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Abstract Pseudoelasticity (PE) in shape memory alloys
relies on the formation of stress-induced martensite during
loading and on the reverse transformation during unload-
ing. PE yields reversible strains of up to 8 % and is applied
in applications such as medical implants, flexible eye glass
frames, damping elements, and others. Unfortunately, PE
shows a strong temperature dependence and thus can only
be exploited within a relatively narrow temperature win-
dow. The present work focuses on a related process, which
we refer to as twinning-induced elasticity (TIE). It involves
the growth and shrinkage of martensite variants which are
stabilized by dislocations, which are introduced by appro-
priate cold work. TIE yields reversible strains of the order
of 3 %. The TIE effect does not suffer from the strong
temperature dependence of PE. The weak temperature
dependence of mechanical TIE properties makes TIE
attractive for applications where temperature fluctuations
are large. In the present work, we study the TIE effect
focusing on NisgTisg shape memory alloy wires. The
degree of plastic pre-deformation of the initial material
represents a key parameter of the ingot metallurgy pro-
cessing route. It governs the exploitable recoverable strain,
the apparent Young’s modulus, and the widths of the
mechanical hysteresis. Dynamic mechanical analysis is
used to study the effects of pre-deformation on elementary
microstructural processes which govern TIE.
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Introduction

NiTi shape memory alloys (SMAs) show fascinating
functional and structural properties [1-5]. They exhibit a
high strength [6, 7] and SM effects can be exploited many
times before functional and structural fatigue limit service
life [8-11]. NiTi SMAs also show good corrosion resis-
tance and biocompatibility [12, 13], such that they are
attractive for medical applications. Depending on Ni-con-
tent and microstructure, they exhibit thermal (one way
effect, 1WE; two way effect, 2WE) or a mechanical
memory (pseudoelasticity, PE) [1-5, 14, 15]. Both types of
shape memory effects rely on the martensitic phase trans-
formation from the high temperature phase austenite (B2)
to the low temperature phase martensite (B19') during
cooling/mechanical loading and on the reverse transfor-
mation during heating/unloading [1-5]. The 1WE and PE
are associated with reversible deformations between 5 and
8 % [4, 5, 16].

In the present work we consider SMAs with mechanical
memory. Today, more than 90 % of all commercial NiTi
products exploit PE [17]. PE is applied in medical implants
and instruments, flexible eye glass frames, orthodontic arch
wires, and various engineering applications [18-20]. Fig-
ure 1 shows the mechanical behavior of pseudoelastic NiTi
SMAs. Figure 1a shows three loading/unloading curves of
a PE NiTi wire, which were obtained at different temper-
atures. The formation of stress-induced martensite in PE
NiTi generally requires a critical stress level, and it is
associated with the evolution of a stress/strain plateau.
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During unloading, the imposed strain is almost fully
recovered as the martensite transforms back to austenite.
The reverse transformation which is also associated with a
stress/strain plateau occurs at lower stress levels. The
loading and unloading stress strain paths in Fig. 1a limit an
area, which represents a dissipated energy referred to as
stress/strain hysteresis. Recently, it was shown that the
width of the mechanical hysteresis in PE SMAs is gov-
erned by the crystallographic compatibility between
martensite and austenite [21]. It is important to highlight
that the mechanical properties of PE NiTi show a very
strong Clausius—Clapeyron type of temperature depen-
dence [22]. An increase in temperature by 10 K, for
example, is associated with an increase in both plateau
stresses by about 65 MPa. This trend can also be observed
for the tensile curves shown in Fig. la. Olbricht et al. [22]
showed that higher plateau stresses (caused by higher
temperatures) can promote irreversible deformation based
on dislocation plasticity. Therefore, PE can only be
applied within a certain temperature window. Olbricht
et al. [22] studied the mechanical behavior of commercial
PE NiTi wires. It was observed that a good shape
recovery was only obtained between 20 and 70 °C. It is
clear that the strong dependence of the PE effect on
temperature is problematic where applications demand
large temperature windows.

Hornbogen [23] discussed the term pseudoelasticity. He
pointed out that there is a type of mechanical memory in
SMA s which is less well appreciated than conventional PE.
It relies on the reversible growth and shrinkage of
martensite twin variants in plastically deformed martensite.
This effect does not involve phase transformations. Instead
it exploits the stabilization of martensite twins by dislo-
cations and the mobility of twin boundaries. During
mechanical loading, preferentially oriented martensite twin
variants grow on the expense of others. The external stress
overcomes the stress fields of the stabilizing dislocation
substructure. However, during unloading, the dislocations
stress fields take over again and help to restore the original
martensite twin microstructure. We refer to the associated
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shape recovery as twinning-induced elasticity (TIE). In the
literature, TIE was referred to as “linear superelasticity”
[24-26] or “twinning pseudoelasticity” [23]. Figure 1b
shows examples of stress/strain curves from a NiTi SMA in
the TIE state. Three experiments were performed at 20, 40,
and 60 °C, Fig. la. One can clearly see that unlike in the
case of PE, TIE is nearly unaffected by these temperature
changes. Figure 1b also shows that TIE wires exhibit an
almost linear stress/strain behavior, the pronounced stress
plateau of the PE effect shown in Fig. 1a is not observed.
However, TIE is known to provide lower reversible strains
as compared to PE SMAs [23, 24, 27, 28]. Typically,
strains of the order of 3 % can be fully recovered. The TIE
effect is assumed to require a dislocation density in the
material, which is high enough to stabilize martensite twin
variants without suppressing twin boundary mobility [23].
This dislocation density can be introduced by different
thermomechanical treatments like rolling, swaging, and
wire drawing.

