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Abstract—The thermomechanical behaviour of stress-induced martensitic transformation in an equiatomic
NiTi alloy was investigated with respect to different deformation modes including uniaxial tension, com-
pression and shear of plate specimens at different temperatures above the M, temperature. Results showed
that loading conditions have significant influences on the deformation behaviour of the alloy. In particular,
deformation behaviour was observed to be asymmetric in tension and in compression. The physical origins
of such an asymmetry are explored. Comparison among the results obtained from the tension, compression
and shear tests disproves the use of classical Von Mises equivalent in the modelling of the three-dimen-
sional behaviour of martensitic transformation in this alloy. Based on this analysis, another criterion for
yielding, which involves the third stress invariant, is therefore suggested. © 1998 Acta Metallurgica Inc.
Published by Elsevier Science Ltd. All rights reserved.

Résumé—Le comportement thermomécanique de la transformation martensitique induite sous contrainte
dans un alliage NiTi équiatomique a été étudié a différentes températures supérieures a M et sous différ-
ents chemins de sollicitation, a savoir la traction, la compression et le cisaillement. Les résultats ont montré
que les conditions de chargement ont une influence significative sur la déformation du matériau. En parti-
culier, les comportements en traction et compression ne sont pas symétriques: les raisons physiques d’une
telle dissymétrie sont discutées. La comparaison des résultats de traction, de compression et de cisaillement
montre 'incapacité des équivalents classiques de type Von Mises a modéliser le comportement tri-dimen-
sionnel de la transformation martensitique du présent matériau. A partir des résultats précédents, un autre
critére macroscopique faisant intervenir le troisiéme invariant du tenseur des contraintes est alors proposé.
© 1998 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.

L. INTRODUCTION mation mode. Significant differences have been

observed between tension and compression for both
NiTi [2,3] and CuZnAl [4] alloys. Furthermore,
Manach and Favier [5] have demonstrated that the
Von Mises assumptions, that are usually adopted in
establishing tensorial constitutive equations, are not
always valid in simple shear tests for NiTi alloys.
This implies that conclusions derived from tensile
deformation tests cannot be directly translated to
other deformation modes and that independent ex-
perimental investigations of deformation modes
other than tension are needed for a full characteriz-
ation of the thermomechanical behaviour of NiTi.
To date, however, no directly comparable studies
have been carried out to investigate the effects of
deformation modes, such as tension, compression
and shear, using the same SMA to describe the
behaviour of stress-induced martensitic transform-
ations. Such experimental evidence is essential both
for the understanding of the phenomena of shape
memory effects and for the establishment of three-
dimensional constitutive equations [6-10]. For this
reason, this study was carried out aiming at investi-
+To whom all correspondence should be addressed. gating the effects of deformation modes, including

Shape memory alloys (SMAs) have attracted exten-
sive interest in scientific research in the past several
decades, owing to their novel properties. Among
these properties, superelasticity, shape memory
effect and two-way memory effect are known to be
closely related to thermoelastic martensitic trans-
formation, a first-order displacive thermoelastic
solid—solid phase transformation [1]. Owing to a
vast variety of experimental evidence, significant
progress has been made in the characterization and
the understanding  of  these  behaviours.
Nevertheless, there still remains a lack of knowl-
edge.

As a matter of fact, most experimental studies of
the thermomechanical behaviour of SMAs to date
have been conducted in uniaxial tension, with few
being carried out in other homogeneous stress state
conditions. It has been demonstrated in the litera-
ture with these studies that the thermomechanical
behaviour of a specimen is sensitive to the defor-
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Fig. 1. Experimental facilities: (a) oversimplified scheme of

simple shear test; (b, ¢) tension—compression samples with-

out (b) and with (c) special shapes to fix an extensometer;
(d) oversimplified scheme of the anti-buckling device.

tension, compression and simple shear, on the beha-
viour of the stress-induced martensitic transform-
ation of an industrial equiatomic NiTi alloy. The
experimental results of this study are presented in
this paper together with discussions on three-dimen-
sional modelling of the phenomena.

2. EXPERIMENTAL PROCEDURE

2.1. Material

The material used was a commercial polycrystal-
line equiatomic NiTi alloy supplied by Mémométal
Industries (France). It was received in two sheets of
3.2 and 1.3mm in thickness, respectively. The
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3.2mm sheet was used for tension—compression
tests and the 1.3 mm sheet was used for shear tests.
The as-received sheets were homogenized at 1173 K
for 3.6 ks, followed by a cold rolling of ~18%
thickness reduction to 2.7 and 1.05 mm for the two
sheets, respectively. After the cold working, the
sheets were annealed at 703 K for 1.8 ks. After such
treatments, the material showed a two-step
A — R — M transformation on cooling and a one-
step M — A transformation on heating, as deter-
mined by differential scanning calorimetry. The
critical temperatures of the transformations were
measured to be R=321K, R®308 K, Mx283 K,
M226 K, A~x301 K and Ax328 K.

