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The effect of stress state on the character and extent of the stress-induced martensitic transformation 
in polycrystalline Ni-Ti shape memory alloy has been investigated. Utilizing unique experimental 
equipment, uniaxial and triaxial stress states have been imposed on Ni-Ti specimens and the pseu- 
doelastic transformation strains have been monitored. Comparisons between tests of differing stress 
states have been performed using effective stress and effective strain quantities; a strain offset method 
has been utilized to determine the effective stress required for transformation under a given stress 
state. Results of the tests under different stress states indicate that (1) despite the negative volumetric 
strain associated with the austenite-to-martensite transformation in Ni-Ti, effective stress for the onset 
of transformation decreases with increasing hydrostatic stress; (2) effective stress vs  effective strain 
behavior differs greatly under different applied stress states; and (3) austenite in Ni-Ti is fully stable 
under large values of compressive hydrostatic stress. 

I. INTRODUCTION 

T O  successfully model and utilize the mechanical be- 
havior of Ni-Ti, the governing stress-induced martensitic 
transformation must be thoroughly understood. The present 
investigation has sought to further the current understand- 
ing of the stress-induced martensitic transformation in Ni- 
Ti by applying unique triaxial stress states to polycrystalline 
Ni-Ti and measuring the resulting pseudoelastic transfor- 
mation strains. The results presented in this work are cur- 
rently being used in the development of new models for 
the thermomechanical behavior of materials exhibiting 
stress-induced martensitic transformations. 

A number of previous investigations have considered the 
effect of  stress state on the stress-induced martensitic trans- 
formation. A large portion of these investigations have fo- 
cused on the effect of hydrostatic compression on the 
martensitic start (Me) and austenite start (A~) temperatures. 
In the study of martensites exhibiting a negative volumetric 
transformation strain, i .e . ,  A V  'r = Vm -- Vo < 0, linear in- 
creases in transformation temperature with increasing hy- 
drostatic pressure have been observed in Au-Cd,tl~ 
Cu-A1-Ni,I2] and the R phase to M phase transformation in 
Ni-Ti. [31 For the austenite to R phase transformation in Ni- 
Ti, which exhibits no volume change (A V 'r = 0), transfor- 
mation temperatures have been found to remain constant 
with increasing hydrostatic pressureJ 3) Finally, for the pos- 
itive volumetric change (A p r  > 0) transformation observed 
in Fe-Ni-Co-Ti, transformation temperatures have been 
found to decrease with increasing hydrostatic pressure3 3] 
The results of these studies indicate that the effect of pres- 
sure on martensitic transformation is linked to the volu- 
metric change (AV 'r = V m - V,O associated with the 
austenite (parent) to martensite transformation, i .e. ,  hydro- 
static pressure favors transformations that result in a neg- 
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ative volumetric change and hinders those that result in a 
positive volumetric change. 

Research efforts have also focused on stress-induced 
transformations that occur when an effective stress com- 
ponent is present. The influence of uniaxial stress sense 
(tension vs  compression) on the pseudoelastic stress-in- 
duced martensitic transformation has been examined to a 
limited extent. Although some treatments have found strong 
symmetry between tension and compression behavior for 
Au-Cd single crystals, t4,51 the majority of the treatments find 
at least some degree of asymmetry between tensile and 
compressive behavior. Burkart and Readt6J studied the 
stress-induced transformation in In-T1 single crystals and 
found that at a given temperature, 20 pct more compressive 
stress than tensile stress was needed to begin the transfor- 
mation. Sakamoto e t  al. t71 reported significantly higher 
transformation stresses in tension than in compression in 
Cu-A1-Ni single crystals and hypothesized that the result 
was due to formation of different product phases under ten- 
sion and compression. More recently, Vacher and Lexcel- 
lent[81 relayed results for polycrystalline Cu-AI-Ni in strong 
agreement with those of Burkhart and Read: higher stresses 
were required for the onset of transformation in compres- 
sion than in tension. A similar result was observed in po- 
lycrystalline Ni-Ti.[9) Patoor e t  al.C~o] noted that a larger 
number of variants were available in tension v s  compres- 
sion and developed a micromechanical model on this basis. 
It should be mentioned that there are ctn'rently no studies 
available in which both effective and hydrostatic stresses 
were systematically changed. 

