and unloading process, manifesting
different dynamics of the stress-induced martensitic forward and reverse transformation.
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1. Introduction

Shape memory properties, good biocompatibility,
high strength and corrosion resistance of TiNi shape
memory alloys enable them to find numerous applic-
ations in automotive, aircraft, space, biomedical and
also in mass consumer’s goods production [1-5]. The
SMA functional properties are derived from reversible
martensitic transformation that occurs in solid state
[3-10]. In some experimental conditions, the stress-
-induced martensitic transformation (SIMT) can de-
velop in the form of Liiders-like transformation bands
[7]. The transformation bands cause the alloy inhomo-
geneity, which can be unfavorable, especially for the
biomedical applications [3]. The influence of the test
conditions on the nucleation and evolution of the loc-

alized martensitic transformation have been analyzed
for TiNi SMA in [3-16]. The topic is important, since
due to good biocompatibility, elements of TiNi SMA
are used as cardio-surgical stents, guidewires and im-
plants. The investigation on the stress-induced trans-
formation bands at present is carried out in differ-
ent research centers, where various experimental tech-
niques are used, e.g. the digital image correlation
strain map (DIC) [4, 10], the infrared technique (IR)
or the CCD camera [5-16]. As for the results presen-
ted in this paper, fast and sensitive infrared camera
was used, enabling recording the temperature changes
on the specimen surface with a proper frequency and
sensitivity, to reflect nucleation and development of
the transformation process, especially the transform-
ation bands almost at the very time of their creation.
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An acoustic emission (AE) technique was also used
in this approach to detect the propagation of related
stress wave, attributed to a different dynamics of the
SIMT process.

The authors who describe the AE generated dur-
ing the martensitic transition mention dislocation pro-
cesses and twins formation as a cause of AE activity.
AE in the form of a stress wave arises when a rapid
volume change locally appears in investigated material
[17-19]. Particularly this state can accompany twin-
ning processes and new inter-grain boundaries forming
around the growing martensite regions. Since due to
the phase transition one can observe a sudden volu-
metric change in the region of forming of a martensite
plate, the potential U measured in the output of AE
sensor can be calculated as:

U = g33Y33D1, (1)

where ¢33 is piezoelectric constant of AE sensor (ca.
1072 V! N_l)7 Y33 is Young’s modulus of com-
pressed AE sensor (ca. 5 x 101 Nm~2), D; is amp-
litude of a stress wave caused by the volumetric change
due to formation of martensite plate (m).

The collapse of martensite regions and their trans-
ition into austenitic structures are also potentially
effective sources of AE activity due to volumetric
changes. It was reported that monitoring of the course
of martensitic transition from its start to the final
stage delivers the close findings to those obtained by
the measurements of the alloy resistivity.

There are a few works only published till now de-
scribing the application of acoustic emission measure-
ments to study the development of martensitic trans-
formation in TiNi shape memory alloy. One of the
reasons is that it is still difficult to explain the acous-
tic emission data in terms of the fundamental un-
derstanding of the phase transformation mechanisms,
however, different approaches have been published,
e.g. [17-21].

In this paper, various experimental techniques
were applied in order to gather more information and
attain more comprehensive insight into the TiNi shape
memory alloy behavior under various loading condi-
tions. By comparison of the obtained mechanical char-
acteristics, temperature changes and acoustic emission
signals, recorded during the process of the TiNi SMA
loading and unloading, a nucleation and development
of the stress-induced martensitic transformation was
studied.