2.2. Specimens

Specimens for all tests were fabricated by spark-
cutting from the sheets after the treatment described
above. Shear specimens were rectangular in shape
of 30 x 18 x 1.05 mm?>, with a shear gauge section of
30 x 3x 1.05mm® and a shear direction along the
length of the specimens. This gave a length-to-width
ratio of L/b = 10 for the shear gauge section.
Under this condition, the shear stress t is con-
sidered homogeneous inside the gauge zone [11, 12].
Specimens for tension—compression tests were bone-
shaped sheet specimens as shown in Fig. 1(b) and
(c). The deformation gauge section of the specimens
was 40 mm in length (/,), 5.6 mm in width (») and
2.7mm in thickness (e¢). To enable compressive
loading on such specimens, a specially designed
anti-buckling gripping system was designed, as sche-
matically shown in Fig. 1(d). The use of the
Belleville washers ensured that this system did not
constrain the expansion of the cross-section of a
specimen during compression. A thin groove with a
cross-section of 1.2 x 0.8 mm? was machined out on
one side of the specimens to fit with the anti-buck-
ling system. The performance of this anti-buckling
system has been reported earlier [13].

2.3. Mechanical testing

Three different deformation modes were
employed for mechanical testing, tension, com-
pression and simple shear. All the three tests were
performed on an Adamel-MTS universal mechan-
ical testing machine with different gripping and de-
formation mechanisms suitable for the three
deformation modes. The shear testing device and a
shear specimen after a certain amount of shear de-
formation are schematically shown in Fig. 1(a) [5].
The device consisted a stationary grip (right) and a
mobile grip (left), which moved in the vertical direc-
tion. A loadcell of 20 kN capacity was used for all
three tests. Tests were carried out at different tem-
peratures between 243 and 373 K. The testing tem-
perature was controlled with an accuracy of +1 K
using a silicon oil bath and an ultracryothermostat
Huber HS900. To minimize the thermal effect as-
sociated with the release and the absorption of the
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Fig. 2. Isotropy of the sheets: (a) isothermal shear stress—strain curves (7' = 308 K) for two specimens:
rolling direction (RD) and 45° from RD (RD + 45); (b) shape recovery of these two specimens.

latent heat of the martensitic transformation on the
mechanical behaviour of a specimen [14], all tests
were performed with low strain rates, i.e. de/dt =
1073/s for tension and compression testing and
dy/dr = 1.75 x 1073 /s for shear testing.

2.4. Stress and strain measurements

For tension—compression tests using specimens in
the geometry shown in Fig. 1(b), the measurement
of the total length variation of the sample, i.e. the
global strain (GM), was measured as the axial strain
of the specimens. These tests were carried out
mainly to study transformation stresses. For ten-
sion—compression tests using specimens shown in
Fig. 1(c), local axial strain (LM) was measured with
an extensometer mounted on the specimen in the
oil bath. The gauge length of the extensometer was
10 mm. In this work, engineering stress and engin-
eering strain are used to plot tension and com-
pression results, unless otherwise specified. For the
shear tests, the extensometer was mounted on the
two grips in the oil bath; thus a local measurement
(LM) of shear strain can be estimated as y = J/b,
where ¢ is the local measurement of the relative ver-
tical motion of the mobile grip with respect to the
stationary grip, and b the width of the sheared zone
[see Fig. 1(a)]. The shear stress ¢ is estimated as
F/(L x e), where F is the applied force, L the length
of the specimen and e its thickness [see Fig. 1(a)].

2.5. Isotropy of the material

To identify isotropic conditions of the sheets
after cold rolling, several shear specimens were cut
from the 1.05mm sheet at different orientations
relative to the rolling direction [5]. Shear stress—
strain curves of two samples, one in the rolling
direction (RD) and the other in a direction 45°
from the rolling direction (RD + 45°), are shown in
Fig. 2(a). These two orientations are expected to
give the greatest difference for any anisotropy that
might be caused by the cold rolling [5]. The two
samples were deformed at 7 = 308 K for several
cycles between y = +9%. The testing temperature

was reached by cooling the samples from 373 K.
The two specimens exhibited identical deformation
behaviour, both during initial loading, which was a
stress-induced martensitic transformation process,
and during subsequent cycling, which was a marten-
site reorientation process. The cyclic deformation
was terminated at y~ 7% at t = 0 MPa for both
samples. Figure 2(b) shows the shape recovery of
the two samples upon heating after the defor-
mation. Please note that the two samples exhibited
similar shape memory effect. These observations
suggest that the sheet material had a planar iso-
tropy (revolution orthotropy) after the above-men-
tioned procedure of treatment. Moreover, micro-
hardness tests were also performed in the martensi-
tic state with a 0.5 kg load at different locations on
the top and the lateral surfaces of the sheets, show-
ing a constant value of 300HV,s+2%. These
measurements suggest that the sheet material had a
full isotropy.

