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Vascular stents are used to restore blood flow in stenotic arteries, and at present the
implantation of a stent is the preferred revascularisation method for treating coronary artery
disease, as the introduction of drug eluting stents (DESs) has lead to a significant
improvement in the clinical outcome of coronary stenting. However the mechanical limits of
stents are being tested when they are deployed in severe cases. In this study we aimed to
show (by a combination of experimental tests and crystal plasticity finite element models)
that the ductility of stainless steel stent struts can be increased by optimising the grain
structure within micro-scale stainless steel stent struts. The results of the study show that
within the specimen size range 55 to 190 µm ductility was not dependent on the size of the
stent strut when the grain size maximised. For values of the ratio of cross sectional area to
characteristic grain length less than 1000, ductility was at a minimum irrespective of
specimen size. However, when the ratio of cross sectional area to characteristic grain length
becomes greater than 1000 an improvement in ductility occurs, reaching a plateau when the
ratio approaches a value characteristic of bulk material properties. In conclusion the ductility
of micro-scale stainless steel stent struts is sensitive to microstructure and can be improved
by reducing the grain size.
C© 2006 Springer Science + Business Media, Inc.

Introduction
Vascular stents are used to restore blood flow in stenotic
arteries and presently implantation of a stent is the
preferred revascularisation method for treating coro-
nary artery disease [1]. Recently the introduction of
drug eluting stents (DESs) has lead to a significant im-
provement in the clinical outcome of coronary stent-
ing; whereby controlled clinical trials show that, after
nine months follow-up, the rate of in-stent restenosis
can be reduced from 24.4% with bare metal stents, to
5.5% by using an equivalent DES [2]. This reduction
of in-stent restenosis has led to confident use of car-
diovascular stenting; for example coronary stenting is
now selected for patients that would have traditionally
been treated by coronary artery bypass surgery [3]. This
strategy is exposing the mechanical limits of coronary
stents, and fracture of DESs has been reported in two
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separate cases [4]. Even with reported in vivo fractures
of stents there is a desire to make stent struts thinner
to reduce the crossing profile, increase stent flexibility
and decrease the pressure needed for deployment [5].
Furthermore, there are a number of other mechanical
and clinical issues concerned with reducing the thick-
ness of stent struts; firstly, the stress-strain behaviour of
a stent strut is dependent on size [6]; secondly, the rate
of restenosis can be reduced considerably by the use of
thinner-strut stents [7–9], and finally, thinner struts are
associated with faster re-endothelialisation in compar-
ison to thicker struts [10]. With the beneficial clinical
objectives of making stent struts thinner [7–10] and the
use of stenting in complex situations [4] there is a need
to optimise the material properties of smaller stent struts
to maintain safety standards and to design stents to max-
imise their in vivo performance.
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Figure 1 (a) shows an etched specimen with an average grain area of 92 µm2–similar to the specimens tested in [6]. The white lines on the specimen
correspond to grain boundaries. (b) shows a highly annealed specimen that has been tensile tested and etched post testing, faint lines on the specimen
indicate grain boundaries; this example shows that only one grain exists through the thickness of the stent strut.

Stainless steel (Grade 316LVM) is the most common
material used in coronary stents [11], and when these
stents are crimped onto balloon catheters or dilated dur-
ing angioplasty plastic deformation occurs. At present
bulk properties are used to describe the stress-strain be-
haviour of the material at the small size scale of coronary
stents, although it may be argued that the relative size of
the grains, 25 µm [12] versus strut thickness (70–120
µm) [11] may affect the material properties at this size
scale. Previous work has shown that the stress-strain
behaviour of 316L stainless steel stent struts is size
dependent [6], and similarly the ductility of relatively
large modified 316 austenitic stainless steel specimens
showed significant dependence on specimen aspect ratio
[13]. In Savage et al. [14] the mechanism for the 316L
stent strut size effect reported in [6] was explored using
micromechanical finite element modelling; the mecha-
nism was shown to be related to constraint of plastic de-
formation at the grain level in the material. Furthermore
Meyer-Kobbe and Hinrichs [15] alluded to the fact that
the material properties of 316LVM stents can be altered
by changing the annealing conditions. The above evi-
dence suggests that optimisation of the material proper-
ties of small scale stainless steel stent struts is possible,
and moreover is essential if the thickness of stent struts
is reduced to accommodate clinical concerns [5, 7–10].