In PE SMAs, austenite grain boundaries, dislocations,
and Ni-rich precipitates affect the quality of the shape
memory effect [6, 8, 29-32]. During the production of
commercial PE NiTi, it is of utmost importance to establish
a nano-crystalline microstructure. The nanograin bound-
aries act as obstacles for irreversible dislocation plasticity
while they do not suppress the martensitic transformation
[30]. In contrast, TIE requires a strongly plastically
deformed martensite [23] and the elementary processes
which govern TIE occur in complex microstructures [33].
There is a good understanding of the effect of cold work on
the microstructure of martensitic NiTi, e.g,. [33—37]. Thus,
it is well known that the degree of cold work represents a
critical parameter, which affects twin types as well as the
crystallographic character of intervariant twinning planes.
With increasing level of cold work, (11-1) type I twins
become dominant, and special-twinned microstructures
with substructural bands, wavy (001) twin boundaries, and
wedge-like (111) type I twinning plates evolve [33-37]. At
very high deformation levels, local amorphization was
reported [37].
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Mechanical TIE properties and the underlying defor-
mation mechanisms have so far received limited attention
[23-25, 27, 28, 34, 38-40]. Tadaki and Wayman [34]
discussed the mobility of twin boundaries in plastically
deformed NiTi martensite. They concluded that pre-exist-
ing twin boundaries become immobile in the presence of
higher dislocation densities. They suggest that the “unusual
elastic behavior” is probably related to the appearance/
disappearance of micro twins during loading/unloading, as
previously observed by Narita et al. [41] in Cu—Ge alloys.
About 20 years after the work of Tadaki and Wayman [34],
Zheng et al. [24] and Zhao et al. [25] were able to confirm
by in situ transmission electron microscopy that indeed
(011) microtwins appear/disappear during mechanical
cycling. They suggested that this process represents a key
deformation mechanism in NiTi SMAs showing the TIE
effect. The mechanical behavior of TIE and PE NiTi shape
memory alloys has been compared by Zadno and Duerig
[27] who showed that TIE allows to store slightly larger
elastic energies than PE. Hoshiya et al. [42] observed a
mechanical behavior very similar to TIE after neutron
irradiation of NiTi.

At present, only little information is available on the
mechanical behavior of TIE SMAs [23-25, 27, 28, 34, 38—
40]. In the present work, we investigate the TIE effect in
equiatomic NiTi SMAs. An attempt is made to characterize
the effects of pre-deformation on stress/strain behavior and
on the underlying elementary deformation processes using
uniaxial tensile testing and dynamic mechanical analysis
(DMA).

Experimental Procedure
Production of TIE Wires

In the present study, equiatomic NiTi wires were produced
by vacuum induction melting and subsequent thermome-
chanical processing involving swaging, wire drawing, and
subsequent heat treatments. The alloys were prepared by
melting high purity Ni pellets and Ti rods in a vacuum
induction furnace of type PVA TEPLA VSG 010 in Argon
atmosphere at 500 mbar. We took advantage of the Ti-
cladding technique [43] which allows to keep contamina-
tion during melting at a minimum. The resulting NisoTisq
ingots had a weight of 1 kg and a diameter of 40 mm. The
cast ingots were homogenized at 1000 °C for 10 h under
argon atmosphere followed by water quenching. Chemical
analysis (details are given in [14, 15]) indicates that the
weight percentage of carbon (<0.04 %) and oxygen
(<0.011 %) is below the specification of the ASTM F2063-
05 standard [44].

The initial 40 mm diameter of the ingots was reduced to
5.5 mm in several hot swaging steps using a swaging
device of type R6-4-120-21S (from HMP GmbH, Pforz-
heim, Germany) using 800 °C/10 min anneals before each
step. After deformation, this specific heat treatment results
in full recrystallization of the microstructure and is referred
to as recrystallization anneal (RA) throughout this work.
The degree of swaging deformation ¢ was calculated by
Eq. 1,

d
Q= 2lnE7 (1)
where dj represents the initial diameter and df the resulting
diameter after deformation. Each swaging step was asso-
ciated with a degree of deformation close to 0.3.

After swaging, the samples were again subjected to RA
before they were subjected to further cold work by wire
drawing (wire drawing instrument: HMP ZPR 2000 6 from
HMP GmbH, Pforzheim, Germany). Wire drawing was
carried out at room temperature in several steps, each with
a degree of cold work (Eq. 1) of ¢ = 0.07. Intermediate
RA treatments were performed between three subsequent
wire drawing steps. After the final deformation step, the
wires were straightened and again subjected to RA. Our
procedure establishes a fully recrystallized microstructure
with a medium grain size close to 30 um [45, 46]. The
resulting NiTi wires were used for all subsequent
mechanical tests, where the processing stress/strain history
was no longer considered and the deformation of the as-
processed material was reset to ¢ = 0. In order to study the
effects of pre-deformation on TIE, further wire drawing
was carried out at room temperature, such that the material
was again deformed in the martensitic state. Wires with
diameters of 1.66, 1.6, 1.54, 1.44, 1.34, and 1.25 mm
(corresponding to pre-deformation levels of ¢ = 0.07,
0.14, 0.22, 0.35, 0.49, and 0.63) were thus obtained. All
further details on thermomechanical treatments are given
elsewhere [21, 45-47].