2.6. Influence of the thickness

Compression tests were performed using the
2.7 mm sheet to minimize the problem of buckling.
To establish the comparability between com-
pression—tension tests and shear tests, which utilized
the 1.05 mm sheet, identical tensile tests were per-
formed on the two sheets. Figure 3 shows the defor-
mation behaviour and the shape memory recovery
of two specimens of 2.7 and 1.05 mm thickness, re-
spectively. The specimens were deformed in tension
at 308 K via a stress-induced martensitic transform-
ation and then heated to above A; temperature
under no loading for shape recovery. The defor-
mation temperature was reached by cooling the spe-
cimens from 373 K. It is seen that the two
specimens exhibited practically identical defor-
mation behaviour. The shape memory recovery of
the 2.7 mm sheet specimen seemed to start at a
slightly higher temperature and to occur over a
slightly wider temperature range as compared to the
1.05 mm sheet specimen. This is attributed to a
thermal hysteretic effect to the heating of the
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Fig. 3. Influence of the sheet thickness during stress-
induced martensitic transformation at M;<T<A; and
during shape memory effect.

thicker specimen relative to the thinner specimen.
In conclusion, the two sheet materials are con-
sidered as having the same thermomechanical beha-
viour.
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3. ISOTHERMAL TESTS

3.1. Asymmetric deformation behaviour between ten-
sion and compression

Isothermal tension—compression tests were car-
ried out at above A; to investigate the critical stres-
ses required to induce martensite in tension and in
compression. Accurate strain measurement was not
essential and the global measurement GM of defor-
mation was recorded. Three tension—compression
stress—strain loops are shown in Fig. 4(a) of the
same sample tested at 333, 338 and 343 K sequen-
tially. The sample exhibited superelasticity at all
three temperatures. The critical stresses required to
induce the martensitic transformation in both ten-
sion and compression increased with increasing test-
ing temperature. The superelastic behaviour,
however, showed a significant difference between
the two deformation directions. The critical stress
and stress hysteresis of the superelastic behaviour
were larger in compression than in tension.

(b)
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Fig. 4. Isothermal tension and compression experiments: tension—compression loops at 7" = 333, 338,
343 K with global strain measurement (a); tension and compression tests performed on two virgin aus-
tenitic samples at 7> A4y (b) and at Ms<T<A; (c) using local strain measurement; tension and com-

pression tests performed on two virgin martensitic samples at Mp<T<A;

using local strain

measurement and true stress values (d).
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Fig. 5. Luders-like behaviour in tension: global strain
measurement vs local strain measurement measured during
the tensile test of Fig. 4(b).

3.2. Monotonic loading in tension and compression

Four samples were tested by monotonic loading
in either tension or compression to eliminate any
potential problems that might be associated with
the direction of the initial loading and with cyclic
loading. Two of the samples were tested at 333 K,
which was 5K above Ay in tension and com-
pression, respectively, and the other two were tested
at 308 K, which was between M, and A;. All the
four samples were deformed by stress-induced mar-
tensitic transformation. The stress—strain curves of
the two pairs of samples are shown in Fig. 4(b) and
(c), respectively. In these tests, local strain was
measured. It is seen that at both temperatures, the
specimens exhibited asymmetric deformation beha-
viour associated with the stress-induced martensitic
transformation between tension and compression.
The critical stress for stress-induced martensitic
transformation, o4, as conventionally defined in
Fig. 4(b), was higher in compression than in ten-
sion. The strain associated with the transformation,
&crio, also defined in Fig. 4(b), had an average value
of 5.5+ 0.25% in tension and 4.0 + 0.25% in com-
pression, giving a strain ratio of écriot/écrioc = 1.375.

The symmetry of the deformation behaviour
between tension and compression was also tested
for martensite. Two other samples were cooled in
liquid nitrogen to be fully martensitic and then
deformed at 273 K, 28 K below A, in tension and
compression, respectively. Figure 4(d) shows the
stress—strain curves of these two samples. In this
figure true stresses and strains are presented, re-
spectively, defined as o=o0o(l —¢) and
g =In(1 + Al/l,), because the deformation was
obviously homogeneous, as evidenced by the
absence of Liiders-like behaviour. In this case, the
deformation behaviour was identical in tension and
compression.
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3.3. Liiders-like deformation behaviour

