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Abstract. Shape memory alloys are characterised by interesting properties, i.e. shape memory effect and pseudoelasticity, which enable their
increasing application. Thermomechanical aspects of martensitic and reverse transformations in TiNi shape memory alloy subjected to tension
tests were investigated. The stress-strain characteristics obtained during the tests were completed by the temperature characteristics. The tem-
perature changes were calculated on the basis of thermograms determined by an infrared camera. Taking advantages from the infrared technique,
the temperature distributions on the specimen’s surface were found. Heterogeneous temperature distributions, related to the nucleation and
development of the new martensite phase, were registered and analysed. A significant temperature increase, up to 30 K, was registered during
the martensitic transformation. The similar effects of the heterogeneous temperature distribution were observed during unloading, while the

reverse transformation, martensite into austenite took place, accompanied by significant temperature decrease.

Keywords: shape memory alloy, pseudoelasticity, transformation front, thermomechanical, investigations.

1. Introduction

When the shape memory alloy is seemingly perma-
nently mechanically deformed at a temperature below
a certain transition temperature and reverts to its orig-
inal shape after heating at the temperature above the
phase transition temperature, it is called a shape memory
effect. Such phenomena can be applied to medicine, stom-
atology as well as during designing of robots, solid-state
heat engines, etc. Pseudoelasticity is the material ability
to be strained much above the elastic limit and return
to its initial shape during unloading, showing a hystere-
sis loop. Such features, like nonlinear elastic behaviour,
high yield stress or significant internal damping, lead
to increasing application of these materials to actuators,
damping elements or other “smart” structures. Since the
elements are working in various conditions, the thermo-
mechanical properties of the shape memory alloys are
very important.

Experimental studies of the phenomena of initiation
and kinetics of the phase transformation fronts were dis-
cussed in Shaw and Kyriakides [1], Shaw [2], Tobushi et
al. [3] Lin et al [4], Gadaj et al [5, 6], Helm et al. [7],
Pieczyska et al. [8, 9], and others. Significant progress
was made in research concerning phase transformation
behaviour in last decade. Nevertheless, the phenomena
of the origin and further development of the new phase
is still a subject of current studies. The attention of the
present paper is focused on the aid provided by infrared
thermography (IT) for investigation of the various ther-
momechanical aspects related to the phase transitions in
TiNi shape memory alloy (SMA).

* e-mail: epiecz@ippt.gov.pl
** e-mail: tobushi@aitech.ac.jp

2. Theoretical background

According to the constitutive relationships proposed
by Tanaka et al. [10] and Tanaka [11] and applied by
Lin et al. [4] and Tobushi et al. [12], the deformation
behaviour of SMA due to martensitic transformation can
be described as follows:

& = Dé+ 0T + Q&; (1)

where o, ¢ and T represent the stress, strain and tem-
perature, respectively. The coefficients D and 6 represent
the modulus of elasticity and the thermoelastic constant,
respectively. The quantity ({2/D) represents the strain
range of the martensitic transformation. The internal
state variable & represents the volume fraction of the
martensite phase. In this way, the volume fraction of the
parent phase is 1 — &. The dot over the symbols denotes
the time derivative.

The transformation kinetics for the martensitic trans-
formation can be described by the formula:

&
1-¢

and for the reverse transformation:

= by Oy T — baso >0

(2)

3)

The material parameters: bys, Car, ba, £2 and C4 can be
found from the experiment.

The proposed equations enabled us to determine the
fundamental conditions for progress of the martensitic
and reverse transformations during the stress induced
phase transformation, namely the direction of the stress
and the temperature changes as well as to explain general
principle of SMAs behaviour under various conditions.

7% = bACAbeAd >0
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Fig. 1. Scheme and photograph of the experimental set-up designed for thermomechanical investigation of the stress induced phase

transformations in shape memory alloys

3. Methodology

In order to study a thermomechanics of nucleation
and further development of the stress induced martensitic
transformation in TiNi SMA, providing accurate experi-
mental data was necessary. To this end, strain controlled
tension tests were performed with the quasistatic rate of
deformation. A thermovision camera was used in order to
register the distribution of infrared radiation and create
thermograms that enabled us to calculate the tempera-
ture changes of the TiNi specimens subjected to loading.
The infrared camera turned out to be very useful in the
research concerning investigation of the stress induced
phase transformations. It enabled us to identify the area
of higher or lower temperature, related to occurrence of
the new material phase, with high accuracy. The obtained
temperature images were stored for further analysis; such
approach allowed us to observe, register and analyze ki-
netics and thermodynamics of the phase transformations
in shape memory alloys subjected to loading and unload-
ing process.

