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The superelastic behavior of a Cu-Al-Be alloy was studied in situ during tensile tests combining two
high-energy synchrotron techniques. The initial microstructure was reconstructed using diffraction con-
trast tomography; the elastic strain and stress tensors of each individual grain were then determined
using a 3D X-ray diffraction microscopy technique. The alloy was heat-treated until coarse grains formed,
and the probed volume fraction was limited to ~ 200 grains. The mean grain size, as estimated from both
techniques, agreed well with that determined by optical microscopy, i.e., approximately 130 pm. During
the early stage of the martensitic transformation (MT), 187 grains with strong stress heterogeneities were
detected in the elastic domain; in particular, the stress values along the tensile direction varied by a
factor of three between different grains. The reconstructed 3D microstructure served as input data for
finite element modeling, wherein a micromechanical approach factoring in the martensitic transforma-
tion was used to simulate the in situ tensile tests. The coupled numerical and experimental tensors of
the 187 grains confirmed strong stress heterogeneities between them. The influence of the position and
crystallographic orientation of the neighboring grains were also examined.

1. Introduction

Owing to their particular thermomechanical behaviors, shape
memory alloys (SMAs) are increasingly being used in industrial
applications under extreme operating conditions (aerospace, off-
shore plants, etc.). During mechanical loading, austenite undergoes
a stress-induced martensitic transformation (MT) to martensite, re-
sulting in the phenomenon of superelasticity. This transformation
can be reversed during unloading; the recoverable strain is approx-
imately 3% in polycrystalline materials, and up to 10% in single
crystals [1]. The actuation stress and the recoverable strain depend
on microstructural features, such as the martensitic transformation
starting temperature (M), grain size [2], and the crystallographic
orientation of the grains [1,3]. This dependency is even stronger in
Cu-based alloys, owing to their highly anisotropic elastic behavior
[4] and large Zener ratio (~13, calculated from single-crystal elas-
tic constants), which is among the highest for metals. Therefore,
their microstructural features play a key role in optimizing their
mechanical behavior, thus necessitating a “material-by-design” ap-
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proach. However, such an approach requires a better understand-
ing of the relationship between the microstructural features and
the mechanical properties at the grain scale.

To predict this superelastic behavior, several models have been
developed at different metallurgical scales using macroscopic phe-
nomenological approaches or micromechanical approaches; how-
ever, the transition scale method significantly improves the accu-
racy of the intragranular field predictions. Accordingly, most phe-
nomenological models consider only a few internal variables to de-
scribe the MT mechanism, without factoring in the crystallographic
parameters of the activated martensite variant plane [5-7]. These
models consider the alloy as an equivalent homogeneous medium
without grain boundaries, and their predictions for the macro-
scopic tension, compression, and torsion results generally agree
well with the experimental results [8]. As such, micromechanical
models must be adopted to predict the effects of the local me-
chanical fields on the intergranular stress. Based on the crystal-
lographic structure of the alloy, one internal variable is defined
for each martensite habit plane variant, and their evolution (ther-
mally or mechanically induced) depends on the interaction system.
Nevertheless, the resolution of these models is time-consuming
and induces size limitations for the studied microstructure [9,10].



Moreover, few of these models have been validated at the grain
scale owing to the lack of available experimental data.

Over the last two decades, 3D grain mapping techniques us-
ing synchrotron radiation have been developed to analyze poly-
crystalline materials [11]. Among them, 3D X-ray diffraction mi-
croscopy (3DXRD) allows determining the position of the center of
mass of individual grains in bulk specimens, as well as their av-
erage elastic strain and stress tensors and crystallographic orienta-
tions [12]. In addition, the diffraction contrast tomography (DCT)
method enables time-lapse observations of 3D grain structures
[13] and intragranular orientation fields [14]| with a spatial resolu-
tion of approximately 1 pm. Coupled with finite element modeling
(FEM), this technique has been used to study plastic slip activity
in Al-Li [14] and Zr-Ti polycrystals [15]. In addition, Sedmak et al.
[16] studied the internal stress field distribution during the stress-
induced MT in a Ni-Ti polycrystalline wire, observing that a local-
ized deformation front propagated through the samples. However,
limited experimental data are available on the behavior of Cu-Al-
Be alloys at the grain scale. In a previous study [17], the crystal-
lographic orientation of four grains was measured during in situ
tensile testing. Their rotation increased, and the austenite split into
sub-domains as it experienced the MT, which was reversed during
unloading. El Hachi et al. [18] were able to record the elastic strain
and stress tensors of 100 grains. After conducting a statistical anal-
ysis, they concluded that the grain stress level depends on the
grain location (with grains at the surface being less constrained)
and orientation. More recently, Paranjape et al. [19] observed the
same trend in a polycrystalline Ni-Ti SMA and used their exper-
imental data as the input for FEM to define the synthetic mi-
crostructure. Although they considered only an anisotropic elastic
constitutive law in their numerical approach, their results high-
lighted the role of heterogeneity in the intragranular stress during
the occurrence of MT. As the MT mechanism was not included in
their model, the comparison between the experimental data and
numerical results was limited to the very early stage of the trans-
formation.