It was noticed in the experiment that during the
forward and reverse transformations in tension, a
typical Liiders-like deformation behaviour occurred,
as evident in Fig. 4(a) and (b). A Liiders-like defor-
mation behaviour is characterized by a distinctive
stress plateau on an engineering stress—strain curve.
Figure 5 shows the measurement of the global
strain (GM) as a function of the local strain (LM)
for the tensile sample shown in Fig. 4(b) to illus-
trate the heterogeneous nature of the Liiders-like
deformation behaviour. The corresponding points
on the curves shown in Figs 5 and 4(b) are labelled
identically. It is seen that in the initial stage of de-
formation between OA, the deformation was homo-
geneous, as indicated by the simultaneous increase
of LM and GM. At the onset of the stress plateau
at A [Fig. 4(b)], LM ceased increasing until B whilst
GM continued to increase, indicating that a loca-
lized deformation occurred outside of the gauge sec-
tion of the extensometer. In section BC, the
increase of LM was more rapid relative to that of
GM. This implies that the localized deformation
band was propagating inside the gauge length of
the extensometer. The localized deformation band
exited the extensometer gauge length at C, as evi-
denced by the constant LM following. In section
DE, the deformation resumed to be homogeneous
again. During unloading, the specimen deformed
homogeneously between EF, heterogeneously in
FGHI and homogeneously again along 1J. Within
the stages where Liiders-like deformation occurred,
it is practically impossible to describe the true de-
formation state at a location by either LM or GM
measurements. It needs to be pointed out that the
Liders-like deformation behaviour was only
observed in tensile testing in this study. In com-
pression and shear tests only homogeneous defor-
mation was observed, as evident in Figs 4(a)—(c)
and Fig. 6.

The Liiders-like behaviour is often observed in
tension of NiTi alloys [14-18]. Its occurrence is
affected by both intrinsic physical origins, like den-
sity and configuration of dislocations, grain size,
precipitates, and extrinsic causes such as geometri-
cal effects of specimen shapes and sizes [17].
Liiders-like behaviour imposes problems in the
study of mechanical behaviour. When it occurs
(portions AD and FI in Fig. 5), the actual stress—
strain state inside the specimen is fully hetero-
geneous and unknown. The analysis of partial
transformation is thus irrelevant, because the trans-
formation is total in some regions of the sample
and does not occur in other ones [18]. However,
certain characteristic values defined in regions
where the deformation is homogeneous remain
meaningful, such as initial elastic domain, critical
stress at the beginning of the transformation, and



5584

(a)

ORGEAS and FAVIER: STRESS-INDUCED MARTENSITIC TRANSFORMATION

(b)

00

7 MPa Ve

Y Y
0.09 -0. / 0.06
Increasing T :
333, 338, 343, 348 | Coming from 363K:
and 353K T = 338, 343, 348K
-500 -500
(c)
500
T MPa T = 284, 294, 300, 308
1 and 311K
Vs
0 0.14

Fig. 6. Isothermal shear experiments at various testing temperatures 7: (a) shear cyclic loading with an
imposed strain magnitude Ay = + 7.5% at T> Ay (b) shear cyclic loading with an imposed strain mag-
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stress hysteresis of superelasticity when deformed to
beyond the limit of transformation strain.

3.4. Shear tests

A shear specimen was deformed in superelasticity
sequentially at five different temperatures of 333,
338, 343, 348 and 353 K with a shear strain magni-
tude of y~~+0.075. The stress—strain curves of
these tests are shown in Fig. 6(a). In these tests, the
specimen was heated to 363 K after each test and
then cooled to the next testing temperature. A sec-
ond specimen was tested successively at 348, 343
and 338 K with a lower strain magnitude of
y~+0.055. The measurements are shown in
Fig. 6(b). It is seen that specimens exhibited a typi-
cal superelastic behaviour at all temperatures tested.
A stress-induced A — R transformation was not
observed and the superelastic deformation was as-
sociated with the stress-induced A — M transform-
ation and the reverse M — A transformation. The
critical stresses for both the forward and the reverse
transformations increased with increasing testing

temperature. A progressive deterioration of the
superelastic behaviour with increasing temperature
was also observed, as evidenced by the increase in
the residual strain after unloading to 7 = 0 for the
superelastic cycles. This is attributed to the increase
in the contribution of plastic deformation with
increasing temperature [19]. This effect was less pro-
nounced for the deformation to lower shear strains
[Fig. 6(b)].

Figure 6(c) shows the stress—strain curves of a
sample tested at five different temperatures above
M. 284, 294, 300, 308 and 313 K. After each test,
the sample was heated to above A; and cooled
down to the next testing temperature. Therefore,
the sample was in austenitic state prior to each test.
During the loading, it is once again observed that
the higher the testing temperature, the higher the
stress to induce martensite. Upon unloading, the
superelastic recovery is very small: stress levels
reached during the loading were not high enough,
and martensite reorientation processes occurred in
this low temperature range [15].
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Fig. 7. Critical stresses as a function of both the temperature 7 and the loading path.