Microstructural and Thermal Characterization

Metallographic samples were prepared for optical micro-
scopy by mechanical polishing and by color etching using a
solution of 14 g potassium disulfide in 50 ml Beraha I [43,
45, 46, 48]. Optical microscopy was carried out using a
Leica DM 4000 M microscope with polarized light. Cross-
sectional metallographic samples were prepared parallel to
the load axis during wire drawing and parallel to the center
of the wires. Grain size distributions were obtained com-
bining a classical line intersection method with quantitative
image analysis (software: Aquinto a4i). At least 500 grains
were considered for each material state. The effects of cold
work on microstructures were further investigated by X-ray
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diffraction (XRD). A diffractometer of type Philips X’ Pert,
equipped with a copper tube, a hybrid monochromator with
a 1/4° aperture providing Cu-K,; radiation, and a X’Cel-
erator line detector were used. The scanning rate was
0.002842°/s, and the increment between two steps was
0.006°. XRD scans were repeated four times to accumulate
higher diffraction intensities. The diffraction data were
interpreted using the Le Bail refinement implemented in
the software MAUD [49, 50]. For sample preparation, four
wire specimens were combined to increase the size of the
X-ray target. They were mounted in epoxy resin which
contained lead glass powder to suppress unwanted reflec-
tions. In a final preparation step, the cross sections were
vibropolished using an oxide suspension from Microdia-
mond GmbH (Kempen, Germany).

Differential scanning calorimetry (DSC) was used to
characterize the transformation behavior of the materials at
£150 °C. The DSC parameters were chosen in accordance
to the ASTM 2004-2005 standard [51]. Heating/cooling
rates of 10 K/min were applied. The maximum and mini-
mum temperatures were kept for 3 min. The measurements
were carried out in a protective argon atmosphere. The start
and finish temperatures of the forward and reverse trans-
formations, Ms/Mg, and Ag/Af, respectively, were deter-
mined using the tangent method. For further details on
DSC testing see [14, 52].

Mechanical Analysis

The mechanical behavior of the different material states
was investigated using quasi-static and dynamic mechani-
cal analysis. The quasi-static behavior was characterized
using a Zwick/Roell test instrument of type Z100. The wire
samples had a length of 60 mm. 15 mm on each side were
used for gripping. The accessible length for mounting an
extensometer was 30 mm. The strain measurement was
carried out using an extensometer of type 188553-Mul-
tiXtens with 15 mm gage length. Loads were determined
using a 100 kN Zwick/Roell type XforceK load cell. A
climate chamber of type SFL EC1835 was used to keep the
temperature constant at 20 °C. Each experiment started at a
pre-stress of 30 MPa with a constant crosshead displace
rate of 0.5 mm/min. Further details on mechanical testing
are documented elsewhere [53, 54].

Figure 2 shows a schematic loading/unloading curve of
a TIE wire together with the parameters which were
retrieved from the mechanical experiments. These include
the residual strain ¢, the apparent Young’s modulus E,
the hysteresis width Ae, and the maximum and minimum
Stresses Omax/Omin- The parameters E and Ae were deter-
mined at (Omax—0min)/2 as indicated in Fig. 2. It has been
pointed out that the apparent Young’s modulus accounts
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Fig. 2 Schematic illustration showing mechanical key parameters in
TIE materials: maximum tensile strength—a,,,, apparent Young’s
modulus—E, residual strain—e¢,,, and hysteresis width—Ae

for both, elastic as well as small scale twinning-related
deformation processes [23, 47].

Dynamic mechanical analysis (DMA) was used to ana-
lyze the visco-elastic deformation behavior of TIE wires. In
general, DMA allows the characterization of linear-elastic,
visco-elastic, and/or visco-plastic material behaviors [55].
In the uniaxial tensile DMA experiments performed in the
present study, the sample is subjected to a combination of a
static pre-strain &g, and a superimposed time-dependent
dynamic strain amplitude &4y,. An imposed strain-signal
&(?) results in a delayed stress response o(f). The delay
corresponds to a phase shift 6. From the experiments one
can evaluate (1) a storage modulus E (captures linear-
elastic properties) and (2) a loss modulus E” (accounts for
time-dependent effects). The factor tan 0 represents a
parameter which accounts for the damping capacity of a
system [55]. In the present study, a DMA instrument of
type 500 N EPLEXOR from Gabo Qualimeter GmbH,
Germany was used. A cyclic sinusoidal strain was imposed
on NiTi wires of 30mm gage Ilength (total
length = 50 mm), and the corresponding stress response
signal was recorded. Specimens were loaded by a static
strain &g, of 0.5 % and superimposed dynamic strain
amplitudes &gy, of 0.02 and 0.25 % (frequency: 10 Hz).
The tests started at 150 °C. Testing was performed, while
temperatures decreased to —150 °C and subsequent
increased back to 150 °C in 2 °C/ min. In 5 K intervals,
the storage modulus E’, loss modulus E”, and damping
factor tan 0 were determined. The test parameters were
chosen following the DMA standard as outlined in EN ISO
6721-1 [56] and as recommended in previous literature on
DMA assessments of SMAs [57-61].
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Results
Microstructural and Thermal Analysis

