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Abstract

The in¯uences of grain boundaries and relative grain misorientations on stress-induced
martensitic transformations in NiTi are studied using unique experiments and ®nite element

modeling. Tensile and compressive mechanical tests reveal that polycrystalline NiTi with a
dominant <111> ®ber texture and single crystal NiTi oriented along the [111] direction
exhibit nearly identical stress±strain curves during a stress-induced martensitic transforma-

tion. Micro-mechanical ®nite element simulations of ®ber textured polycrystals and single
crystals undergoing a multi-variant martensitic transformation con®rm the relative indi�er-
ence of the macroscopic transformation attributes to the presence of grain boundaries. On the

microscale, the ®nite element simulations further reveal that the insensitivity of the transfor-
mation to intergranular constraint is linked to the local stress disturbance created by trans-
forming grains. The transformation of grains that are favorably oriented with respect to the
loading axis creates local stresses that invariably assist the transformation in neighboring

grains, e�ectively lowering the in¯uence of grain misorientations and boundaries on the
macroscopic transformation behavior. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Shape memory alloys have found a broad range of engineering applications in the
medical, dental, aerospace, and industrial ®elds (Wayman, 1980). Moreover, ongo-
ing interest in the development of smart structures (NSF Report, 1995) has recently
motivated research on shape memory alloys. Due to their outstanding physical and
mechanical properties (Perkins, 1981; Duerig and Pelton, 1994), NiTi shape memory
alloys have the greatest promise for future applications, including wide-scale imple-
mentation into structures. Although Cu based shape memory alloys have lower
fabrication and manufacturing costs compared to NiTi alloys (Wayman, 1980; Per-
kins, 1981), the use of Cu based alloys is limited to applications where strength,
corrosion, and structural stability are not critical design factors.
As evident from recent overviews on shape memory alloys (Duerig et al., 1990;

Otsuka and Wayman, 1998), the majority of previous work on NiTi has focused on
either the transformation characteristics at the electron microscope size scale, or the
macroscopic material response in polycrystalline NiTi. Although it is imperative to
understand both aspects of material deformation behavior, it is also necessary to
develop quantitative correlations between the observed macroscopic material
response and the pertinent microscopic deformation mechanisms. Such connections
promote the conciseness of phenomenological internal state variable constitutive
models (Boyd and Lagoudas, 1996a,b; Sun and Hwang, 1993a,b) by identifying
microscopic mechanisms that have a dominant in¯uence on the macroscopic mate-
rial response. One way to develop quantitative correlations between the local
deformation mechanisms and the macroscopic material response is through micro-
mechanical modeling. Previous micro-mechanical models of shape memory alloy
stress±strain behavior implemented single crystals constitutive relationships into
averaging schemes to obtain the polycrystalline material response (Falk, 1989; Ono
et al., 1989; Patoor et al., 1995; Shu and Bhattacharya, 1998; Huang and Brinson,
1998; Lim and McDowell, 1999; Gall and Sehitoglu, 1999). In doing so, the micro-
mechanical models have provided a link between the macroscopic stress±strain
response, individual grain orientations, and the single crystal transformation beha-
vior.
In polycrystalline NiTi, the predictions of such micro-mechanical models have

successfully rationalized the origins of tension-compression asymmetry (Gall and
Sehitoglu, 1999), non-proportional loading e�ects (Lim and McDowell, 1999), and
texture e�ects (Shu and Bhattacharya, 1998). However, owing to the constant stress
(Reuss, 1929), constant strain (Voigt, 1910), Taylor type (Taylor, 1938), or self-
consistent (Budiansky and Wu, 1962) based averaging schemes used in previous
shape memory alloy micro-mechanical models, information on the interaction
between individual grains was not provided. To build upon previous studies, and to
further understand the behavior of polycrystalline shape memory alloys, local
intergranular interactions should be considered. The study of grain boundary inter-
actions in polycrystalline metals undergoing inelastic deformation by dislocation
motion is a well-established and useful research ®eld (Hirth, 1972; Hirth and Lothe,
1982; Beaudoin et al., 1995). At ambient testing temperatures, grain boundaries
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generally act as strengthening elements in polycrystalline metals through the facil-
itation of dislocation pileups and slip blockage (Hirth, 1972). Conversely, in shape
memory materials such as NiTi, the grain boundaries act as nucleation sources for
martensite plates, as observed using in-situ transmission electron microscopy (Xu et
al., 1995). The fact that grain boundaries primarily inhibit inelastic deformation in
metals dominated by slip and promote inelastic deformation in metals capable of
undergoing a stress-induced phase transformation, implies that previous concepts
and models on grain boundary interactions cannot be trivially extended to shape
memory alloys.
The purpose of the present work is to use a combination of tensile and compres-

