Arch. Mech., 65, 5, pp. 429–444, Warszawa 2013

Creep and creep recovery under stress-controlled subloop
loading in TiNi shape memory alloy
K. TAKEDA1) , R. MATSUI1) , H. TOBUSHI1) , E. A. PIECZYSKA2)
1)

Department of Mechanical Engineering
Aichi Institute of Technology
1247 Yachigusa, Yakusa-cho, Toyota 470-0392, Japan
e-mail: tobushi@aitech.ac.jp
2)

Institute of Fundamental Technological Research
Polish Academy of Sciences
Pawinskiego 5B
02-106 Warsaw, Poland
e-mail: epiecz@ippt.gov.pl
If a shape memory alloy (SMA) is subjected to the subloop loading under the
stress-controlled condition, creep and creep recovery can appear based on the martensitic transformation. In the design of SMA elements, these deformation properties are
important since the deflection of SMA elements can change under constant load. The
conditions for the progress of the martensitic transformation are discussed based on
the kinetics of the martensitic transformation for the SMA. The creep deformation
properties are investigated experimentally for TiNi SMA. The creep strain rate increases in proportion to the martensitic transformation strain; the creep recovery
strain rate increases in proportion to the reverse transformation strain.
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1. Introduction
Shape memory alloys (SMAs) are high functional materials characterized
by the thermomechanical properties of shape memory effect and superelasticity (SE). Since properties like these are highly conducive to the functions of
smart materials, their applications have attracted worldwide attention [1–3].
However, in order for SMAs to be applied effectively in the design of shape
memory elements, the thermomechanical properties of the material have to
be taken into account. The functional properties of an SMA appear based on
the martensitic transformation (MT), and since the MT is sensitive to variations in temperature and stress and to their hysteresis, the deformation properties due to the MT are complex [4, 5]. Up to now, research in this area has
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been mainly concerned with a full loop (or perfect loop) of the MT completion under a certain loading condition. But in practical applications, temperature and stress are likely to vary in various ranges. If SMA elements are subjected to loads with a subloop (or partial loop, internal loop), in which the
loading condition of temperature or stress varies in an incomplete MT range,
the conditions for the start and finish of the MT as in a full loop are not satisfied. That is to say, the conditions for the progress of the MT will therefore change depending on the previous hysteresis of temperature and stress
[6–9]. An example of this would be a case in which an SMA element accomplishes a two-way movement depending on an MT of cooling and a reverse
MT of heating, both under constant stress. In a full loop description, the SMA
element undergoes an amount of deformation corresponding to the maximum
stress-induced martensitic transformation (SIMT) strain. However, in the case
of a subloop, the SMA element does not complete the whole of this stroke.
Similarly, since the recovery stress which occurs in an SMA element subjected
to heating and cooling under a constant strain will depend on the hysteresis of the temperature, the actual variation in the recovery stress for a given
subloop will be smaller than that obtained in a full loop. It can be recognized
from this that the subloop deformation behaviour of an SMA is of great importance for an accurate evaluation of the functional properties of SMA elements
and for the design of such elements in practical applications. In the previous
paper, the basic behavior of transformation-induced creep and creep recovery
of SMA under one stress rate for one stress-holding start strain was investigated [10].
The present study investigates the SE deformation properties of TiNi alloy,
the most widely used SMA in practical applications. In particular, the characteristics of creep and creep recovery deformation in the stress plateau region under
constant stress which appears in the stress-controlled subloop loading are investigated. Variations in the SIMT bands during deformation are observed using
a microscope, and a thermograph is used to identify the temperature distributions on the surface of the tape specimen. The influence of stress-holding start
strain on creep and creep recovery behaviors is discussed in terms of the local
deformations due to the SIMT. Both the creep and creep recovery strain rates
increase in proportion to the transformation strain.
2. Conditions for progress of creep and creep recovery
2.1. Conditions of creep behavior in subloop loading

Let us discuss the conditions for strain to increase or decrease under constant
stress in the subloop loading or unloading. The transformation kinetics for the
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MT in SMAs proposed by Tanaka et al. is expressed as follows [4, 11]:
(2.1)

