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THE EXPERIMENTAL METHOD and preliminary results of multiaxial proportional load-
ings at a range of different temperatures are discussed for the TiNi shape memory
alloy. The results are limited to the R-phase reorientation and transformation pseu-
doelasticity of the material tested at the selected constant temperatures. The main
objective of the paper is to develop experimental knowledge of the shape memory
alloy properties under complex stress states which would allow better understanding
of the material behaviour and create a basis for theoretical modelling.

1. Introduction

THE PAPER DEALS with a research method of the TiNi shape memory alloy de-
formation behaviour under complex stress states at different temperatures. Ex-
perimental details concerning the test equipment, new gripping system, strain
measurement system, test procedure and programme are presented. The raw
experimental results in the concise graphical form are also given.

A detailed analysis and discussion of the obtained results are presented in
the accompanying paper [1]. Although the paper [1] presents the state of af-
fairs concerning shape memory alloys, and in particular with respect to their
thermomechanical properties, engineering applications, testing and modelling, a
short literature survey concerning the main idea of the planned experimental
programme and investigation of the shape memory alloys under complex stress
states is also given in this paper.
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Increasing progress of the shape memory alloys (SMA) applications requires
reliable theoretical descriptions of their thermomechanical behaviour. A num-
ber of anthors have attempted to develop constitutive equations for a solid-solid
phase transformation under applied stresses [2, 3, 4, 5, 6 and 7]. These theories
are based mostly on the experimental results obtained under uniaxial loading
conditions. Only a few experimental papers [8, 9, 10 and 11| deal with the phase
transformation phenomenon under multiaxial loading of such shape memory ma-
terials as Cu-based, Fe-based and TiNi alloys.

In the TiNi alloys, the shape memory effect and transformation pseudoelas-
ticity appear due to the martensitic transformation and the rhombohedral phase
reorientation [12]. The knowledge of the thermomechanical behaviour of the TiNi
shape memory alloys associated with such effects as the reorientation of the R-
phase and the stress-induced martensitic transformation becomes to be a crucial
point in all engineering applications of that type alloys and creates a basis for
their theoretical modelling. Such knowledge can be achieved from experiments
performed under complex stress states.

Mechanical testing of materials under combined stress states is usually reali-
sed on a thin-walled tubular specimen subjected to axial force, torque and/or in-
ternal pressure. This kind of specimen reflects well the current state-of-the-art for
biaxial testing. The thin-walled tubular specimen allows the known biaxial stress
states to be generated to satisfy the basic testing conditions as closely as possible.
Since for this kind of testing technique a region of homogeneous stress can be
known directly from the measured external loads applied to the specimen, the
strain state may be independently measured in the homogeneously stressedregion.

Majority of the reported results of mechanical testing of SMA were carried out
using rather small specimens in comparison to the specimen size usually applied
in the testing of standard structure materials. It follows from certain limitations
of the manufacturing procedure used to produce the SMA specimen which is
often trained in order to attain a stable performance. For this reasons, an outer
diameter of the thin-walled specimen used in experimental study of SMA under
multiaxial loading conditions usually does not exceed 8 mm |8, 11].

In this paper the experimental method and the preliminary results of mul-
tiaxial proportional loadings at a range of different temperatures are discussed
for the TiNi shape memory alloy. It exhibits stable and isotropic thermome-
chanical properties at room temperature. It has to be mentioned however, that
these properties are strongly dependent on the temperature and the stress level,
since the material exhibits a thermal and stress-induced phase transformations.
The material and specimen used in the project were prepared by the Japanese
partner of the Japanese-Polish co-operative study on Testing and Modelling the
Behaviour of Shape Memory Alloys. A procedure to obtain the material and a
process of the specimen preparation are reported elsewhere [13].
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The known biaxial stress method [14, 15, 16] is adopted to investigate the
TiNi1 shape memory alloy. A description of the experimental setup and testing
procedure applied as well as the raw experimental data from multiaxial tests are
presented.

The main objective of the study is to fill the gap between theory and ex-
periment by reporting recent experimental results obtained on the TiNi shape
memory alloy, which was subjected to the phase transformations under complex
stress states, The results reported here are limited to the reorientation of the
R-phase and the transformation pseudoelasticity at the selected constant test
temperatures.