Figure 3 shows the effect of pre-deformation on the
microstructures of stoichiometric NiTi wires. The
microstructure of the fully annealed NiTi wire (¢ = 0,
starting material for preparation of TIE states) is shown in
Fig. 3a. The color etchant reveals both former austenite
grains (strong contrast) and martensite twins (small needle-
like structures with lower contrast). Grain sizes were
measured considering distinguishable prior austenite grain
boundaries. Figure 3b and ¢ show the microstructures after
medium and high levels of pre-deformation (¢ = 0.35 and
0.63). As the degree of cold work increases, the initially
equiaxed grains elongate along the wire drawing direction
(indicated by white arrows). To quantify the evolution of
microstructure, linear intercept grain sizes were measured
parallel and perpendicular to the wire drawing direction
and are presented in the cumulative probability nets in
Fig. 3d and e. These represent numerically linearized

Gauss distributions. The horizontal gray line at 50 %
shows the median value of the grain size. In the wire
drawing direction, the average grain size for ¢ = 0 is
14 pm. Grain sizes increase to 18 and then to 22 pum as the
degree of cold work increases to 0.49 and 0.63. Average
grain sizes (50 % values in probability nets) normal to the
wire drawing direction were determined as 11 pm (¢ = 0),
7 um (¢ = 0.49), and 6 pm (¢ = 0.63).

Figure 4 shows how XRD peak profiles are affected by
processing. It presents diffractograms for the wires with
@ =0, 0.07, 0.35, and 0.63. Diffracted intensities are
presented in a 20 angular range from 37 to 47°. The dif-
fracted intensities were interpreted taking the crystal
structures of B19’ (martensite) [62, 63], B2 (austenite) [64],
R phase (a second martensitic phase in the NiTi system)
[65], and TiC (carbide) [66] into account. It was not pos-
sible to clearly rationalize each single diffraction peak, due
to the fact that XRD experiments were performed on
slightly oxidized wires where additional surface phases
contribute to the diffracted intensities. The undeformed
wire mainly consist of B19’, only small volume fractions of
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Fig. 3 Effect of cold work on microstructures. a—¢ Optical micrographs of NiTi wires with different degrees of cold work ¢. a ¢ = 0.
b ¢ = 0.35. ¢ ¢ = 0.63. d, e Grain size distributions determined, d parallel and e perpendicular to the wire drawing direction

@ Springer



150

Shap. Mem. Superelasticity (2016) 2:145-159

¢=0.35

[lo=0.63
bl L] L L] bl L] & L]
37 38 39 40 41

2000 counts

—r T
42 43 44 45 46 47
201/°

Fig. 4 XRD scans for NiTi wires with different levels of cold work

B2, R phase, and TiC (common impurity in VIM-melted
NiTi [67]) are present. After wire drawing, the peak
intensities change and peak widths slightly increase. After
mild pre-deformation (¢ = 0.07), the austenite peak dis-
appears. In the case of the strongly deformed wire
(¢ = 0.63), no clear diffraction peaks can be distinguished.
This suggests that strong cold work leads to partially
amorphous material states.

Figure 5 shows the effect of cold work on phase trans-
formations in NisgTiso wires. Figure 5a shows DSC charts,
while Fig. 5b shows heat affects associated with the DSC
peaks. In the fully annealed condition (¢ = 0), the
austenite/martensite transition results in a pronounced
endothermic peak with Mg = 61.2 °C and Mg = 17.9 °C,
Fig. 5a. These values are in line with what one would
expect for the alloy composition considered in the present
study [14, 15]. The reverse transformation during heating

0.5

results in a pronounced endothermic peak characterized by
Ag = 62.6 °C and Ar = 103.5 °C. As the degree of wire
thickness reduction increases, the DSC charts flatten out
and the areas associated with DSC peaks (corresponding to
latent heats of transformation) decrease. For materials with
@ > 0.35, no transformation peak can be detected on
heating and cooling. Figure 5b shows the evolution of the
latent heats AH with increasing degrees of cold work ¢.
Note that the absolute values of the enthalpies associated
with the endothermic and exothermic heat effects are
identical. As ¢ reaches 0.35, latent heats can no longer be
detected. In line with previous findings [46], the disloca-
tions which were introduced by this degree of cold work
impede the reverse transformation on heating.

Quasi-static Mechanical Behavior

Figure 6 shows loading/unloading stress/strain curves from
the initial material (¢ = 0) and a mildly deformed
(p = 0.07) state. Both experiments were performed in
strain control and maximum strains &g, of 4 % were
imposed. Both experiments shown in Fig. 6 consisted of 10
loading/unloading cycles. In case of the undeformed wire,
initial straining results in increasing stresses until a stress/
strain plateau starts at a strain close to 1 %. This is related
to a pseudoplastic deformation of martensite [1-5]. After
the first unloading, about 0.4 % strain is recovered, and a
high residual strain (¢.s) remains, which is due to pseu-
doplasticity [1-5]. Further mechanical cycling is associated
with no significant further evolution of residual strains.
Figure 6 shows that already a mild level of pre-deforma-
tion drastically alters the mechanical behavior of our
material. A pre-strain of ¢ = 0.07 fully suppresses the
pseudoplastic stress/strain plateaus of the starting material.
The maximum stress reached at the end of the loading
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Fig. 5 Effect of cold work on phase transformation behavior. a DSC charts of NiTi wires with different cold work levels. b Latent heats of
forward (B2 — B19’) and reverse transformations (B19’ — B2) as obtained from transformation peaks in DSC charts
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Fig. 6 Comparison of the tensile behavior of the fully annealed
starting material (¢ = 0) and a slightly cold drawn (¢ = 0.07) NiTi
wire, both subjected to 10 loading and unloading cycles with a
maximum imposed strain of g,,x = 4 %