2. Experimental details
2.1. Material and specimens

The TiNi shape memory alloy used in the experi-

Fig. 1. Structure of TiNi SMA specimen reference state,

the attached diffraction patterns prove presence of the B2

phase in the sample. a) and b) differs only by the scale; b)
is zoomed in to highlight the grain structure.

ment is characterized by a fine nanostructure of uni-
formly distributed regular grains of the B2 phase with
the average diameter of approximately 80 nm (Fig. 1).
Some dislocations can be observed inside the grains,
they mainly form low-angle boundaries between crys-
talline blocks (Fig. 1b). The diffusion streaks visible
at some diffraction patterns along <110> directions
(Fig. 1b) allow us to suggest that the material is in
the state close to the R-phase transformation.
Indeed, the DSC cooling curve for the alloy (Fig. 2)
shows that the R-phase transition starts at ~ 10°C.
A single, wide peak is visible on this curve between
—40°C and +8.4°C. When heating, a slight bump can
be noticed on the curve, which indicates possibility of
overlapping of the two transformations, i.e. B19° — R
— B2 or two-stage R — B2 transformation. The ef-
fect of the two-stage transformation will be discussed
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Fig. 2a,b. Differential scanning calorimetry curves for two

complete heating-cooling runs of the TiNi SMA: as initial

state (above), after 10 loading-unloading cycles within 8 %
of strain (below).

later with the help of the time dependence of acous-
tic emission activity. Thermal hysteresis between the
forward and reverse transformation is approximately
4°C. The effect of relatively greater heat production
during martensite — austenite phase transformation
presented in Fig. 1 corresponds to higher amount of
acoustic emission energy registered during that trans-
ition, what will be reported in next paragraphs.

The TiNi SMA transformation temperatures de-
termined by the DSC technique are as follows: Ry =
8°C, Ry = —-36°C, Ay = —27°C, Ay = 20°C. There-
fore, the material was superelastic at the room tem-
perature (23°C) and its isothermal stress-strain curve
manifested a large hysteresis loop [1]. The trans-
formation temperatures obtained by the DSC meas-
urements confirm the SMA chemical composition as
Ti-50.5at.%Ni [2].

Also, X-ray diffraction patterns obtained for the
TiNi initial state prove that the SMA at room tem-
perature is in the B2 structure (Fig. 3). Similar res-
ult was obtained for the specimen after 20 loading-
-unloading cycles, which means that the reversible
straining within 8 % tension range does not change
the shape memory alloy phase structure.

2.2. Description of tension test

The investigation of the mechanical, thermomech-
anical and acoustic emission properties of the TiNi
shape memory alloy was carried out on Instron test-
ing machine. The belt type specimens of approxim-
ately 160mm x 10 mm X 0.38 mm, cut off from the
alloy strip, were subjected to tension tests carried out
at various strain rates. The testing machine was con-
trolled by a mechanical extensometer. Specially de-
signed and made of a light polymer grip was used in
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Fig. 3. X-ray diffraction pattern of the TiNi SMA initial state.



312 E. A. Pieczyska et al. / Kovove Mater. 50 2012 309-318

l

Fig. 4. TiNi SMA specimen in grips of the Instron testing
machine with acoustic emission sensor placed in the central
part of the specimen.
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Fig. 5. The green square, visible in the specimen surface
defines specimen area chosen to calculate a mean temper-
ature measured during the transformation process.

order to fit the extensometer to these rather thin spe-
cimens (Fig. 4).

In the course of the loading, both the mechanical
characteristics and the distribution of the infrared ra-
diation emitted by the specimen surface were continu-
ously recorded. The stress and strain quantities were
related to the current values of the specimen cross-
-section and thickness, obtaining in this way so called
true stress and true strain values, presented in the
graphs. Since due to the mutual interactions it is not
possible to use infrared and acoustic emission tech-
niques at the same time, a similar loading program was
applied in order to record the acoustic emission sig-
nals, accompanying the process of the stress-induced
martensitic transformation.