Before discussing experimental details, we give a brief 
background on the Ni-Ti alloy system. As with any shape 
memory alloy, Ni-Ti owes its unique behavior to the stress- 
induced martensitic transformation. A necessary precondi- 
tion for the stress-induced martensitic transformation is the 
retention of a metastable austenite phase. In the case of near 
Niso oTiso o at. pct alloy, this austenite phase takes the form 
of an ordered bcc superlattice (designated B2)/3 phase with 
a ~ 3 ,~.t11.)21 With sufficient cooling and/or stress, the/3 
phase in Ni-Ti will, in a diffusionless and shear dominated 
reaction, transform to a martensite phase of different crystal 
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(a) 

(b) 

Fig. 1--(a) Typical microstructure of Ni-T1 specimens showmg grain 
boundaries in the austenite phase; (b) typical mlcrostructure of Ni-Ti 
specimen subjected to uniaxial tension showing the martensitlc phase. 

structure. It is accepted that the Ni-Ti martensite is a mon- 
oclinic distortion of a B19 lattice (a ~ 2.883 ,~, b ~ 4.623 
A, c ~- 4.117 ,~, and 3' ~ 96.8 deg). I13,14] Calculations based 
on the lattice parameters of the austenite and martensite 
crystal structures in Ni-Ti indicate that the austenite-to-mar- 
tensite transformation in Ni-Ti results in a shear strain, g, 
of 0.13 and a volume change, AVtr/V, of -0.0034Y 5j 

A very limited range of compositions is capable of pro- 
ducing the ordered bcc austenite structure necessary for 
stress-induced martensitic transformations in Ni-Ti. The 
practical compositional limits for Ni-balance alloys are 49 
to 51 at. pct Ti. In this compositional range, transformation 
temperatures from -200  ~ to 110 ~ can be achieved 
depending upon heat treatment, t16~ 

With this background, the purpose of the present inves- 
tigation of Ni-Ti is 

(1) to determine the transformation stress in tension, com- 
pression, and under varying levels of effective stress 
when hydrostatic stress levels are highly compressive 
(~1 GPa); 

(2) to establish the stress-strain behavior beyond the initial 
transformation stress; 

(3) to critically discuss the capabilities and limitations of 
the proposed stress-strain models of pseudoelastic de- 
formation in view of the experimental findings; and 

(4) to demonstrate a novel apparatus that can apply varia- 
ble axial and lateral loads simultaneously. 

II. EXPERIMENTAL TECHNIQUES 

Nis00Tis00 at. pct alloy was employed for all experimental 
work. The alloy was purchased from Special Metals Inc. 
(New Hartford, NY) and was heat treated by Memry Cor- 
poration (Brookfield, CT). 

All Ni-Ti specimens were prepared in a single batch. 
Tensile specimens were prepared with a nominal gage 
length of 25.4 mm and a gage diameter of 7.37 ram; com- 
pression specimens had a nominal gage length of 19.05 mm 
and a gage diameter of 11.13 mm. Triaxial pressure spec- 
imens were prepared with a nominal gage length of 12.7 
mm and gage diameter of 5.59 mm. The heat treatment for 
all specimen designs consisted of soaking at 550 ~ for 15 
minutes followed by a water quench to ambient tempera- 
ture; heat treatment was selected to avoid the R-phase trans- 
formation. This was verified by differential scanning 
calorimetry.tlT~ The resultant microstructure was polycrystal- 
line with an average grain diameter of 19/xm; a micrograph 
is provided in Figure 1. All bars were heat treated prior to 
machining and differential scanning calorimetry was per- 
formed on Ni-Ti specimen blanks. Ni-Ti samples were tested 
between temperature limits of - 7 0  ~ and +70 ~ samples 
were heated/cooled at a rate of 10 ~ Average trans- 
formation temperatures were as follows: A• = 8.6 ~ A s = 
-0.3 ~ Ms = -18.1 ~ and My = -34.2 ~ 

Uniaxial loading of Ni-Ti was performed on an Instron 
1331 servohydraulic test machine operating in axial strain 
control. For tensile tests, a 25.4-mm extensometer was used 
to monitor axial strains and a diametral extensometer was 
used to monitor specimen diametral strains. For compres- 
sion tests, axial and diametral strains were monitored by 
electrical resistance metal foil strain gages bonded to the 
specimen gage section. Test definition, command genera- 
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pressure test chamber, assembled for testing. 

