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THE DEFORMATION PROPERTIES of TiNi shape-memory alloy subjected to strain con-
trol and stress control were investigated experimentally. The results obtained are
summarized as follows. (1) In the case of a full loop, the stress-strain curves under
stress-controlled conditions are similar to those under strain-controlled conditions
with high strain rate. The overshoot and undershoot do not appear at the start points
of the stress-induced martensitic transformation in these curves. (2) In the case of
subloop under stress-controlled conditions, temperature decreases and therefore the
strain increases owing to the martensitic transformation at the early stage of the
unloading process. At the early stage in the reloading process, temperature increases
and therefore the strain decreases owing to the reverse transformation. (3) In the case
of subloop under stress-controlled conditions, the starting stresses of the martensitic
transformation and the reverse transformation in the loading and unloading processes
coincide with the transformation stresses under strain-controlled conditions with low
strain rate, respectively. (4) The deformation behaviours for a subloop under stress-
controlled conditions are prescribed by the condition for progress of the martensitic
transformation based on the transformation kinetics. (5) The deformation behaviors
subjected to cyclic loading under stress-controlled conditions at constant temperature
are also prescribed by the conditions for progress of the martensitic transformation.
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1. Introduction

IN A SHAPE-MEMORY alloy (SMA), the shape-memory effect (SME) and su-
perelasticity (SE) appear [1-4]. The strain of 6-8% is recovered by heating in
SME and is recovered by unloading in SE. In both cases, strain appears owing
to the stress-induced martensitic transformation (SIMT) in the loading process
and disappears due to the reverse transformation by heating or unloading.
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The recovery stress and recovery strain of SMA which appear due to SIMT are
applied to working elements of actuators, robots and solid-state heat engines. In
these applications of SMA, the deformation properties of the material are impor-
tant. The deformation properties due to SIMT vary, depending on temperature
and strain rate [5-6]. The basic deformation modes are strain-controlled and
stress-controlled conditions. The difference in deformation behaviors between
both conditions was reported recently [7]. Most deformation behaviors have been
investigated under strain-controlled conditions till now, but few behaviors under
the stress-controlled conditions. In the case of subloop under stress-controlled
conditions, the SIMT starting stress in the subsequent reloading process does
not coincide with the stress from which partial unloading started [7]. In the case
of strain variation during SIMT, the thermomechanical state varies due to SIMT.
Therefore the progress of deformation due to SIMT cannot be prescribed only
by the mechanical condition. Since SMA elements work repeatedly, the cyclic
deformation properties of SMA are particularly important [8-9].

In the present study, by the tensile test under strain-controlled and stress-
controlled conditions, the deformation behaviours of TiNi SMA subjected to
various strain rates, cyclic loading and various strain variations are investigated.
The thermomechanical condition for the progress of SIMT is discussed basing on
the constitutive equation of the material. The difference in deformation behavior
between strain-controlled condition and stress-controlled condition is considered.
The subsequent strain variation after cyclic deformation is discussed.

2. Condition for progress of martensitic transformation

In the present study, the deformation behavior of SMA due to martensitic
transformation (MT) is discussed basing on the condition for progress of MT.
The constitutive relationships proposed by Tanaka [10,11] are as follows. The
constitutive equation is

(2.1) & = Dé+OT + Q¢
and the transformation kinetics for the MT is
(2.2) -l—f—é = by CmT — byo > 0

or, for the reverse transformation,

(2.3) —g = baCAT —bao >0
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where o,¢ and T represent the stress, strain and temperature, respectively. The
coefficients D and © represent the modulus of elasticity and the thermoelastic
constant, respectively. £ represents the volume fraction of the martensitic (M)
phase. Therefore, volume fraction of the parent phase is 1-£. The dot over the
symbol denotes the time derivative. The material parameters bys, Cps, ba and
C4 are determined from expriments. Equation (2.2) is applied to the MT and
Eq. (2.3) to the reverse transformation.

