




ment, the specimen is austenitic, but there are regions with re-
sidual strain, presumably from processing. Note the existence
of a well-defined neutral axis (white) that separates the com-
pressive (blue) regions from the tensile (red) regions. At
2 mm displacement (ca. 2 % local strain), the highest locally
strained regions of the diamond specimens begin to transform
to martensite.[2b] For this analysis, the martensitic regions can
be readily identified by comparison of the maps and noting
where the austenite has “disappeared”. Consistent with theo-
ry,[3] the maximum local strain in the austenite is 1.5 %, even
with up to the highest deformations studied here. With in-
creasing deformation, there is an increase in the volume frac-
tion of stress-induced martensite. The figures also reveal sub-
grains with compressive strain surrounded by larger tensile
regions as the applied deformation is increased. Similar results
are obtained for the computed exx components of the deviato-
ric strain tensor, not shown in this Communication.

Figure 3 shows the resultant eyy strain field component pre-
dicted by the finite-element analysis. The continuum-based
model predicts smooth transitions between regions of tensile
and compressive strains, with a maximum local strain of
1.5 %. Furthermore, the finite-element analysis indicates that
the martensitic transformation initiates at surfaces with an in-
crease in transformed volume fraction with increasing defor-
mation.

Comparison between Figures 2 and 3 highlights the dif-
ferences in fine detail between the two independent strain
analyses; these differences dramatically increase at the higher
deformation values. For example, in contrast to the finite-ele-
ment predictions, nonuniform strain gradients were observed
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Figure 1. a) An image of a Cordis S.M.A.R.T. Nitinol self-expanding stent
that illustrates the repeating pattern of “half diamonds” that make up
each row of the 3D structure. b) The Nitinol diamond stent-like speci-
men used for the diffraction studies closely resembles the “half-dia-
mond” structure of the stent shown in (a). This diamond specimen is
based on the S.M.A.R.T. stent geometry and therefore has scaled stent di-
mensions of strut length (8 mm), strut width (330 lm), and strut thick-
ness (350 lm) as described elsewhere [11]. The red arrow illustrates the
location of the 400 lm × 500 lm region of the sample that is scanned in
the diffraction experiments. When the upper and lower tabs are pulled
apart, the sample is considered to be under tensile deformation. This
scanned region is also superimposed on the quarter symmetry finite-ele-
ment model of the diamond in (c). d) A schematic drawing of the cus-
tom straining rig used in the in situ X-ray diffraction straining experi-
ments. The X-ray beam is scanned across the edge of the diamond strut
with the resultant individual diffraction patterns collected by a charge-
coupled device (CCD) detector.

Figure 2. Maps of the deviatoric strain of the B2 austenite along the verti-
cal y axis (eyy) from X-ray diffraction analysis of the corresponding
400 lm × 500 lm scanned region marked with the red arrow in Fig-
ure 1b. The numeric scales are in units of micrometers. The global dis-
placement for these maps is shown in the upper left corner of each im-
age. The dark lines illustrate the approximate location of the edges of the
diamond strut. The red color indicates tensile strain whereas blue indi-
cates compressive strain; note also the presence of a white neutral axis.
The maximum local strain in austenite was measured to be ± 1.5 %.
Above this strain, austenite transforms to martensite, which is not ana-
lyzed here, but can be inferred from where the austenite disappears. Mar-
tensite generally initiates at the surfaces with the highest applied defor-
mation and begins to move toward the center of the diamond strut, as
indicated by the arrows in the 3 mm, 5 mm, and 6 mm maps. However,
it is observed that, even at 6 mm deformation, there is a region of strain-
stabilized austenite retained along the center of the strut that resists
transformation. Consequently, the martensite transformation front
moves down along the strut edge as deformation strains increase.



experimentally. Furthermore, the diffraction-based analysis
indicates that the surface-nucleated martensite regions ad-
vance towards each other with increasing deformation. How-
ever, contrary to the model predictions, there remains a
spine of retained austenite in the middle of the strut even at
the highest deformation studied here. Accordingly, it is ob-
served that the transformation front moves down the length
of the strut rather than moving towards the middle (3–5 mm).
Finally, some austenitic subgrains resisted transformation
even after the transformation front progressed through the re-
gion.

The most likely explanation for these differences can be as-
sociated with the strain-accommodation process from the
martensitic transformation. Phase transitions are accompa-
nied with a concomitant decrease of free energy; therefore, it
is logical that martensite nucleates at regions of highest local
strain. However, the local strain fields are nonuniform due to
influences from lattice-induced strain, grain boundaries, dislo-

cations, inclusions, grain orientations, or internal strain fields.
Therefore, the martensitic transformation relieves strain on a
submicrometer scale. Consequently, as each austenite grain
transforms to martensite, there is a redistribution of the local
strain fields that results in a change in the position and direc-
tion of the strain propagation. One possible explanation for
the observed distribution of strain is based on the difference
(factor of two) in the austenite and martensite moduli.[12,13]