4. Experimental procedure

The sheet specimens of 160 mm x 10 mm x 0.4 mm were
cut from the band of SMA. Each specimen was covered
before the testing by a thin layer of the candle carbon
powder in order to obtain a higher and homogeneous
emissivity, possibly stable during the deformation process,
which in practice is not too easy to assure. The specimens
were subjected to the strain controlled tension test with
the strain rate equal to 1072 s~!. The temperature
changes were calculated as an average from the central
specimen area ~ 400 mm? with accuracy up to 0.1 K.
Scheme and photograph of the experimental set-up are
shown in Fig. 1.
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The applied research methodology is based on the ex-
perimental scheme like this. A specimen of the TiNi shape
memory alloy (SMA), designed according to the program
of investigation, was fixed in the hydraulic testing ma-
chine in order to obtain the stress-strain characteristics
with a high accuracy. The infrared camera was used in
order to find the temperature distributions of the ma-
terial subjected to loading. It registers a distribution of
infrared radiation from the specimen surface and creates
thermograms with 50 Hz frequencies. A computer system
of the data acquisition and conversion enables us to reg-
ister, store and reconstruct the obtained mechanical and
temperature data. In this way, the temperature changes
can be presented as a function of various mechanical
parameters in any time, as required.

5. Results

As results of the tensile experiments, the mechan-
ical and temperature characteristics and the numerous
thermograms showing temperature distributions on the
surface of the specimens of the TiNi SMA were obtained
(Figs. 3-8). The example of the worked out mechanical
and the temperature curves during the complete loop of
the phase transformation process was shown in Fig. 2:
AT denotes the average temperature calculated for the
chosen specimen area while ATp denotes the temperature
taken from the point where the first signal of significantly
higher temperature related to the new phase was noticed.

Due to analysis of changes in the mean temperature
of the sample surface one can draw suggestions con-
cerning the courses of effects accompanying the strain
induced phase transformation on a macroscopic scale, to-
gether with the influence of different factors upon those
effects. One should remember, however, about an inhomo-
geneous nature of both the initiation and development,
respectively, of phase transitions.

Bull. Pol. Ac.: Tech. 52(3) 2004
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Fig. 2. Stress-strain curve and temperature changes of TiNi SMA: AT denotes average temperature changes from the specimen area

and AT'p denotes temperature changes at the point where the phase transition start was noticed
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Fig. 3. Temperature distribution of TiNi SMA subjected to stress induced phase transformation during the initial part of loading. Numbers 1,
2, 3 correspond to the proper points of the stress-strain curve shown in Fig. 2, accordingly: 1 (before testing), 2 (initial elastic deformation),
3 (1%¢ sign of in inhomogeneity)

After the initial, elastic stage of deformation, a little
overshoot followed by a stress plateau related to the
initiation of the martensitic deformation was observed.
During unloading, the reverse transformation (martensite
into austenite) took place. It was observed that the both
phase transformations were accompanied by significant
temperature changes; the martensitic transformation was
accompanied by the temperature increase up to 30 K,
while the reverse transformation was accompanied by the
decrease in temperature.

Taking advantages from the infrared camera, which
monitored the specimen surface and registered the tem-
perature distribution, it was observed that in initial range
of the deformation, the temperature distribution on the
surface of the examined specimen was uniform, which was
pointed out on the homogeneity of the stress and the
strain state along the specimen (Figs. 2, 3).

5.1. Martensitic transformation. Before the tension
start the sample temperature was equal to the ambient
temperature of 296 K. At the initial tension phase, i.e., as

Bull. Pol. Ac.: Tech. 52(3) 2004

the stress increases up to its local maximum (see Fig. 3)
the specimen surface temperature increased, the thermal
image, however, remained almost quite uniform indicating
homogeneous nature of the deformation process. After the
uniform temperature distribution registered in the elastic
range of deformation, the temperature slightly increased
in the central area of the sample (Fig. 3; the 3"¢ ther-
mogram), which was followed by a sudden occurrence of
the first inclined line of significantly higher temperature
(Fig. 4; thermogram 4). This was the region of creation
of the new, martensite phase. It occurred just at that mo-
ment when the overshoot registered on the stress-strain
curve vanished, namely when the stress reached the lo-
cal maximum (Fig. 2). A sudden increase in temperature,
related to this phenomenon, was equal to about 6-10 K.
After a while, a few such lines parallel to each other oc-
curred towards the sample borders, as well as the next
“family” of them, which was developed in the perpen-
dicular direction (Fig. 4; thermograms 6-9). The lines,
characterised by significantly higher temperature, imme-
diately evolved into bands. The highest temperature, up
to 30 K, was registered at the cross-section of the bands