sive experiments and micro-mechanical ®nite element modeling to better quantify
the in¯uence of grain boundaries in polycrystalline NiTi shape memory alloys. The
experimental work compares the macroscopic aspects of the martensitic transfor-
mation in single crystal NiTi and textured polycrystalline NiTi. Textured poly-
crystalline NiTi is studied because nearly all commercial polycrystalline NiTi is
textured to some degree (Duerig and Pelton, 1994; Bhattacharya and Kohn, 1996;
Shu and Battacharya, 1998; Liu et al., 1999a,b; Gall and Sehitoglu, 1999). The single
crystal and polycrystalline NiTi are considered in two drastically di�erent micro-
structural states: 1. Finely distributed semi-coherent Ti3Ni4 precipitates, and 2.
Coarsened incoherent Ti3Ni4 precipitates. The semi-coherent precipitates have a
strong in¯uence on the mechanical response of NiTi, while the coarsened pre-
cipitates have little in¯uence on the transformation and the NiTi behaves similar to
a solutionized material (Gall et al., 1999a, 1999b). Moreover, the NiTi materials
containing the ®ne precipitates form a high density of (001) compound twins in the
martensite, while the materials containing the coarse precipitates primarily form the
traditional <110> Type II twins in the martensite (Nishida and Wayman, 1988;
Nishida et al., 1988).
The micro-mechanical approach incorporates a single crystal constitutive rela-

tionship for the martensitic transformation into a ®nite element framework. The
constitutive model allows for the transformation of up to twenty-four martensite
variants in any particular grain. The constitutive model does not include martensite
detwinning or the formation of internal twin structures other than <110> Type II
twins in the B190 NiTi martensite. Martensite detwinning will play a strong role near
the completion of the transformation, and will not dictate the onset of the transfor-
mation or corresponding stress plateau during the transformation in NiTi (Gall et
al., 1999d). Similarly, a statistically signi®cant volume fraction of secondary twin-
ning modes only appears in materials containing very ®ne precipitates (Nishida et
al., 1988), extremely small grains (Nishida et al., 1995a), or after repeated loading
cycles (Xie et al., 1998). It has been quantitatively shown that the dominant internal
twinning system in most NiTi materials is <110> Type II twins (Onda et al., 1992;
Nishida et al., 1995b,c, 1998).
The aim of the present ®nite element model is to study the onset of the transfor-

mation and the subsequent stress plateau during the transformation in materials
containing <110> Type II twins. The current study is unique since previous
®nite element studies on martensitic transformations in NiTi have considered a
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phenomenological polycrystalline constitutive model (Manach et al., 1996) or single
crystals with only two transforming variants (Zhang et al., 1997). The present study
considers various three-dimensional ®nite element meshes, ranging from a single
crystal (single element) mesh to a simulated polycrystalline material containing 120
grains (960 elements). Such ®nite element modeling provides quantitative informa-
tion on the local stress and martensite distributions within representative aggregates
of transforming NiTi single crystals.

2. Experimental observations

2.1. Techniques

Polycrystalline NiTi samples were obtained from cold-drawn 25.4 mm diameter
cylindrical bars. Slices of the polycrystalline NiTi were given a solutionizing
(recrystallization) heat treatment at 1273 K for 2 h. The single crystal specimens
were grown from the same material batch using the modi®ed Bridgeman technique
in an inert gas atmosphere. Following growth, the crystals were homogenized at
1273 K for 24 h in a vacuum furnace and quenched into ambient temperature water,
leaving them in the solutionized state. The compositions of both the single crystal
and the polycrystalline materials were determined to be approximately Ti- 50.8 at.%
Ni. The solutionized polycrystalline and single crystal NiTi materials were given two
di�erent subsequent aging treatments; aged 1.5 h @ 673 K and aged 15 h @ 773 K.
The 15 h aging treatment at 773 K creates incoherent disk shaped Ti3Ni4 precipitates
with an average diameter of about 1.0 mm (Gall et al., 1999c). The 1.5 h heat treat-
ment at 673 K creates semi-coherent disk shaped Ti3Ni4 precipitates with an average
diameter of about 0.075 mm (Gall et al., 1999c).
Monotonic tensile and compressive experiments were conducted in displacement

control at 293 K with a local strain rate of 10ÿ4 1/s, as measured with an extens-
ometer. The tensile specimens were ¯at dog-bone shaped samples with a 25 mm
length and a 3 by 1 mm gage cross-section. The compressive specimens were rec-
tangular shaped samples with a 7 mm length and a 4 by 4 mm cross-section. During
the mechanical tests, the ends of the compressive samples were polished and covered
with Te¯on tape in order to minimize friction e�ects on the ends of the specimens. A
Perkins-Elmer di�erential scanning calorimeter (DSC) was used to study the ther-
mally induced martensitic transformation. The etchant used to reveal the grain
boundaries for optical micrographs was a 3HNO3+2H2O+1HF solution. The
crystallographic texture in the drawn polycrystalline specimens was measured using
K� radiation and a Schulz back-re¯ection pole ®gure device mounted on an auto-
mated Bragg-Brentano focusing geometry horizontal Z-ray di�ractometer.

