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Abstract

Recent tension—torsion test results on nano-grained NiTi shape memory alloy micro-tubes are reported in this paper.
It is discovered that: (1) during uniaxial tensile loading, the stress-induced transformation in the micro-tubes is realized
by the initiation and growth of a macroscopic spiral martensite band with a quite sharp austenite-martensite (A—M)
interface; (2) during loading by torsion (pure shear), the stress—strain curve exhibits monotonic hardening, the stress-
induced transformation is axially homogeneous throughout the whole tube and the transformation strain is much
smaller than that under tension; (3) under tension—torsion combined loading with an increasing shear/tension stress
ratio, there is a gradual change in the deformation mode from localization and propagation (under pure tension) to the
homogeneous deformation (under pure shear). The tube surface morphology observation indicates that, during this
gradual change, the A-M interface thickness increases as its evolution is recorded. The test results demonstrate that
there is a strong anisotropy and loading path dependence of the tube responses in both kinematics and kinetics. Possible
underlying physical mechanisms are analyzed and implications for future theoretical modelling are also dis-
cussed. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Applications of shape memory alloys (SMAs) in the medical industry are multiplying rapidly. NiTi
polycrystalline SMAs, due to their unique superelastic properties and biocompatibility, have been suc-
cessfully used as components of medical devices in recent years. An outstanding example is of their use in
minimal access surgery and less invasive operations as guidewires, guidetubes and stents. The high flexi-
bility, large recoverable deformation, good fatigue life and outstanding superelastic behavior at or around
body temperature of NiTi superelastic tubes and wires make it possible to minimize the size of critical
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medical devices and to perform functions that would be impossible with other materials. High mechanical
reliability (such as kink resistance) and controllability of the deformation of the devices (via stress/tem-
perature-induced phase transitions) are two critical requirements of very long and small-diameter surgical
instruments (allowing push/pull/twist manipulations) (Duerig, 1995; Pelton et al., 1997). These require-
ments are dependent upon the constitutive behavior of the material under complex loading conditions.
Experimental investigation on NiTi micro-tube materials has been conducted in recent years and some
preliminary results have been obtained (see Pelton et al., 1997; Sun et al., 2000; Li and Sun, 2002).

Fundamental mechanics studies on the behavior and modelling of bulk superelastic NiTi wires and strips
have attracted a lot of research attention in the past decade (for example see Abeyaratne and Knowles,
1990, 1993; Shaw and Kyriakides, 1995, 1997, among many others). In recent years, the effect of texture and
microstructure anisotropy on the constitutive behavior of SMAs has become an issue of interest and has
been investigated by many researchers (for example, the work of Thamburaja and Anand (2001), Shu and
Bhattacharya (1998), Miyazaki et al. (2000), Gall and Sehitoglu (1999), Patoor et al. (2001), Sittner and
Novak (2000), Liu et al. (1999) and Song et al. (2000a,b)). The micro-tubes are typically obtained by
drawing process during which severe plastic deformation happened and a strong crystalline texture may
develop in the tubes. Therefore the micro-tube samples make it possible to combine biaxial test with
material anisotropy test. Experimental investigation to understand the fundamental mechanics of nano-
grained NiTi micro-tube materials has not yet been reported. Test data for critical comparisons with exiting
theoretical modelling are lacking.

This paper reports on an experimental study of the constitutive behavior of polycrystalline NiTi micro-
tube material under tension, torsion and tension/torsion combined loadings. The main objective of this
work is to reveal the effect of external stress states as well as internal microstructures on the macroscopic
behavior of the material during phase transformation. The specimen preparation and experimental pro-
cedures are described in Section 2 and the results of uniaxial tension are briefly reported in Section 3. In
Section 4, the results under pure torsion and torsion/tension combined loading tests are reported. Mac-
roscopic nominal stress—strain curves under different tension/torsion loading ratios are measured and
presented. Quantitative surface morphology observations are also reported on the material under different
loading conditions, especially in regards to variations in the austenite-martensite (A—M) interface thickness
during the loading. The results are discussed in Section 5 in which issues regarding the underlying mech-
anisms and the theoretical modelling of the observed phenomena are addressed.