2. Experimental details
2.1 Material and specimen

The tests were performed on the thin-walled tubular specimen manufactured
from 28 mm rod of the Ti-51.0at%Ni polycrystalline alloy prepared by the Insti-
tute of Materials Science at University of Tsukuba [13]. The alloy was designed
by careful adjusting the composition and selecting an appropriate heat treatment
to realise a very stable response to the thermomechanical loading. The thermo-
mechanical training was not necessary for the alloy before testing, and this fact
distinguishes it from the majority of the other shape memory alloys tested so far.
Although the thermomechanical training was not applied, the thermomechani-
cal properties of the material enabled multiple application of the same specimen
without any fear of accumulation of some irreversible structural variations. Such
a response can be achieved if some precautions are undertaken during the ther-
momechanical loading. The specimen should not be overloaded. Moreover, after
each cycle of the loading/unloading process, the specimen have to be heated up
to the desired temperature in order to remove any residual strain.
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FiG. 1. Geometry of the specimen.

http://rcin.org.pl



730 B. RANIECKI, L. DIETRICH, Z.L. KOWALEWSKI, G. SOCHA, S. MIYAZAKI...

The engineering drawing of the specimen is shown in Fig. 1. It was etched
by acid solution after machining and was left in the unstressed state at room
temperature for one month before testing. The specimen was designed in the
form of the thin-walled tube in order to avoid buckling during compression and
to ensure the ratio of a thickness to outer diameter to be as small as possible, and
moreover, to enable its fit into the mechanical gripping system prepared specially
for the project. The specimen dimensions were adapted to the maximum axial
and torsion loading capacities of the testing machine used, assuming that the
tested material would be able to carry the stress level up to 1000 MPa.

Two small marks were punched on the 20 mm diameter cylindrical surfaces
located on the specimen close to its gauge length. The distance between the
marks and their mutual rotation were measured before testing and these values
have been subsequently used to control whether the specimen was not acciden-
tally overloaded and whether all the remaining strains were removed. The entire
programme of tests consisting of 46 thermomechanical loading and unloading cy-
cles was performed on the single specimen. After the entire history of loading,
the distance between two marks was changed only by 0.02 mm with respect to
the initial one, and in the perpendicular direction the mutual position of these
marks was changed by the angle equal to 0°6’ only.

Since full description of the material, the specimen preparation procedure,
and selected preliminary alloy properties are reported in detail elsewhere [13], in
Table 1 are given only these basic transformation temperatures determined by
the differential scanning calorimetric tests [12] which were useful for planning an
experimental programme.

Table 1.

Parameters for the R-phase Parameters for the martensitic
transformation transformation

R.=306K, R;=203K, M,=253K, M;=208LK,
RA, =300 K, RA;=316K, A, =268 K, A;=306K.

Notations in the Table: R, — R-phase transformation start, Ry - R-phase
transformation finish, M; - martensitic transformation start, My — martensitic
transformation finish, A, — austenitic transformation start, Ay — austenitic trans-
formation finish, RAs — start of the R-phase to austenitic transformation, RAy
~ finish of the R-phase to austenitic transformation.

2.2 Experimental setup

The combined tension/compression — torsion experiments were performed
using the Instron 1343 servohydraulic biaxial loading frame, with 100 kN and
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1000 Nm loading capacities. A control of the axial load and torque were achieved
using two independent control loops of the fully digital controller (MTS TestStar
II) coupled with the actuator servovalves of the loading frame. It was connected
to the PC computer, thus enabling on-line control of the system.

The axial stress/strain and the torsional stress/strain signals could be con-
trolled either independently or simultaneously using the controller. The selected
signals measured during the test provided a feedback to the machine control loops.
The software enabled the maintenance of constant effective stress or strain rates
during loading in the whole range of deformation including stress-induced phase
transformation. All tests were performed in the stress control mode under pro-
portional and isothermal conditions. The stress rate was kept constant and equal
to 1 MPa/sec during conducting each of the tests under consideration.

The axial force and the torque applied to the specimen were measured using
loading cells incorporated in the machine. The uniform stress state had two
nonzero components, namely the axial stress (o,) and the shear stress (7). They
were on-line calculated during a test using the following expressions:

4F 16MD

ETDE=—@) | wD—d)’

where F' denotes axial load, M - torque, D and d - outer and inner diameter of
the specimen, respectively.