This study aimed to investigate the microstructural features and
the occurrence of superelasticity in a Cu-based SMA at the grain
scale. Datasets from two experimental techniques, 3DXRD and DCT,
were coupled to establish a FEM micromechanical model that ef-
fectively considers the role of MT. The experimental microstruc-
ture, determined by DCT calculations, served as input data for FEM.
Subsequently, the individual grain behavior was independently cal-
culated for the 187 grains of the probed volume fraction. The nu-
merical results were then compared with the 3DXRD experimental
data, while factoring in the elastic strain and stress tensors.

2. Materials and methods
2.1. Materials and sample preparation

The Cu-Al-Be SMA was provided by NIMESIS Technology
(France); its weight composition was 87.9% copper, 11.5% alu-
minum, and 0.6% beryllium, with an austenitic microstructure at
room temperature (Ms = —100 °C). The specimen was a cylindri-
cal wire with a diameter of 0.86 mm, and it was thermally treated
at 700 °C for 5 min to reduce the number of grains in the gage
volume and to facilitate DCT and 3DXRD data analysis. The average
grain size was also measured using optical microscopy.

2.2. DCT and 3DXRD data processing

DCT (Fig. 1a) was used to determine the initial microstruc-
ture of the gage volume, while the 3DXRD measurements (Fig. 1b)
were recorded during an in situ tensile test (Fig. 1c). These ex-
periments were carried out at the Materials Science Beamline,

ID11, at the European Synchrotron Radiation Facility (EBS-ESRF).
A 1000 x 700 um? (Hor. x Vert.) monochromatic X-ray beam
(E = 65.3 keV, Hf = edge) was used to illuminate the sample,
which was mounted on the rotation stage. During w-axis rotation
(perpendicular to the incident beam direction), different grains and
Miller planes were analyzed by the diffraction beam. The DCT and
3DXRD methods measurements were performed in two stages. In
the first stage, the initial microstructure of the sample was charac-
terized without the tensile machine to obtain a complete rotation
(w-range = 360°) of the sample. In the second stage, the tensile
machine was used to characterize the sample, which was limited
to 220° for the 3DXRD experiments during the in situ loading. The
w-step, dw, was 0.1° and 0.25° for the DCT and 3DXRD analyses,
respectively. A diffraction image was acquired at each w (exposure
time = 0.15 s) using 2D Fast Readout Low Noise (FReLoN) detec-
tors (developed at the ESRF) set perpendicularly to the incident
beam. The near-field detector for DCT had an effective pixel size
of 1.56 pm? and was placed 8 mm downstream of the sample,
while the far-field detector for 3DXRD had an effective pixel size
of 47.2 nm? and was 242 mm downstream. The experimental setup
geometry was calibrated using a CeO, calibration powder.

The far-field 3DXRD and DCT image processing is described in
Appendix A. The strain resolution is frequently quoted to be 10~*
in the 3DXRD literature [21], which gives a stress accuracy varying
between + 2 and + 23 MPa from grain to grain, as the Young’s
modulus varies between 21 and 228 GPa for the present alloy. Er-
ror bars and standard errors are not included in this work because
such errors would alter the values to some extent; however, the
overall trends and conclusions remain the same.

2.3. In situ 3DXRD tensile test

After characterizing the initial microstructure (as described in
Section 2.2), the sample was placed in a 5 kN ADMET load frame,
which was mounted on the rotation stage. The gage length was
33 mm. The beam size was increased to a height of 1 mm to en-
sure that all austenitic grains in the initial microstructure (700 pm
high) remained under the beam area throughout the in situ mea-
surements. Uniaxial tensile loading was performed (tensile direc-
tion aligned with the w-axis). The tensile curve and loading steps,
spread out between the elastic and MT domains, are shown in
Fig. 1c (measurements during unloading are not discussed here).
This load frame recorded the longitudinal displacement between
the grips of the tensile machine rather than the local displacement
near the probed area. Therefore, the tensile slope in the elastic do-
main was then adjusted using the FEM calculation based on the
mechanical model of elasticity. A small stress relaxation can be ob-
served during each in situ 3DXRD scan, as shown in Fig. 1c. The
3DXRD data were acquired after stabilization, and a 3DXRD scan
was performed at each load step to characterize the evolution of
the elastic strain, stress, and orientation in all individual grains.