ż
= bM CM Ṫ − bM σ̇ ≥ 0
1−z

and for the reverse transformation
(2.2)

−

ż
= bA CA Ṫ − bA σ̇ ≥ 0,
z

where σ, T and z represent the stress, temperature and the volume fraction
of the martensitic phase (M-phase), respectively. The volume fraction of the
parent phase or austenitic phase (A-phase) is 1 − z. An overdot denotes the time
derivative. The material parameters bM , CM , bA and CA are determined from
the experiments.
The conditions for start and finish of the MT are expressed by the following
equations, respectively:
(2.3)

σ = CM (T − Ms ),

(2.4)

σ = CM (T − Mf ) .

The conditions for the reverse transformation are as follows, respectively:
(2.5)

σ = CA (T − As ),

(2.6)

σ = CA (T − Af ).

The parameters Ms , Mf , As and Af denote the start and finish temperatures
for the MT and the reverse transformation under no load, respectively.
From Eq. (2.1), since bM < 0, the condition for progress of the MT becomes
as follows:

(2.7)

dσ
≥ CM :
dT
dσ
≤ CM :
dT

for dT > 0,
for dT < 0.

From Eq. (2.2), since bA > 0, the condition for progress of the reverse transformation becomes as follows:

(2.8)

dσ
≤ CA :
dT
dσ
≥ CA :
dT

for dT > 0,
for dT < 0.

The conditions for progress of the phase transformation in the subloop loading during the phase transformation are shown in the stress-temperature phase
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Fig. 1. Conditions for progress of the MT and the reverse transformation in the subloop
loadings on the stress-temperature phase diagram.

diagram in Fig. 1. In Fig. 1, MS (z = 0) and MF (z = 1) denote the MT
start and finish lines with a slope of CM , respectively, and AS (z = 1) and AF
(z = 0) denote the reverse transformation start and finish lines with a slope
of CA , respectively. Points A and B in Fig. 1, respectively, represent the state
of progress of the MT and the reverse transformation and the volume fractions of
the M-phase at each point are zA and zB . The dashed lines MA and AB denote
the states with the volume fractions zA and zB , respectively. The conditions described by Eqs. (2.7) and (2.8) for progress of the phase transformation from the
points A and B mean that stress and temperature vary in the directions shown
by the arrows in Fig. 1.
If temperature decreases under constant stress from the point A, the MT
progresses. In this case, strain increases due to the MT under constant stress
like normal creep deformation. If temperature increases under constant stress
from the point B, the reverse transformation progresses. In this case, strain
decreases due to the reverse transformation under constant stress like normal
creep recovery.
2.2. Thermomechanical paths in stress-controlled subloop loading

The stress-strain diagrams for creep and creep recovery under stress-controlled subloop loading are schematically shown by the continuous line and that
for constant strain rate by the dashed line in Fig. 2. The corresponding stresstemperature paths for creep and creep recovery and for constant strain rate are
shown in Fig. 3.
In the case of the SE deformation under constant strain rate, the SIMT starts
at the point A during loading and the reverse transformation at the point C
during unloading. The slope of the lines AB and CD in the stress-strain diagram
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Fig. 2. Stress-strain diagrams for creep and creep recovery under stress-controlled subloop
loading and for constant strain rate (AE, F0 GH – constant stress rate, EFF0 , HII0 – constant
stress, AB, B0 CD – constant strain rate).