If these equations are integrated by assuming these parameters to be con-
stant, Eq. (2.2) and Eq. (2.3) become respectively as follows:

(2.4) ¢ = 1 —exp{byCu(Ms—T)+ byo},

(2.5) £ = exp{baCa(As —T) + bac},

where Mg and Ag stand for the temperatures at which the MT and the reverse
transformation start under the stress-free conditions. From Eq.(2.4), the MT
starting and completing lines become as follows:

(2.6) o = Cu(T — M),

(2.7) o = Cm(T = M;) — 21n10/byy,

and are expressed by the straight lines with a slope of Cjs. From Eq. (2.5) the
reverse-transformation starting and completing lines become as follows:

(2.8) o = Ca(T - Ay),

(2.9) o = Ca(T - As) —21In10/b4,

and are expressed by the straight lines with a slope of C4. On deriving Eqgs. (2.7)
and (2.9) we have assumed that the transformation is completed when the frac-
tion of induced phase reaches 0.99. The transformation lines and the transfor-
mation region are prescribed by Egs. (2.6)-(2.9). If they are drawn on the stress-
temperature plane shown in Fig. 1, Eqgs. (2.6)-(2.9) are expressed respectively by
the straight lines Mg, Mp, Ag and A, and each transformation progresses in
the transformation strip between the starting line and the completing line.
From Eq. (2.2), the condition for progress of the MT becomes as follows:

bpCumT > bygd, by <0
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FiG. 1. Transformation lines.

and therefore

9 o o for dT>0,
dT
(2.10) ;
g
— < X
o7 <Cpy for dT <0

From Eq. (2.3), the condition for progress of the reverse transformation be-

comes as follows:
baCAT > baa, ba >0

and therefore

3—;56’,4 for dT > 0,
(2.11) ;
ﬁUZCA for dT<0O.

The MT progresses if the condition (2.10) is satisfied and the reverse trans-
formation progresses if the condition (2.11) is satisfied. Both transformations
progress in the transformation strips which are shadowed on the stress-
temperature plane in Fig. 1. For example, in the case of loading or unloading
from points A or C at constant temperature, the loading path (O or unloading
path @ satisfies the conditions (2.10) or (2.11) and each transformation pro-
gresses along the path. In the case of heating or cooling under constant stress,
the MT progresses along the cooling path @ and the reverse transformation
along the heating path @).

The conditions for progress of the phase transformation in the subloop during
the phase transformation are shown in Fig. 2. The points A and C in Fig.2(a)
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represent respectively the progressing state of the MT and the reverse transfor-
mation, and the volume fractions of the M-phase at each point are {4 and &..
The dashed lines M,,, and A,,, denote the states with the volume fractions £ 4 and
&, respectively. The conditions for progress of the transformation prescribed by
Eq. (2.10) and Eq. (2.11) mean that stress and temperature vary from the points
A and C to the directions shown by the arrows in Fig. 2(a).

The conditions for progress and stop of the subsequent transformation are
shown in Fig.2(b). In Fig.2(b), the MT progress in the loading path (@) and
unloading path @) and stops in the unloading path @) . The reverse transforma-
tion progresses in the unloading path (@) and loading path ) and stops in the
loading path @).

Stress

Temperature

(a) Path for progress of phase transformation

Stress

T, Temperature
(b) Path for progress and stop pf phase transformation

Fi1G. 2. Conditions for progress of phase transformation in the subloop during phase
transformation.
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3. Experimental method

3.1. Materials and specimen

The material was a Ti-55.4wt%Ni SMA wire, 0.75mm in diameter. The spec-
imens were given the shape memory of a straight line through shape memory
processing. This was carried out by holding the wires in the straight line at 673K
for 60 min and then cooling in a furnace. The specimens were straight lines with
uniform cross-sections. The reverse-transformation completion temperature Ay
was about 323K.

3.2. Experimental apparatus

The experimental apparatus was an SMA property testing machine composed
of a tensile machine and a heating-cooling device [12]. Temperature was measured
with a thermocouple, 0.1mm in diameter, on the surface in the central part of
the specimens. Displacement and load were measured with an extensometer of
20mm gauge length and a load cell, respectively.

3.3. Experimental procedure

The following five experiments were performed.