Finally, by comparison of the obtained mechan-
ical characteristics, temperature changes and acoustic
emission signals, a nucleation and development of the
stress-induced martensitic transformation was stud-

ied.
2.3. Description of the infrared technique

The changes of the specimen temperature, accom-
panied the exothermic martensitic forward transform-
ation during the SMA loading and the endothermic
reverse one during the unloading, were recorded us-
ing a very fast and sensitive infrared camera Phoenix,
Flir Co., working in the wavelength range of 3.5—
5.0 pm. Before the testing, the specimen surface was
covered with very thin layer of black ink. This was
made to obtain more homogeneous surface with higher
and known coefficient of emissivity. The camera recor-
ded the infrared radiation from the specimen surface
and a system of the data acquisition and conversion
allowed for infrared photographs, i.e. thermograms,
to be stored in digital form with high frequency of
538 Hz. This enables reproduction of the images at any
time, and enables calculation of the specimen average
temperature from a randomly chosen specimen area,
line, points, etc. with high accuracy and sensitivity, of
approximately 0.025 K.

Taking into account the specimen emissivity and
the specimen-camera distance, the average specimen
temperature changes accompanying the martensitic
transformation were calculated. The average temper-
ature was calculated over an area of 8 x 60 mm?, loc-
ated in the central part of the specimen (Fig. 5). The
mean specimen temperature obtained in this way can
be presented as a function of strain, time or other
parameters of the deformation process.

2.4. Description of the acoustic emission
technique

The AE signals were recorded using a wide-band
AE sensor of WD type, produced by Physical Acous-
tic Corporation. The sensor was fixed to the TiNi tape
with application of elastic rubber band. Total amplific-
ation of the AE analyzer was 70 dB and the sampling
frequency was 44.1 kilosamples per second. AE signal
in digital form was stored in a hard disk. The ana-
lyzing software was prepared to create the time de-
pendence of AE events rate per second. AE event was
recognized in the source form of AE signal using the al-
gorithm capturing the moments when the signal amp-
litude was exceeding the level of 10 pV. The shortest
duration of the event was set to 70 us. The aim of cre-
ating the graphs of AE activity was to apply a tool
for comparison of temporal intensity of both simple
and reverse martensitic transition. Standard formula
enabled the authors of the paper to calculate the AE
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Stress {MPa)

Fig. 6. Stress and temperature changes vs. strain curves obtained for TiNi SMA during tension at strain rate 1073 s71.
Thermograms show in infrared a nucleation and evolution of macroscopic transformation bands, related to martensite
forward (1-10) and reverse (11-19) transformation. Colors on thermograms scaled similar to range shown in Fig. 5.

signal energy registered during the forward and re-
verse martensitic transition, separately:

1 o1
EAEZEZZ_:%?: (2)

Eap denotes the energy of acoustic emission signal
(pJ), Z is the impedance of the experimental setup
(1000 V A~1), z; is the voltage registered at a single
sampling cycle (V), fis the system sampling frequency

(s7h).

3. Results and discussion

3.1. Mechanical characteristics, infrared
imaging and temperature variations

In order to assure proper conditions for all the
measurement techniques applied, the adequate strain
rate must be chosen: not too low and not too high.
In our approach, a test with strain rate 1073 s~! was

chosen as to present and analyze the onset and growth
of the stress-induced martensitic transformation in in-
frared and acoustic emission techniques. Stress-strain
and average temperature change vs. strain curves ac-
companied by infrared imaging of macroscopic trans-
formation bands recorded for TiNi SMA subjected to
complete loading and unloading tension cycle within
8 % strain range, are presented in Fig. 6. The thermo-
grams that have been distributed around the graph
show the temperature distribution on the specimen
surface reflecting a nucleation and evolution of the
SIMT. The uniform temperature distribution observed
on the specimen surface indicates homogeneity of the
stress and strain state along the specimen. Before the
tension was started, the temperature of the specimen
was uniform and equal to the ambient temperature
(Fig. 6: 15° thermogram). At the certain level of the
stress and strain state, the temperature of the speci-
men starts to grow slowly, however, its thermal image
remains uniform, indicating the homogeneous nature
of the initial phase transformation process (Fig. 6: 274
thermogram). At higher strains, inclined bands of sig-
nificantly higher temperature are observed, starting
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Fig. 7. Stress and temperature change vs. strain curves (a) and vs. time (b) obtained for TiNi SMA specimen during
tension at strain rate 1073 s™'.