3.5. Critical stresses for stress-induced martensitic
transformation

The critical stresses for stress-induced martensitic
transformation in shear (T.jo), tension (oco) and
compression (o¢ioc) as measured from the stress—
strain curves, are plotted as functions of testing
temperature in Fig. 7. In this figure three tempera-
ture ranges can be recognized. At temperatures
below 308 K, the increase of the critical stresses
with temperature was slow for all the three loading
modes. At temperatures between 308 and 343 K,
the critical stresses were linear functions of the test-
ing temperature. Above 343 K, the temperature
dependence of the critical stress in compression was
no longer linear, suggesting that the influence of
plastic deformation became more pronounced. For
tension and shear the linearity of the temperature
dependence of the critical stresses extended up to
370 and 353 K, respectively. The linear dependence
of transformation stresses on temperature in the in-
termediate temperature range has been shown to
obey a Clausius—Clapeyron relation [20]. In this
work, [dterio/dT ] was measured to be 5.3 MPa/K in
shear and [docio/dT] to be 8.4 and 12 MPa/K in
tension and compression, respectively. The slopes
for shear and tension can be compared to those
reported in the literature. The tension value agrees
well with the data given by Tang et al. [21] for a
wide number of NiTi alloys. Adler er al. [22]
reported a slope of 3.45 MPa/K for shear and a
slope of 10 MPa/K for tension for a NiTiCo alloy.
Manach [23] obtained slopes of 5 and 7.5 MPa/K
for shear and tension, respectively, for a NiTi alloy.
In another work, Manach and Favier obtained
slopes of 3.45 and 4.5 MPa/K for shear and tension,
respectively, on a NiTi alloy submitted to a differ-
ent prior thermomechanical treatment [5]. These
measurements indicate that the slope is strongly

influenced by the initial treatment conditions [19, 24—
26].

Likewise, it is seen in Fig. 7 that the temperature
dependence of the critical stress for stress-induced
martensitic transformation was strongly influenced
by the deformation mode. The ratio of the critical
stress in tension to that in shear, Ocriot/Tcrio, Was
found to be ~1.7 at above 300 K, which agrees with
a previous measurement of 1.75 at above A [5]. In
both cases, the ratio is in good accordance with the
Von Mises criterion ratio of \/3. However, the ratio
between the compression and tensile critical stresses,
Ocrioc/Ocriots and the ratio between the compression
and shear critical stresses, Gcrioc/Terio, tOOK mean
values of 1.33 and 2.26 for the same temperature
range, respectively. According to the Von Mises cri-
terion, these last ratios should be equal to 1 and
/3. respectively. This disagreement requires another
yield criterion to be established (Section 4.2).

3.6. Stress hysteresis of superelasticity

The stress hysteresis of superelasticity was
measured on the stress—strain curves in shear
(Athys), tension (Achys) and compression (Achysc),
as illustrated in Fig. 4(b) for tensile deformation.
Figures 8(a) and (b) show the effect of testing tem-
perature on Aty for the shear tests shown in
Figs 6(b) and (a), respectively. Comparison between
Figs 8(a) and (b) shows that Aty was independent
of testing temperature for superelastic loops of
small strain amplitude (y = + 0.055) and dependent
of testing temperature for superelastic loops of
large strain amplitude (y = + 0.075). This is attribu-
ted to the involvement of plastic deformation in
superelastic deformation with large strain ampli-
tude. The two curves tested at 338 K are replotted
together in Fig. 8(c) to illustrate the effect of strain
amplitude on Aty It is seen that Aty increased
with increasing strain amplitude. For y = +0.075,
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Fig. 8. Stress hysteresis magnitude as a function of: (a, b) the temperature in shear; (c) the imposed
strain magnitude in shear; (d) the loading path in tension—compression.

Aty =180 MPa whereas for y = +0.055 it was
~140 MPa [27]. Figure 8(d) shows the stress hyster-
esis of superelasticity in tension and compression,
as measured from the stress—strain curves shown in
Fig. 4(a). A significant asymmetry in Aoy between
tension and compression is clearly evident in the
figure, with the hysteresis in compression, Adpysc,
being higher than that in tension, Agypy. It is also
evident in the figure that whereas Aoy was tem-
perature independent at a value of 400 MPa, Acyysc
was measured as 500 MPa at 333 K and 580 MPa
at 338 and 343 K.

4. ANALYSIS

4.1. Tension—compression asymmetry

An asymmetric deformation behaviour of the
stress-induced  martensitic  transformation  was
observed between tension and compression in this
study. An asymmetric deformation behaviour may
be caused either by intrinsic reasons of the trans-
formation or external reasons related to experimen-
tal conditions as well as specimen texture. It has
been established in Section 2 that the material was

homogeneous and behaved isotropically. Therefore,
internal stresses and texture induced by cold rolling
could not be responsible for the observed asymme-
try in deformation behaviour. A previous study [13]
has demonstrated that the anti-buckling system,
when correctly adjusted, does not induce any appar-
ent asymmetry in deformation behaviour between
tension and compression. Furthermore, Section 3
has proved that strength differential effect was
observed since the first loading: it is not induced by
mechanical cycling. It has also been established that
martensite reorientation deformation proceeds sym-
metrically between tension and compression at low
strain values [2,28]. Based on these observations, it
is concluded that the asymmetric deformation beha-
viour is an intrinsic property of the stress-induced
martensitic transformation.