2.2. Results

Representative micrographs of the polycrystalline and single crystal NiTi materi-
als are presented in Fig. 1a and b, respectively. The average grain size in the cold
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Fig. 1. Etched (a) polycrystalline and (b) single crystal NiTi microstructures.
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drawn and recrystallized polycrystalline NiTi is approximately 50 mm. The pre-
ferential etching of certain crystallographic planes is obvious in the polycrystalline
(Fig. 1a) and single crystal (Fig. 1b) micrographs. Pole ®gures of the measured
crystallographic texture of the drawn polycrystalline NiTi (Fig. 1a) in the B2 phase
are presented in Fig. 2. The center of the pole ®gure corresponds to the drawing
direction and the tensile and compressive loading axis of the polycrystalline NiTi
mechanical test specimens. From Fig. 2, the predominant texture along the loading
axis in the drawn polycrystalline NiTi is the [111] component, with the [110] orien-
tation comprising a secondary texture component. The [100] texture component is
basically absent from the loading direction. The crystallographic texture at an angle
o�set from the loading axis has, on average, a random distribution. Hence, the tex-
ture in the present drawn polycrystalline NiTi is characterized as a strong <111>
®ber texture along the drawing direction.
The macroscopic transformation characteristics of the single crystal and textured

polycrystalline samples during a thermally induced martensitic transformation are
presented in Fig. 3. Similar to Fig. 3, repeated DSC measurements on duplicate
samples showed small random di�erences in the critical transformation tempera-
tures for the single crystals and the polycrystals. Consequently, within experimental
measurement error, the thermally induced critical transformation temperatures in
the single crystals and polycrystals are essentially the same. Given this similarity, it
may be asserted that the grain boundaries do not necessarily provide an extra driv-
ing force for martensite nucleation compared to the precipitates during a thermally
induced transformation. The only consistent di�erence between the DSC curves for
the two materials is that the transformation peaks in the single crystals have sharper
peaks. The more abrupt transformation peaks in the single crystals indicate that the
grain boundaries may inhibit the kinetics of the transformation somewhat more
than the precipitates during the thermally induced transformation.

Fig. 2. Measured crystallographic texture in the polycrystalline NiTi samples. A strong <111> ®ber

texture exists.
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Figs. 4 and 5 present (a) tensile and (b) compressive stress±strain curves repre-
sentative of a stress-induced martensitic transformation. The textured polycrystal-
line NiTi was loaded parallel to the dominant <111> ®ber texture direction and
the single crystal NiTi was loaded parallel to the [111] crystallographic direction.
The NiTi materials in Fig. 4 contain ®nely distributed Ti3Ni4 precipitates (0.075
mm), while the NiTi materials in Fig. 5 contain coarse Ti3Ni4 precipitates (1.0 mm).
The permanent strains in Figs. 4 and 5 were completely recovered by heating the
samples above the respective Austenite ®nish temperatures in Fig. 3. For NiTi
materials with either precipitate size, the di�erences in the tensile and compressive
stress±strain behaviors of the single crystals and the textured polycrystals in Figs. 4
and 5 are negligible, compared to the extreme orientation dependence and tension-
compression asymmetry of the stress±strain response in NiTi single crystals (Gall et
al., 1999c). Recall that, the textured polycrystals contain a large area fraction of
grain interfaces (Fig. 1a) and a ®nite fraction of other orientations along the loading
direction besides [111] crystals (Fig. 2). However, on the macroscopic scale, the
results in Figs. 4 and 5 indicate that the stress-induced transformation is not
strongly a�ected by the lateral or transverse constraint of adjoining grains dispersed
throughout the textured polycrystalline aggregate.
In summary, the macroscopic attributes of the martensitic transformation are

quantitatively the same in textured polycrystalline NiTi and single crystal NiTi with
an orientation representative of the predominant texture component in the poly-
crystal. Two mechanisms for the indi�erence between the single crystal and textured

Fig. 3. Di�erential scanning caliorimetry curves for the polycrystalline and single crystal NiTi materials

containing 0.075 mm semi-coherent Ti3Ni4 precipitates (aged 1.5 h @ 673 K) and 1.0 mm incoherent

Ti3Ni4 precipitates (aged 15 h @ 773 K).
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polycrystalline results, and hence the lack of intergranular constraint e�ects, are
proposed below:

1. Owing to the multiple martensite variants, and the favorable e�ect of stresses
on the martensitic transformation, the local stress ®elds in transforming grains
always promote the transformation in neighboring grains. Consequently, it is
improbable that adjacent grains will be able to remain in an elastic state and
constrain one another to signi®cant degrees during the transformation.

2. The Ti3Ni4 precipitates dominate the nucleation and kinetics of the martensitic

Fig. 4. Room temperature (a) tensile and (b) compressive stress±strain curves for textured polycrystalline

and single crystal NiTi containing 0.075 mm semi-coherent Ti3Ni4 precipitates. The permanent strains

were recovered upon heating above the austenite ®nish temperature.
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transformation, and thus have a much stronger in¯uence than the grain
boundaries.

Although the above mechanisms may both contribute to the lack of intergranular
constraint e�ects to some degree, the present study will focus on understanding
Mechanism 1 by employing a micro-mechanical ®nite element model of polycrystal-
line NiTi undergoing a stress-induced transformation. Mechanism 2 may play an
increased role in the NiTi containing the ®ner Ti3Ni4 precipitates (Fig. 4). However,

Fig. 5. Room temperature (a) tensile and (b) compressive stress±strain curves for textured polycrystalline

and single crystal NiTi containing 1.0 mm incoherent Ti3Ni4 precipitates. The permanent strains were

recovered upon heating above the austenite ®nish temperature.
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the material containing the coarse Ti3Ni4 precipitates (Fig. 5) undergoes transfor-
mation nucleation and kinetics similar to a solutionized material (Nishida and
Wayman, 1988; Nishida et al., 1988; Gall et al., 1999a,b). Consequently, the pre-
cipitates cannot exclusively provide the rational for the similarity in the single crystal
and the polycrystalline stress±strain curves for the material containing the coarsened
precipitates. Our ®nite element calculations will therefore focus on understanding
the material response typical of solutionized or overaged NiTi.