in the specimen grip areas and developing towards the
specimen center (Fig. 6: thermograms 3-7). They were
called transformation bands or Liiders-like deforma-
tion and were reported in some papers [3, 7, 9, 12]. The
shape of transformation bands appeared in the same
form during several repetitions made by the authors of
the paper. The bands of the new martensite phase are
characterized by the angle of inclination with the dir-
ection of tension of approximately 48° in this case, and
the variation in temperature of approximately 8 K.
The slope of the transformation bands changes slightly
during the loading and transformation process, since
it depends on the specimen geometry [9]. The place of
the nucleation of the localized transformation depends
on the specimen homogeneity, according to the alloy
structure and the local stress state, caused e.g. during
the mounting of the specimen in the grips of the test-
ing machine. The initial transformation bands are fol-
lowed by a next generation of the bands developing in
almost perpendicular direction (Fig. 6: thermograms
4, 5). The bands gradually widen and overlap. The
average specimen temperature increases very fast due
to the instantaneous heat production related to the
exothermic martensitic transformation, however, due
to the overlapping effects its specimen thermal image
becomes more uniform at this advanced transforma-
tion stage (Fig. 6: thermograms 7-9). After this very
intense transformation stage, a decrease of the speci-
men average temperature is observed at the final part
of the SMA loading process (Fig. 6: thermogram 10,
and Fig. 7). The drop in temperature confirms that at
this loading stage the transformation starts to be sat-
urated. Namely, from this loading and transformation
stage, the heat flow to the surrounding starts to over-
come the heat production caused by the exothermic
martensitic transformation. As it was confirmed by
other study and microstructure analysis, it does not
mean that the stress-induced transformation is fully
completed, but from this stage the process is not so
intense [7-13].

In the course of unloading, the specimen temper-

ature decreases significantly (Fig. 6: thermograms 11—
19, Fig. 7). The bands of significantly lower temperat-
ure are developed (Fig. 6: thermograms 12-18). The
bands also develop in two directions and they are
inclined by the similar slope. Finally, just after the
unloading was completed, the specimen temperature
drops by about —12 K, below its initial temperature
(Fig. 6: thermogram 19, and Fig. 7). Similar TiNi
SMA thermomechanical behavior, studied under vari-
ous programs of the loading and martensitic trans-
formation, was discussed in more details in [16].

The stress and mean temperature results obtained
for the same test and presented as a function of strain
(a) and time (b) are shown in Fig. 7. The initial,
elastic range of the loading, characterized by high
elastic modulus, is followed by the next stage, where
the elastic modulus is rather low. This stage is associ-
ated with the intense transition of the parent austen-
ite into martensite phase. The average temperature of
the specimen starts to increase even before the stress-
-strain knee, at approximately 400 MPa, manifesting
the onset of the phase transformation at this stage,
since the SIMT is exothermic [5, 9, 10, 12, 13]. Espe-
cially the advanced transformation, developing in the
bands that have been shown in infrared in Fig. 6, is
associated with a huge heat production and the sig-
nificant temperature increase, over 20 K in this case,
since the recorded temperature changes depend on the
strain rate applied [9, 12].