The phenomenon of asymmetric deformation
behaviour between tension and compression has
been observed in a number of alloy systems [29].
This phenomenon is usually referred to as the
strength differential effect (SDE). For SMAs, it has
been observed in NiTi polycrystalline during mar-
tensite reorientation to high strain values [2, 28] and
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in CuAlZn polycrystalline samples during stress-
induced martensitic transformation [4]. Several
mechanisms have been proposed to explain SDE.

4.1.1. Role of hydrostatic pressure. A hydrostatic
pressure may influence a phase transformation if it
involves a volume change. This concept has been
adopted to explain the SDE observed in quenched
and tempered steels [29]. In this case, the yield
strength is found to be higher in compression than
in tension, because of a positive volume change
during plastic deformation. In the case of NiTi
alloys, the relative volume change AV/V associated
with the martensitic transformation is very small
(<0.1%) and is negative [30]. A negative volume
change is expected to cause an increase of M, with
increasing hydrostatic pressure. This has actually
been observed in a NiTi alloy by Kakeshita et
al. [31]. The p-dependence of M, was measured as
~0.01 K/MPa. The positive p-dependence of M
due to the negative volume change implies that the
critical stress for the martensitic transformation is
higher in tension than in compression. Therefore,
the effect of hydrostatic pressure, or the volume
change associated with the transformation cannot
be held responsible for the observed asymmetry in
deformation behaviour between tension and com-
pression.

In contrast, the magnitude of asymmetry of the
deformation behaviour is expected to have been
reduced by this effect. The reduction in the critical
stress for transformation in compression relative to
that in tension can be estimated as follows, for the
specimens tested at 333 K [Fig. 4(b)] for example.
The critical stresses for stress-induced martensitic
transformation were 420 MPa for the specimen
tested in tension and 570 MPa for the specimen
tested in compression, giving a stress difference of
0oi= 150 MPa. The hydrostatic components of the
stresses, p = tr[e]/3, are estimated to be 140 and
—190 MPa for the two specimens, respectively. With
a p-dependence coefficient of 0.01 K/MPa, this
hydrostatic pressure difference of p = 330 MPa
causes an M in compression to be 3.3 K higher
than that in tension. Applying the Clausius—
Clapeyron relation with an average value of
dogi/dT = (8.4+4 12)/2 = 10.2 MPa/K, the trans-
formation stress in compression is thus estimated to
be 33.6 MPa higher than that in tension due to the
effect of the volume change. Taking this effect into
account, the magnitude of asymmetry as measured
as the critical stress difference between tension and
compression is thus o = 150 4 33.6 = 183.6 MPa
at 333 K.

4.1.2. Microstructural aspects of martensitic trans-
formation. A second possible contribution to the de-
formation asymmetry is based on microstructural
considerations of the martensitic transformations in
SMAs. For single crystal specimens, the dependence
of the macroscopic tensile transformation stresses
and strains on orientation has been well studied
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experimentally [32-34]. Some experiments have
been carried out using CuAINi single crystals to
study the symmetry of the deformation behaviour
in tension and compression for given crystallo-
graphic orientations [35]. Based on these exper-
iments, three types of models have been proposed
to describe the orientation dependence as well as
the tension—compression asymmetry of the stress-
induced martensitic transformation strain in SMA
single crystals.

4.1.2.1. The PTMC-based Models

A first type of models are based on the phenom-
enological theory of martensite crystallography
(PTMC) [36,37]. In the PTMC, the total strain of
an internally twinned or faulted martensite from the
austenite, Py, is expressed as the product of a Bain
strain B between the parent and martensite phases,
the lattice invariant shear (LIS) P, and a rigid body
rotation R, i.e. P,,=RPB. In a NiTi single crystal,
the LIS results from the formation of twin-related
martensite variant pairs, which are referred to as
correspondence variant pairs (CVPs) [38]. Using a
PTMC-based model, Buchheit ez al. [38] concluded
that the asymmetric tension—compression behaviour
of SMA single crystals was an intrinsic property of
the thermoelastic ~martensitic transformation.
According to the authors, the CVPs induced in ten-
sion were different from the ones induced in com-
pression, especially for NiTi single crystals. Their
numerical calculations showed a good agreement
with tensile experimental results for a long-aged
NiTi single crystal [33] which contained precipitates.
However, transformation strains predicted by the
PTMC models are often smaller than those
measured in experiments, especially for single crys-
tals which do not contain many precipitates [33].