3. Finite element predictions

3.1. Constitutive relationship

The single crystal constitutive relationship used to describe the stress-induced
martensitic transformation has been previously developed and incorporated into
self-consistent polycrystalline models (Patoor et al., 1995; Gall and Sehitoglu, 1999).
The relevant equations and assumptions will be reviewed here for completeness. The
stress free transformation strain produced by the nth martensite variant (or mar-
tensite plate) in an individual grain (single crystal) is given by:

"ij
n � 1

2
g li

ndj
n � lj

ndi
n

ÿ � �1�

Where l is the habit plane normal, d is the transformation direction, and g is the
magnitude of the shear strain. The parameters for the 24 variants of the B2!B190

martensitic transformation in NiTi, with <110> Type II internal twins, are given in
Table 1. The total transformation strain in a single grain is estimated as the sum-
mation of the transformation strains due to individual martensite variants:

"trij �
X
n

"nijz
n �2�

Where zn is the volume fraction of the nth martensite variant. The total volume
fraction of martensite, z, within an individual grain is given as:

z �
X
n

zn �3�

The total volume fraction of martensite cannot be less than 0.0 or greater than 1.0
within a single grain. The thermodynamic driving force, Fn, for the creation of a
single martensite variant is derived from the free energy for the martensitic trans-
formation (Patoor et al., 1995; Gall and Sehitoglu, 1999), and is given as:

Fn � �ij"nij � B�To ÿ T� ÿ
X
m

Hnmzm �4�
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In Eq. (4), �ij is the local stress, T is the temperature, To is the phase equilibrium
temperature, B is a constant, and Hnm is a so-called interaction matrix ®rst proposed
by Patoor et al. (1995) which accounts for martensite variant interactions in an
average energy based sense. When the thermodynamic driving force exceeds a cri-
tical value, which may be di�erent for the reverse and forward transformation, the
nth variant begins to transform or untransform. The form of the interaction matrix,
and the values within the matrix for NiTi, are previously presented (Gall and Sehi-
toglu, 1999). Eq. (4) is analogous to a slip system ``yield criterion'' in single crystal
metal plasticity. The ``¯ow rule'' for the transformation is derived from the con-
sistency condition and is given as:

�
:
ij"

n
ij �

X
m

Hnmz
:m � BT

: �5�

Eqs. (1)±(5) are su�cient to model the stress-induced martensitic transformation
in single grains (single crystals) of NiTi. To study a polycrystalline body with inter-
granular interactions, the ®nite element method is utilized. The incorporation of the
constitutive model into the commercial ®nite element code ABAQUS (1998) requires
that the governing equations be cast into a material user subroutine (UMAT). The
UMAT framework requires a so-called mechanical Jacobian in addition to the
above constitutive relationships. For an in®nitesimal time increment, �t, the
mechanical Jacobian for implementation into the UMAT subroutine is given as:

@��ij
@�"kl

� Cijkl ÿ Cijop

X
m

"mop
@�zm

@�"kl
�6�

Table 1

Parameters for the 24 variants of the B2!B190 martensitic transformation in NiTi (with <011> Type II

internal twins) given in the B2 parent phase coordinate system (Matsumoto et al., 1987). The habit plane

normal, transformation direction, and shear magnitude are denoted as l, d, and g respectively. �V=V is

the volume change during the transformation

l1 l2 l3 d1 d2 d3 g �V=V

ÿ0.8889 0.2152 0.4044 0.4345 0.7543 0.4874 0.1308 ÿ0.00341
v l1 l2 l3 d1 d2 d3 v l1 l2 l3 d1 d2 d3
1 l1 l2 l3 d1 d2 d3 13 l3 l1 l2 d3 d1 d2

2 ÿl1 ÿl3 ÿl2 ÿd1 ÿd3 ÿd2 14 ÿl2 ÿl1 ÿl3 ÿd2 ÿd1 ÿd3
3 l1 ÿl2 ÿl3 d1 ÿd2 ÿd3 15 ÿl3 l1 ÿl2 ÿd3 d1 ÿd2
4 ÿl1 l3 l2 ÿd1 d3 d2 16 l2 ÿl1 l3 d2 ÿd1 d3

5 ÿl2 l1 l3 ÿd2 d1 d3 17 l2 ÿl3 ÿl1 d2 ÿd3 ÿd1
6 l3 ÿl1 ÿl2 d3 ÿd1 ÿd2 18 ÿl3 l2 l1 ÿd3 d2 d1

7 l2 l1 ÿl3 d2 d1 ÿd3 19 ÿl2 l3 ÿl1 ÿd2 d3 ÿd1
8 ÿl3 ÿl1 l2 ÿd3 ÿd1 d2 20 l3 ÿl2 l1 d3 ÿd2 d1