Fig. 3. Stress-temperature paths for creep and creep recovery under stress-controlled subloop
loading and for constant strain rate (AE, F0 GH – constant stress rate, EFF0 , HII0 – constant
stress, AB, B0 CD – constant strain rate).

is gentle under low strain rate and steep under high strain rate [12–16]. In the
case of constant stress rate, the slope of the lines AE and GH in the stress-strain
diagram is steep in proportion to stress rate [17]. Temperature increases due to
the SIMT in the process AE and decreases due to the reverse transformation in
the process GH. If stress is kept constant at the point E, temperature decreases,
resulting in an increase in creep strain due to the SIMT from the point E to
the point F. If stress is kept constant at the point H, temperature increases,
resulting in a decrease in creep recovery strain due to the reverse transformation
from the point H to the point I. These properties will be discussed based on the
experimental results in the following sections.
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3. Experimental method
3.1. Materials and specimens

The material used in the tests was a TiNi alloy containing Ti-50.95 at % Ni.
The specimens were in the form of a polycrystalline tape of this material produced by Furukawa Techno Material Co., Ltd. The transformation temperatures Rs , Rf , As and Af of the material obtained from the differential scanning
calorimeter (DSC) test were 279 K, 245 K, 254 K and 281 K, respectively. This
material shows SE at room temperature. The thickness and the width of the tape
were uniform, at 0.377 mm and 9.81 mm, respectively. The final cold-rolling rate
was 25% and the heat-treatment temperature was 803 K for 1 min. The specimen
used in the test was of gage length, 100 mm, where “gage length” (GL) means
the distance between the two securing grips.
The surface of the specimen used to observe the SIMT bands was mirrorlike, finished with a 2000 Grade emery paper. The surface used to detect the
temperature distributions by means of infrared thermography was covered with
a thin black layer of carbon powder.
3.2. Experimental apparatus

The testing apparatus for SMA characteristics appearing in the tension test
consisted of a tension machine and a heating-cooling device. A motion analysis
microscope (VW-6000 series by Keyence Co. Ltd) was used for the observation
of the SIMT bands on the surface of the specimen and an infrared thermography device ( NEC Avio Thermo Tracer H2600) was used for the detection
of heating or cooling effects due to exothermic or endothermic reactions to the
SIMT.
3.3. Experimental procedure

The stress-controlled subloop tension test for creep and creep recovery was
carried out in air at room temperature. The test was carried out as follows. Stress
loading was applied at a constant rate dσ/dt = 5 MPa/s up to a strain of ε1
in the upper stress plateau, and stress was then kept constant while the creep
deformation was observed. After reaching, at the maximum, strain εm due to the
creep deformation, stress was removed at the constant rate dσ/dt = −5 MPa/s
down to a strain of ε3 in the lower stress plateau during unloading, and stress
was then kept constant while the creep recovery behavior was observed. During
the test, the SIMT band characteristics and the temperature distributions on
the surface of the specimen were measured continuously.
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4. Transformation-induced creep and creep recovery
4.1. Strain behavior under constant stress in subloop loading

Figure 4 shows the stress-strain curve obtained from the stress-controlled
subloop tension test for creep and creep recovery in which stress loading was
applied under a constant stress rate of 5 MPa/s up to a strain ε1 of 2% in the
upper stress plateau during loading, followed by a constant stress till a stop
of creep strain, and then stress was removed under a constant stress rate of
−5 MP/s down to a strain ε3 of 6.41% with a decrease in strain of 1.5% from
the maximum strain εm in the lower stress plateau during unloading, followed
by a constant stress till a stop of creep recovery strain. In Fig. 4, the SIMT
starts at a strain εM S of 1.3% (point SM ) in the loading process, under a constant stress rate. If stress is controlled so as to remain constant at its level for
strain ε1 = 2% (point H1 ), it initially fluctuates slightly before setting down to
a constant 508 MPa at a strain of 3.5% (point C1 ). This fluctuation occurs due
to the fact that the tension test machine can not control the stress constant
precisely just after the change in stress rate. Strain thereafter continues to increase from point C1 to 7.91% (point FM ). This phenomenon of strain increase
under constant stress is similar to what is found with normal creep deformation.
The explanation in this case would be that the SIMT causes the temperature
to increase during loading up to a strain of 2%, after which it decreases under
a constant stress. Conditions are therefore satisfied for the SIMT to progress as
discussed in Figs. 2 and 3 (point E to F) in Section 2, and strain increases.
In the unloading process, strain decreases elastically from point H2 to a strain
εAS of 6.9% (point SA ) at which the reverse transformation starts. If stress is