Fig. 2--Sectional view of  pressure test chamber, assembled for testing. 

Table I. Experimental  Stress States 

UT 

UC 

HC 

ZH 

TC 

o!] 
G = 0 

Oil G =  0 

~ j =  --O r 

G = -or 0 
--or 

[_3 o 2] case I G = -or 

[-2 0 
case II % = -o- 

tion, and data collection for both tensile and compressive 
tests were accomplished via  personal computer. 

An MTS servohydraulic test machine fitted with a unique 
high pressure vessel was used for triaxial testing of Ni-Ti 
specimens. The schematic of  the test system is provided in 
Figure 2. As Figure 2 indicates, axial stresses were applied 
to the specimen by the servohydraulic actuator of the MTS 
test machine; diametral stresses were applied to the speci- 
men through the introduction of pressurized fluid into the 
pressure vessel. Specimen strains (axial and diametral) were 
monitored by a pair of foil strain gages bonded to the spec- 
imen gage section; pressure effects on the strain gage out- 
put were eliminated by wiring a strain gaged dummy 
specimen into the bridge circuit inside the vessel. A mini- 
ature strain gage load cell placed in the top section of the 
pressure vessel was used to measure axial specimen load; 
diametral specimen pressure was monitored by a pressure 
transducer. 

Control of  the high pressure testing setup was accom- 
plished with two independent control loops--one for the 
MTS axial actuator and a second for the servohydraulic 
pressure intensifier. The independent control loops allow 
for the application of any desired axial stress/lateral stress 
ratio within load and specimen stability limits. The ability 

of the present triaxial testing apparatus to simultaneously 
ramp the lateral and axial stresses on the specimen repre- 
sents one of its main advantages over previous triaxial re- 
search efforts. In previous works, hydrostatic compression 
was typically applied first and the uniaxial stress was in- 
creased in a secondary operation. The present scheme cir- 
cumvents any arguments regarding the role of initial 
hydrostatic compression on the material behaviorY 8] A per- 
sonal computer was used for all test definition, command 
generation, and data acquisition tasks. More details of the 
pressure intensifier, load, and strain measurements can be 
found in a recent publication, v91 

To allow for meaningful comparisons between uniaxial 
and triaxial tests, the loading rates in the triaxial tests were 
selected such that they imposed effective strain rates in the 
elastic regime equivalent to those utilized in the uniaxial 
tests: 10 -4 s-k Transformation stresses, O'A___~M , required to 
bring about the austenite-to-martensite transformation un- 
der test conditions were determined from the axial stress vs 

axial strain (effective stress vs effective strain) using a 
0.001 strain offset. 

For all tests, stress and strain data were converted from 
the engineering quantities collected in raw form to true 
stresses and strains. True strains were computed from en- 
gineering strains: 

el = In(1 + 6 ) , &  = In(1 + e2) [1] 

Axial true stresses (o-,) were developed from the engineer- 
ing stress (SO using the following approximate relationship 
(lateral stresses were collected in " t rue"  form and thus no 
conversion was necessary): 

Sl 
o'1 - [2]  

(1 + e2) 2 

where e2 is the instantaneous diametral engineering strain. 
Triaxial stresses and strains were converted to effective 
stresses and strains to allow for comparison with the uniaxial 
data. The definitions for effective stress and effective strain 
used for these calculations are given in Eqs. [3] and [4]. 

~~ = T [(~  - ~)~ + 

(o - ,  - o-~)~ + (o-~ - o-~)~]  ''~ 

~'eff = T [(el  --  ~--'2)2 "}- (~1 -- ~3) 2 + ( 6  --  ~'3)2] 1/2 

[3] 

[41 

III. EXPERIMENTAL RESULTS 

The present work is concerned with the mechanical be- 
havior of Niso0Tisoo at. pct alloy heat treated to produce 
pseudoelastic behavior at room temperature. 

A summary of experimental conditions is provided in 
Table I. Note that five distinctly differing stress states were 
investigated: uniaxial tension (UT), uniaxial compression 
(UC), hydrostatic compression (HC), zero hydrostatic stress 
(ZH), and triaxial compression tests (TC; cases I and II). 
For each of these applied stress states,* the axial and di- 

*With the exception of  the uniaxial tensile tests in which strain control 
was utilized. 
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Fig. 3--Effect of strain rate on uniaxial tensile behavior. 
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Fig. 5--Sumrnary of experimental results indicating the role of hydrostatic 
stress in the stress-strain behavior. 

ametral stresses were applied to the specimen by starting at 
a zero stress initial condition (or = 0) and then linearly 
ramping the stress until either the specimen failed or the 
machine loading limit was achieved. Thus, for the " Z H "  
condition, the specimen was subjected to simultaneous axial 
stress and lateral pressure such that the axial stress was 

tensile in sign and equal to twice the applied instantaneous 
lateral pressure. 