cycle increases by a factor of 4. This mechanical behavior
is in line with what was reported on TIE materials in the
literature [23, 24, 27, 28, 38, 40]. It underlines that a small
amount of pre-deformation is sufficient to establish TIE in
NiTi. A cyclic reversible strain of 2 % (double arrow in
Fig. 6) can be achieved for a strain amplitude of
emax = 4 %. However, the first loading/unloading cycle
causes a permanent residual strain of the same order of
magnitude. During further cycling, the residual strain
slightly increases. The cycle by cycle increase becomes
smaller with increasing cycle numbers, in line with what
has been reported in the literature for PE NiTi [9].

The cyclic loading/unloading behavior was evaluated
for all TIE states. Experiments were performed imposing
maximum strains of 2, 3, and 4 %. Figure 7 exemplarily
shows the cyclic mechanical behavior of wires which were
subjected to cold work levels of ¢ = 0.07 (Fig. 7a), 0.35
(Fig. 7b), and 0.63 (Fig. 7c). For each material, 10 loading
and unloading cycles were conducted with different max-
imum strains. Figure 9a—c shows cigar-shaped loading/
unloading stress/strain hysteresis curves with a small hys-
teresis area. The results suggest that the mechanical
behavior of the wires is strongly affected by processing
parameters. The level of cold work ¢ and the test condi-
tions (maximum imposed strain &y, and number of cycles)
affect the cyclic behavior. With increasing level of pre-
deformation, the slopes of the loading/unloading curves
become steeper, less residual strain is accumulated during
mechanical cycling, and the width of the mechanical hys-
teresis decreases. The corresponding changes in apparent
modulus of elasticity (E), maximum stress (0.x), residual
strain (&), and hysteresis width (Ae) were evaluated for

o/ MPa

o/ MPa

o/ MPa

(c) €l%

Fig. 7 Quasi-static tensile behavior of NiTi wires with different
degrees of cold work, a ¢ = 0.07, b ¢ = 0.35, and ¢ ¢ = 0.63. Ten
loading and unloading cycles with maximum imposed strains of
Emax = 2, 3, and 4 % were conducted

all material states and testing conditions. The results are
presented in Figs. 8, 9, and 10.

Figure 8 shows the dependence of the apparent Young’s
modulus (Fig. 8a) and maximum stresses (Fig. 8b) on
processing conditions. Figure 8a documents how an
increase in the level of cold work affects the apparent
Young’s modulus for two different material states. The first
dataset (N = 1) represents the mechanical behavior in the
first loading/unloading cycle, whereas N = 10 reveals the
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Fig. 8 Effect of the degree of cold work on a the apparent Young’s
modulus and b the highest stress obtained from tensile tests with
maximum imposed strains of &,,x = 2, 3, and 4 %. The white-filled
symbols in a represent data from the pseudoplastic wire, which does
not show the TIE effect

sample stiffness in the 10th cycle. Mechanical cycling
results in a slight increase of the apparent Young’s mod-
ulus. The slope of the resulting Young’s modulus versus
pre-deformation ¢ curves is not affected by cycling. In the
first cycle, the mildly deformed wire (¢ = 0.07) exhibits a
stiffness of only 30 GPa. This value increases with an
increasing level of cold work, such that a value of 57 GPa
is obtained for ¢ = 0.63. Mechanical cycling results in a
decrease of the modulus by about 3—5 GPa. Figure 8a also
contains data points from the fully recrystallized starting
material (¢ = 0; empty symbols). This material state
shows a pseudoplastic behavior (see Fig. 6) and therefore
its apparent elastic modulus does not follow the same trend
as the TIE wires. The increase of the material stiffness is
associated with an increase in maximum stresses (0 may)-
We note, that wires with high cold work levels reach
remarkably high stresses during mechanical cycling. For

@ Springer

I %

€
e

Emax= 3%

1.54 s

| %

® ++———

X
—
. A
o
W
‘(-:max=4tyo
0.0 4————————r————r——r—————
1 2 3 4 5 6 7 8 9 10
(c) N/-

Fig. 9 Cyclic stability of mechanical behavior in TIE NiTi. Influence
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example, the wire with the highest level of cold work
(¢ = 0.63) reaches about 1600 MPa at an imposed strain
of 4 %.

Figure 9 shows how the degree of pre-deformation,
different maximum imposed strains, and mechanical
cycling affect residual strains which remain after unload-
ing. The results shown in Fig. 9 suggest that for TIE wires
an increasing number of cycles results in an increase of
residual strains. This increase is most pronounced in the
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Fig. 10 Cyclic stability of the mechanical behavior in TIE NiTi.
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first cycle, and it decays during further cycling. The
residual strain and its evolution during mechanical cycling
strongly depend on the level of cold work and the imposed
maximum strain. In general, a more stable mechanical
behavior is observed for higher degrees of deformation
(brown curves in Fig. 9a—c) and lower imposed strains. For
example, the mildly deformed wire (¢ = 0.07) accumu-
lates 0.6 % residual strain within 10 loading/unloading
cycles with a strain amplitude of &,,,x = 2 %, Fig. 9a. An
increase in the level of cold work to ¢ = 0.67 reduces the
accumulated &, value down to 0.1 %. In contrast, an
increase of the loading amplitude é&,,x to 4 % strain
(Fig. 9¢) yields a higher residual strain of 1.7 % after 10
cycles for the same material (¢ = 0.07).