167



W\-\'\’\;.(lé‘dS()])J‘.hlllﬂ.])lel.pl

P

N www journals.pan.pl

POLSKA AKADEMIA NAUK

E. A. Pieczyska, S. P.

5 6

[
i ?
8

Gadaj, W. K. Nowacki, H. Tobushi

Fig. 4. Temperature distribution of TiNi SMA subjected to stress induced phase transformation during loading (martensitic transition). The

numbers above the thermograms correspond to the proper points of the stress-strain curve shown in Fig. 2
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Fig. 5. Temperature distribution of TiNi SMA subjected to stress induced phase transformation during loading (martensite transition). The

numbers above the thermograms correspond to the proper points of the stress-strain curve shown in Fig. 2

(Fig. 4; thermogram 9). In this way, during the SMA
loading, the temperature distribution accompanying the
process of origin and progress of the martensitic transfor-
mation was inhomogeneous — the increase of temperature
in some areas of the specimen became much higher than
in another. It was related to the phase transformation
process that is strongly temperature dependent.

When the strain increased, a still higher and higher
number of lines (bands) of the new material phase, charac-
terised by a significantly higher temperature, were regis-
tered (Figs. 4, 5). Nevertheless, it was observed for all the
tests, that the phase transition started in the central area
of the specimen and developed in both directions towards

168

the specimen grips (Figs. 4, 5). During the stress-strain
“plateau”, when the martensitic transition started, the
thermograms No. 4-9 (Fig. 4) were registered. Next, the
thermograms No. 10-12 (Fig. 5), related to the slightly
increasing segment of the stress-strain curve, were ob-
tained. After this stage, just when the bands of the
new phase reached the specimen grips (Fig. 5; thermo-
gram 12), the angle of inclination of the stress-strain
curve started to be slightly higher (Fig. 2). The high-
est temperature, probably related to the still developing
phase transformation, was observed and registered in the
central area of the specimen. The temperature change
registered at the point where the phase transition start

Bull. Pol. Ac.: Tech. 52(3) 2004
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was noticed (ATp), was higher than the average temper-
ature (AT) taken from the chosen specimen area (look at
the temperature vs. strain curves presented in Fig. 2).
At higher strain, the regions of higher temperature
became less clearly defined, most likely because of the
further martensite-phase development in the whole mate-
rial volume and the heat flow to the surroundings. When
the martensitic transformation was almost completed, the
temperature of the specimen surface became more homo-
geneous again (Fig. 6; thermogram No. 14). Furthermore,
during the following tests carried out on the same TiNi
SMA material, it turned out that the specimen could be
loading further, in wider strain range, without entering
the plastic range of the new, martensite phase. It means
that the “safe” SMA deformation range could be wider.

13
14

Fig. 6. Temperature distribution of TiNi SMA subjected to stress

induced phase transformation during loading (martensite transition).

The martensitic transition is almost completed. The numbers shown

above the thermograms correspond to the proper points of the
stress-strain curve shown in Fig. 2

5.2. Reverse transformation. The heterogeneous field
of the temperature distribution was also observed during
unloading of the TiNi SMA, when the reverse transfor-
mation, accompanied by significant temperature decrease,
took place (Figs. 2, 7).

When unloading the specimen the temperature drops
as the stress decreases. First, at the elastic unloading
stage a slow temperature drop can be observed probably
due to heat exchange with the surroundings. Then, the
temperature drops rapidly due to the endothermic reverse
transformation. At the last stage a drop in the mean
specimen temperature slows down remaining at almost
the same level until the unloading process ends.

Bull. Pol. Ac.: Tech. 52(3) 2004

At the beginning of the unloading, the temperature
distribution was almost homogeneous — there were not
too many differences on the specimen surface. After the
initial stage of the reverse transformation, still almost
uniform, the temperature distribution became inhomoge-
neous. On the all specimen surface the narrow bands of
lower temperature in two almost perpendicular directions
were observed. The bands were related to appearance
of the parent, austenite phase. As the stress and strain
decreased, the bands were characterised by the higher
temperature decrements. During the more advanced pro-
cess of unloading, at the end of reverse transformation, the
registered narrow bands of various colors, related to the
different temperature, were almost uniformly distributed
on the all specimen surface area (Fig. 7; thermogram 20).

After the unloading to null, when the reverse transfor-
mation (martensite into austenite) was almost completed,
the temperature of the specimen falls down with the
drop up to 5 K, even beyond the initial temperature in
some area. The lowest temperature was registered at the
cross-section of the interphase bands.

The temperature distributions registered after com-
plete unloading of the specimen were shown in Fig. 8.
After 0.98 s of the specimen unloading: Fig. 8; ther-
mogram 21a, the temperature distribution was still het-
erogeneous. Even after 3.20 s of the unloading to null:
Fig. 8; thermogram 21b, the temperature distribution still
remained non-uniform.