Both the stress and the average temperature
presented as a function of time (Fig. 7b) show that
the SMA loading and unloading processes are nonsym-
metrical, i.e., the run of the recorded stress and the
average temperature changes is quite different. Such
a behavior is associated with the difference between
the mechanisms of the stress-induced martensitic for-
ward and reverse transformation. This is related to
the significant difference between the parent austenite
and the resulting martensite phase structure. During
the martensitic forward transformation, in the case of
TiNi SMA, the parent cubic (3) with a B2 superlat-
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Fig. 8. Stress and acoustic emission count rates obtained for TiNi SMA pseudoelastic behavior during loading and unloading
with strain rate 1073 s

tice (BCC) structure transforms into the monoclinic
B19’ structure. In order to form such a martensite
structure, twins, dislocations or stacking faults are
introduced. It was experimentally confirmed that es-
pecially transformation-induced twins played import-
ant role during the martensitic transformation in TiNi
shape memory alloys [22]. On the other hand, it was
found in other experiments using acoustic emission
technique, that the processes of twins formation con-
stituted strong sources of acoustic emission signals,
reflecting dynamic change in the material structure.
This was the reason that we decided to use the acous-
tic emission technique in order to obtain more in-
formation on the mechanisms of the stress-induced
martensitic forward and reverse transformation in the
SMA.

3.2. Mechanical characteristics and acoustic
emission measurements

In order to compare the process of the SIMT, both
nucleation and development studied by the infrared
and acoustic emission techniques, the following res-
ults were obtained for the same TiNi SMA specimens,
subjected to tension at various strain rates, while
the acoustic emission signals from the specimens were
measured. The obtained results of the stress and AE
count rates, recorded for the martensitic forward and
reverse transformation, during the SMA loading and
unloading, respectively, are presented in Figs. 8-12.

The stress and the acoustic emission count rate res-
ults recorded during the TiNi SMA superelastic ten-
sion with the strain rate 1073 s~!, the same as presen-
ted in Figs. 6 and 7, are shown in Fig. 8. The onset of
the AE signal during the SMA loading is rapid and ap-
pears before the knee of the stress-strain curve. Such
an acoustic emission behavior confirms the nucleation

of the initial homogeneous martensitic transforma-
tion, manifested by the beginning of the temperature
increase in Fig. 6: thermogram 2 and in Fig. 7a,b.
Some significant acoustic emission signals were also
observed for the subsequent, localized transformation,
especially at the stage while the localized transform-
ation bands are created, reflecting by waving part of
the stress-strain characteristics. In the meantime, not
so significant AE signals were recorded at the stage
of the advanced transformation, being the final one of
the SMA loading. It confirms that the strong AE sig-
nals are created by a sudden change in the material
or process state, not by the same process, even if the
process develops very fast [17-21]. Moreover, looking
at Fig. 8, one can observe that the AE signals recorded
during the SMA unloading for the martensitic reverse
transformation, are much stronger in comparison to
the forward transformation, observed during the SMA
loading. Particularly strong signals were recorded at
the final stage of the specimen unloading, reflecting
the last part of the reverse transformation. It means
that the reverse transformation, targeted on the re-
turning of the specimen to the initial shape and the
austenite parent phase structure reveals in other man-
ner in comparison to the forward austenite-martensite
transition.

The initial homogeneous stage of the martens-
itic forward transformation was also confirmed by
the acoustic emission measurements performed on the
TiNi SMA at the lower strain rate equal to 10~ 4s~!
and presented in Fig. 9.

For so low strain rate, the test conditions are close
to an isothermal one. As it was found in our former
tests, for this strain rate the recorded temperature
changes are about 4 K [12]. Therefore, the SMA flow,
related to the SIMT, starts on the stress level of ap-
proximately 480 MPa and is keeping almost constant
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unloading with strain rate 5 x 1073

during the loading, developing till only 580 MPa. How-
ever, even for so low strain rate, some significant AE
signals were recorded, the first at the stress of ap-
proximately 400 MPa, as it was observed by the tem-
perature changes and acoustic emission signals for the
strain rate 102 s~!. The oscillations which can be no-
ticed on the stress-time curve are associated with the
creation of the localized transformation bands.