The application of the PTMC models to poly-
crystalline materials is not straightforward. In that
respect, several micro—macro theories based on the
PTMC have been proposed in order to predict the
mechanical behaviour of polycrystalline SMAs [39—
41]. Ono and Shimanuki [39] used the PTMC
approach to determine the modified Taylor factors
for the martensitic transformations in a number of
non-textured polycrystalline SMAs such as
CuZnAl, CuAINi and NiTi. They concluded that
the theoretical predictions conformed to the Von
Mises criterion. Their predictions are in disagree-
ment with our experimental results on NiTi and
those of Vacher [4] on CuZnAl. Patoor et al. [40]
used both a PTMC-based model and a self-consist-
ent scheme to analyse the mechanical behaviour of
isotropic CuZnAl polycrystalline samples and
revealed a tension—compression asymmetry. They
showed that the very small volume variation associ-
ated with the martensitic transformation was not re-
sponsible for the SDE. They also found that both
the critical stress for transformation and the magni-
tude of stress hysteresis were higher in compression
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e
L

Fig. 9. Contour plots within [001] stereographic projec-

tions illustrating and comparing the tensile (circle 1) and

the compressive (circle 2) transformation strain results

from the PTMC model, the PTMC + DT model and the

lattice deformation model—according to Buchheit and
Wert [45].

than in tension, whereas it was the opposite for
transformation strain. They attributed the SDE to
two contributions, the low symmetry of the marten-
site structure and to the fact that the domain of
well-oriented positions in each single crystal
depends on the local loading condition. Their nu-
merical results showed qualitative agreement with
the experimental results of Vacher [4] for polycrys-
talline CuZnAl. However, when the same micro—
macro model is applied to an isotropic polycrystal-
line NiTi, their calculation predicts that the critical
stress for transformation is higher in tension than
in compression [42,43], being in total disagreement
with the present results. The explanation proposed
by Patoor et al. to the tension—compression asym-
metry is thus inappropriate for NiTi alloys.
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4.1.2.2. The Lattice Deformation Model

Using a lattice deformation model Saburi and
Nenno [44] calculated the tensile martensitic trans-
formation strains of NiTi single crystal samples.
Such a model predicts the transformation strain
considering direct transformation of an austenite
single crystal to a single correspondence variant
(SCV) of martensite. Therefore, the total distortion
matrix Py, is only determined by the Bain strain
matrix B. In comparison, the transformation strain
predicted by the lattice deformation model is gener-
ally larger than that predicted by PTMC-based
models [45], as illustrated in Fig. 9. Transformation
strains measured in experiments are often in better
agreement with the lattice deformation model than
with PTMC-based models, even for initially
twinned or faulted martensites [33,45]. Plietsch and
Ehrlich tried to estimate with a similar micro model
the ratio of the transformation strain in tension to
that in compression, &/e., in an isotropic polycrys-
talline NiTi by simply averaging the values of /e,
for a large range of crystallographic orientations [3].
Their estimation, &/e.=1.46, agrees reasonably well
with  our experimental measurement (eco/
&crioc = 1.375). However, no quantitative conclusion
can be drawn for two reasons. Firstly, the lattice
deformation model does not reproduce all the
mechanisms arising during the transformation of a
SMA single crystal, i.e. the existence of a habit
plane. Secondly, the basis to estimate the strain
ratio of a polycrystalline matrix as the average for
all crystallographic orientations is doubtful.

4.1.2.3. The PTMC + DT Model

In an analysis Buchheit and Wert [45] showed
that the PTMC-based models did not concur with
the experiments performed by Miyazaki et al. [33]
on a NiTi single crystal. For the single crystal
sample, Miyazaki et al. [33] observed that detwin-
ning of CVPs to SCVs occurred during loading. To
account for this observation, Buchheit and Wert
included in their PTMC-based model the detwin-
ning of CVPs to SCVs during loading and showed
that transformation strains calculated from the lat-
tice deformation model and from the
PTMC + detwinning (PTMC + DT) model are
almost equal, as illustrated in Fig. 9 [45]. However,
they also reported that crystallographic mechanisms
of transformation adopted by the two models are
not equivalent: the lattice deformation model con-
siders an austenite — SCV transformation whereas
the PTMC + DT model involves a more realistic
austenite — CVP — SCV transformation, compared
to experimental observations [33,46]. The predic-
tions of the PTMC + DT model are in good agree-
ment with the tensile behaviour of the solution
treated NiTi single crystal of Miyazaki et al. [33], as
well as with other SMA systems. The numerical
analysis of Buchheit and Wert showed that the ten-