The peak search process described in Appendix A was per-
formed at each loading step. Only peaks arising from the austenitic
phase were indexed, because the emerging small domains of
martensite produced weak peaks (in contrast to austenite), ren-
dering the crystallographic analysis of the complex monoclinic
martensite structure (M18R) a challenging task.

2.4. Finite element simulation

The Neper software package was used to create a mesh from
the voxelated DCT reconstruction [22,23]. A detailed description of
the process can be found in Appendix B. After performing conver-
gence tests, quadratic tetrahedral elements (Abaqus© C3D10) were
chosen.
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Fig. 1. Experimental methods. Schematics of the (a) DCT [20] and (b) 3DXRD setups [20]. (c) Superelastic tensile curve along with the nine in situ loading steps (0 to 8).

To simulate the superelastic behavior, a micromechanical model software package for further FEM calculations, as presented in
based on the definition of a local thermodynamic potential was Section 2.4 (Fig. 2c). The equivalent grain size was calculated from
used [10,24]. This model was multivariant: volume fractions, fm, the volume of the grains by assuming spherical grains. The result-
from the 24 different variants of martensite were used to describe ing mean grain size was 120 pum, which was in good agreement
the internal state rather than a phenomenological model with an with the optical measurements (approximately 130 pum). The mi-
average or single-variant fraction. Although the constitutive law of crostructure was then compared to that obtained from the 3DXRD
such a model is derived from single crystals, the use of FEM makes measurements (Fig. 2b), and the individual grain volume was esti-
it compatible with multiple crystals. Quantities such as the elastic mated based on the median intensity of the {400} peaks indexed
strain tensor £¢, transformation strain tensor &, stress tensor o,  tO €ach austenite grain, which were the most intense peaks af-
and volume fraction of the martensite variants f" were obtained  ter being corrected by Lorentz factors. This method assumes that
from the FEM simulation for each element in the mesh and at the grain-to-sample ratio of the diffracted intensity is equal to the
each load increment. Considering the volume of each element, the ~ grain-to-sample volume ratio [12].
above quantities were also averaged for each individual grain for The DCT and 3DXRD datasets of the initial microstructure were
a mesoscopic analysis and comparison with the in situ 3DXRD re-  matched and compared, considering the misorientations and Eu-

sults. Owing to numerical constraints, the FEM simulation was only ~ clidean distances between centroids. Very good overall agreement
performed to a macroscopic strain of 1.1%, which was sufficient to ~ Was obtained between the DCT and 3DXRD calculations: for in-

study the first stages of MT. stance, the highest observed misorientation was 0.1°, which cor-
responded to the integration step dw used in the DCT experiment.
3. Results The initial microstructure was further analyzed, mostly using

the 3DXRD data, to identify the austenite unit cell and investi-
gate the possible correlations between the different features of the
microstructure. Notable differences arose between the surface and
bulk grains. In Fig. 3b, the size and completeness of the diffrac-
tion of each grain are plotted versus the normal coordinates of the

3.1. Initial microstructure

A total of 187 grains were obtained in the gage volume dur-
ing the DCT experiment (Fig. 2a) and digitized using the Neper



Fig. 2. Representations of the initial microstructure obtained by (a) DCT and (b) 3DXRD. The center of each sphere is the center of mass of the corresponding grain, its
diameter is the grain size, and its color is the crystallographic orientation with respect to the axis of the cylindrical specimen. (c) FEM-generated microstructure mesh.
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Fig. 3. Indexing of the grains at the initial loading state. (a) Projection of the grain position along the sample axis. (b) Distribution of the lattice parameter vs distance of
the grain centroid from the sample axis. The circle size is proportional to the grain size, while the color indicates the completeness of the grain.

grains (projection of the centroids over the plane normal to the ro-
tation axis). Grains observed in the bulk were coarser than grains
near the outer surface. The grain size gradient may be a result of
the drawing process and subsequent thermal treatment. Likewise,
the completeness (ratio between numbers of obtained and obtain-
able unique reflections) of the bulk grains was close to 100%, which
was twice that of the surface grains. This was consistent with the
previous results, as small grains can produce weak diffraction in-
tensities that are below the detection threshold during the 3DXRD
peak-search routine.

Finally, the unit cell parameter, ag, of each grain was plotted as
a function of the radial position (Fig. 3b), that is, the radial distance
to the sample axis (w-axis). The mean ag value for the bulk grains
(radial distance < 340 pm) was 5.808 + 0.001 A, whereas it varied
between 5.810 and 5.815 A for the surface grains. These larger unit
cells were theoretically ascribed either to a chemical composition
gradient or to the generation of mechanical stress during the draw-
ing process. The origin of the disparities between the surface and
bulk grains will be further investigated in future studies. However,
in the present study, the initial unit cell of each austenitic grain
was used as the reference non-strained unit cell, ay, to calculate
the elastic strain tensor during tensile loading. Therefore, the resid-
ual strain was not considered.