3.3. Stress-induced martensitic
transformation in TilNi shape memory alloy.
Assessment of acoustic emission
measurements repeatability and acoustic
emission energy

The goal of the next step of the experiment was to
examine how far the process of the mechanical char-
acteristics and their related acoustic emission meas-
urements, was repeatable. For this purpose a strain
rate of 5 x 1073 s~! was chosen and three subsequent
loading-unloading tests were performed, each time on

s7%; test 1.

the new TiNi SMA specimens, within the strain range
of 8 %, i.e. the same as it was used in the all former
tests. The obtained results are presented in Figs. 10—
12, respectively. The strain rate 5 x 1073 s~! was five
times higher in comparison to those presented in in-
frared in Figs. 6 and 7, and by AE measurements in
Fig. 8. The latent heat that is released during the
loading and transformation process in these conditions
raises the specimen temperature up to 30 K [12], which
follows the increase of the stress value required to
develop the transformation, from approximately 520
MPa till about 800 MPa (Figs. 10-12). After the lat-
ter level (ca. 800 MPa) is exceeded the elastic phase
of martensite deformation appears.

It can be noticed from the figures that acoustic
emission signals of minor intensity were recorded at
the end of the elastic part of the stress-strain curve,
before the stress knee, as it was recorded in the former
tests for lower strain rates (Figs. 8 and 9). Probably,
the strain rate 5 x 1073 s~ ! is so fast that due to the
inertia effects there is not enough time to record the
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Table 1. Comparison of the energy of AE signal recorded during three tests of TiNi SMA loading and unloading
performed at strain rate 5 x 1073 s7*

Test number

martensitic forward transformation (pJ)

AE signal energy calculated for the TiNi SMA

AE signal energy calculated for the TiNi SMA
martensitic reverse transformation (pJ)

1 26.7
2 29.8
3 72.9

20.1
70.5
80.3

AE signals at this very short and fast elastic deform-
ation stage.

However, just after the stress knee, significant AE
signals are recorded due to the intense development
of the SIMT localized transformation. Just as it was
found in the former test (Fig. 8), the AE signals are
much weaker at the advanced stage of the martens-
itic forward transformation and at the beginning of

the unloading stage, when the reverse transformation
starts. Nevertheless, very intense EA count rate sig-
nals were recorded at the final part of the unloading
and advanced reverse transformation.

According to the repeatability of the recorded
stress and the acoustic emission count rates, a dis-
crepancy of the results shown in Figs. 10-12 is noticed.
However, since many factors on the way: material phe-
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nomena — AE counts rate, can influence the obtained
results, the repeatability is acceptable.

During the repeated loading and unloading of the
three subsequent TiNi SMA specimens, stress and
AE signals were recorded and its energy related to
the martensitic forward and reverse transformation
was calculated, respectively. The obtained results are
presented in Table 1.

Even though the results reflect a significant dis-
crepancy due to low level of the registered signals, one
can assume that the AE signal energy of the reverse
martensitic transformation overcomes the amount re-
gistered during the forward run, probably because of
the more complicated and longer lasting returning of
the SMA to its former shape and structure.

4. Concluding remarks

The process of nucleation and development of
the stress-induced martensitic transformation in TiNi
shape memory alloy was studied by a fast sensitive in-
frared camera and acoustic emission techniques. Both
the infrared and acoustic emission techniques confirm
the initial, macroscopically homogeneous transform-
ation, nucleating even before the knee of the stress-
-strain curve, especially for the lower strain rates.
At the higher strains, the infrared camera enables us
to record the formation of the localized transforma-
tion. Nucleation and development of the transform-
ation bands, detected by the infrared camera, were
confirmed by acoustic emission technique. At higher
strain rates, a higher specimen temperature due to the
exothermic martensitic forward transformation was
obtained, which follows the higher stress, necessary
for nucleation of the martensitic transformation. The
differences between the AE activities, observed during
the TiNi SMA loading and unloading process, have
manifested different dynamics of the stress-induced
martensitic forward and reverse transformation.
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