Fig. 4. Stress-strain curve under a stress rate of 5 MPa/s followed by holding constant stress
at 508 MPa from a strain of ε1 = 2% (point H1 ) during loading and holding constant stress
at 231 MPa from a strain of ε3 (point H3 ) following a decrease in strain of 1.5% from the
maximum strain εm (point H2 ) under a stress rate of −5 MPa/s during unloading.
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controlled so as to remain constant at its level for strain ε3 = 6.41% (point H3 ), it
initially fluctuates slightly before settling down to a constant 231 MPa at a strain
of 5.8% (point C3 ). Strain then continues to decrease to 1.14% (point FA ). This
phenomenon of strain decrease under constant stress is similar to what is found
with normal creep recovery deformation. The explanation in this case would
be that the reverse transformation causes the temperature to decrease during
unloading down to point H3 , after which it increases under a constant stress.
Conditions are therefore satisfied for the reverse transformation to progress as
discussed in Figs. 2 and 3 (point H to I) in Section 2, and strain decreases.

Fig. 5. Variation in strain with time in the creep and creep recovery test under a stress rate of
5 MPa/s followed by holding constant stress from a strain of ε1 = 2% (point H1 ) during loading
and holding constant stress from a strain of ε3 (point H3 ) following a decrease in strain of 1.5%
from the maximum strain εm (point H2 ) under a stress rate of −5 MPa/s during unloading.

The relationship between strain and time is shown in Fig. 5. As can be seen
in Figs. 4 and 5, the rate of increase in strain rises sharply at the level of 1.3 %
(point SM ), following the start of the SIMT. Stress fluctuates slightly between
strain levels ε1 = 2% (point H1 ) and 3.5% (point C1 ) while strain increases
rapidly. After a strain of 3.5% is reached, stress settles down to be constant and
strain increases at an almost constant rate of 8.48 × 10−5 s−1 . Strain goes on
increasing to εm = 7.91% before finally becoming constant (points FM –H2 ).
In the unloading process from point H2 , the rate of decrease in strain rises
sharply following the start of the reverse transformation at point SA . Stress
fluctuates slightly between point H3 and point C3 while strain decreases rapidly.
After point C3 is reached, stress settles down to be constant and strain decreases
at an almost constant rate of −1.52 × 10−4 s−1 . Strain goes on decreasing gradually to a strain of 1.14% before finally becoming constant (point FA –H4 ).
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4.2. Progress of creep and creep recovery

Figure 6 shows photographs of specimen surface at various strains ε taken
by a motion analysis microscope in the stress-controlled subloop tension test for
creep and creep recovery. As can be observed from the series of images in Fig. 6,
the bands left by the SIMT (SIMT bands), similar to Lüders bands but at a
certain angle of inclination, appear first at both ends and then spread toward
the center as stress is kept constant from a strain of ε1 = 2%. Once the whole
surface has been transformed to the M-phase at a strain of εm = 7.91%, the
strain stops growing. The inclined angle of the SIMT bands in the central part
of the specimen is 42◦ which is close to the direction of maximum shearing stress
of 45◦ suggested by Huang [18].

Fig. 6. Photographs of specimen surface at various strains ε under a stress rate of 5 MPa/s
followed by holding constant stress from a strain of ε1 = 2% during loading and holding
constant stress from a strain of ε3 following a decrease in strain of 1.5% from the maximum
strain εm under a stress rate of −5 MPa/s during unloading.

In the unloading process, the reverse transformation band does not appear in
the early stage of unloading since stress decreases due to the elastic deformation
of the M-phase. If stress is kept constant at ε3 = 6.41%, the reverse transformation bands, after first appearing at the two ends and the central part, spread
from the boundaries to the whole surface.
Figure 7 shows the thermograms of the temperature distributions on the surface of the specimen at various strains ε obtained by the infrared thermography
in the subloop tension test. As it can be seen from the temperature distributions, the SIMT process, due to the exothermic reaction, first appears at the
two ends during loading and then spreads toward the center. If the stress is
kept constant at the level reached for a strain ε1 = 2%, the SIMT bands spread
due to a decrease in temperature. Transformation heat is generated at each new
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Fig. 7. Thermograms of temperature distribution on the specimen surface under a stress
rate of 5 MPa/s followed by holding constant stress from a strain of ε1 = 2% during loading
and holding constant stress from a strain of ε3 following a decrease in strain of 1.5% from the
maximum strain εm under a stress rate of −5 MPa/s during unloading.

