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Abstract: For a variety of applications, such as in miniaturized machines, tools for minimal invasive
surgery, or coronary stents, microscale components are used. For all these components, their
dimensions are far below the size of conventional test specimens, and thus the grain size can approach
the dimension of the cross section in these microscale components. According to experimental results,
large differences in the mechanical behavior of the material occur between single- and polycrystalline
test specimens. Therefore, oligo-crystalline microstructures are defined as a transition between
single- and polycrystal. To investigate and understand the fundamental impact of oligo-crystalline
microstructures on the mechanical behavior of the material, thin wires made of the austenitic CrNiMo
steel 316LVM were fatigued. The choice of the material is justified, because it is one of the most
frequently-used materials for coronary stents, and only a small amount of research has been done
on oligo-crystalline microstructures of this material. Solution were annealed and 10% cold drawn
oligo-crystalline wires were compared. The cold drawn wires exhibit an endurance limit of 450 MPa,
which is significantly higher compared to solution annealed oligo-crystalline wires (250 MPa).
Electron backscattering diffraction (EBSD) measurements of the fatigued wires show massive grain
rotations, which lead to orientation changes within the grains. Sometimes, the deformation of a
whole structure is concentrated on just one or only very few grains, with a particularly high Schmid
factor (>0.44).
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1. Introduction

The CrNiMo-steel type 316LVM (DIN EN 1.4441) is one of the most used metals for coronary
stents [1,2]. Its austenitic microstructure provides good properties for ductility and strength [3,4].
A minimized stent strut thickness is important for the successful application of stents. Clinical studies
revealed a significantly lower risk for early and late in-stent restenosis for thin-strut stents compared
to stents with thick struts [1,5-8].

In addition to clinical studies, up to now, only a small amount of research has been done on the
mechanical properties of oligo-crystalline components. Corresponding computer simulations reveal
that the properties of these oligo-crystals can neither be considered as single-, nor as poly, crystalline
behavior [9,10]. Additionally, in previous studies, authors have shown strongly deviating monotone
mechanical properties of thin wires, depending on the local crystallographic grain orientation [11,12].
In tensile tests, the oligo-crystalline wires showed a strongly varying, 40-80% lower elongation at
fracture compared to the one of wires with a polycrystalline microstructure [12]. The values of yield
and tensile strength of oligo-crystalline wires are almost half when compared to those of polycrystalline
wires, with high deviation, respectively [12]. In the literature, the term “size effect” is often used as
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a reason for the deviating properties of thin, compared to thick, components. In most cases this is
referred to as a geometrical thin, but still polycrystalline, structures. Size effects and oligo-crystalline
microstructures in stainless steels, tantalum, nickel alloys, aluminum, titanium alloys and copper
have been investigated in several studies [3,4,13-25] in relation to monotone and cyclic mechanical
properties. Within this study, the properties of oligo-crystalline thin wires in solution annealed and
a cold drawn state (such as in the case of stents, before and after dilatation) will be compared. Both
states are relevant in the case of stents. The expansion or dilatation of a stent within the human body
causes an irreversible cold drawing. For polycrystalline 316LVM, Goebbler [26] found an improvement
in endurance limit, from 260 MPa in solution annealed condition to 400 MPa in a cold drawn state,
which shall also be investigated for oligo-crystalline 316LVM in this study. Initially, stress-strain curves
were also conducted to prove the monotone behavior of both wire conditions.

2. Materials and Methods

Commercially available hard-drawn wires with a diameter of 0.5 mm, made of 316LVM (for
chemical composition see Table 1) were used. The wires were annealed at 1050 °C for 160 s by means
of a conductive heat treatment set-up (Figure 1a,b). To prevent oxidation, a glass tube was flooded
with argon for 10 s prior to the start of heat treatment and was stopped 10 s after heat treatment, when
the wire was visibly cooled down. The argon flows into the upper part of the glass tube and heats up
while falling to the lower part of the tube with a consequent loss of wire cooling. The temperature
gradient within the annealing set-up was controlled pyrometrically. After coarse grain tempering, the
lower third (35 mm part) of the heat-treated wire (region of highest temperature) was used for further
preparation and mechanical tests.