2. Experimental procedures
2.1. Material

The micro-tubes are commercially available (Shape Memory Application, Inc., USA) polycrystalline
NiTi with grain sizes of 30—50 nm. Micro-tubes of two sizes are used in the test: one with an outer diameter
of 1.12 mm and other of 1.5 mm. The usual thickness/diameter (¢/D) ratios for both tubes are 10%. In the
tests of each tube diameter, all specimens are cut from a single tube in order to reduce fluctuations in
material properties. The composition (provided by the manufacturer) and the transition temperatures of
the materials (measured by a differential scanning calorimeter, DSC) are shown in Table 1. At room
temperature (23 °C), the superelastic behavior of the material is guaranteed. During loading, austenite loses
its stability and stress-induced martensite begins to form. During unloading, the stress-induced martensite
becomes unstable and transforms back to austenite.

Fig. 1(a) shows schematically the mechanical cold-drawing process of NiTi micro-tubes. Tubes were
drawn through dies using a guide bar to keep them straight and to give the final inner diameter. The outer
diameter and thickness of the tubes are thus reduced and significant plastic deformation takes place. During
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Table 1
Composition (wt.%) and transition temperatures (°C) of the tube materials
Ni (%) Ti (%) 4, (°C) 4; (°C) M; (°C) M; (°C)
1.12 mm tube 51 49 —2.69 22.4 —56.3 -77.6
1.5 mm tube 56 44 -3.26 17.4 —54.2 —67.6
(a) tube
mould
ﬁéx drawing direction
bar —_—

drawing
 —

slice for TEM foil slice for TEM foil

Fig. 1. (a) Schematic illustration of drawing process, (b) TEM picture of grain size of the tube (arrow shows the drawing direction) and
(c) TEM picture of grain size of the wire (1.3 mm diameter) for comparison.

the drawing process, strong crystalline texture develops due to the rotation of the slip systems in the grains.
To observe the microstructure of the material, a slice is cut along the axis direction of the tube. Fig. 1(b)
shows a typical microstructure of the tube (grain sizes about 50-100 nm) by transmission electron mi-
croscopy (TEM). Fig. 1(c) is the TEM photo of a much less deformed drawn wire (1.3 mm diameter) for
comparison. It is seen that there exists a strong texture in the tubes because of the severe plastic defor-
mation during cold drawing. This contributes to significant anisotropy in the transformation behaviors
between tension and torsion as shown in the following sections.
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Fig. 2. The grips and the way to load the tube under (a) pure tension and (b) pure torsion.

2.2. Experiment set-up

(i) Uniaxial tension test. The experiments were conducted at room temperature (23 °C) in a standard
testing machine (Sintech 10D with a 1 KN load cell) under displacement control. To clamp the tube for the
tension and torsion tests and to eliminate the stress concentration in the clamped area, a special grip for
thin-walled micro-tubes was designed as shown in Fig. 2(a). The blocks on which the tubes are adhered are
connected to the test machine by two two-pin hinge connectors. This type of grip, which transfers a
concentrated force at the end of cylinder into a uniform axial shear stress on the tube surface at the two
ends, is very effective in removing the bending and torsion caused by the clamp’s eccentricity. The tubes are
bonded to the block by an epoxy (plastic welding system, no. 47809, shear strength at room temperature
3500 psi). The bonded length of each tube is 20 mm at each end. An extensometer is used to measure the
tube elongation and nominal strain. In order to hold the extensometer, two additional plates are fixed to the
blocks by screws. In this way, the effective gauge length is 52 mm (Fig. 2).

(ii) Torsion and tension/torsion tests. The responses of the tubes under torsion and tension/torsion were
measured at room temperature (23 °C) in a standard testing machine together with a specially designed
torsion loading device. The clamp of the tube for the torsion (Fig. 2(b)) and the tension/torsion tests is
similar to that for the uniaxial tension test described above (Fig. 2(a)). The blocks on which the tubes are
adhered are connected to the test machine by two two-pin hinge connectors. This type of grip transfers both
concentrated force and torque at the end of cylinder into quite uniform tensile and shear stresses over the
tubes’ cross-sections in the measured section of the tube. The tubes are fixed on the block with a strong
epoxy and the bonded length of the tubes is 20 mm at each end. The angle of rotation of the tubes is
measured and used to calculate the average shear strain.