An average uniform strain (g;;) can be determined if the axial strain (e,),
shear strain (£,¢), hoop strain (¢g), and the radial strain (e,) are known. Three
components of strain, i.e. the axial, shear and hoop strains were independently
measured by the electrical resistance strain gauges bonded to the middle part of
the specimen gauge length. The strain measurement nominal range of the strain
ganges applied was equal to 10%. The radial component of strain was determined
on the basis of incompressibility assumption.

The measured stress and strain signals delivered to the controller via a mul-
tiple analogue-to-digital converter provided the controlled quantities of the axial
and shear stresses. In this way three strain components could be achieved. These
components represented the response of the specimen to the loading programme
applied. In order to enable a numerical elaboration of the experimental results,
all the data, i.e. an axial displacement, rotation of the lower grip, two stress
components (o, 7), and three strain components (0., 0;0, @) were recorded as
a function of time by the PC computer.

The loading train including the specimen was placed in the temperature
chamber with the objective to obtain a homogeneous temperature field in the
whole specimen. The chamber enables both a heating of the specimen up to
573 K by an electrical heater and its cooling down to 200 K using compressed
COg. The required testing temperature inside the chamber was controlled within
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+0.5 K using the 3110 type Instron controller. An additional temperature mea-
surement system was also applied. It enabled the temperature measurements at
the upper and lower part of the specimen gauge length by means of two K-type
(chromel-alumel) thermocouples connected to a microprocessor-based thermome-
ter. Temperature readings at both points of the outer surface in the specimen
gauge length enabled us to maintain a temperature uniformity within a range of
1 K at the loading - unloading cycle.

2.3 Specimen fixing system

A new gripping system was designed to carry out the experimental pro-
gramme devoted to the.investigation of the TiNi shape memory alloy. It en-
abled high axiality of the specimen during loading by means of the simultaneous
backlash elimination in the axial and torsional directions. The advantage of this
system relies on its universality, i.e. it may be successfully used not only to
perform tests under static loading, but also to carry out investigations realised
under reverse cyclic loading tests at a wide range of temperatures.

2.4 Strain measurement system

During each test three strain components were measured using three inde-
pendently operated electrical strain gauge circuits. The system consisted of two
strain gauge rosettes and two uniaxial strain gauges cemented to the outer surface
in the middle part of specimen. It also comprised four additional separate strain
gauges located on a special compensator designed in the form of a semi-ring,
which was used for temperature compensation in the axial and hoop directions.
The rosettes were located on opposite sides of the specimen gauge length with
respect to the symmetry axis of the specimen in order to remove the influence of
bending on the strain measurements. Two uniaxial strain gauges responsible for
strain measurements in the circumferential direction were located in the similar
manner, however, their positions were angularly shifted up to 90° with respect
to the set of rosettes.

A scheme of the mutual position of strain gauges on the gauge length of the
specimen and the semi-ring is illustrated in Fig. 2. As it is seen in this figure, the
three strain gauges in both of the 45° rosettes were arranged in such a manner
that one strain gauge was aligned with the longitudinal axis of the specimen, while
the other two gauges made a 45° angle symmetric with respect to the longitudinal
gauge. Thus, such a strain measurement system enabled independent monitoring
of axial, shear and hoop strains by means of three full bridge circuits. The shear
strain measurement system consisted of four strain gauges which made a 45 angle
with respect to the symmetry axis of the specimen. The axial strain measurement
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system also consisted of four strain gauges. In this case however, the circuit was
created using those strain gauges of each rosette which were aligned with the
longitudinal axis of the specimen and two additional strain gauges bonded to the

surface of the semi-ring. Similar system was used to measure the strain in the
hoop direction.

Development of specimen’s surface
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F1G. 2. Strain measurement system.

All strain measurement systems were completely temperature compensated
provided that the specimen and the semi-ring have the same temperature and
the same thermal properties.

Before running the tests, all strain measurement circuits were calibrated using
a shunt calibration technique. Shunting resistors were selected to simulate 80% of
the measuring range that was 2% for the axial and shear strains, and 1% for the
hoop strain. All the signals were shunted to simulate the positive and negative
signals. The output signals of the circnits were amplified to give in the controller
the values equal to 10 V which represented the full range of the transducers.