point of advance in the SIMT process, which leads to a chain reaction in the
SIMT, resulting in creep deformation. The creep deformation corresponds to the
thermomechanical path E to F in Fig. 3. When the SIMT bands combine at the
maximum strain εm = 7.38% in the center, temperature increases a little higher
than that during spreading of the SIMT bands.
In the unloading process, the reverse transformation appears first, due to
endothermic reaction, at the two ends. If stress is kept constant from a strain
ε3 = 5.88%, the reverse transformation bands spread due to an increase in
temperature from both ends and the central part, resulting in creep recovery. The
creep recovery deformation corresponds to the thermomechanical path H to I in
Fig. 3.
4.3. Influence of stress-holding start strain on creep behavior

Figure 8 shows the relationship between strain and time obtained from the
creep and creep recovery test in which stress loading was applied under a constant
stress rate of 5 MPa/s up to various stress-holding start strains ε1 = 2%, 3%
and 4% (point H1 ), followed by a constant stress till a stop of creep strain
(point FM ) at the maximum strain εm , and then stress was removed under
a constant stress rate of −5 MPa/s down to the stress-holding start strain ε3 =
εm − 1.5% (point H3 ), followed by a constant stress till a stop of creep recovery
strain (point FA ). As can be seen in Fig. 8, the overall strain behaviors are
similar to the ones observed in Fig. 5. If the stress-holding start strain ε1 is
large, the strain rate under constant stress is high and the maximum strain εm
is large. The average creep strain rates ε̇c under constant stress (from point C1
to point FM ) for ε1 = 2%, 3% and 4% are 8.41 × 10−5 s−1 , 1.13 × 10−4 s−1 and
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Fig. 8. Variations in strain with time in the creep and creep recovery test under a stress rate
of 5 MPa/s followed by holding constant stress from various strains ε1 (point H1 ) of 2%, 3%
and 4% during loading and holding constant stress from a strain of ε3 (point H3 ) following
a decrease in strain of 1.5% from the maximum strain εm (point H2 ) under a stress rate of
−5 MPa/s during unloading.

Fig. 9. Relationships between creep strain rate ε̇c and MT strain ε1 − εM S , and creep
recovery strain rate −ε̇cr and reverse transformation strain εAS − ε3 .

2.74 × 10−4 s−1 , respectively. The relationship between the creep strain rate ε̇c
and the MT strain ε1 − εM S is shown in Fig. 9. The creep strain rate ε̇c can be
approximated by the following equation:
(4.1)
where εM S

ε̇c = a(ε1 − εM S ),
= 1.3% denotes the SIMT start strain and the coefficient
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(b) ε1 = 3 %
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Loading Constant stress
(c) ε1 = 4 %

Fig. 10. Photographs of specimen surface at various strains ε under a stress rate of 5 MPa/s
followed by holding constant stress from various stress-holding start strains ε1 of 2%, 3% and
4% during loading.