Figure 10 presents the effect of mechanical cycling on
the evolution of hysteresis width A¢ for wires with different
cold work levels. The maximum imposed strain was 3 %.
In general, wires with low degrees of deformation exhibit a
larger mechanical hysteresis width (e.g., close to 1.26 %
for the ¢ = 0.07 wire). The hysteresis width significantly
decreases with increasing plastic deformation, as well as
during mechanical cycling. This decrease is most pro-
nounced after the first cycle in samples with low cold work
levels. In the case of the mildly deformed wire (¢ = 0.07),
the hysteresis width decreases from Ae = 1.26 to 0.22 %
within 10 cycles. In contrast, under the same test condi-
tions, A¢ decreases from 0.45 to 0.02 % for the strongly
deformed wire (¢ = 0.63).

Dynamic Mechanical Analysis
In the present work, we use DMA to characterize the effect of

pre-deformation on the time-dependent stress response of the
TIE twin structure to strain-controlled cyclic loading.

Figure 11 shows the plots of the storage modulus (E’) and
damping factor tan J versus temperature 7 for fully recrys-
tallized (¢ = 0) NiTi wires, subjected to a static strain of
&sar = 0.5 %. Two different strain amplitudes (eqyn = 0.25
and 0.02 %, respectively) were chosen for the experiments
subjected to £150 °C heating/cooling cycles. In Fig. 11, the
upper case letters C and H characterize the cooling and
heating parts of a full cycle. The vertical dashed lines shown
in Fig. 11 represent martensite start (Mg) and finish (Mg)
temperatures which were derived from the DSC chart of the
same material state shown in Fig. 5a. We first consider the
experiment with a high dynamic strain amplitude of 0.25 %,
corresponding to the gray lines seen in Fig. 11. The storage
modulus initially slightly decreases from ~70 GPa at
150 °C to ~65 GPa at 70 °C. This decrease is caused by a
softening of the austenite lattice when approaching M [68].
Between Mg and MF, the martensitic transformation results
in a significant drop of E’, followed by a moderate and almost
linear increase during further cooling. Heating from
—150 °C to 100 °C again results in a moderate decrease of
E', until the reverse transformation from martensite to
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Fig. 11 Plot of storage modulus E’ and damping factor tan ¢ versus
temperature 7 for the fully recrystallized NiTi wires (¢ = 0), which
were subjected to a static strain of &y, = 0.5 % and dynamic strain
amplitude of &gy, = 0.26/0.02 % under heating cooling cycles
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austenite produces an abrupt increase between 100 and
130 °C. Both heating and cooling curves limit a hysteresis
area, which can be qualitatively compared to the DSC results
presented in Fig. 5a. Similar DMA results have been
reported in literature for NiTi SMAs [57-61]. The phase
transformation processes, which occur during cooling and
heating, also manifest themselves through changes in the
damping behavior. The tan ¢ curves in the lower part of
Fig. 11 (gray lines) show that the transformation from
austenite to martensite is associated with a significant
increase in tan o. This increase of damping capacity is related
to time-dependent twin boundary motion as suggested in
literature [57-61]. On heating from —150 °C, tan ¢ decrea-
ses at temperatures close to 110 °C due to the reverse
transformation.

Both E’ and tan ¢ datasets obtained for the high dynamic
strain amplitude of 0.25 % capture the transformation
behavior which relies on changes in the martensite twin
structure. However, the situation changes when we reduce
the dynamic strain amplitude from 0.25 % to only 0.02 %.
In this case (black lines), significantly higher E’ values are
obtained at lower temperatures. Furthermore, no more
increase in tan ¢ is observed after the material has trans-
formed to martensite. This finding suggests that an imposed
dynamic strain of 0.02 % is too low to provide significant
changes in the twinned martensite microstructure. There-
fore, all further DMA experiments were conducted with a
dynamic strain amplitude of 0.25 %.

Figure 12 shows changes in the dynamic mechanical
properties (storage modulus E' and damping factor tan o)
for NiTi wires subjected to different degrees of pre-de-
formation. The black reference line represents the behavior
of the undeformed ¢ = 0 wire. All other material states
were subjected to different degrees of cold work. The E'
curves in Fig. 12 show that increasing cold work levels
reduce the changes in E' and tan 6 related to phase trans-
formations on cooling and heating. Furthermore, increasing
levels of cold work yield higher E’' values at lower tem-
peratures. For example, the undeformed wire exhibits a
storage modulus of 37 GPa at —150 °C. An increase in
pre-strain level to ¢ = 0.67 provides a higher E’ values of
59 GPa. All E’ curves of strongly deformed wires show an
almost linear behavior during cooling and heating. Cold
work reduces the damping tan d. This finding suggests that
strongly deformed microstructures impede twinning pro-
cesses during cyclic straining of TIE NiTi.