In order to understand the effect of  strain rate on me- 
chanical behavior and to assess its influence in the stress- 
controlled triaxial tests, strain-controlled uniaxial tensile 
tests with strain rates differing by two orders of  magnitude 
were performed ( 1 0  - 4  and 10 -2 s-l). The results of these 
tests are provided in Figure 3. As Figure 3 indicates, the 
stresses for the onset of  transformation are nearly the same 
for the different strain rates. The major difference arises in 
the postyield transformation region where the high strain 
rate test shows linear hardening during transformation and 
the low strain rate test undergoes transformation at a nearly 
uniform value of  stress. The linear hardening observed in 
the 10 -2 s -1 case is commensurate with the temperature rise 
during the transformation (measured to be approximately 8 
~ and the resulting increase in stress required to begin 
the transformation at the higher temperature. Corroborating 
results have been reported by previous researchersY ~ A 
nearly constant transformation stress was observed in the 
low strain rate experiment where the temperature change 
was found to be negligible. Aside from the difference in 
hardening behavior in the transformation region, the results 
for the two strain rates are quite similar. Note that the elas- 
tic behavior and the hardening modulus in the plasticity 
dominated region (el > 0.06) are in strong agreement for 
the differing strain rates. 

We first discuss the HC experiment in which the speci- 
men is loaded under identical compressive stress in both 
the axial and diametral directions. Results from this test are 
provided in Figure 4. Under this hydrostatic stress state, 
linear elasticity predicts the following strain component in 
all directions: 

-or(1 - 2v) 
e - [ 5 ]  

E 

Note that Eq. [5] predicts a linear . hange of strains in all 
directions and identical paths in loading and unloading. As 
observed in Figure 4, the specimen behavior displays all of  
these characteristics as well as a slope nearly identical to 
that computed using average values for elastic modulus and 
Poisson's ratio (E = 72 GPa, v = 0.420) gathered from 
earlier uniaxial tests. As such, it can be concluded that the 
behavior of  the specimen up to a hydrostatic pressure of 
700 MPa is fully elastic and thus no transformation behav- 
ior is observed. Therefore, hydrostatic pressure of 700 MPa 
is unable to induce the martensitic transformation in poly- 
crystalline Ni-Ti. 

A comparison of representative data from the four 
remaining stress states (UT, UC, ZH, and TC) is provided 
in Figure 5 and 6. Initially, in Figure 5, we note that the 
shapes of  the curves beyond yielding differ greatly from 
test to test. These differences are partly the result of the 
different strain rates imposed beyond yielding (due to the 
stress-controlled nature of the testing apparatus) and their 
effect on the stress-strain behavior. For this reason, we fo- 
cus our attention on the small strain regime (Figure 6), 
where effective strain rates are nearly identical, and ex- 
amine the effect of  the imposed stress state on the stress 
required for transformation. Using a 0.001 strain offset, we 
find that the UT stress state yields first at 422 MPa, fol- 
lowed by the ZH stress state at 458 MPa, the UC stress 

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 27A, OCTOBER 1996--3069 



1200 ~ 
Ni -T i  i 

1000 Ttrr = TzH = TUc = TTc > Af ! 

8 0 0  ~ ....................................................... i ...................................................... 

1400 _~....Ni-Ti .......................................................................................... 

uniaxial "/r i ;  .......... - ................................ 
compression ( U C ) ~  

~" 1200 ~ ......... 

~ i i i lOOO ............... - .............. ~ . . . . . . . . . .  ~ . . . . . . . . . . . . .  
~n i i i i ! 

600 ........................ :,.i .............. ::::::::::::::::::::::::::::::::::::: ........................ 
8 0 0  ............... ~ ............. @ ........... ~ .............. j .............. i....._ter~ion (UT). I 

.: . ~ ' ~ ' ~  . . . .  - - ~ i  . . . . . .  -4.' . . . . . . .  