9 ÿl1 l2 ÿl3 ÿd1 d2 ÿd3 21 ÿl3 ÿl2 ÿl1 ÿd3 ÿd2 ÿd1
10 l1 ÿl3 l2 d1 ÿd3 d2 22 l2 l3 l1 d2 d3 d1

11 ÿl1 ÿl2 l3 ÿd1 ÿd2 d3 23 l3 l2 ÿl1 d3 d2 ÿd1
12 l1 l3 ÿl2 d1 d3 ÿd2 24 ÿl2 ÿl3 l1 ÿd2 ÿd3 d1
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where Cijkl is the isotropic elasticity tensor with assumed values of l � 69:0 GPa and
� � 46:2 GPa for the martensite and parent phase of NiTi. Lim (1999) provides a
detailed derivation of Eq. 6, including the derivatives in the last term. As a ®rst
approximation the grains are assumed to behave in an isotropic linear elastic man-
ner before the transformation begins. Consequently, the present study only con-
siders intergranular mismatch stresses due to di�erences in local inelastic
transformation strains. Since the local transformation strains within a grain can
quickly reach values as high as 6%, the corresponding mismatch stresses are of ®rst
order importance. Furthermore, we consider pure mechanical loading, i.e. the BT

:

term in Eq. (5) is neglected. This assumption is based on observations by Lim (1999)
which show that the martensite distributions and intergranular interactions are
relatively una�ected by latent heat generation or absorption. The generalized solu-
tion algorithm used in the UMAT subroutine is summarized below.

1. Read in previous stress and martensite volume fractions, �old, and zold,
respectively, along with the current applied strain increment, �".

2. Calculate the mechanical Jacobian based on the active variants from the pre-
vious step.

3. Calculate the current stress increment, ��, and the current martensite volume
fraction increment for all variants, �zn. Update stress and martensite volume
fraction.

4. Evaluate the driving force for all variants and determine if new variants will
begin transforming. Concurrently, determine if the transformation in indivi-
dual grains has saturated due to reaching a martensite volume fraction of 1.0.

3.2. Finite element meshes

The four ®nite element meshes used in the present study are shown in Fig. 6.
Eight-node continuous solid brick elements were used to construct the three-dimen-
sional ®nite element meshes. In the single element mesh, the [111] crystallographic
direction was parallel to the �2 mesh direction, and the [001] and [010] directions
are parallel to the [0.817, 0.577, 0.0] and [ÿ0.408, 0.577, ÿ0.707] mesh directions,
respectively. In the remaining three meshes, one grain was simulated by grouping
together eight elements as indicated by the thick outline in Fig. 6. The orientations
of the grains in the three polycrystalline ®nite element meshes were chosen to simu-
late the strong experimentally measured <111> ®ber texture in NiTi (Fig. 2). The
grains were ®rst oriented such that the angle between the [111] crystallographic
direction and the �2 mesh direction was randomly ``wobbled'' within tolerances of
0±5 degrees or 0±10 degrees. After setting the [111] orientation, another orientation
must be speci®ed to ®x the orientation of the individual grains. To set the orienta-
tions of the grains after choosing the relative direction of the [111] orientation, the
[100] orientation was subsequently distributed randomly, representative of an idea-
lized ®ber texture.
To create tensile or compressive stress states, displacement boundary conditions

were applied parallel to the �2 direction, on the faces of the mesh with normals
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parallel to the �2 direction (Fig. 6). The remaining nodes on the surfaces were
constrained or left free to simulate periodic boundary conditions. The displacements
along the �1 and �3 directions were forced to be the same on the faces with a nor-
mal along the positive and negative �2 directions. The faces with normals parallel to
the positive and negative �1 direction were constrained to have the same displace-
ments in the �2 and �3 directions. Similarly, the faces perpendicular to the positive
and negative �3 direction were constrained to have the same displacements in the
�1 and �2 directions. The displacements in the �1 and �3 directions on the faces
perpendicular to the �1 and �3 directions, respectively, were left unconstrained to
allow for free contraction or expansion via the Poisson e�ect.
The tensile and compressive displacement boundary conditions were applied in a

linear ramp with 3000 total time increments. The macroscopic strain was calculated
by dividing the displacement at a given time step by the original length of the ®nite
element mesh in the �2 direction. The nodal forces along the �2 direction on the
faces perpendicular to the �2 direction were recorded during the analysis. The
macroscopic stress was calculated by dividing the sum of these nodal forces by the
original cross-sectional area of the mesh perpendicular to the �2 direction.

3.3. Results

The predicted macroscopic stress±strain response of the ®nite element poly-
crystalline aggregates in Fig. 6 are presented in Figs. 7±9. The stress and strain

Fig. 6. Four ®nite element meshes used to study the e�ect of intergranular constraint on the martensitic

transformation in textured polycrystalline NiTi. The grain orientations were chosen (see Section 3.2) to

simulate the strong <111> ®ber texture measured in the drawn polycrystalline NiTi (Fig. 2).
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measures in Figs. 7±9 are determined from computed end boundary data (see Section
3.2) to simulate the experimental measurements from a load cell and an extensometer.
On the macroscale, the ®nite element simulations are consistent with the experimental
results; i.e. the stress±strain curves for a single crystal and a textured polycrystal are
comparable. However, since the numerical results are not a�ected by experimental
error, they reveal some trends too ®ne to capture with the experiments. Under both
tension and compression, the addition of grains with wobbled [111] orientations
along the loading axis, and random orientations otherwise, slightly lowers the
critical transformation stress level and subsequent transformation plateau stress

Fig. 7. Macroscopic (a) tensile and (b) compressive stress±strain results as predicted by the micro-

mechanical ®nite element model. The results for all four meshes are included in the ®gure for a <111>

wobble texture between 0 and 5�.