This study hypothesises that there is a range of duc-
tility values for constant thickness stent struts, and that
the ductility can be optimised depending on the aver-
age grain size in the stent strut. To test this hypothesis a
series of experimental tests were performed in parallel
with predictive crystal plasticity finite element simula-
tions that were based on the models presented in Savage
et al. [14].

Materials and methods
Experimental tensile testing was performed on highly
annealed 316L stainless steel stent struts. The speci-

mens were manufactured to produce stent struts with
a minimum number of grains through the width or
thickness, and in most cases only one grain existed
through the width or thickness. This type of grain struc-
ture was accomplished by a separate annealing step,
whereby the specimens were annealed for two hours
at 1100 ◦C. This process produced stent struts with an
average grain area of 6973 µm2, in comparison to an
average grain area of 92 µm2 for the specimens consid-
ered by Murphy et al. [6]. Examples of the grain struc-
ture of highly annealed stent struts can be observed in
Fig. 1.

The specimens were prepared by laser cutting their
profile from 1.75 mm diameter tubes and subsequently
being electro-polished to a constant wall thickness of
85 µm. Three different widths were investigated 55,
110 and 190 µm, six specimens were tested for the 55
and 110 µm groups while only two specimens were
available for testing at the 190 µm size. All specimens
had a gauge length of 4 mm (see Fig. 2 in [6] for a
schematic of the laser cut specimens used). The tensile
testing methodology and the gripping system used was
previously described in detail in Murphy et al. [6].

Finite element models
The simulations performed in this work were based
on large strain (finite deformation) kinematics and in-
corporated an elastic-plastic constitutive description of
the material. The ABAQUS©R finite element code was
used for the simulations. Elasticity was considered as
being linear in terms of finite deformation quantities,
and plasticity was described using crystal plasticity the-
ory, which attempts to represent the flow of disloca-
tions along slip systems in metallic crystals in terms of
continuum plastic shear strains. In particular, the rate-
dependent single crystal formulation of the theory, pre-
sented in Pierce et al. [16], Huang [17], and McGarry
et al. [18], was used.
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Figure 2 Schematic of the grain representations for the four different
models used, (a) shows the one grain model which is similar to the frac-
tograph presented in Fig. 1(b). The remaining three models use hexagons
to describe the grain structure where (b) is the two grain model, (c) has
seven grains through the thickness, while (d) has 14 grains through the
thickness.

In crystal plasticity theory, plastic slip is assumed to
obey Schmidt’s law, where the rate of plastic shear strain
in the direction of a particular slip system α, γ̇ (α), is
assumed to depend on the Schmidt resolved shear stress
for that slip system (on the slip plane, in the direction
of the slip system), τ (α). In this work, the following
power-law rate-dependent relationship was used:

γ̇ (α) = ȧsgn
(
τ (α))

{∣∣∣∣
τ (α)

g(α)

∣∣∣∣

}n

(1)

where ȧ and n are the reference strain rate and rate sen-
sitivity exponent, respectively. Material strain harden-
ing is specified by the slip system strain hardness, g(α).
This, in turn, as detailed in [16–18], is related to the
strain hardness function, g, for the crystal. The follow-
ing form of the strain hardness function (Pierce et al.
[16]) was used:

g(γa) = g0 + (g∞ − g0)h0tanh

∣∣∣∣
h0γa

g∞ − g0

∣∣∣∣ (2)

This function involves three material strain hardening
constants, g0, g∞ and h0, that must be determined by
fitting to experimental tensile stress-strain data. g is a
function of the accumulated slip, γa , which is a measure
of the total crystallographic plastic strain at a material

TABLE I Finite element model parameters

No. of Average grain Number of Average
grains area (mm2) elements elements/grain

Model 1 4 3.0 × 10−3 588 147
Model 2 7 1.78 × 10−3 600 85
Model 3 119 8.54 × 10−5 13,377 112
Model 4 546 2.16 × 10−5 51,205 94

point in the crystal and is defined as follows:

γa =
∑

α

∫ t

0

∣
∣γ̇ (α)

∣
∣ dt (3)

where t is time and the summation ranges over all slip
systems at the point. The theory was implemented nu-
merically in ABAQUS©R via a UMAT–user material sub-
routine due to Huang [17].