1. Exp.I: Dependence on the rate
Tensile tests under constant rate were carried out at test temperature
To= 353K for maximum strain €,,= 8%. Strain rates £ were 1 and 10% /min,
and stress rates ¢ were 1 and 10MPa/s.

2. Exp.II: Cyeclic full-loop behavior
Loading, and unloading were repeated 100 times at test temperature
To=353K for maximum strain &,,=8%. Strain rate ¢ was 1%/min and
stress rate o was 30MPa/s.

3. Exp.III: Subloop behavior
Loading and unloading under subloop were carried out at test temperature
Tp=353K. Strain rate € was 10%/min and stress rates & were 1, 10 and
30MPa/s.

4. Exp.IV: Cyclic subloop behavior
Loading to the strain £;=4% and subsequent unloading to the strain &3 =
1% were repeated seven times at test temperature Tp=353K. After the
cyclic deformation, loading to the maximum strain &,,=8% was performed.
Stress rate & was 30MPa/s.

5. Exp.V: Subloop behavior after cyclic deformation
After cyclic deformation to maximum strain &,=8% (100 times), load-
ing and unloading under subloop were performed at the test temperature
To=353K. Stress rates were 1 and 30MPa/s.

http://rcin.org.pl



DEFORMATION BEHAVIOR OF TiNi SHAPE-MEMORY. . . 81

4. Experimental results and discussion

In performing the experiment and dealing with the experimental data, stress
and strain were treated in terms of nominal stress and nominal strain, respec-
tively. Therefore the stress-controlled and strain-controlled conditions mean the
load-controlled and displacement-controlled conditions, respectively.

4.1. Deformation behavior under strain- and stress-controlled conditions

In order to investigate the dependence of SIMT on the rate under strain-
controlled and stress-controlled conditions, Exp.I was performed. The stress-
strain curves obtained by Exp.I are shown in Fig. 3.

1000
—— € =10%/min
%00 | —— € =1%/min
MF
a e
g |
g 400 1
w
é LN S Sy
0 1 1 3 4 5 6 7 L]
Strain %
(a) Strain-controlled
1000
—— d = IMPus o
| —— & =10MPu/s — My
W My — ¢ =1%/min
oy |

Stress MPa
g

Strain %

(b) Stress-controlled and strain-controlled

F1G. 3. Stress-strain curves under various strain rates and stress rates.

As seen in Fig. 3(a), in the case of low strain rate £ under strain-controlled con-
dition, an overshoot appears at the point M; and an undershoot at the point A,.
On the other hand, in the case of high strain rate, the overshoot and undershoot
do not appear. In the case of low strain rate, the interface between the M-phase
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and the parent phase moves under constant stresses which are expressed by stress
plateaus following the points M, and A,. At the points M, and A, an excessive
energy is necessary to create a nucleus of the induced phase compared with the
movement of the interface, and therefore an overshoot and an undershoot appear.
The MT is exothermic and the reverse transformation is endothermic. In the
case of low strain rate, heat generated by SIMT in the interface is radiated and
therefore the temperature does not increase. On the contrary, in the case of high
strain rate, because the interface at the temperature increased by SIMT moves,
temperature of the material increases during the MT and therefore the MT stress
increases. In the case of reverse transformation, the higher the strain rate, the
larger is the decrease in temperature, resulting in decrease in the transformation
stress. Basing on these reasons, the overshoot and undershoot do not appear in
the case of high strain rate.

As it is seen in Fig.3(b), both the overshoot and undershoot do not appear
under the stress-controlled condition. This is due to the stress-controlled condi-
tion that stress increases in the loading process and decreases in the unloading
process. In this case, the MT and the reverse transformation start respectively
under the same stresses as those at the starting points M, and A for a low
strain rate. Because the amount of variation in stress is small in the transforma-
tion region, the deformation (strain) rate becomes high, resulting in the same
deformation behavior as that under high strain rate.