Thermal Stability of the TIE Effect
In order to asses thermal stability of the TIE effect, unde-
formed and cold drawn wires were subjected to strain-con-

trolled loading in the DMA at temperatures between 300 and
—150 °C. This temperature range is larger than that which was
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considered in previous experiments (Figs. 12, 13). The wires
were first heated up to 300 °C, then cooled down to —150 °C,
and subsequently again heated up to 300 °C. Figure 12a
shows the evolution of the storage modules during thermo-
mechanical cycling for the undeformed wire which shows
qualitatively the same behavior as discussed in the previous
section. First, during heating, the transformation from
martensite to austenite results in an abrupt increase of E'.
Then, second, the martensitic transformation results in a
sudden drop of the storage modulus. The second heating cycle
shows a very similar behavior as observed in the first cycle.
This situation differs for plastically deformed wires subjected
to the same procedure, shown in Fig. 12b. Figure 12b shows
that the material with ¢ = 0.49 shows a higher storage
modulus in the early stages of the first heating step, where no
indications for phase transformation processes were observed.
This is in line with results presented in Fig. 13. However,
when reaching ~ 160 °C, the evolution of E’ deviates from a
straight line, and further heating results in a significant
increase of the storage modulus. In the subsequent cooling
step, the material shows a clear drop of E' which can be
interpreted as an evidence for a martensitic transformation.
We note, that the same material does not show this type of
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behavior after heating to only 150 °C, as shown in Fig. 13.
During the third experimental step, the wire again shows a
transformation-related change in E’, which indicates a trans-
formation from martensite to austenite. The experimental data
presented in Fig. 13b suggest that recovery processes at
temperatures exceeding ~ 160 °C result in microstructures
with low dislocation densities, where martensitic phase
transformations are no longer suppressed.

Discussion

Microstructures and Thermal Stability

The present work shows that the degree of pre-deformation
represents a key parameter for the production of TIE

SMAs. It strongly affects microstructures and governs
mechanical behavior. It has been extensively discussed in
the literature how martensitic twin structures evolve with
increasing amounts of cold work, e.g., [33—37]. The present
work shows that cold work moreover affects prior austenite
grain sizes and grain morphologies, Fig. 3. The XRD
results in Fig. 4 reveal additional microstructural aspects.
Thus Fig. 4 shows that a small volume fraction of austenite
was present in the initial material used to produce TIE
wires. The presence of austenite is related to the relatively
low M temperature of the wire (see ¢ = 0 wire in DSC
chart in Fig. 5a). The fact, that even small amounts of pre-
deformation fully eliminate austenite (see diffractograms
for ¢ =0 and ¢ = 0.07 in Fig. 4) indicates that stress-
induced martensite forms during wire drawing, which is
later on plastically deformed. Furthermore, a small volume
fraction of R phase was detected in the undeformed sam-
ple. The occurrence of R phase was not expected since this
phase is known to occur only after alloying, aging, or grain
size refinement (e.g., [5, 29, 52]). However, the presence of
R phase is less important for the scope of the present work.
Further efforts are required to confirm and to rationalize the
presence of R phase in our material, and to fully exclude
effects of sample preparation artifacts. Applying higher
degrees of pre-deformation result in higher dislocation
densities, as can be seen from the XRD peak broadening in
Fig. 4. The corresponding dislocations impede phase
transformation processes. This explains the decrease in
latent heats as observed in our DSC experiments, Fig. 5b.
The XRD data presented in Fig. 4 also indicate that
amorphization occurs during wire drawing, which is in line
with findings reported in literature [37, 69, 70]. However,
in the case of the strongly deformed (¢ = 0.63) wire, no
clear diffraction peaks were obtained. This finding suggests
that the sample is at least partially amorphous. It was
reported by Ewert et al. [69] that after a plastic deformation
of the order of 0.7 (true strain), between 5 and 10 % of the
volume of NiTi are amorphous. The results of the present
study suggest that this even holds for higher volume frac-
tion in our material. However, at present we cannot provide
precise quantitative data on amorphous volume fractions
on the basis of our -260 XRD scans, since the deformed
material is strongly textured. Further work is required to
verify this finding.

In the present work, an attempt was made to characterize
the thermal stability of plastically deformed microstruc-
tures in NiTi. The data from our DMA experiment in
Fig. 13 show an increase of the storage modulus during
heating up to 160 °C. We assume that this increase in E' is
related to a transformation from plastically deformed
martensite to austenite. In the corresponding temperature
regime, the high driving force for the reverse transforma-
tion might restore the parent phase. In addition, recovery
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processes might occur and facilitate the transformation
back to austenite. Recovery processes reduce dislocation
densities, and thus re-establish the ability of the material to
undergo phase transformation during heating and cooling
[71]. The temperature regime close to 160 °C might appear
as too low for recovery. However, diffusion-related pro-
cesses have been reported in literature to occur in similar
temperature ranges [72, 73]. The results in Fig. 13 show
that 160 °C represents an upper limit for the TIE effect.

Mechanical Behavior of TIE NiTi

A small level of pre-deformation (¢ = 0.07) is sufficient to
eliminate the initial pseudoplastic behavior and to establish
the TIE effect in stoichiometric NiTi, Figs. 6 and 7a.
However, only relatively moderate reversible strains can be
obtained (e.g., 2.3 % for maximum imposed strains of 4 %)
since mechanical loading is associated with large residual
strains, Figs. 7 and 9. Our results show that highest
reversible/lowest residual strains can be obtained for high
cold work levels (e.g., ¢ = 0.63), Figs. 7 and 9. A wire
with a cold work level of ¢ = 0.63 yields 3.1 % reversible
strain on unloading from 4 % maximum strain. It is
interesting to note that strongly deformed material states,
where one would expect that dislocations and amorphous
regions impede twin boundary mobility, nevertheless pro-
vide high reversible strains and show a high cyclic stabil-
ity, Figs. 7 and 9.