This effect alone could certainly modify the load-carrying ca-
pacity of the two-phase structures, thereby providing a potent
driving force for the strain redistribution. The experimental
observation of redirection of the transformation front has
very important implications for strut fractures in Nitinol
stents. At relatively low displacements, if the local strain field
encounters a sufficiently large flaw, the defect will induce the
strain field to grow such that the material may fracture at the
location predicted by the finite-element model. In the absence
of flaws of critical dimension near the initial high stress loca-
tion, the transformation front, which has now changed direc-
tion, will begin to propagate down the length of the strut. As
the propagating strain front runs down the length of the strut,
fracture may occur at locations significantly different from
those suggested by the finite-element model. It is noted that
recent Nitinol-based finite-element models integrate crystal-
lographic effects such as texture and grain size.[14–17] However,
even these newest models have not been shown to explain
fully the multiaxial modes of deformation. Consequently, it is
imperative that finite-element models incorporate the more
accurate and independent strain distributions afforded by
high-resolution microdiffraction.

In summary, the first direct in situ X-ray microdiffraction
measurements inside the synchrotron of the local strain field
(at 10 lm resolution) of a stent-like Nitinol component
subjected to realistic multiaxial loading are reported. Our mi-
cro-diffraction measurements indicate that state-of-the-art
commercial finite-element models are sufficient for predicting
local strain fields up to 3 %. However, there are significant
discrepancies between measured and calculated strains at
larger displacements that result from the continuum-me-
chanics-based model predictions. Consequently, it is impera-
tive that future development of finite-element models must
incorporate effects of transformational strain, phase redistri-
bution, and plastic strain to provide higher fidelity predictions
of Nitinol stent performance in vivo.

Experimental

Diamond specimens (Fig. 1b) were laser machined from a
Ti-50.8 at % Ni microtube (4.7 mm outer diameter, 0.4 mm wall
thickness). Typical grain sizes were ca. 10 nm, and were thus difficult
to analyze with white-beam Laue diffraction techniques; therefore,
diamond specimens were annealed at 850 °C (30 min) to give an aus-
tenitic microstructure with ca. 20–50 lm grain size. It is well known
that thermomechanical processing of Nitinol strongly affects grain
size and thus the resultant mechanical properties; nevertheless, these
initial investigations on annealed specimens serve to establish the ex-
perimental methodology and important predictions of strain analysis.
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Figure 3. Maps of the deviatoric strain of the B2 austenite along the
vertical y axis (eyy) from finite-element modeling corresponding to the
400 lm × 500 lm scanned region in Figure 1c. The global displacement
for these maps is shown in the upper left corner of each image. The dark
lines illustrate the approximate location of the edges of the diamond
strut. The red color indicates tensile strain whereas blue indicates com-
pressive strain; the maximum local strain in austenite is ± 1.5 %, consis-
tent with the diffraction measurements. Unlike the strain analysis in Fig-
ure 2, however, the computational model shows continuous strain
gradients across the diamond strut. Furthermore, this model shows that
martensite gradually consumes the austenite phase in the center of the
strut as the deformation strains increase.



We deformed the diamond samples in the “tensile mode”, where
the tabs were pulled apart such that the top edge of the strut arm was
in compression and the inner edge was under tension (refer to
Fig. 1c). The custom-designed straining rig (Fig. 1d) was placed on a
high-precision x–y–z stage on the microdiffractometer at the Ad-
vanced Light Source (beamline 7.3.3, Lawrence Berkeley National
Laboratory) at an angle of 45° to the incident beam in the vertical
plane. A MAR1600 X-ray charge-coupled device (CCD) was placed
at 90° to the incident beam, with beamline optics adjusted so that a
1 lm × 1 lm spot with an X-ray spectrum of 5–14 keV was incident on
the sample [18]. A 500 lm × 400 lm region, enclosing the location of
the highest strains on the edge of the diamond strut, was scanned
in situ by moving the rig with respect to the X-ray beam for each de-
formation condition. A white-beam Laue pattern from austenite [19]
was collected at each point of the grid and was subsequently analyzed
using the program XMAS [20]. The deviation of the diffraction pat-
tern from the cubic symmetry was transformed into a 3 × 3 deviatoric
strain tensor. These experiments were repeated several times and the
results presented herein are considered representative of the defor-
mation behavior of Nitinol.

Finite-element computations were performed with a commercial fi-
nite-element software package, ABAQUS/Standard version 6.4-1, in
combination with a specialized user-defined material subroutine
(UMAT), to model the nonlinear mechanical properties of Nitinol.
The Nitinol UMAT incorporates the uniaxial tension–compression
asymmetry, austenite and martensite moduli, as well as effects of plas-
ticity [13, 21, 22]; however, other, more complex unique material be-
havior, such as nonproportional triaxial stress states, are not specifi-
cally included in the model. Rather, generalization to a multiaxial
stress state is based on generalized plasticity theory. For direct com-
parison with the experiment, a user-defined variable subroutine was
developed to compute the deviatoric strain fields.
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