4.2. Cyclic deformation property

The stress-strain curves obtained by Exp.II are shown in Fig.4. The curves
are parameterized by the number of cycles N. As it can be seen in Fig.4(a)
for the strain-controlled conditions, the MT stress decreases and residual strain
increases with an increase in N. Both the rate of decrease in the MT stress
and the rate of increase in residual strain decrease with an increase in N. The
MT stress and residual strain have the inclination to satulate a certain value. It
is ascertained by the previous study [13] under strain-controlled condition that
dislocations accumulate around the infinitesimal defects in the material with
cyclic deformation and both the internal stress and residual strain appear. These
cyclic deformation properties under strain-controlled condition are also observed
in the case of stress-controlled condition, as shown in Fig.4(b). In the case of
strain-controlled condition, both the overshoot and undershoot diminishes with
an increase in N. Therefore, after a certain number of cycles, the deformation
behavior under the stress-controlled condition becomes similar as that under
the strain-controlled condition [14] except for the difference in the slope of the
stress-strain curve in the transformation region.
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F1G. 4. Stress-strain curves under cyclic loading.

4.3. Deformation behavior in subloop

4.3.1. Deformation behavior under strain-controlled conditions. The stress-strain
curves obtained by Exp. III under strain-controlled conditions are shown in Fig. 5.
In Fig.5, the path from point A; to point D; denotes the unloading process and
the path from point D; to point A;;,— the reloading process. As seen in Fig. 5, in
the unloading process, strain decreases owing to elastic deformation between the
points A; and Cj, and owing to the reverse transformation between the points C;
and D;. In the reloading process, strain increases owing to elastic deformation
between the points D; and F;, and owing to the MT between the points F; and
A;i1. The stress o4 at the start points C; and C; of the reverse transformation
coincides with the stress of the plateau in N=1 under strain rate é=1%/min. The
stress oy at the start points F; and F» of the MT coincides with the stress of the
plateau in N=2 under é=1%/min. Therefore the starting stresses of the MT and
the reverse transformation in the subloop are prescribed by the transformation
stresses under low strain rate. In the case of unloading from a point A;, stress
returns to the point A; and the MT progresses on the curve which is extended
from the initial loading curve. This phenomenon appears as follows. In the initial
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loading, the MT progresses to the region which corresponds to the point A;.
In the reloading after the point A;, the MT progresses in the non-transformed
region under the stress level in N=1. The SIMT starting stress in the subsequent
reloading process coincides with the stress from which partial unloading starts
in the case of low strain rate [15]. This phenomenon is pointed out as the return-
point memory effect [7] and is observed for plastic deformation.

1000
€ =10%/min Unloading A ,—~C;~D,
Relalading D—~F—~A,,

Stress MPa

Strain %

FiG. 5. Stress-strain curves for subloop under strain-controlled conditions.

4.3.2. Deformation behavior under stress-controlled conditions. The stress-strain
curves obtained by Exp. III under stress-controlled condition are shown in Fig. 6.
In Fig. 6, the path from a point A; to a point D; denotes the unloading process
and the path from a point D; to A; ;- the reloading process. As seen in Fig. 6,
in the unloading process of the subloop, strain increases between the points A;
and B; and decreases owing to elastic deformation between the points B; and
C;, and the curve between the points C; and D; is almost parallel to the reverse
transformation curve in full loop. The smaller is the strain at a point A; and
the lower is the stress rate &, the larger will be the amount of strain increment
between the points A; and B;. In the reloading process, strain decreases between
the points D; and E; and increases owing to elastic deformation between the
points F; and F;, and the curve between the points F; and A, is almost parallel
to the initial MT curve. The stresses at a point F; and a point F, do not depend
on ¢ and are equal to the stress oy of the MT plateau in N=2 under the strain-
controlled conditions with a low strain rate. The stresses at a point C) and
a point Cy do not depend on & and are equal the stress o4 of the reverse
transformation plateau under strain-controlled condition with low strain rate.
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FiG. 6. Stress-strain curves for subloop under stress-controlled conditions.
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The variation in temperature during subloop under ¢=1MPa/s in Exp III
is shown in Fig. 7. In Fig. 7, the abscissa axis expresses the accumulated strain
path S. S is determined by the following equation:

(4.1) S = /Ids/dtldt

E,; B, E,
Ms J_\: B,C, D F, A; G D Fy, My

800 380
700 1318
o e
Em 1m§
g o b
@ 300 E
200 1388 =
100 1 380
0 345

0 5 10 15 20 . 25 30 s 40
Accumulated strain path§ %

Fic. 7. Temperature variation for subloop under stress-controlled conditions.

where ¢t denotes time. In Fig. 7, variation in stress is shown simultaneously. The
symbols A; ~ F; in Fig. 7 correspond to those in Fig. 6. As seen in Fig. 7, temer-
ature increases between the points F; and A;;; in the loading process, decreises
between the points A; and B; in the unloading process and returns to the ambent
temperature at point B;. Temperature decreases between the points C; and D;
in the unloading process, increases between the points D; and E; in the loadng
process and returns to the ambient temperature at point E;. Temperature coes
not vary during elastic deformation. Temperature variation AT from a point A;
to a point Bj is —4K. From the experiment performed under various strain rees,
temperature rise measured with a thermocouple pressed on the surface of a vire,
0.75mm in diameter, is about 4K [6], and the temperature rise on the surfac of
a ribbon measured with an infrared thermograph is about 20K [16]. Therebre,
the actual temperature variation AT from point A; to point B; is about -2K.
Stress variation Ao from point A; to point B; is -35MPa. The slope of the T
line Cps of TiNi SMA is 6.13MPa/K. Therefore the condition for progress of IT
prescribed by Eq. (2.10) is satisfied between the points A; and B;. From this act
it follows that MT progresses and strain increases between the points A; ind
B in the unloading process. In the similar manner, from Egs. (2.10) and (211)
which prescribe the condition for progress of MT and the reverse transformaton,
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it follows that MT progresses between the points F; and A;4+; and between the
points A; and Bj;, and the reverse transformation progresses between the points
C; and D; and between the points D; and E;.

Basing on the above-mentioned discussion, the path under the stress-controlled
condition on the stress-temperature plane is shown in Fig. 8.

Stress

TO Temperature

Fic. 8. Stress-temperature path in subloop under stress-controlled conditions.

The symbols A ~F in Fig. 8 correspond to those in Figs.2, 6 and 7. As seen
from Figs. 2, 6, 7 and 8, MT starts at the point M, and progresses to the point
By in the unloading process through the unloading start point A;. The reverse
transformation starts at the point C and progresses to the point ) through the
reloading start point D;. Because MT in the loading process between the points
Mg and A;, the points F; and A; and the points Fy and My is the exothermic
transformation, temperature of the material increases. In the unloading process
between the points A; and B;, because temperature increased owing to MT in the
loading process returns to the ambient temperature, temperature of the material
decreases. According to the decrease in temperature, MT progresses to the point
B;. Because the reverse transformation in the unloading process between the
points C; and D; and the points Ay and Ap is the endothermic transformation,
temperature of the material decreases. In the reloading process from the point
D;, because temperature decreased owing to the reverse transformation in the
unloading process returns to ambient temperature, temperature of the material
increases, resulting in progress of the reverse transformation to the point E;.

As seen in Fig. 6, the higher is the stress rate &, the smaller will be the amount
of variation in transformation strain between the points A; and B; and the point
D; and E;. This phenomenon appears according to the difference in the time
necessary to reach the transformation stop points B; and E; depending on ¢. In
the case of high ¢, because the time necessary to reach the transformation stop
points B; and E; is short, the strain transformed during this time is small.
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As seen in Fig. 6, strain increment between the points A, and B, is larger
than that between the points A; and Bjy. This phenomenon appears according
to the difference in volume fraction of the M-phase at the point A;. As found
from Eq.(2.2), the smaller is the volume fraction of the M-phase &, the larger
will be the amount of variation in £. The fraction at the point A; with strain
of 4% is smaller than that at the point A, with strain of 6%. Therefore the
amount of variation in £ from the point A, is larger than that from A;, and
larger transformation strain increment appears.