3. Experimental procedure

Main programme of the single thermomechanical cycle of loading comprised
the following steps:

1. Fixing the specimen in the testing machine and connecting the temperature
and strain gauge measuring systems.

2. Cooling or heating the temperature chamber to the required temperature
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under constant rate equal to 5 K per minute. The control system held constant
values of the axial and shear stresses at zero level during cooling or heating.

3. Holding a constant value of the temperature for at least 30 minutes until
the desired temperature was achieved at two measuring points of the specimen.

4. Loading the specimen along the selected proportional path of the two-
dimensional stress space (o, 7) at the desired constant temperature until the
required value of the equivalent stress is attained.

5. Unloading the specimen up to the zero level of the axial and shear stresses
for the same constant temperature as that during the loading step.

6. Heating the specimen up to 343 K while the control system holds the
axial and shear stresses at zero level. The heating removes any remaining strain
produced by the former loading process.

7. Cooling the specimen together with the chamber down to the room tem-
perature.

In order to investigate the thermomechanical properties of the TiNi shape
memory alloy in the range of reorientation of the R-phase, the experiments were
carried out for five loading paths at three different temperatures equal to 260 K,
280 K and 300 K.

Experimental programme also included investigations of the thermomechani-
cal properties of the TiNi shape memory alloy in the range of the transformation
pseudoelasticity. In this case the tests were carried out for five loading paths at
temperatures equal to 310 K, 311.5 K, 315 K and 322.5 K. Since the results for
the temperature equal to 311.5 K do not differ from those for the 310 K achieved,
their presentation will be omitted in this paper.

Tests for five different loading paths in the two-dimensional stress space
(0z,7) were carried out for each of the testing temperatures under considera-
tion, i.e. path No. 1 — pure torsion with axial stress equal to zero, path No. 2
- uniaxial tension with shear stress equal to zero, path No. 3 - uniaxial com-
pression with shear stress equal to zero, path No. 4 - proportional loading under
combination of tension and torsion with constant ratio of shear and axial stress
components equal to 1, path No. 5 - proportional loading under combination of
compression and torsion with constant ratio of shear and axial stress components
equal to —1, Fig. 3.

The equivalent stress and equivalent strain based on the definitions of the
second invariant of stress and strain tensors, respectively, were calculated in or-
der to control the loading process during all the tests. These quantities enabled
on-line observation of the stress-strain curve course. For each proportional path,
the loading process of the specimen was stopped when an increase of the spec-
imen rigidity was observed on the monitored equivalent stress-equivalent strain
diagram. This procedure allowed the characteristic stage of the material deforma-
tion depending on the stress state type to be achieved. Thanks to this procedure,
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it was not necessary to define in advance a final loading point at different paths
taken into account. The programme started automatically an unloading process
when the operator decided to stop the loading process. Duration times of the
unloading and loading periods were the same.

N2Xs

®
® @

® ° \@

F1G. 3. Scheme of the loading programme.

4. Experimental results

An attempt was made to reflect well the principal characteristics of the defor-
mation behaviour of the TiNi shape memory alloy at the range of the reorientation
of the R-phase and transformation pseudoelasticity under complex stress states,
and to present the results in the unconverted form. In the paper only raw data
are presented in the concise graphical form, and no theoretical assumption has
been made in the applied data processing. The expressions given above for the
equivalent stress and equivalent strain were applied to qualitative evaluation of
a stress-strain curve. The only assumption which is taken into account in the
paper and it is usually assumed in all reported experiments of this kind, deals
with the uniformity of stress and strain distributions in the measuring part of
the specimen. More complete analysis of the reported observations and their
data processing at the range of the reorientation of the R-phase are presented
in the accompanying paper [1]. Analysis of the obtained results at the range of
transformation pseudoelasticity is in progress and will be presented in a further
paper.