3. Test results under uniaxial tension

In this section we briefly report the results from the uniaxial tension tests (for more detailed descriptions
and analyses, see Li and Sun (2002)). Fig. 3(a) shows a typical measured nominal stress—strain curve of a
micro-tube under tension. To observe the nucleation and propagation of a macroscopic martensite band in
the micro-tubes, the tubes were coated with a very thin brittle layer of rosin (with a break strain of 2%) and
loaded under an optical microscope. The photo of the surface morphology of the tube (Fig. 3(b)) reveals
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Fig. 3. (a) The nominal tensile stress—strain curve of micro-tube, (b) photo and schematic illustration of the surface morphology of the
tube.
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Fig. 4. The nucleation and growth of martensite band (white color) in micro-tube: (a) the nucleation of a spiral shaped martensite band,
(b, ¢) the growth of martensite band, (d) merge into a cylindrical band.

that the initial band (white color in Fig. 4) is in a spiral shape. The spiral inclines at about 61° to the axis of
loading. The tube surface morphologies at different stages of loading are shown in Fig. 4 where the cor-
responding positions on the nominal stress—strain curve are marked in Fig. 3(a). The length of the mar-
tensite band is L, = 13.1 mm and the width at the middle portion of the band is W, = 0.76 mm at point «
(immediately after the martensite band nucleates, see Fig. 4(a)). The corresponding stress drop is 42 MPa
(Fig. 3(a)). During the subsequent loading after the initial nucleation, the stress remains almost constant
and the martensite band grows gradually in its length and width. At point b of Fig. 3(a), the width and
length of the band increases to W, = 1.1 mm and L, = 13.8 mm (Fig. 4(b)). There is a clear interface be-
tween the martensite and the austenite domains (here referred to as the A-M interface). With further in-
crease in tube elongation, the middle portion of the band continues to widen with the two A—M interfaces
remaining almost parallel to each other. Finally, the band begins to merge at point d (Fig. 3(a) and Fig.
4(d)). Also, the length of the band reaches its maximum (about 16 mm). After point d, the length of the
front (interface) decreases rapidly due to the self-coalescence of the band and, as a result, the propagation
speed of the front increases rapidly. Fig. 4 shows that the A-M interface in the micro-tube is quite sharp at
different stages of loading. Fig. 5 shows the measured tube surface morphology profile across a martensite
band along the axial direction of the tube by using the surface profile system (Model a-step 2000 (Tencor)).
There is a very rapid depth change or macroscopic strain variation (gradient) across the A—M interface.
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Fig. 5. The measured surface morphology profile across a martensite band and its two A-M interfaces and photo of the martensite
band (1.5 mm tube).

Fig. 5 also shows that the interface thickness is about 100 pm. This value is of the same order as the
thickness of the tube (150 um). More detailed observation on the interface thickness morphology of the
tube under torsion and tension—torsion is described in the following sections.

4. Test results under pure torsion and tension—torsion combined loading
4.1. Deformation of micro-tube under pure torsion

In strong contrast with the tension test, the tubes behave very differently under torsion. Fig. 6 shows the
measured stress—strain curve of the micro-tube under pure torsion. The shear stress—shear strain curve is
monotonic, which means that the macroscopic deformation of the tube is stable. Both surface morphology
analysis and optical microscope observation indicate that the deformation is homogeneous across the whole
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Fig. 6. (a) The stress—strain curve of micro-tube under pure torsion, (b) the surface morphology of tube.
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tube as shown in the photo in Fig. 6(b) (in fact it is axially homogeneous since there is a shear strain
gradient through the tube wall thickness). No macroscopic helical (torsional) buckling is observed during
the test, which indicates that the tube wall thickness is not thin enough to buckle mechanically before
transformation.