3.2. Superelastic tensile loading

3.2.1. 3DXRD data analysis

The 3DXRD diffraction images were processed as described in
Section 2.2. While the data processing is straightforward in the
case of an undeformed single-phase polycrystal (i.e., the initial
state), difficulties arise as the MT starts to proceed. Fig. 4a and b
show the 3DXRD images at the initial loading state and at load-
ing state 6, respectively. The diffraction spots arising from the
unstrained austenite (Fig. 4a) shifted and broadened over the 26
diffraction rings as a result of lattice rotation and elastic strain
(Fig. 4b). They also became weaker, and their intensity spread over
the successive w images because of the growth of martensitic do-
mains. At loading state 7 and beyond, the diffraction images in-
creasingly exhibited overlapping intensities owing to the increased
martensite volume fraction. As a result, the overlapped spots were
no longer considered when indexing austenite. Starting from load-
ing state 7, even more grains could no longer be indexed; only a
limited number of diffraction spots from low-numbered {hkl} fam-
ilies could be appropriately segmented, which was insufficient for
adequate indexing. The experimental parameters and data reduc-
tion procedure had to be adjusted to account for such effects at
higher loading levels. Moreover, we noticed from the indexing step
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Fig. 4. 3DXRD diffraction image obtained for the Cu-Al-Be alloy at the same point
during the (a) initial loading state and (b) loading state 6. Images for all loading
steps are given in Appendix D. Red dotted circles indicate austenite diffraction po-
sitions.
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Fig. 5. Representation of the macroscopic stress, the stress component along ten-
sile direction 3, and the shear stress component of the 187 grains as a function
of the macroscopic strain: (a) experimental values and (b) FEM values. Errors bars
constitute the standard deviation for the 187 grains.

that some austenite grains began to split into several orientations
at higher loadings. This grain- splitting phenomenon was also ob-
served in a previous study [17]; indeed, the occurrence of sub-
domains has been related to the formation of martensite plates
inside the initial austenite grains, as a specific orientation formed
from each side of martensite plates. Upon unloading, the plates
disappeared as the martensite disappeared, and austenite rotated
back to its initial orientation. The present analysis focused only
on the first six loadings (Es3 < 1.2%), that is, when the 187 ini-
tial grains could still be tracked confidently in both the elastic do-
main (loading states 0 to 3) and the transformation domain (load-
ing states 4 to 6).

3.2.2. Macroscopic scale results (187 grains)

The stress tensor & was calculated for the 187 grains at each
loading step using the experimental elastic strain tensor ¢ and
the stiffness tensor (Table 1, Appendix C). Here, direction 3 was
aligned with the tensile direction, and direction 1 was aligned with
the incident beam. Fig. 5a shows the evolution of the axial stress
components (o33), the shear stress (o 1,) of the 187 grains, and
the macroscopic stress (X33) plotted as functions of macroscopic
strain.

First, the mean mechanical behavior of the 187 tracked grains
(green circles) was observed to be consistent with the macro-
scopic applied stress (solid line). For example, at E33 = 1.21%, the
average o33 value was 423 MPa for an applied stress value of
333 = 416 MPa. All the other mean stress values (axial and shear
components) ranged between — 4 and 8 MPa (only the evolution of
01 was plotted for readability). Thus, the tensile response in the
gage volume (0.7 mm high) was representative of the whole sam-
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Fig. 6. IPF map of crystallographic orientation along tensile direction 3 for all the
187 grains. Dots represent the initial position, whereas lines indicate the evolution
during loading.

ple (effective length of 33 mm), and uniaxial macroscopic loading
was achieved. However, a heterogeneous stress distribution was
observed, which was already present in the elastic domain and in-
creased along with the MT evolution. For instance, at loading state
6 (E33 = 1.21%, X33 = 416 MPa), some grains exhibited stress as
high as 600 and as low as 200 MPa. These results indicate a highly
heterogeneous mechanical response in the austenitic grains, which
is further discussed in Section 4.

For comparison, the stress tensor ¢ was determined from the
FEM simulation for each mesh element and at each load increment.
The element-related output data were integrated over each grain,
considering the volume of its elements. The FEM simulation was
run only up to a macroscopic strain of 1.1%. Fig. 5b presents the
FEM results for the o33 axial stress and o1, shear stress compo-
nents for the 187 grains, as well as the macroscopic stress (Xs33)
versus the macroscopic strain. The general trend agreed well with
the experimental observations, considering the mean values for the
axial and shear stresses: the simulated o33 value was very close to
the macroscopic applied value, while all the other stress compo-
nents were relatively negligible. Thus, the FEM results confirmed
the strong heterogeneity in the intergranular stress values both
qualitatively and quantitatively.