1202 K. Gall et al. / International Journal of Plasticity 16 (2000) 1189±1214



(Figs. 7 and 8). It should be noted that the ``addition'' of grains implies a transition
from the ®nite element model with 1 grain to the models containing 8, 48, and 120
grains (Fig. 6). The small decrease in the critical transformation stress level and
plateau stress upon the addition of wobbled grains is more signi®cant under com-
pression versus tension, and also more prominent in the cases where the wobble is
10� versus 5�. We note that the addition of grains does change the recoverable strain
level. However, the present study will not focus on this phenomenon since detwin-
ning is not incorporated into the model, which is necessary to predict the large strain
response.

Fig. 8. Macroscopic (a) tensile and (b) compressive stress±strain results as predicted by the micro-

mechanical ®nite element model. The results for all four meshes are included in the ®gure for a <111>

wobble texture between 0 and 10�.
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The di�erences in the lowering of the critical transformation stress level and cor-
responding transformation stress plateau in tension versus compression can be
explained based on transformation Schmid factor arguments. The Schmid factors of
the most favorably oriented martensite variant for uniaxial tension and compression
along single crystals oriented in the [111] direction are 0.39 and 0.27, respectively
(Patoor et al., 1995; Gall and Sehitoglu, 1999; Gall et al., 1999c). When additional
grains are added with a wobbled orientation within 0±10� of [111], the uniaxial
transformation Schmid factors of the new grains (i.e. the Schmid factor of the most
favorably oriented martensite variant) can increase to 0.36 in compression and 0.46
in tension. Consequently, the addition of wobbled [111] grains has a larger relative
maximum impact on the critical transformation stress level in compression (29%
max.) versus tension (16% max.), with a ratio of 1.8. Upon the addition of wobbled
[111] grains, the observed lowering of the macroscopic critical transformation stress
level in the ®nite element model are approximately 9.8% in compression and 5.0%
in tension, with a ratio of 1.9. The ®nite element simulations show a smaller low-
ering of the critical transformation stress level under both tension and compression
since the calculations based on Schmid factor arguments are the maximum values
assuming that all of the additional grains are wobbled exactly 10� away from the
[111] pole. However, in the ®nite element simulations, the additional grains are
wobbled randomly within the tolerance of 0±10� such that some grains will invari-
ably have misorientations much less than 10�. We also note that if misorientations
larger than 10�, or around di�erent poles, are considered, then the transformation
stress level may change in a di�erent manner originating from the complex Schmid
Factor orientation distribution for the B2!B190 transformation in NiTi.

Fig. 9. Macroscopic tensile and compressive stress±strain results as predicted by the micro-mechanical

®nite element model. The results for a 120 grain ®nite element mesh are compared for a 0±10� wobble
texture and a mesh containing a random distribution of grains. The single crystal results for the [111]

orientation are also shown.
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Fig. 9 contains predictions from the ®nite element model that further illustrate the
small in¯uence of intergranular constraint in textured NiTi. The solid curves are
tensile and compressive stress±strain predictions for a single element oriented along
the [111] direction. The long dashed lines represent the stress±strain curves for the
120-grain ®nite element mesh with a 10� wobble texture. The short dashed lines
represent the stress±strain curves for the 120-grain ®nite element mesh with a ran-
dom texture. Consistent with previous Taylor (Ono et al., 1989) and self-consistent
based models (Gall and Sehitoglu, 1999), the present ®nite element model predicts
that the transformation is slightly favored in compression compared to tension for
untextured polycrystalline NiTi (Fig. 9). However, for a [111] ®ber textured poly-
crystal, the transformation under tension occurs at a considerably lower critical
transformation stress level and subsequently lower transformation stress plateau
compared to compression (Fig. 9). The result on the simulated textured polycrystal
in Fig. 9 is consistent with experimental observations on stress-induced martensite in
tension versus compression for polycrystalline NiTi (Jacobus et al., 1996; Plietsch
and Ehrlich, 1997; Orgeas and Favier, 1998; Gall and Sehitoglu, 1999; Lim and
McDowell, 1999). It should be noted that, in the presence of ®ne semi-coherent
Ti3Ni4 precipitates, the tension-compression asymmetry of the critical transforma-
tion stress level may be opposite to that predicted in Fig. 9 (Gall et al., 1999c). In
either case, the di�erence between the predicted macroscopic stress±strain curves for
the single crystal (single element) and the 120 grain (960 element) are relatively
small, on the scale of the observed tension-compression asymmetry and orientation
dependence in NiTi single crystals (Gall et al., 1999c). Moreover, the small di�er-
ences in the single crystal and textured curves from the ®nite element analysis can be
rationalized by small changes in the transformation Schmid factors of the grains
within the aggregate. Consequently, as evident from Fig. 9, the overall orientation of
the individual grains dominates the e�ects of local intergranular interactions.