4.3.3. Cyclic property. The stress-strain curves obtained by Exp. IV under cyclic
subloop are shown in Fig.9. In Fig. 9, the thin curve expresses the full loop in
N =1 under strain rate é=1%/min. The thin dashed line shows the stress at the

— G =30MPals — ¢ =1 %/min,N=1
- N=2 M,

3

Stress MPa
o
g

T

F1G. 9. Stress-strain curves for cyclic subloop.

MT plateau in N=2 under the same strain rate. The stress at the MT start
point A in the reloading process is equal to the MT stress in N=2 under low
strain rate. At the initial MT start point My, high stress is necessary to create a
nucleus of the M-phase in the parent phase. In the case of subloop, MT progresses
under stress which is lower than that in the case of initial creation of a nucleus.
Because the M-phase exists in the material during the subloop, MT starts under
the stress in the case of low strain rate. The MT stress decreases with repeating
cycles. Compared with Exp. IT under cyclic full loop shown in Fig. 4, the amount
of decrease in the MT stress under cyclic subloop is small. This occurs according
to the fact that because the MT stress of 600MPa in subloop is lower than the
MT stress of 800MPa in full loop, the dislocations generated are small and thus
the internal stress is small, resulting in a small decrease in the MT stress.
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4.3.4. Deformation after cyclic loading. The stress-strain curves obtained by
Exp. V are shown in Fig. 10. In Fig. 10, the path between the points A; and D;
denotes the unloading process and the path between the points D; and A;; ;- the
reloading process. As seen in Fig. 10, MT starts at the point M, and progresses
to the point B; through the unloading start point A;. The reverse transformation

d =1MPals Unloading A B ,~C,~D,
ReloadingDi—oEi—-F'.ﬂA
600 [ i ;

i+l

(a) ¢ =1MPa/s
800
d =30MPa/s UnloadingA‘—oBI—-C‘—-D‘
i} Rdudlngni—-E‘-oF'.—- A
- i ' ‘ :
E E - A B ALY Mf
goot Mo Tr i 7% &
s / VA . wl ¥ L s
8; i A
L E ]
> = : A : 5o Strain-
F ' : : ; controlled
o L1 L] i [
0 2 4 6 8
Strain %
(b) ¢ =30MPa/s

F1G. 10. Stress-strain curves under stress-controlled conditions after cyclic loading.

starts at the point C; and progresses to the point E; through the reloading start
point D;. As seen in Figs. 10(a) and (b), the higher is the stress rate, the higher is
also the MT stress and the lower is the reverse transformation stress. This occurs
according to the fact that if the stress rate is high, temperature of the material
increases owing to MT, resulting in an increase in the MT stress and temper-
ature of the material decreases owing to the reverse transformation, resulting
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in a decrease in the reverse transformation stress. These deformation properties
are similar to those without cyclic deformation shown in Fig.6. In the case of
subsequent subloop after cyclic loading, the condition for the transformation is
stable, and therefore the stress levels at the points M, and F; and those at the
points As and Cj, respectively, coincide.

5. Conclusions

The deformation properties of TiNi SMA subjected to strain control and
stress control were investigated experimentally. The results obtained are sum-
marized as follows. (1) In the case of a full loop, the stress-strain curves under
stress-controlled conditions are similar to those under strain-controlled condi-
tions with high strain rate. The overshoot and undershoot do not appear at the
start points of SIMT in these curves. (2) In the case of a subloop under stress-
controlled condition, temperature decreases and therefore the strain increases
owing to the martensitic transformation at the early stage in the unloading
process. At the early stage in the reloading process, temperature increases and
therefore the strain decreases owing to the reverse transformation. (3) In the case
of subloop under stress-controlled condition, the starting stresses of MT and the
reverse transformation in the loading and unloading processes coincide with the
transformation stresses under strain-controlled condition with low strain rate,
respectively. (4) The deformation behaviors for subloop under stress-controlled
condition are prescribed by the condition for progress of MT based on the trans-
formation kinetics. (5) The deformation behavior subjected to cyclic loading
under stress-controlled condition at constant temperature is also prescribed by
the condition for progress of SIMT.
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