> 400 .............. /,,~ ........... i ........................... i ........................... i ............................ 
u: ~ i ! i .... 

~ ~: ~: i - -  t r r  ~ ....... 

 2001 0 
0 1  ............. . . . . . . . . . . . . . . . . . . .  

0.00 0.01 0.02 0.03 0.04 
Effective True Strain 0 L /  

I I 
Fig. 6~Replot of Fig. 5 focusing on small strain regime. 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 

800 ~-: ................................ : .............................. : .............................. ; ............... 

�9 ~ 7 0 o _ - i  ........................... i .............................. i ................................ i . . . . . . . . . . . . . . .  

i i [] i i 

._~ ~ __[i r n T C l  i i 8.. I 
' i  . . . .  

-1200 -800 -400 0 

Hydrostatic Stress at Transformation (MPa) 

Fig. 7 - -Ef fec twe  stress for transformation as a function of  hydrostatic 
stress component  at transformatmn for d i f fenng stress states at 20 ~ 

state at 548 MPa, and finally the TC stress state at 658 
MPa. Thus, the general trend of  increasing effective stress 
for transformation with decreasing hydrostatic component 
is observed. This trend is displayed in detail in Figure 7 
for the imposed stress states; the data is well described by 
the fitted curve. Note that the tension-compression yield 
asymmetry  is particularly striking. 

To gain further insight into the results, representative 
stress-strain curves from the UT and UC experiments are 
shown in Figure 8. In the figure, deformation to strains 
beyond 0.10 (10 pct) is shown, including unloading behav- 
ior to zero stress. We note that when the deformation is 
driven past the maximum transformation strain ( -0 .06) ,  
plasticity becomes the dominant mechanism and that strains 
are essentially nonrecoverable. Again, we note the enor- 
mous tension-compression asymmetry.  

The results o f  these and other experiments are shown as 
a function of  temperature in Figure 9. We note that the flow 
strength (measured as 0.001 offset) over the temperature 
range M, <_ T < M7 increases with increasing temperature 
as predicted by the Clausius-Clapeyron relationship. The 

Effective True Strain 

Fig. 8~Comparison of Ni-Ti behavior under UT and UC. 

[] . 
MARTENSITE, : , - [ ]  

6oo- .~  . . . . . . . . . . . . . . . . . . . . . .  ! . . . . . . . . . . . . . . . . . . . . .  ! . . . - - - - ~ - . / . - j . .  . . . .  s . p  of  . . . . . . . . . . . . .  

--  i s~ss-mducedi ~ i i 

'~ ireorientation ./.j~ .................. i ............... @ UT- 
m 200_..i.ofmartensite.......7~ @!  ......................................... cyclic 

"2/ uc o ZH 
~i O~ [] TC 

0 -~-~ ...................... i ................................................................. ; ...................... 

-100 -50 0 50 100 150 

Temperature (C) 

Fig. 9- -Var ia t ion  of  effective stress for transformation v s  temperature 
showing the increase in stress required for transformation with increasing 
temperature. 

slope, doef /dT,  is nearly 8 MPa/~ which is in general 
agreement with previous researchY 61 At elevated tempera- 
tures, T >_ M~, i.e., T >_ 50~ the purely austenite specimen 
deforms by slip and the yield strength decreases with in- 
creasing temperature. At temperatures below M I, T _< - 3 4  
~ the flow stress (0.001 offset) is approximately constant. 
In this regime, the thermally induced martensite undergoes 
reorientation (detwinning) under stress. 

Finally, it should be mentioned that during the UT ex- 
periment, both the axial and diametral strain were moni- 
tored, and by removing the elastic volumetric strain, it is 
possible to gain an understanding of  the overall volume 
change during these experiments. To a first good approxi- 
mation, the volumetric portion of  the macroscopic trans- 
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Fig. 10~Development of volumetric transformation strains under high 
and low strain-rate uniaxial tension. 

formation strain is given as [22] 

- 7 =  e, + ea + e 3 -  0"~ ~ [6] 

In our case, e2 and e3 are equal and o- 1 represents the ap- 
plied stress in the axial direction. In Figure lO, we see that 
for the low and high strain-rate uniaxial tests, the values of 
volumetric transformation strain upon completion of the 
stress-induced transformation were found to be -0.0037 
and -0.0031, respectively. It is noted that these values are 
in exceptionally strong agreement with the expected value 
of -0.0034 calculated from lattice constants. 