Another unusual aspect of the pure torsional behavior is that the maximum transformation shear strain
is only about 0.7% (Fig. 6(a)), which is not only much smaller than that in uniaxial tension (=5% in Fig.
3(a)) but also much smaller than the measured transformation shear strain of a previously reported biaxial
test on a bulk NiTi tube sample (wall-thickness 2 mm and grain size 40 pm, see Lim and McDowell, 1999).
Furthermore, the initial transformation stress under pure shear did not fall on the same Von-Mises circle
with that under tension (see Fig. 9). Even in the linear elastic stage of the loading (before transformation),
the measured values of Young’s modulus, E, of austenite (=30 GPa from tension in Fig. 3(a)) and the shear
modulus, G, of austenite (=18 GPa from torsion in Fig. 6(a)) do not satisfy the isotropic relationship
(G=E/2(1+v)).

4.2. Deformation of micro-tube under tensionl/torsion combined loading

Two types of loading paths are used in the biaxial tests.

Type I loading: This is a series of tensile test of the tube under different constant applied shear stresses
that are below the initial transformation stress under pure shear. The purposes of this type of loading are:
(1) to check the effect of applied shear stress on the tensile response as well as on the changes in the
morphology of the tube surface; (2) to obtain the initial transformation stress locus (see Section 4.3) under
the biaxial stress state. The tensile stress—tensile strain curves at different given shear stresses (constant
values of applied torque) are shown in Fig. 7. It is seen that, at relatively low levels of shear stress, the
responses of the tube in the axial direction are unstable as demonstrated by the small stress peak (load
drop) and the subsequent stress plateau in the tensile stress—tensile strain curves. The tube surface mor-
phology observation indicates that the transformation is still realized by the initiation and growth of a
spiral martensite band with a quite sharp A—M interface and with the same orientation as that in Figs. 3
and 4 (uniaxial tension). No variation in band orientation with the applied shear stress is observed at these
relative low shear stresses. With further increase in the shear stress level, the above localized deformation
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Fig. 7. Tensile stress—tensile strain curves at different given shear stresses.
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Fig. 8. Shear stress—shear strain curves at different given tensile stresses.

mode becomes less and less dominant and finally the stress—strain curves become monotonically hardened
as shown in Fig. 7. The transformation strain distribution over the tube tends to be more homogeneous and
band morphology with a diffusive A—M interface can be observed on the tube surface. Eventually, no band
can be observed on the tube surface and deformation becomes homogeneous along the axial direction.

Type II loading: This is a series of torsion tests of the tubes under different values of constant axial tensile
stress that is less than the uniaxial transformation stress under pure tension. The corresponding shear
stress—shear strain curves at different given tensile stresses (constant values of applied axial force) are shown
in Fig. 8. It is seen that there are only small differences among the shear stress—shear strain curves. At
relatively lower levels of tensile stress, the responses of the tube under shear are stable (with homogeneous
deformation and monotonic hardening shear stress—shear strain curves). However, at relatively higher
levels of tensile stress, though the responses of the tube in shear are still stable with homogeneous shear
deformation, the gradual increasing wavy morphology observed on the tube surface indicates that there
exists an inhomogeneity in axial deformation.

4.3. Initial transformation stress locus and transfer of deformation mode

The initial stress locus at the start of the transformation is constructed from the data of Type I and Type
IT loadings and is plotted in Fig. 9. The Von-Mises circle is also plotted for comparison. It is important to
notice the stress paths (order of loading) used to generate each data point and the apparent corner on the
initial ‘transformation surface’. This test data together with the related surface morphology observations
demonstrate the following distinct deformation features of the tube when the stress state changes from pure
tension to pure torsion (via mixed loading): (1) both the transformation strain and the initial transfor-
mation stress exhibit strong anisotropy between tension and torsion; (2) there is a transition in the con-
stitutive behavior of the material from instability under pure tension to stable deformation under pure
shear; (3) correspondingly, as the loading path approaches the corner on the ‘transformation surface’, there
is a gradual change in stress-induced transformation deformation mode, i.e., from the localization band
initiation and propagation to homogeneous transformation, as shown by Figs. 7 and 8 and the surface
morphology of the tube in Figs. 10 and 11.
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Von-Mises

Fig. 9. Stress locus at the start of transformation: (OJ) tension under fixed torsion, (e) torsion under fixed tension.