Four different finite element models were generated
representing four different idealised grain configura-
tions: a one grain width model, two grain model, seven
grain model, and a model with 14 grains through the
width, Fig. 2 shows a schematic of the four models.
The geometry of the models was kept constant, a thick-
ness of 80 µm, width of 60 µm and a length of ap-
proximately 200 µm was used. The number of grains,
elements, average number of elements per grain and
average grain size is presented in Table I. The bound-
ary conditions, for all the models involved, restraining
the left hand side of the model in the x and y direc-
tion, and applying a displacement in the x direction to
the right hand side of the model at a rate of 1mm/min,
which is identical to the displacement rate in the ex-
periments. The models were 2D models consisting of
8-noded generalised plane strain quadrilateral elements.
The material properties used were as follows: Young’s
modulus, E = 193 GPa and Poisson’s Ratio, ν = 0.3.
The strain hardening values used in this study were:
g0 = 150 MPa, g∞ = 360 MPa and h0 = 380 MPa. The
parameters ȧ = 0.0106 s−1 and n = 50 were also used.
These values were determined from experimental data
for 316L stainless steel [19]. A random 3D FCC lattice
orientation was assigned to each of the grains causing
lattice mismatch at the grain boundaries; this process
was repeated five times for each model, producing a
dataset of 20 models, with N = 5 for each grain config-
uration. As established in [14] these generalised plane
strain models with 3D crystal lattice configurations can
be reliably used to elucidate the relationship between
the polycrystalline microstructure of the material and
its macroscopic mechanical behaviour.

Results
The results show that ductility is at a minimum for sin-
gle grain specimens (in the size range 55 to 190 µm)
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Figure 3 Plot of the plastic strain to necking versus strut width for highly
annealed specimens and the data from [6] has been replotted for com-
parison purposes; average values are shown and error bars indicating one
standard deviation either side of the average are shown.

when compared to the results presented in [6]. Fig. 3
shows a plot of the strain to necking versus strut width
for the highly annealed specimens, and for compari-
son purposes the results of [6] have been replotted. The
slope of the regression line fitted to the highly annealed
data is approximately zero (m = 0.0002) while a lin-
ear trendline fitted (not shown) to the results of [6] has
a slope 3 times greater (m[6] = 0.0006), emphasising
the point that there is no difference in strain at necking
between any of the highly annealed specimen groups.
Furthermore, a Student’s T-test reveals no statistically
significant difference in plastic strain to necking be-
tween the three sizes.

A comparison of the computational results is shown
in Fig. 4; these results show that the strain to necking
is dependent on the number of grains through the
thickness of the strut, and the trend revealed shows
that the strain to necking reduces as the number of
grains through the thickness decreases. The results re-
veal that there is no statistically significant difference
between the one and two grain models and the two
and seven grain models, while there is a statistically
significant difference between every other group (Stu-
dent’s T-test p < 0.05). A comparison of the ex-

Figure 4 Plot of the plastic strain to necking for the four different finite
element models.

perimental and computational results for the 60 µm
specimens shows that the above trend is confirmed in
both the experimental and computational results (see
Fig. 5) whereby ductility reduces as average grain area
increases.

Discussion
The results of the experimental study show that a duc-
tility size effect is primarily associated with grain size.
This conclusion is drawn, as all the highly annealed
specimens have a consistent grain structure through
their thickness, i.e. one to two grains for all three spec-
imen sizes tested, and secondly the results demonstrate
no statistically significant difference in strain to necking
in the size range 55–190 µm. This is in comparison to
the results presented in [6], which exhibit the largest dif-
ference in ductility size dependence at this size range.
However there is a slight size effect associated with
the highly annealed specimens, this can be seen by the
small positive slope (m = 0.0002) associated with a
trendline plotted through the highly annealed data set.
This effect may be associated with defects in the sam-
ples, i.e. a smaller sample would have a lower strain to
failure if a defect was present in comparison to a larger
specimen. One experimental observation was that the
highly annealed specimens exhibited multiple necking
regions in comparison to the results of [6] which only
exhibited a single necking region. The multiple neck-
ing regions would reduce the strut failure strain as the
probability of early failure increases in the highly an-
nealed specimens due to multiple areas of non-uniform
strain caused by weak single grains passing through the
width/thickness of the specimen. Furthermore, the dif-
ference in the results of [6] versus the highly annealed
specimens of this study shows that a range of ductility
values can be achieved for a constant thickness speci-
men if the grain size is altered. This range would have
a lower boundary associated with the ductility of the
highly annealed specimens (i.e. one/two grains through
the thickness) while the upper boundary of the range
would be defined by the bulk specimen properties.