The main goal of the paper is to evaluate the influence of the type of stress
state and temperature on the mechanical properties of the TiNi shape memory
alloy. Two ranges of testing temperature were taken into account. In the first one
(260 K to 300 K), the reorientation of the R-phase is observed while in the second
range (310 K to 322.5 K) the transformation pseudoelasticity appears. Since five
various stress states were investigated for both temperature ranges, an influence
of the stress state on the mechanical properties of the TiNi alloy could be well
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evaluated. The results of these tests are shown in Figs. 4, 5, 6, 7. In order to keep
the comparison of the results clear, only the absolute stress and strain magnitudes
are exposed. Figures 4 and 5 present the results obtained at the temperatures
equal to 260 K, 280 K and 300 K whereas in Figs. 6 and 7 the experimental data
from tests carried out at 310 K, 315 K and 322.5 K are shown. Figures 4 and
6 present the loading paths in the stress and strain spaces. The data shown in
both these figures are again presented in Figs. 5 and 7, respectively, however
in this case both figures show the components of stress versus components of
strain. The upper left diagram in Fig. 4 presents five proportional loading paths
in the two-dimensional stress space (o,,7). The upper right diagram in this
figure represents the strain responses in to the stress-controlled loading processes
shown in the just mentioned diagram. The strain responses are given in the form
of plots of the shear and hoop strains versus axial strain (heavy and thin lines,
respectively). Numbers in Fig. 4 denote loading paths realised in the programme
of the tests previously shown in Fig. 3. Firstly, the loading paths at stress and
strain spaces are presented, and secondly both components of stress are shown
as a functions of the respective strain components.

Except for several tests conducted at the beginning of the project realisation,
(e.g. the results of tests for the paths No. 1, 4, 5 at the temperature equal to
260 K), reproducibility of the loading paths programmed in the stress space was
almost satisfactory. The reasons of some deviations from the straight line, and
differences observed between the loading and unloading processes, were connected
with the selection of too low system parameters for machine control. Such a con-
figuration of the control parameters was initially proposed for the safety reasons
in order to avoid an accidental excitation of the machine, and in consequence, a
damage of the specimen. Tuning procedure of the PID regulator was repeated
and improved after each cycle of loading until the optimal values of the control
parameters were achieved. Reproducibility of the loading paths programmed in
the stress space was improved in this way after each cycle of loading. After a
few successive cycles it became quite satisfactory. It can be observed for tests
conducted at the temperature equal to 300 K (Fig. 4). It is worth to mention
that such improvement was obtained despite the fact that the maximum stress
did not exceed 80 MPa, which corresponds to a rather small value of the load
equal to 6.6 kN. This makes only 6.6% of the total loading capacity of the testing
machine used.

An influence of the type of stress state on the deformation behaviour of the
TiNi shape memory alloy in the range of the reorientation of the R-phase is well
reflected in both types of diagrams presented. The strain response of the material
on the programme of proportional loadings is more complex than that observed
for the standard structure materials. Even pure torsion or uniaxial tension and
compression produces complex strain state with a cross-effect. Strain paths are
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F1G. 4. The results for the TiNi alloy tested in the range of the R-phase reorientation
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deviated from the straight lines and axial and hoop strains are produced at pure
torsion while in the case of uniaxial tension or compression the shear strain
appears. This indicates a directional feature of the R-phase reorientation, which
may be attributed to the influence of the third invariant of the stress tensor.
However, it may be also responsible for development of anisotropic properties of
the TiNi shape memory alloy.