4.4. Observation of the A—M interface thickness variation with stress state

The interface and the interface thickness play very important roles in the theory of first-order phase
transitions in solids. To observe the variation in the A-M interface thickness during loading under an
optical microscope, we designed and fabricated a special tension/torsion mini-loading frame. Different from
the tests in Sections 4.2 and 4.3, here the tube is first put under tension in the axial direction until a spiral
martensite band with sharp interfaces is nucleated as shown in the last photo (0°) in Fig. 10. Then, the
displacement in the axial direction is fixed and torsion is applied by monotonically increasing the angle of
rotation of the tube up to 138° (note: during torsion, the axial stress may change but it is not measured in
the test). The corresponding total shear strain, y, is about 4%. The measurement of the angle of rotation is
quite satisfactory, with the error less than 1 degree. Fig. 10(a) shows the changes in the surface morphology
of the tubes during the torsional loading process and Fig. 10(b) shows the corresponding unloading process.
Fig. 10 shows that, with an increase in shear stress, the original sharp interface becomes more and more
blurred (the interface sharpness is reduced due to an increase in the thickness of the interface). Since the
tube material is superelastic, during unloading (removing the torsion while maintaining the tension), the
previous sharp A-M interface gradually appears again due to the total recovery of the deformation pro-
duced during torsion and the final deformation returns back to the original tensile loading mode. Under
high magnification, the changes in the interface thickness at the tube surface are shown in Fig. 11(a)
(loading) and (b) (unloading). Fig. 11 shows that, unlike under uniaxial tension when the transformation
deformation is realized by the move of sharp interfaces, during the above torsion, the A-M interface does
not move but only broadens its extent. The relative distance between the interface and the triangle spot on
the tube surface (marked by the white arrow in Fig. 11) remains unchanged. Quantitative measurement
of the interface profile for biaxial loading is currently under way and will be reported in the future.

5. Discussion and concluding remarks

The experimental investigation reported in this paper on nano-grained polycrystalline NiTi micro-
tubes reveals a strong constitutive anisotropy in both the kinetics and the kinematics of the material during
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Fig. 11. Enlarged photos of the A-M interface evolution at tube surface (a) loading process (b) unloading process.

stress-induced transformation. Based on the biaxial tension/torsion test data and tube surface observations,
the following preliminary conclusions are drawn:

e With uniaxial tensile loading along the tube axis direction, the stress-induced transformation deforma-
tion of superelastic polycrystalline NiTi SMA micro-tubes (T > 4y) is inhomogeneous and is realized by
the initiation and growth of a spiral martensite band with a sharp A-M interface. As in previous inves-
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tigations on superelastic NiTi wires and strips (Shaw and Kyriakides, 1995; Orgeas and Favier, 1998;
Sun et al., 2000), it is again demonstrated that macroscopic deformation instability during stress-induced
phase transformation exists for fine-grained NiTi micro-tubes under tensile loading conditions and the
new phase generally has band morphology. Other common features of band nucleation and propagation
have also been observed in micro-tube specimens. The initiation of the martensite band within a uni-
formly stressed region is accompanied by a stress drop, which is followed by a stress plateau in the
subsequent band propagation. Inside the martensite band, the deformation is uniform and can be
characterized by ‘transformation strain’ as measured using the high-resolution Moiré interference tech-
nique (Tse and Sun, 2000; Zhang et al., 2000). The martensite and austenite regions are separated by a
narrow zone (macroscopic A—M interface) across which the strain changes very rapidly (Li and Sun,
2002).

e During loading by torsion (pure shear), the stress—strain curve exhibits monotonic hardening and the
stress-induced transformation is axially homogeneous throughout the whole tube. This new observation
together with the transformation strain and elastic modulus measurements reveal that there is a strong
anisotropy in both the kinematics and the kinetics of the material’s response during stress-induced trans-
formation.

e Under tension-torsion combined loading, with an increasing shear/tension stress ratio, the deformation
mode of the tube changes gradually from localization and propagation (under pure tension) to homo-
geneous deformation (under pure shear). This is clearly identified not only by the measured various
stress—strain curves but also by the direct surface morphology observation. This gradual transition of
deformation mode is accompanied by an increase in the A-M interface thickness. A strong loading path
dependence of the deformation mode has been observed and a corner on the initial transformation sur-
face has also been identified.