IV. DISCUSSION OF RESULTS 

Since the groundbreaking criterion for the effectiveness 
of applied stress on the martensitic transformation was pro- 
posed by Patel and Cohen,tZ31 numerous models have been 
proposed in the literature to describe all aspects of the mar- 
tensitic transformation. Several of these models have fo- 
cused solely on the stress-induced martensitic 
transformation; some of these will be reviewed here in light 
of the present experimental results on stress state effects. 

One of the most comprehensive models of recoverable 
transformations is that of Sun and H w a n g .  [24"261 In their 
model, Sun and Hwang treat the martensite as a spherical 
inclusion sustaining a uniform transformation shear strain 
denoted by g. Scaling the transformation strain in each 
grain relative to this uniform transformation shear strain, g, 
they develop constitutive equations that can predict the 
pseudoelasfic behavior for three-dimensional loading cases. 
These constitutive relations predict nearly the same stress 
for transformation and the same hardening moduli in ten- 
sion and compression and thus do not accurately describe 
the present experimental results. It should be mentioned 
that an earlier version of their modelt251 incorporated the 

volumetric transformation strain resulting from the trans- 
formation, but this model is unable to predict the consid- 
erable increases in strength with increasing hydrostatic 
compression reported here. 

Other recently proposed models, e.g., Boyd and Lagou- 
das t27~, can potentially predict the effects of volume change 
on stress-strain response but also are not expected to repro- 
duce the high levels of tensile-compressive asymmetry re- 
ported here. Note that all discussions by Lagoudas et aL 
have been confined to the tensile loading regime. 

The micromechanical models of Hwang-Lagoudas and 
coworkers predict a flow criterion of the basic form 

T g~ + ( - ~ f ) o - ,  - C(T) = 0 [7] 

where AV'r/V is the volumetric transformation strain, g is 
the lattice shear transformation strain, and C(T) includes 
the chemical free energy associated with austenite-to-mar- 
tensite transformation AGA_~M, a surface energy term, an 
energy dissipation term, and an internal stress (interaction) 
term. This equation predicts that hydrostatic pressure favors 
transformations that result in a negative volumetric change 
and hinders those that result in a positive volumetric 
change. This is contrary to the experimental findings re- 
ported in this study. 

If in Eq.[7] only the chemical free energy term is retained 
in C(T), as in the classical Clasius-Clapeyron treatment, 
and if we consider the loading condition where o'Jo-e~ = 
c = constant, the change in effective stress with tempera- 
ture is 

dAGA~M 

do'eft _ dT 
dT [81 

_ _ g + c  t ! 
3 \ V J  

Note that for the experiments conducted in this study, the 
c values are constant. For UT, c = 1/3; for UC, c = -1/3;  
for ZH, c = 0; and for TC case I, c = -5/6.  Equation [8] 
predicts the correct trends for steelsy 7~ namely, when the 
AV'qV is positive, the do-oJdT (the slope of the Clausius- 
Clapeyron equation) increases as c becomes negative (i.e., 
when or, is negative). In Ni-Ti, the volume change is neg- 
ative ( - -0 .0034) ;  consequently, this treatment predicts 
that do'~/dT for the TC case is lower than the ZH and UT 
cases. Unfor~mately, this is not the correct trend in view 
of the experiments reported here. Other explanations must 
be found to explain the experimental trends. The effect of 
internal stresses (interaction term), when accounted for in 
the C(T) expression, results in terms in the numerator of 
Eq. [8] that change as dE/dT, g2, and (AV~qVy. Our exper- 
iments show that dE/dT is positive (= 133 MPa/~ in the 
range 0 ~ to 80 ~ Then, the presence of this interaction 
term is to decrease C(T) only slightly from the dAGA_~JdT, 
and thus, the overall trend is left unchanged. 

One oversight of the preceding models is that they con- 
sider only single variant transformation and thus in no way 
consider the effect of variant self-accommodation. For a 
single variant, the transformation shear strain, g, based on 
lattice calculations is considerably larger than the volumet- 
ric component AVtqV. Because multiple martensite variants 
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form in a self-accommodating manner (i .e. ,  consist of al- 
ternative twins), the elastic strain energy is minimized and 
the effective shear strain over the multiple variants is sig- 
nificantly decreased. Mura t29j showed that in the presence 
of three twin pairs within a multivariant martensite, the re- 
sultant shear strain can be ten times lower than the case of 
a single variant. Thus, multivariant model formulations are 
more capable of describing the deformation than the single 
variant models described previously. 