The effect of the stress state type on the deformation process of the TiNi
alloy is also pronounced in the stress-strain diagrams obtained for different stress
states, Fig. 5. The axial and shear stresses as functions of the respective strain
components are presented for all five loading paths and three temperatures. The
results clearly show an asymmetrical effect observed in comparison of the tension
and compression tests. In all cases the stress-strain curve representing the uni-
axial compression (curve 3) is located above the curve representing the uniaxial
tension (curve 2). Moreover, the stress-strain curves for both components of the
5th path are located above the respective stress-strain curves of the 4th path,
despite the fact that the 4th path is symmetrical to the 5th path with respect to
shear stress axis, Fig. 3. Studying diagrams shown in Fig. 5 it is easy to note the
cross-effects, that is during the pure torsion tests (path No 1) besides the shear
strain component, also the axial strain component appears. Such a phenomenon
for the standard structure materials is usually called the second order effect. It
can be also observed in the case of uniaxial tension (path No 2) and uniaxial
compression (path No 3). For these loading paths it is expressed in the form of
some small twist of the specimen. As it is clearly shown in Fig. 5, the cross-
effects are dependent on the temperature. It is also visible that a permanent
strain remains after full unloading for the temperatures equal to 260 K, 280 K
and 300 K. Besides the temperature, the magnitude of this strain strongly de-
pends on the type of the stress state. According to the results obtained in the
experimental programme, the permanent strain in the case of the compression
loading path is smaller than that for the uniaxial tension test achieved under the
same stress level. An influence of the type of stress state on the deformation
process of the TiNi alloy was also evaluated in the range of the transformation
pseudoelasticity. The results are summarised in Figs. 6 and 7. The loading paths
in the two-dimensional stress space and the material response in to these loading
conditions in the strain space are presented in Fig. 6 for three different testing
temperatures equal to 310 K, 315 K and 322.5 K. The shear and hoop strains
versus axial strain are plotted by heavy and thin lines, respectively. As it is seen
in Fig. 6, a reproducibility of the loading paths programmed in the stress space
is much better than that obtained for the experiments carried out to investigate
the TiNi alloy in the range of the R-phase reorientation. It has to be emphasised
however, that the tests in the range of the transformation pseudoelasticity were
carried out under much higher stress levels than the experiments concerning the
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range of the R-phase reorientation. The maximum tension stress level was close
to 400 MPa. It corresponds to the magnitude of axial loading equal to 33 kN
and means that 33% of the total loading capacity was used.

The strain paths presented in Fig. 6 deviate slightly from the straight lines.
The cross-effects are not so clear as those observed for the material tested in the
range of the R-phase reorientation. It means that during pure torsion, only very
small axial and hoop strains can be observed, and also at uniaxial tension or
uniaxial compression the values of shear strains were negligibly small.

In Fig. 7 the same stress-strain results are presented, however, in a different
form than in Fig. 6. Namely, there are shown diagrams of axial and shear com-
ponents for all the loading paths considered. Looking at the diagrams presented
in Fig. 7 it has to be noted that the TiNi alloy does not exhibit any permanent
strain after the total unloading. This effect differs from that obtained for the ma-
terial tested in the range of reorientation of the R-phase. Similarly to the tests
carried out at the temperatures equal to 260 K, 280 K and 300 K, the material
behaviour in the range of the transformation pseudoelasticity strongly depends
on the type of the stress state. The stress-strain curves and the width of the
hysteresis loops shown in Fig. 7 are dependent on the stress state. The effect is
sensitive to the temperature variations.

5. Conclusions

1. The results of the experimental tests carried out under complex stress
states proved a significant influence of the stress state type on the mechanical
properties of the TiNi shape memory alloy at both temperature ranges consid-
ered. In the first one, the stress-induced reorientation of the R-phase takes place
whereas in the second one the transformation pseudoelasticity is observed.

2. The type of stress state plays an essential role during the testing of TiNi
alloy. It has been experimentally proved that the stress state have an influence
on the

e stress-strain curve,

e value of the axial and torsional threshold stresses which correspond to the
beginning of the phase transformations,

e type of strain response to the proportional loading,

e magnitude of permanent strains remaining after unloading in the case of
testing the material in the range where the reorientation of the R-phase occurs,

e width of the stress-strain hysteresis loop in the range of the transformation
pseudoelasticity.

3. The material shows the tension-compression asymmetry.

4. The multiaxial strain response to the proportional loading under uniaxial
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tension and pure torsion identifies a directional feature of a deformation induced
by means of the R-phase reorientation.

5. Because of the directional character of the phase transformation during
deformation, the mechanical properties of the TiNi alloy should be investigated
under complex stress states. Even under uniaxial loading conditions all strain
components have to be measured.

6. Application of five loading paths in the two-dimensional stress space to
test the TiNi alloy provides an excellent opportunity to determine a part of a
threshold transformation stress surface. Such a surface would be determined in
the same way as the yield surface for the standard structure materials.

7. The experimentally justified effects for the TiNi alloy may be useful during
a future development of new constitutive models attempting to predict a true
material behaviour of the shape memory alloys. The constitutive equations for
the stress-induced martensitic transformation elaborated so far are not able to
predict the observed influence of the stress state on the deformation process of
this kind of materials.
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