3.2.3. Stress distribution at the mesoscopic scale (grain scale)

First, the evolution of the crystallographic orientation was de-
termined experimentally and plotted in inverse pole figure (IPF)
map (Fig. 6) along tensile direction 3 for the 187 grains. As ob-
served in a previous study [17], no clear trend appeared: grains lo-
cated near the same pole did not seem to rotate toward the same
final position. This was attributed to the austenite rotation, which
was mainly related to the formation of martensite plates separat-
ing misoriented regions of austenite within one grain. The FEM re-
sults could not be compared because the model did not provide
access to that rotational parameter. Therefore, in the following sec-
tion, only the strain and stress are quantified and discussed at the
grain scale.

The experimentally observed lattice strain and stress for all
grains along the tensile direction at loading state 6 are presented
in the IPF maps in Fig. 7a and 7b, respectively.

It should be noted that residual stress was not considered in the
initial loading state, implying that the observed stress developed
only during loading. A clear correlation between the strain-stress
state and the crystallographic orientation is shown in Fig. 7: grains
near the <100> plane exhibited high &%, and low o33 values, while
grains near the <111> plane showed low &§; and high o33 val-
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Fig. 7. IPF maps along the tensile direction of the lattice (a) strain and (b) stress in the 187 austenite grains at loading state 6.

ues. This was consistent with the fact that <100> grains have been
confirmed to be susceptible to transformation, while <111> grains
show the opposite behavior [1]. However, here, some grains did
not follow this general rule, as some similar orientations with re-
spect to the loading direction could significantly differ in terms
of €5, and o33 values, as can be observed near the <111> pole.
These results confirm the observations of a Ni-Ti SMA reported by
Paranjape et al. [19]: the grain response to stress is heterogeneous
even for similar orientations. Therefore, other microstructural fea-
tures must also be considered to better understand the mechanism
underlying this phenomenon.

4. Discussion

Both the experimental (Fig. 5a) and numerical (Fig. 5b) stress
analyses, performed at the macroscopic and mesoscopic scales,
clearly established the heterogeneous response of austenite grains
during superelastic loading. Such intergranular heterogeneities
were observed in the elastic domain as well as during the MT. This
may have been due to (1) the effects of the initial microstructure
(distribution of orientation, location, and size of austenitic grains),
which are intensified by the high elastic anisotropy of the Cu-Al-
Be alloy, and/or (2) the intergranular or intragranular interactions
as martensite developed within the grain. These effects are dis-
cussed in the following sections.

4.1. Influence of orientation

To further analyze the individual grain behavior, the experimen-
tal and numerical results for the individual stress evolution of each
of the 187 grains were independently compared. First, a focused
analysis of three coarse bulk grains with different orientations was
conducted.

A pseudo-Schmid factor, relative to the MT, was calculated for
each grain orientation considering the habit plane normal and
shear direction of each variant. The Young’s modulus along the
tensile direction, E3, was calculated from the elastic constants
and the crystallographic orientation of the grain. The Euler an-
gles, maximum pseudo-Schmid factor SF™* relative to the MT, and
Young’s modulus E5 in the loading direction of the three grains are
given in Table 1. Grain 1 had an orientation close to <100> with

Table 1

Orientation in the tensile direction, Euler angles, maximum pseudo-
Schmid factor relative to the MT (SF™*), and Young's modulus in the
loading direction E; for the three grains.

Orientation  (¢1,9,¢2) (°) SFmax E; (GPa)
Grain 1 ~ [100] (=715,9.2,1103) 049 22
Grain 2 ~ [545] (-36.4, 51.3,52.0) 0.18 185
Grain 3 =~ [757] (26.3, 50.5, —54.0)  0.20 168

Grain 1 — 3DXRD

Grain 1 — Simulation
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Fig. 8. Evolution of the six components of the elastic stress tensor in Grains 1, 2,
and 3 vs the macroscopic strain, as obtained by the 3DXRD (a, b, ¢) and FEM (d, e,
f) measurements.

respect to the loading direction, which is generally regarded as a
direction along which transformation is easy, with a high pseudo-
Schmid factor. In contrast, Grains 2 and 3 were oriented closer to
<111>, which is known to be more resistant to transformation, and
therefore exhibited a low pseudo-Schmid factor.