6. Discussion

The investigations conducted have proved that dur-
ing the phase transitions the stress magnitudes increase
as the temperature at which the deformation process de-
velops increases. The average temperature changes (AT),
as a function of stress in TiNi SMA subjected to stress-
induced phase transformations were presented in Fig. 9.
Presenting mean sample temperature changes as a func-
tion of stress makes the analysis of phase transformations
more clear. The maximum increase in temperature related
to the martensitic transformation, was quite significant,
up to 30 K in some area: the higher temperature was
measured at the cross-section of the interphase bands.
When unloading the specimen the temperature drops as
the stress decreases. First, at the elastic unloading stage
a slow temperature drop can be observed probably due
to heat exchange with the surroundings. Then, the tem-
perature drops rapidly due to the endothermic reverse
transformation. During the unloading, when the reverse
transformation (martensite into austenite) took place, the
temperature of the specimen falls down, in some area with
the drop up to 5 K below the initial temperature: the
lower temperature was measured at the cross-section of
the interphase bands (Fig. 7).

Particularly interesting are also the results obtained
after unloading of the strain-controlled test. Namely, after

169



www.czasopisma.pan.pl P N www journals.pan.pl

POLSKA AKADEMLA NAUK

E. A. Pieczyska, S. P. Gadaj, W. K. Nowacki, H. Tobushi

16 17

]

18

Fig. 7. Temperature distribution of TiNi SMA subjected to stress induced phase transformation during unloading (reverse transition).

The numbers above the thermograms correspond to the proper points of the stress-strain curve shown in Fig. 2

Fig. 8. Temperature distribution of TiNi SMA subjected to stress induced phase transformation after unloading: The numbers above the
thermograms correspond to the point 21 of the stress-strain curve shown in Fig. 2; 21a — 0.98 s after the specimen unloading, 21b — 3.20 s
after the specimen unloading
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Fig. 9. Temperature changes vs. stress in TiNi SMA subjected to stress induced phase transformations
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3.20 s of the unloading to null, the temperature dis-
tribution remained still heterogeneous (Fig. 8). It could
be explained like this. After unloading, some residual
martensite remained. That is, though the reverse trans-
formation completed macroscopically, it did not micro-
scopically complete. Based on this residual martensite,
a residual or internal stresses after the unloading might
appear. Therefore, some local microscopic reverse trans-
formation still occurred in the elastic region of unloading
after the macroscopic completion of the reverse transfor-
mation. Due to this effect, the heterogeneous tempera-
ture distribution may appear after unloading. It would
be cleared up in research concerning cycling tests of the
TiNi SMA.

7. Conclusions

Basing on the results obtained from tests on specimens
made of the TiNi Shape memory alloy subjected to stress
induced phase transformation in terms of mechanical
characteristics and temperature changes, the following
concluding remarks were proposed.

The thermomechanical behaviour of TiNi SMA con-
firmed the exothermic character of the austenite into
martensite transformation and the endothermic character
of the reverse one: the average temperature changes were
up to 30K for the test carried out with this strain rate.

The temperature distributions registered during load-
ing and unloading of the TiNi SMA were inhomogeneous
in the ranges of martensite and reverse transformations
which demonstrate that both the transformations oc-
curred in inhomogeneous way, via subsequent bands of
new phase.

The narrow bands of the significantly higher temper-
ature related to the martensitic phase were observed to
start from the central part of the specimen and developed
towards the specimen grips; they were characterized by
temperature increase about 6-10 K; their angle of incli-
nation was about 42 degree. For higher stresses, the lines
of new phase were also developed in the perpendicular
direction; the highest temperature was registered at the
cross-section of the bands.

At higher strain, the regions of higher temperature
became less clearly defined, most likely because of the
further martensite phase development in the whole mate-
rial volume and the heat flow to the surrounding. When
the martensitic transformation was almost completed,
the temperature of the specimen surface became almost
homogeneous again.

The lines of reverse transformation observed during
the unloading started and developed in whole the material
volume, however the process was still inhomogeneous,
the bands of new phase were wider in comparison to
the martensitic fronts and were characterized by the
temperature decrease of about 6-10 K; their slope of
inclination was also about 42 degree.

During the more advanced process of unloading, at the

Bull. Pol. Ac.: Tech. 52(3) 2004

end of reverse transformation, the registered narrow bands
of various colors, related to the different temperature,
were almost uniformly distributed on the all specimen
surface area.

After complete unloading of the specimen the tem-
perature distribution was still inhomogeneous which was
probably related to the residual martensite, still remained
in the material of the specimen.

The infrared camera turned out to be really good tool
for investigation of the kinetics of stress induced phase
transformations, namely the origin and further evolution
of new phase in TiNi shape memory alloy.
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