ORGEAS and FAVIER: STRESS-INDUCED MARTENSITIC TRANSFORMATION

sile detwinning strain in tension ranges from 0 to
3.77%, depending on the tensile axis orientation
with respect to the crystal orientation, whereas that
in compression ranges from 0.57 to 0.68%. The
overall transformation strain (PTMC + DT strains)
in tension, &, ranges from 7 to 10.31% and that in
compression, &g, is between 5 and 7.11%, as illus-
trated by the stereographic representations shown
in Fig. 9 [45]. Based on the concept of energy con-
servation, Buchheit and Wert expressed the work of
transformation as

tension

* Okl

cri __ tension

_.cri
Wineea = Vi * Tir' = €[ikl]

— aﬁ?ﬁf)rcssion . O_E:];)]:?]prcssion V[I’lkl] (1)
where ¢, af,f}‘\ﬂ"“ and af,;),:;‘]pmsm" are the critical
stresses for martensitic transformation in shear, ten-
sion and compression, and yfr‘i, fﬁ?ion and
ey are the strain associated with the trans-
formation in shear, tension and compression in the
[hkl] crystal orientation, respectively. According to
this equation, the critical stresses for transformation
in compression are greater than that in tension for
most crystallographic orientations, due to the
higher transformation strains in tension than in
compression.

Combined with a self consistent micro—macro
approach similar to that adopted by Patoor et al.,
the PTMC + DT model is expected to give a better
description of the mechanical behaviour of poly-
crystalline NiTi. It is believed that the tension—com-
pression  asymmetry of the  stress-induced
martensitic transformation is mainly due to the det-
winning strain contribution to the overall trans-
formation strain. This detwinning strain is larger in
tension than in compression, resulting in the trans-
formation stress being higher in compression than
in tension.

4.2. Mechanical modelling

According to the above discussion, the influence
of hydrostatic pressure p on the mechanical beha-
viour has to be excluded. Hence, all the character-
istic values such as transformation stress and strain
are independent of the first stress invariant
I, = tr(e). This assumption is commonly adopted
for metallic materials. Yield surfaces that can be
used to model the critical stress as a function of the
loading path can therefore be plotted in the devia-
toric stress plane, instead of being expressed in the
principal stress space. In such a plane, yield surfaces
are functions of both the deviatoric stress tensor
intensity Q, and phase ¢, as defined as

05 = tr[6 . 6]
and
cos[3¢,] = V6 trg - & - 6]/0} )

g

with
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6=0— glal and I = unit tensor. 3)

According to the present experimental results, no
simple classical yield form is suitable to model the
martensitic transformation in the NiTi alloy used in
this study. For example, the frequently used Von
Mises yield criterion cannot describe the tension—
compression asymmetry, because it is independent
of ¢,. To reach such a goal, yield forms have to be
functions of both Q, and ¢,. Many appropriate
yield surfaces have been proposed in such a
way [40,47,48]. In the present work, the used yield
criterion has been suggested by Stutz [49] and is
expressed by the following relation:

Qacri = Q(Tcno/[l + 79 - cos(3 - (pg)]ﬂo 4

which involves three parameters, Q... Yo and #n.
Based on experimental data, these three parameters
were determined by solving the system (4). The sys-
tem is obtained by writing that during shear (first
equation), tension (second equation) and com-
pression (third equation), the phases of the deviato-
ric stress tensor ¢, are equal to n/6, 0 and =,
respectively

\/Efcri = Qs>
Vi Qe V3
3 crit = (1 +70)no 7’
O,
rl — Crio . 5
Ocric (1— VO)HO Q)

The curves plotted in Fig. 10 illustrate the evolution
of Q. with T and the loading path in the deviato-
ric stress plane for 7 > M. Parameters ny, and 7,
have been fixed to constant values of 0.1 and 0.9,
respectively. Qg is linearly dependent on tempera-
ture, [dQs.../dT] being equal to
\/E[drm/dT]:TS MPa/K. Yield surfaces are in
good agreement with experimental data (Fig. 10).

5. CONCLUSION

The isothermal mechanical behaviour of the
stress-induced martensitic transformation in a NiTi
alloy was investigated in this study. The experimen-
tal results demonstrated the importance of stress
state on the deformation behaviour of the trans-
formation. The deformation behaviour of the trans-
formation was asymmetric between tension and
compression. This asymmetry in mechanical beha-
viour is attributed to the low crystallographic sym-
metry of the martensite structure and the
detwinning of the martensite. The experimental
results also showed that no classical equivalent
yield surface is suitable to model characteristic
values such as transformation stress and strain as a
function of the loading path. A yield surface
depending on both the intensity and the phase of
the deviatoric stress tensor was proposed, which
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Fig. 10. Comparison of the experimental results (in tension, compression and shear) at different tem-
peratures with the proposed yield criterion. This criterion is plotted using equation (3) with constant
values of yo (=0.9) and ny (=0.1) and a linear variation of Q,,,, with T.

successfully modelled the experimental results of
this study.
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