Some proposed models have accounted for multivariant 
interaction; two such models are those of Patoor et  alJ 1~176 
The first model uses the self-consistent method and predicts 
a large scale tension-compression asymmetry. The com- 
putations give the tension-compression asymmetry even 
with positive, negative, and zero volumetric strain. This 
finding is intriguing but could not be rationalized at the 
moment; the authors attribute it to the low symmetry of the 
martensite phase. The second model is a continuum-based 
model, utilizing a Prager-Drucker flow surface, incorporat- 
ing both the ,/2 and J3 (second and third invariants of de- 
vaitoric stress) in the flow criteria. This model delivers 
results that are in close agreement with the self-consistent 
model and it is considerably simpler than the self-consistent 
model. We note, however, that although ,]3 predicts tension- 
compression asymmetry (because the sign of ']3 changes), 
it does not produce any hydrostatic stress effect. It predicts 
lower flow stresses for the equibiaxial compression case 
than uniaxial compression, which is also contrary to the 
hydrostatic stress effect shown here. Moreover, it produces 
a flow surface that violates convexity for certain stress 
states which is contrary to intuition. 

For future analyses of the stress-induced martensitic 
transformation, the present experimental results bring to 
light two additional issues that must be considered to de- 
velop an accurate model. First, the issue of tension-com- 
pression asymmetry in the plastic behavior of the pure 
phases must be tackled. This is particularly true in the case 
of the Ni-Ti martensite, where exceptional tension-com- 
pression asymmetries in the plastic behavior of both the 
stress-induced (Figure 8) and thermally induced martensites 
were observed. Little tension-compression asymmetry was 
observed in the plastic deformation of the Ni-Ti austenite. 
A second issue that must be addressed in future models of 
the stress-induced transformation is that of the macroscopic 
martensite phase boundary. As the stress-induced transfor- 
mation takes place in Ni-Ti, it occurs through the passage 
of a macroscopic phase boundary through the Ni-Ti aus- 
tenite. This is the cause of the transient spike in volumetric 
transformation strain observed in Figure 10. This phenom- 
enon has been discussed extensively by Christian. f3'J This 
phase boundary will require an additional free energy term 
in the constitutive relations; this issue has been considered 
previously only by a few researchers.t32~ 

Since the Ni-Ti material will be used in applications 
where both tension and compression are expected, it is im- 
portant to develop simple models to capture the asymme- 
try. [33] We note that previous attempts to predict the bending 
behavior of Ni-Ti have not been successful and that the 
interpretation of bending experiments has been difficult. 
This is largely due to the tension-compression asymmetry 
of these materials, but the constraint in the third direction 
could also play a role. It is clear that the experimental find- 

ings in the present work must be addressed fully in any 
future model expected to predict true material behavior. 

V. CONCLUSIONS 

The experimental results from polycrystalline specimens 
of Ni-Ti support the following conclusions. 

1. The stress required to begin the stress-induced marten- 
sitic transformation in polycrystalline Ni-Ti is signifi- 
cantly greater in uniaxial compression than in uniaxial 
tension. 

2. For a given stress state, the effective stress required to 
pseudoelastically induce martensite in polycrystalline 
Ni-Ti increases with decreasing values of hydrostatic 
stress. 

3. Experiments conducted at higher temperatures ( -100 
~ in the fully austenitic regime confirm that the ten- 
sion-compression asymmetry of the austenitic phase 
alone cannot account for the tension-compression asym- 
metry observed under pseudoelastic deformation. 

4. The remarkable difference in the hardening behavior af- 
ter the conclusion of transformation for tension and 
compression cases points out that the martensite flow 
behavior is distinctly different in tension vs  compres- 
sion, at least in the high strain regime. 

5. Increasing strain rate increased the stress required to sus- 
tain the austenite-to-martensite transformation in poly- 
crystalline Ni-Ti. These increases in stress result from 
the small temperature rise in the material under high 
strain rates and are consistent with predictions based on 
the Clausius~Clapeyron equation. 

6. Present constitutive models for stress-induced martensitic 
transformation are not formulated to predict the influence 
of the stress state, particularly highly compressive hydro- 
static stresses, on deformation behavior. 
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