It has been well established that first-order martensitic phase transition is a typical instability phe-
nomenon at the fundamental microscopic levels (such as non-convexity of free energy, non-monotonic
stress—strain relations and interface structures). The essence of the science at this level has been well doc-
umented in the vast literature. The macroscopic constitutive description of a real NiTi polycrystal is,
however, very different. This topic is still far from being fully understood and quantified. Instead of iso-
tropic softening or hardening (see, for example, Sun and Hwang, 1993a,b), the preliminary work reported
here has shown that the material may exhibit either stable (homogeneous) or unstable (inhomogeneous)
deformation during transformation and that this strongly depends on both the internal microstructure
(such as grain size, plastic deformation by dislocation, texture and heat treatment) and external loadings
(such as stress state, loading history, temperature, loading rate, etc.). The understanding and modelling of
the observed phenomena are of great significance in both academic research and the application of SMAs
in the medical industry (such as in stent designs). A well-designed experimental study is crucial to such
understanding. The anisotropic behavior described here strongly implies the very important effect of
material microstructure in the deformation of real polycrystalline solids. The key question now remaining
to be answered is what is the underlying physical mechanism/microstructure responsible for the observed
anisotropy.

The strong initial texture due to the manufacturing process of the micro-tube specimen could be a
possible mechanism for this anisotropic constitutive behavior. Zhao (1997) investigated the relationship
between texture and anisotropy of shape memory properties. The results showed that, in as-rolled sheets,
the tensile stress—strain curve has a clear plateau if the loading direction is along the rolling direction. In the
case of loading along the transverse direction, the stress—strain curve does not show a plateau, and that
further deformation requires an increase in the applied stress and an anisotropy in the behavior is therefore
exhibited. Obviously, the effect of texture on the transformation behavior of micro-tubes and stents will be
an important issue in the future studies. Another possible mechanism leading to macroscopic anisotropy
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(such as in tension—compression and tension—torsion) may come directly from the intrinsic transformation
anisotropy at the single crystal grain level. According to analysis by Sittner and Novak (2000), the mac-
roscopic stress—strain deformation features of polycrystalline NiTi originate directly to the crystallography
of the single crystals undergoing martensitic phase transformation. Sittner and Novak (2000) demonstrated
that SMA polycrystals even with randomly oriented grains show tension/shear and tension/compression
asymmetry in macroscopic stress—strain curves.

Many authors (Orgeas and Favier, 1998; Lim and McDowell, 1999; Gall and Sehitoglu, 1999; Liu et al.,
1999) have found the asymmetries of transformation stress and transformation strain between tension and
compression. Some have attributed the asymmetry to the low crystallographic symmetry of the martensite
structure and the detwinning of the martensite in the deformation process of stress-induced martensite re-
orientation (Shu and Bhattacharya, 1998; Orgeas and Favier, 1998), whereas others (Gall and Sehitoglu,
1999; Thamburaja and Anand, 2001) have attributed the asymmetry to the texture. The effect of the stress
state on the instability of the transformations, such as under tension, shear and compression, has not been
systematically investigated. For example, the localized deformation mode (martensite band) under shear
stress in polycrystalline NiTi (with or without texture) has not been observed so far in experiments (Orgeas
and Favier, 1998) though band formation under tension has been well established. An in-plane shear test of
a thin plate that exhibits transformation localization under tensile stress along all directions inside the plane
(plane isotropic) was performed recently (Li, 2002). The preliminary results showed that a localized de-
formation mode did not exist under in-plane shear. Therefore another possible mechanism for the observed
deformation instability under tension is the pure geometric effect which is not available in pure shear.
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