Fig. 8 presents the evolution of the six components of the elas-
tic stress tensor as determined by 3DXRD (a-c) or calculated by
FEM (d-f). As shown in Fig. 8a, Grain 1 had a lower axial stress,
033, than the two other grains, from the elastic domain; values in
Grain 2 were 2.5 times higher at a macroscopic strain E3; = 0.8%,
with respective values of o33 of 300 and 780 MPa. Moreover, Grain
1 developed another axial tensile stress of the same magnitude as
033; in contrast, at least one compressive axial stress occurred in
Grains 2 and 3. The shear components remained quite weak; Grain
2, the hardest component, presented the highest value (approxi-
mately —100 MPa at E33 = 0.8%). This confirmed that although the

crystallographic orientation is a key factor affecting a grain’s prop-
erties under every stress state, it also verified that two similarly
oriented grains can behave differently. Even under uniaxial macro-
scopic loading, grains behave as if in a complex multi-axial load-
ing owing to several factors, such as the specific grain environment
and position in the sample. Therefore, it becomes difficult to detect
the onset of MT at the grain scale using the evolution of the stress
tensor. This information can be more effectively obtained from the
FEM results.

The numerical stress tensors of the three grains are plotted in
Fig. 8d-f. As a first qualitative observation, the stress-strain trends
for all axial and shear stress components given by the FEM calcu-
lations were noticeably similar to the experimental ones (Fig. 8a—
c) for the three grains. This comparison was extended over all
187 grains, and less than 16% of all stress tensor components dif-
fered from their corresponding experimental values by more than
100 MPa, including grains near the surface and grains at the FEM

boundary conditions. This disparity may have had different ori-
gins. In fact, the tessellation and meshing operations from the DCT
mapping process resulted in an idealization of the grain bound-
aries (Fig. 2c) with the presence of sharp edges, triple points, and
even quadruple points in the geometric boundaries. These mesh-
ing shortcomings locally increase the stress values and therefore
the sample average stress, especially at high loading. Moreover,
the model did not consider plasticity, which could influence the
stress values. Regardless of these issues and the experimental ac-
curacy, one can conclude that the micromechanical model can cap-
ture the mechanical behavior of the alloy at the macroscopic and
grain scales in the low-MT domain. The model was then used to
study the effect of the alloy’s microstructural features on the onset
of MT at the intragranular scale.

4.2. MT and variant selection

The volume fractions f" of the 24 crystallographic martensite
variants (n = 1 to 24) were included in the thermomechanical
model as internal variables and computed by the FEM at each in-
tegration point. In addition, the variant activation was predicted
through a local thermodynamic potential. The volume fractions f*
were averaged for each austenite grain, considering the volume of
the meshing elements, for intergranular analysis. Their evolution is
presented in Fig. 9a as a function of macroscopic strain for Grain 1,
along with the pseudo-Schmid factor for MT. Five variants were ac-
tivated successively, all corresponding to high pseudo-Schmid fac-
tors, so the material seemed to obey Schmid’s law, as defined for
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Fig. 9. Grain 1 (a) evolution of the 24 martensite variant fractions during loading; (b) evolution of the 24 resolved shear stresses calculated from FEM; (c) experimentally
resolved shear stresses vs numerically calculated stresses at loading state 4 (E33 = 0.55%); black dots correspond to variants with a volume fraction higher than 0.5%.



the single-crystal case. The first variant appeared at E33 = 0.3%,
and its pseudo-Schmid factor was 0.47, which was not the high-
est one reported here; in order of activation during the loading
sequence, the pseudo-Schmid factors were 0.47, 0.50, 0.46, 0.49,
and 0.45. Their development also differed as the MT proceeded:
the first variant was also the one with the higher final martensite
fraction, whereas the last one, appearing from E33 = 0.6%, did not
evolve significantly.

The resolved shear stress was calculated for each variant us-
ing the simulation stress state averaged over the grain (Fig. 9b),
and this stress was compared to the values obtained using the
experimental stress state (Fig. 9c); in the latter case, the grain
rotation was considered so that the crystallographic orientation
was updated at each loading point. In Fig. 9b, the activated and
non-activated martensite variants are shown by solid and dashed
lines, respectively. Among all possible variants, the activated ones
clearly exhibited higher resolved shear stress after the elastic do-
main. These values continually increased up to approximately load-
ing state 5 (E33 = 0.5%), where they tended to saturate. The first
two activated variants had a maximum resolved shear stress of ap-
proximately 100 MPa. The next two showed slightly lower values,
while the fifth saturated at approximately 65 Mpa. As a first obser-
vation, these values were in very good agreement with those de-
termined using the experimental stress tensor (Fig. 9c), although
the rotation of austenitic grains was not included in the FEM com-
putation of the resolved shear stress. This agreement implied that
although the diffraction data did not provide a complete descrip-
tion of the martensite phase, the most accurate variants could still
be predicted from the experimental data (3DXRD) by deriving and
comparing the 24 shear stress scalars at each loading step. How-
ever, the maximum values did not enable the determination of the
critical value, which should not depend on the grain orientation;
instead, all grains should share a common value. Therefore, further
insight is necessary when observing the shear stress at a finer mi-
crostructure scale.