4. Discussion

To further understand the relatively weak role of intergranular constraint in ®ber
textured polycrystalline NiTi alloys, the local stresses and martensite distributions
predicted by the ®nite element model are analyzed in detail. Figs. 10±13 are contour
plots of the entire 120 grain 10� wobble textured ®nite element model from a three
dimensional perspective. Figs. 10 and 12 demonstrate the spread of the initiation of
the martensitic transformation in tension and compression, respectively. The blue
regions have no martensite and, therefore, are deforming elastically, while the red
regions are regions that have begun to transform (at least 0.05% martensite). Con-
sequently, it should be made clear that the fully red sample at 0.28% strain in Figs.
10 and 11 indicates that every grain in the polycrystal is undergoing the transforma-
tion, not that the entire polycrystal is fully martensitic. Thus, the boundary between
the red and the blue grains does not strictly represent the martensite-austenite phase
boundary since the red grains have not completely transformed. Owing to the stress
plateau observed in experiments (Figs. 4 and 5) and assumed (Figs. 7±9) during the
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transformation of single crystals of NiTi, the martensite accumulates quickly in
grains that have begun to transform (light grains). Figs. 11 and 13 are the e�ective
stress contours during the transformation at the same far-®eld strain levels as the
martensite initiation contour plots (Fig. 10 and 12).
Fig. 10 demonstrates that under tension, the nucleation of the transformation

spreads rapidly once several grains have initiated the transformation. However,
under compression (Fig. 12), the spatial movement rate of the transformation
nucleation is much slower than under tension. Under tension the far-®eld applied

Fig. 10. Spread of the initiation of the martensitic transformation in the 120 grain, 0±10� wobble texture
®nite element polycrystal deformed under tension. Dark grains have experienced no transformation while

light grains have begun to transform.
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strain increases 0.05% from the point where the ®rst grains begin to transform (®rst
light in Fig. 10) to the point where all grains are transforming (all grains in Fig. 10
are light). Under compression the far-®eld applied strain increases 0.20% from the
point where the ®rst grains begin to transform (®rst light in Fig. 10) to the point
where all grains are transforming (all grains in Fig. 10 are light). The more rapid
spatial spread of the transformation in tension versus compression is consistent with
the observed Luders type deformation observed under tension (Fig. 5a) and the
relatively higher hardening observed under compression (Fig. 5b). Although the
present ®nite element model does not have the framework to capture instabilities in
the stress±strain curve, it does predict that the experimentally observed instability is

Fig. 11. Local e�ective stress distributions during the initial stages of the transformation under tension at

the same strain levels as the images in Fig. 10.
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partially facilitated by the microstructure of textured polycrystalline NiTi alloy when
it is deformed under tension. It is worth noting that other factors such as specimen
geometry and strain rate will also a�ect the formation of the martensitic transfor-
mation instability in polycrystalline NiTi (Shaw and Kyriakides, 1995, 1997, 1998).
Although the local transformation fronts move faster under tension versus com-

pression, the overall initial spread of the transformation under both stress states is
relatively quick. The rational for the rapid spread of the transformation is due to the
local mismatch stresses caused by transforming grains. The e�ective stress ®elds

Fig. 12. Spread of the initiation of the martensitic transformation in the 120 grain, 0±10� wobble texture
®nite element polycrystal deformed under compression. Dark grains have experienced no transformation

while light grains have begun to transform.
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(Figs. 11 and 13) corresponding to the martensite initiation contours in Figs. 10 and
12 demonstrate that transforming grains have lower local stresses than untrans-
forming neighboring grains. For example, compare the contour plots at 0.23%
strain in Figs. 10 and 11. Grains that have nucleated the transformation (light in
Fig. 10), have relatively low e�ective stresses in them in Fig. 11. The magnitude of
the local stress di�erence between grains increases as the applied far ®eld strain
increases. Moreover, near the spatial completion of the transformation initiation,
the local stress ®elds in the compressed polycrystal (Fig. 13) are much higher than in
the polycrystal subjected to tension (Fig. 11). The reason for the higher internal

Fig. 13. Local e�ective stress distributions during the initial stages of the transformation under com-

pression at the same strain levels as the images in Fig. 12.
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stress ®elds in the compressive samples is due to di�erences in the grain misorienta-
tion e�ect for the two stress-states. For a constant misorientation around the [111]
pole, the compression sample will have a wider range of grains with di�erent max-
imum uniaxial Schmid factors. For example, for a random misorientation between 0
and 10� around the [111] pole, the uniaxial Schmid factors under compression can
vary up to 29% while they can only vary 16% in tension. In a random polycrystal-
line material the variation in maximum uniaxial Schmid factors under tension and
compression are 100% (0.20±0.48) and 60% (0.27±0.50), respectively (Patoor et al.,
1995). Consequently, the predicted local mismatch stress distributions in the random
polycrystals are larger than in the ®ber textured materials under tension or com-
pression.
In any case, irrespective of the stress-state or texture of the material, an auto-catalytic