The computational and experimental studies predict
that the ductility range for constant width specimens
of various grain sizes is non-linear; this fact is illus-
trated in Fig. 5, where the x-axis is plotted on a log-
arithmic scale. The lower boundary of this range was
reached with either the one or the two-grain models, as
the results show no improvement in ductility between
these two models. The difference between the seven and
fourteen-grain models is more pronounced, with ductil-
ity increasing significantly in the fourteen-grain model
in comparison to the seven-grain model. As the relation-
ship between ductility and grain area is non-linear, the
ductility could be dramatically increased further if grain
size could be reduced further. For example the ductil-
ity of bulk specimens could be approached, i.e. 50%
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Figure 5 Plastic strain to necking versus grain area is plotted for the experimental tests (both highly annealed (55 µm width) and specimens 60 µm
width from [6]), and the results for the computational study are plotted for the four different models all with a constant width of 60 µm. The x-axis is
plotted on a logarithmic scale showing that the relationship between grain area and plastic strain to necking is non-linear.

plastic strain to failure, which is similar to the strain to
necking of the 500 µm specimens tested in [6]. This
group of specimens has a characteristic grain length1

to strut width ratio of 84 (assuming a hexagonal grain
shape), while the fourteen-grain finite element models
have a characteristic grain length to strut width ratio
of 20.8 demonstrating that further increases in ductil-
ity for 60 µm specimens can be attained if the grain
size was made smaller than the size of the grains in the
fourteen-grain model. This ratio is directly proportional
to the cross sectional area (CSA) to characteristic grain
length ratio which depends on both the strut width and
thickness, but importantly takes account of the mini-
mum dimension. A plot of the ratio of the CSA to char-
acteristic grain length versus strain to necking (for all
the experimental specimens, including data from [6],
and the finite element models) shows that no improve-
ment in strain to necking is achieved within a range
of CSA to characteristic grain size ratio of 10 to ap-
proximately 1000, while an improvement in ductility is
attained by increasing this ratio further than 1000, see
Fig. 6.

Furthermore, it is important to note the very good
quantitative agreement between experimentally mea-
sured necking strains and those predicted by the finite
element models (Fig. 5). This represents an improve-
ment in the quantitative prediction capabilities of the
models, in comparison to the results presented in [14];
this is chiefly due to the use of the material parameters
determined in [19]. The agreement also justifies the ap-
plicability of the 2D generalised plane strain modelling
approach.

1The characteristic grain length is defined as the side length of a hexagon
that would represent the equivalent area of an irregular grain.

Figure 6 Plot of the ratio of the CSA to characteristic grain length
for all the experimental and computational results. The characteristic
grain length refers to the side length of an idealised grain i.e. hexag-
onal in shape; it was assumed that all the grains could be represented
as hexagons, excluding the one-grain FE models where the grains
were modelled as rectangles. The data points represent the averages
for the finite element models and the averages for the experimental
data.

Conclusions
The results of this study suggest that making the grains
as small as possible in comparison to the strut CSA
would increase the ductility of stainless steel stents
and allow them to be used with greater confidence
in more adverse conditions. In addition, a number of
specific conclusions can be drawn from this work,
namely:

1. A ductility size effect in micro-scale stainless
steel components is primarily associated with grain
size.

2. No improvement in ductility is achieved within
a range of CSA to characteristic grain size ratios of
10 to approximately 1000, while an improvement in
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ductility is attained by increasing this ratio further than
1000.

3. Excellent quantitative agreement was achieved be-
tween the experimentally measured necking strains and
those predicted by the crystal plasticity finite element
models by using updated material properties.
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