To confirm that the material seemed to obey or not the
Schmid’s law, the variant selection was investigated for Grain 2,
which was harder than Grain 1. Owing to its <111> orientation
with respect to the loading direction, it exhibited smaller pseudo-
Schmid factors ranging between 0.01 and 0.18. The 24 volume frac-
tions of the martensite variants in this grain are shown in Fig. 10a.

Although Grain 2 is difficult to transform because of its crystal-

lographic orientation, it began to transform under the same macro-
scopic strain as Grain 1: two variants, “Var 18” and “Var 11,” were

activated at E33 = 0.3% and developed further to reach 8% and 4%
volume fractions, respectively, at the end of the FEM calculation.
Further, the pseudo-Schmid factors for Var 18 and Var 11 (0.18 and
0.17, respectively) were the highest among the 24 possible variants,
which agreed with the results for Grain 1. However, a third variant,
Var 19, was also activated, despite its very low pseudo-Schmid fac-
tor (0.02) at a macroscopic strain of E33 = 0.6%. Its intragranular
microstructure and mechanical state were therefore studied to un-
derstand the onset of this transformation.

The location of each activated variant within Grain 2 is shown
in Fig. 10b. The variant with the highest pseudo-Schmid factor,
Var 11, developed along a grain boundary and propagated within
the grain to a limited extent. Var 18 developed from two oppo-
site grain boundaries, where higher fractions of martensite were
observed. In contrast, Var 19, which developed later, was rather
concentrated in a single region that was apparently shared with
Var 18; this seemed to be also the case for Var 11 and Var 18 in
the left corner of the grain. This finding suggested that the devel-
opment of a well-oriented martensite variant may eventually be
accompanied by the localized growth of a martensite variant with
a weaker “pseudo-Schmid” factor to better accommodate the local
stress field, which is in agreement with the findings of Paranjape
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Fig. 10. Grain 2. (a) Evolution of the 24 volume fractions of the martensite variants
at loading state 6; (b) Location of activated variants 18, 11, and 19 (from top to
bottom) within the grain at loading state 6; (c) von Mises stress map.

and Anderson [25]. Fig. 10c shows a plot of the von Mises stress
distribution, oym, which was chosen even when grains were in a
multi-axial stress state as it provided a clear view of the intragran-
ular stress heterogeneity. Indeed, a high stress concentration was
observed particularly in the regions of the grain boundaries where
the MT had occurred to a greater extent. This clearly showed that
the activation of martensite variants was not only governed by the
orientation effect but was also very sensitive to intergranular stress
heterogeneities in the polycrystal structure. While a mesoscopic
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description of the mechanical behavior could provide the first pre-
diction, it is essential to consider the effects of local stress on the
microstructural evolution of superelastic SMA polycrystals. Finally,
very high stress values were observed; even if these values were
not realistic, they qualitatively demonstrated how heterogeneous
the local behavior was, despite the FEM only being concerned with
the first stage of MT with a maximum macroscopic strain of 1.1%.
Therefore, the model could be improved by including a plasticity
criterion for the austenite phase in particular to avoid such high
von Mises stress values, as Paranjape et al. did for Ni-Ti alloys [25].

4.3. Interaction with neighboring austenite grains

To compare the influence of the neighboring grains, two adja-
cent grains (Grains 4 and 5) were selected based on the DCT recon-
struction model; they were similar in size, which corresponded to
the average grain size in the sample, and were located in a similar
place in the sample, both being near the surface. Their orientation
was nearly identical and located near the <110> pole, as shown in
the IPF (Fig. 11a); their maximum “pseudo-Schmid” factors were
also similar at 0.36 and 0.35, respectively. All these common fea-
tures mitigated the generation of biases owing to their contribu-
tion to stress heterogeneity.

In addition, these two grains shared a significant volume of
common neighboring orientations that were identified by the DCT
calculations; the intersection of their neighboring grain volume
was equal to 74%. Grains in contact with only Grain 4 or Grain 5
were labeled as “exclusive neighbors.” The orientation of these ex-
clusive neighboring grains of Grains 4 and 5 is shown in Fig. 11a.
Three of the seven exclusive neighboring grains of Grain 4 were
oriented near <100>, while Grain 5 exhibited relatively similar ori-
entations with two out of its three exclusive neighboring grains.