a = 9.3 × 10−3 s−1 . As can be seen in Fig. 8, the creep recovery strain behaviors with time under constant stress (from point H3 to point FA ) are almost
the same in all cases. The creep strain rate may depend on the hysteresis of
stress and temperature. This point is the future subject.
Figure 10 shows photographs of specimen surface at various strains ε during
loading in the creep and creep recovery test for various stress-holding start strains
ε1 = 2%, 3% and 4% taken by a motion analysis microscope. In Fig. 10, the SIMT
bands have been enhanced with green tinting. This is because the propagation
patterns of these bands although obvious enough to naked-eye observation, do
not show up well in monochrome photographs. As can be observed from the
series of images, the SIMT bands appear first at both ends and then spread
toward the center in the case of small stress-holding start strain ε1 . In the case
of large stress-holding start strain ε1 , the SIMT bands appear not only at both
ends but also in various central parts.
Figure 11 shows thermograms of the temperature distribution on the surface
of the specimen at various strains ε during loading for various stress-holding
start strains ε1 observed by the infrared thermography. In the case of ε1 = 2%,
the SIMT bands appear at both ends and then spread toward the center with
slight increase in temperature. In the case of ε1 = 3%, the SIMT bands appear
at both ends and central part with high increase in temperature. In the case
of ε1 = 4%, the SIMT bands appear at both ends and various parts with high
increase in temperature and wide high-temperature area, resulting in an increase
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Fig. 11. Thermograms of temperature distribution on the specimen surface under a stress rate
of 5 MPa/s followed by holding constant stress from various stress-holding start strains ε1 of
2%, 3% and 4% during loading.

in creep strain rate as observed in Fig. 8. If ε1 is large, temperature rise is large
during the path from A to E in Fig. 3, resulting in high creep strain rate during
the path from E to F.
4.4. Influence of stress-holding start strain on creep recovery

Figure 12 shows the relationship between strain and time during unloading
obtained from the creep and creep recovery test in which stress was removed from
10
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8 H2
εm
6

ε3

SA
H3
C3

ε3 = εm - 2 %
εm - 3 %

4

εm - 4 %

2
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H4

0
0

200

400

600

Time [s]
Fig. 12. Variations in strain with time in the creep recovery test under a stress rate of 5 MPa/s
followed by holding constant stress from various stress-holding start strains ε3 (point H3 )
following a decrease in strain of 2%, 3% and 4% from the maximum strain εm (point H2 )
under a stress rate of −5 MPa/s during unloading.
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the maximum strain εm (point H2 ) under a constant stress rate of −5 MPa/s
down to various stress-holding start strains ε3 = εm − 2%, εm − 3% and εm − 4%
(point H3 ), followed by a constant stress till a stop of creep recovery strain
(point FA ). If the amount of strain removal εm − ε3 from the maximum strain is
large, the strain rate under constant stress is high. The average creep recovery
strain rates ε̇cr under constant stress (from point C3 to point FA ) for ε3 =
εm − 2%, εm − 3% and εm − 4% are −1.87 × 10−4 s−1 , −3.16 × 10−4 s−1 and
−4.37×10−4 s−1 , respectively. The relationship between the creep recovery strain
rate −ε̇cr and the reverse transformation strain εAS − ε3 is shown in Fig. 9. The
creep recovery strain rate ε̇cr can be roughly approximated by the following
equation:
(4.2)

ε̇cr = b(ε3 − εAS ),

where εAS = 6.9 % denotes the reverse transformation start strain and the
coefficient b = 1.4 × 10−2 s−1 . The creep recovery strain rate may depend on the
hysteresis of stress and temperature. This point is the future subject.
5. Conclusions
The creep and creep recovery under the stress-controlled subloop loading
in TiNi SMA tape were investigated based on evidence of local temperature
variation as measured by infrared thermography and on the SIMT band that
appeared on the surface and was observed by a motion analysis microscope
during tension tests. The results obtained can be summarized as follows:
(1) If stress is kept constant at the upper stress plateau after loading up to the
stress-holding start strain ε1 under a constant stress rate, creep deformation occurs due to the spread of the SIMT process. The creep strain rate
under constant stress increases in proportion to the MT strain ε1 − εM S
based on temperature increase due to the exothermic SIMT up to the
strain ε1 .
(2) If stress is kept constant at the lower stress plateau after unloading down
to the stress-holding start strain ε3 from the maximum strain under a constant stress rate, creep recovery deformation occurs due to the reverse
transformation. The relationship between the creep recovery strain rate
under constant stress and the reverse transformation strain ε3 − εAS can
be roughly approximated by a linear relationship.
(3) In the design of SMA elements, it is important to take account of the
creep and creep recovery since the deflection of SMA elements can vary
under constant load even if temperature is kept constant around SMA
elements.
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