The degree of pre-deformation in TIE wires strongly
affects different aspects of their mechanical behavior. It not
only improves the ability to recover high imposed strains
after mechanical loading (Figs. 7 and 9). It moreover
affects apparent Young’s modulus (Fig. 8a) and mechani-
cal hysteresis width (Fig. 10). The apparent Young’s
modulus, which captures both elastic and twinning-related
deformation processes, increases with the degree of
deformation (Fig. 8a). This behavior has also been men-
tioned in [74], but not studied in detail. We assume that this
behavior can be rationalized on the basis of a scenario
where wire drawing in the martensitic state not only results
in higher dislocation densities but it moreover results in a
martensite texture change. This assumption is supported by
the XRD data presented in Fig. 4. Figure 4 shows that wire
drawing results in strong changes in diffraction peak
intensities (compare peak intensity evolution for different
diffraction peaks of ¢ = 0 and ¢ = 0.07 wires). It seems
reasonable to assume that these changes in peak intensities
are related to changes in martensite texture during pro-
cessing. Preliminary results on martensite textures docu-
mented in [47] also support this assumption (see Figs. 4.22
and 4.24 in [47]). An additional contribution to the increase
of the apparent Young’s modulus during wire drawing may
result from a high density of dislocations, which impede
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twinning processes [34], or from amorphization during
wire drawing. Further work is required to clarify this point.

We move on to the cyclic mechanical behavior in TIE
NiTi. Our results show that cyclic loading and unloading of
TIE wires results in an accumulation of residual strain
(Fig. 9), an increase in apparent Young’s modulus
(Fig. 8a), and in a decrease in hysteresis width (Fig. 10).
Similar phenomena are known for NiTi SMAs which show
pseudoelasticity or a thermal shape memory effect. These
effects are documented for PE NiTi in the literature and
they are often referred to as functional fatigue (e.g., [9, 73,
75]). In the case of SMAs showing PE or the 1WE, func-
tional fatigue is related to the generation of microstructural
defects, such as dislocations and stabilized martensite
during repeated phase transformations [21, 30, 73, 75-77].
This is not the case for TIE SMAs, where phase transfor-
mations are not involved. We therefore expect that changes
in the mechanical behavior are related to the presence of a
certain concentration of mobile dislocations. These dislo-
cations may not only account for irreversible plastic
deformation. Moreover, they may well stabilize certain
preferentially oriented martensite variants, as discussed in
[73, 78], which in turn affects geometry evolution during
cycling.

Elemental Deformation Mechanisms

The present work suggests that the TIE effect is generally
associated with relatively high mechanical stresses during
mechanical loading, Fig. 8b. Therefore, the deformation
behavior in TIE wires cannot solely rely on twinning-re-
lated processes. A certain fraction of the total strain has to
be related to conventional elasticity. We note that the ‘real’
Young’s modulus of B19” martensite in NiTi is sufficiently
low [79-81], such that relative large strains can be obtained
just by a conventional elastic deformation. Nevertheless,
our results provide evidence that loading and unloading of
TIE wires are associated with changes in twinned
martensite microstructures. The tensile curves in Figs. 6
and 7 show a hysteresis, and, a considerable damping is
observed, Figs. 11 and 12. Figure 14 demonstrates that a
correlation exists between damping and hysteresis width.
In Fig. 14, the damping tan 9 is plotted as a function of the
hysteresis width A¢ for TIE wires pre-deformed to different
levels of cold work. The data points were retrieved from
Fig. 10 (maximum imposed strain 3 %) and Fig. 12 for a
temperature of 20 °C on heating. Figure 14 shows a
striking result: All data points obtained from the different
materials fall on one common line through zero. Our
findings confirm that there is a clear coupling between tan
and Ae. Most importantly, Fig. 14 shows that both tan ¢
and Ae continuously decrease with an increasing amount of
pre-deformation. These findings suggest that TIE wires
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with low degrees of pre-deformation show the strongest
microstructural changes during mechanical loading. In
contrast, the microstructures of wires with higher degrees
of pre-deformation show a high stability. Our results sug-
gest that the high density of dislocations as well as the
presence of amorphous regions (Fig. 4) impede twinning-
related processes. Therefore, a larger part of the total
deformation has to rely on conventional elasticity in
strongly deformed wires. Further work is required to fully
rationalize all elementary deformation mechanisms which
govern the mechanical behavior of TIE NiTi.

Summary and Conclusions

In the present work, we investigate twinning-induced
elasticity (TIE) in NiTi shape memory alloys. From the
results obtained in the present study the following con-
clusions can be drawn:

1. The degree of pre-deformation represents a critical
parameter which strongly affects microstructures and
mechanical behavior.

2. A relatively low degree of pre-strain is sufficient to
establish TIE behavior. Higher degrees of cold work
are required to obtain a material state which shows low
residual strains and a stable stress strain behavior
during mechanical cycling.

3. The microstructural stability restricts exploitation of
TIE effect to temperatures below 160 °C.

4. The mechanical behavior in TIE SMAs not only depends
on changes which occur in the twinned martensite
microstructures. A large part of the overall deformation
is based on conventional elasticity. Our findings suggest
that higher dislocation densities and the presence of

amorphous regions impede twin boundary mobility.
Therefore, the deformation of strongly deformed TIE
wires fully relies on conventional elasticity.
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