process promotes the spread of the transformation between grains in a polycrystal-
line NiTi material; i.e. the transformation in one grain facilitates the transformation
in neighboring grains in an ``unstable'' process. On the macroscopic scale, the
unstable motion of the transformation front is clearly evident from the in-situ
observation of the propagation of unstable martensite-austenite phase boundaries
(Shaw and Kyriakides, 1995, 1997, 1998). The present ®nite element analysis pro-
vides insight into one microscopic mechanism that contributes to the formation of
an unstable transformation front in polycrystalline NiTi. Fig. 14 examines the
initiation of the transformation in more detail by tracking the development of the
transformation in four adjacent grains. The contour plots on the left indicate the
spread of the initiation of the transformation in the same manner as Figs. 10 and 12.
The contour plots on the right of Fig. 14 are local distributions of the e�ective stress
levels. At the bottom of Fig. 14, information is given on the relative misorientation
and maximum compressive Schmid factors of four particular grains in the contour
plots. Although the images are two-dimensional, all of the grains are three-dimen-
sional with a two element thickness into the viewing plane.
At an applied strain of 0.320% the ®rst grain to begin transforming is the center

grain in Fig. 14 (Grain 1). The misorientation of Grain 1 along the compressive axis,
with respect to the [111] direction, is the largest amongst the grains considered in
Fig. 14. Since the uniaxial compressive Schmid factor increases as the loading axis
moves away from the [111] pole (Patoor et al., 1995), the corresponding transfor-
mation Schmid factor for Grain 1 is also the largest of the four considered in Fig.
14. Just after the onset of the transformation, the local stress ®elds within Grain 1
are lower than in the surrounding untransformed grains (top right plot in Fig. 14).
The relatively low stresses in Grain 1 are caused by the negligible strain hardening of
single crystals undergoing the transformation as experimentally observed (Figs. 4
and 5) and assumed by the constitutive model (Fig. 7±9). As Grain 1 transforms, the
stress levels within the grain undergo in®nitesimal changes, while the surrounding
grains experience a signi®cant elevation of their local stresses due to the imposed
boundary conditions. Since mismatches in elastic properties are not considered in
the present study, the distribution of local stresses in the grains surrounding a
transforming grain is dictated exclusively by the orientation of the martensite var-
iants within the transforming grain (Eq. 2).
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In the grains surrounding Grain 1, the local mismatch stresses are highest in Grain
2 (top picture in Fig. 14). Consequently, when the applied strain is raised to 0.333%,
Grain 2 is the next grain which begins to transform (middle pictures in Fig. 14). The
nucleation of martensite occurs in Grain 2 even though the compressive Schmid
factor of this grain is less than other grains surrounding Grain 1. Clearly, the
aforementioned observation implies that the local mismatch stress ®elds will facil-
itate the transformation in surrounding grains. As the applied strain is further
increased, the mismatch stresses in the surrounding untransformed grains increases
until the transformation is forced to occur, regardless of the orientation of the grain
with respect to the loading axis. The more grains which transform within a local
area, the larger the local shift of internal stresses to untransformed grains. Hence, a
rapid spread of the transformation throughout the polycrystalline ®nite element

Fig. 14. Image of several grains during the transformation in the 120 grain 0±10� wobble texture ®nite

element polycrystal deformed under compression. Light grains have experienced no transformation while

dark grains have begun to transform. The corresponding local stress ®elds are shown on the right. Note

that the new regions of transformation are always preceded by locally high values of the e�ective stress.
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models. Moreover, although internal stresses are built up in transforming poly-
crystalline NiTi (Figs. 11 and 13), these internal stresses are relatively small due to
the quick spread of the transformation from grain to grain. As a ®nal note we
mention that the auto-catalytic process shown in Fig. 14 was observed in many dif-
ferent regions of the sample, however, Fig. 14 was created to give a good repre-
sentative picture of the phenomenon.
It will be emphasized that the aforementioned ideas are applicable to the onset of

the martensitic transformation and the corresponding stress plateau during the
transformation. As the transformation approaches saturation, or during repeated
transformation cycles, new twinning modes and martensite plate detwinning may play
an increased role in the mechanical behavior of NiTi alloys. Although the experi-
mental results indicate similar trends for single crystals and textured polycrystals near
the completion of the transformation (Fig. 4 and 5), any modeling e�orts aimed at
understanding the latter stages of the transformation, including the recoverable strain
levels, must incorporate detwinning and possibly other twinning modes.

5. Summary

Uniaxial mechanical tests and three-dimensional ®nite element modeling were
performed on single crystal and ®ber textured polycrystalline NiTi shape memory
alloys. The experimental and modeling results indicate that the presence of grain
boundaries does not signi®cantly a�ect the macroscopic aspects of the stress-induced
martensitic transformation in the precipitated NiTi alloy system. The relative
insensitivity of the transformation to the presence of intergranular constraint is
caused by the fact that the local stress ®elds from transforming grains always pro-
motes the spread of martensite into neighboring grains. We note that the relative
sensitivity to grain boundaries may change if the grain size becomes extremely small
since other twinning modes may dominate the transformation and the modeling may
not extend trivially to such a situation.
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