The evolution of the martensite volume fraction for Grains 4
and 5, as calculated by FEM, is presented in Fig. 11b. Despite their
common features, the onset of MT and its development were evi-
dently not similar in the two grains. In Grain 4, the MT started at a
macroscopic strain of E33 = 0.25%, and the final martensite volume
fraction was 18% at E33 = 1.1%. Grain 5 began to transform later
(E33 = 0.35%) and reached a maximum martensite volume fraction
of only 10%. The rotation of each grain was also calculated from
the 3DXRD experimental data; at Es3 = 1.1%, Grain 4 rotated by
0.35° from its initial position, while Grain 5 rotated by 0.5°. Buc-
sek et al. [26] used dark-field X-ray microscopy at the ESRF on a
single-crystal Ni-Ti SMA to study the lattice strain and rotations
as a function of the distance to the austenite/martensite interface
during cooling. They found that the austenite phase located close
to the interface exhibited high lattice strain, which constrained its
ability to rotate. The exact opposite behavior was observed away
from the interface. Therefore, they inferred that this phenomenon
also occurs under stress-induced MT, and the 3DXRD technique in

the present study was able to capture it at the grain scale.
The MT evolution of the neighboring grains is also presented in

Fig. 11b. MT started earlier and reached higher values in the exclu-
sive neighboring grains of Grain 5 compared to those of Grain 4.
The maximal martensite volume fraction of the two grains reached
13% and 9%, respectively. The orientations of the exclusive neigh-
boring grains of Grain 4 were close to the <100> pole, which is
highly susceptible to transformation.

The influence of the exclusive neighboring grains was then
studied at a finer scale. A 2D slice of both grains of interest, as
well as of a favorably oriented neighboring grain of Grain 4 (la-
beled Grain 6), is presented in Fig. 11c. The latter was the largest
among the neighboring grains. The von Mises stress distribution,
Ovm, is plotted in Fig. 11d. Grain 5 exhibited a quite homogeneous
stress distribution, averaged at 600 MPa. This was not the case
for Grain 4, where the stress values were low near the boundary

with Grain 5 (400 MPa) and increased when moving toward the
well-oriented grain, where they reached a maximum of 800 MPa.
A strong stress disparity was observed at the grain boundary: on
one side of the boundary, the stress was approximately 450 MPa
(Grain 6), while on the other side, the stress value reached as
high as 900 MPa (Grain 4). Although this value was arguably very
high (especially when considering that the factor of plasticity was
not considered in this model), it is significant for stress to con-
centrate in that region. This stress concentration led to a local-
ized MT in Grain 4: a high volume fraction of martensite (up to
20%) appears in the zone with high von Mises stress; conversely,
it is only 5-6% in the low-von-Mises-stress zone. The MT evo-
lution in Grain 5 was more homogeneous, which was in agree-
ment with the stress distribution. Paranjape et al. [25] observed
the same phenomenon in a Ni-Ti SMA using a micromechanical
FEM calculation. Despite their simplified description of the grain
morphology, they assessed the effect of the neighboring grain en-
vironment on the development of MT: in-plane neighboring grains
that are easy to transform can more easily transfer tensile stress
to the parent grain, thereby promoting MT. On the other hand, an
environment of difficult-to-transform in-plane neighboring grains
less effectively transfers compressive stress, thus inhibiting the MT
of the parent grain. These effects are more pronounced in Cu-based
SMAs than in Ni-Ti ones because of their higher elastic anisotropy,
which induces more stress variation. Moreover, the magnitude of
stress transferred among the in-plane neighboring grains is propor-
tional to their axial strain mismatches [15]. As shown in Fig. 11e,
the <100> neighboring grains possessed a high axial strain com-
ponent, £33, near the boundary with Grain 4, resulting in a high
strain incompatibility and transferring a large amount of internal
stress.

5. Conclusion

The superelastic behavior of a Cu-based SMA was investigated
at the grain scale during an in situ tensile test using high-energy
synchrotron measurements. The 3DXRD technique effectively illus-
trated the grain-averaged orientation, stress tensor, and grain vol-
ume. Accordingly, DCT measurements indicated the grain positions
in the sample, along with their shape and neighboring grain envi-
ronment. The stress state of most grains was mainly influenced by
their crystallographic orientation: as a general trend, the highest
and lowest stress values were observed in grains oriented along
the <111> and <100> tensile directions, respectively. However,
some grains did not follow this rule; similarly-oriented grains ex-
hibited stress values that differed by a factor of three. These het-
erogeneities were confirmed by a FEM simulation, wherein the DCT
data were used as input data, and a micromechanical law taking
into account the MT was implemented in Abaqus©. The model
was validated by comparing the stress tensors of all 187 individual
grains in the polycrystal, and the numerical results corresponded
well with the experimental results. This outcome highlighted the
influence of the neighboring grains on the MT evolution in simi-
larly oriented grains: easy-to-transform grains generally promoted
MT near the grain boundary in a hard-to-transform grain, influenc-
ing its average stress state.
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