Table 1. Chemical composition (wt-%) of the used 316LVM (X2 CrNiMo 18-15-3/DIN EN 1.4441) wire

(D 0.5 mm).
Fe C Cr Cu Mn Mo N Ni P S Si
balanced 0.030 18.100  <0.500 1.300 2.800 0.04 14.0 0.020 0.005 0.400

Plug

Glass [/ 1.25bar
tube l
.| Power
AN l <_ supply
l 1 unit

(a)

Figure 1. (a) Conductive heat treatment set-up scheme and (b) during heat treatment.

In the following step, the cut out, 35-mm parts were electro-polished with constant current settings
(6 V;0.45 A) for 20 s. Electro-polishing was conducted in an electrolyte containing 11 parts sulfuric
acid (85%) and 7 parts phosphoric acid (96%) to achieve a minimal surface roughness after the heat
treatment, where minimal oxidation on the wire surface could occur. Prior to the fatigue test, a group
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of 23 wires was drawn for 10% of the reference length (20 mm) within a micro tensile testing device
from Kammrath and Weiss (Dortmund, Germany), with special clampings for round wires. Drawing
and the initial tensile tests were realized with a drawing speed of 10 um/s. A group of 36 wires was
tested without previous additional drawing.

For the fatigue tests, two pneumatic test systems ((1) MTS Tytron™ 250, MTS Systems Corp.,
Eden Prairie, MN, USA and (2) DHM Priifsystem, Clausthal-Zellerfeld, Germany) with the same
clamping type were used (Figure 2a,b). To prevent buckling, the tests were carried out using a stress
ratio of R = 0.5. A frequency of 7 Hz was a compromise between the test duration and the possible
heating of the wire at high frequencies. Thin wires can dissipate the resulting heat better than thick
specimens due to the advantageous relation of surface to volume of the wire. For both machines, 7 Hz
was the highest possible frequency where machine control could apply a clean sinus signal on the wire
specimens. All fatigue tests were performed at ambient temperature (20 + 1 °C).

Figure 2. Pneumatic test system for fatigue tests: (a) MTS Tytron™ 250 and (b) DHM.

Either after fracture or when two million load cycles were completed, the test was stopped
automatically. Fracture normally happens during stress increases. After fracture, the clampings were
kept in their current positions to avoid a contact between the fracture surfaces. In the case of no
fracture, the force was automatically, slowly decreased to 0 N to prevent further load, before the
specimen could be removed.

To perform EBSD, a representative number of fractured and non-fractured wires were
mechanically ground (P1200) and polished (0.05 um/SiO,) parallel to the longitudinal axis of the wire
until the mid-section was reached. Subsequently, the wires were electro-chemically polished for 20 s
with the same electrolyte and parameters as those used before (6 V; 0.45 A). The microstructure was
investigated by means of electron backscatter diffraction (EBSD) (AMETEK-EDAX, Ametek GmbH,
Wiesbaden, Germany) with the corresponding software “OIM data collection” as well as “OIM data
analysis”. An accelerating voltage of 20 kV and a 120-pum aperture inside a Leo Gemini 1530 scanning
electron microscope (Carl Zeiss Microscopy GmbH, Munich, Germany) was used.

3. Results and Discussion

3.1. Monotone Mechanical Properties of Oligo-Crystalline Wires

Figure 3a shows the stress—strain curves of the two considered wire conditions (solution annealed
and 10% cold drawn) with respect to 316LVM bulk specimens (taken from Referene [26]), and a
polycrystalline wire from of a previous study by the authors [12]. The cold drawing of the wires
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increased the tensile strength from an average of 415 MPa to 804 MPa and decreased the fracture strain
from 38% to 8%. A similar behavior could be observed for (polycrystalline) bulk specimens, tested
by Goebbler [26]. He justifies this behavior with the generation of dislocations and a {111}—texture
through cold working, which is also transferable to oligo-crystalline wires. Therefore, the inverse
pole figure texture map in Figure 3b shows the crystallographic orientation distribution of a 10% cold
worked wire before testing—a weak {111}—texture is visible. Furthermore, oligo-crystalline wires
show a substantially lower strength and fracture strain compared to polycrystalline (wire) specimens.
This is related to the low amount of grain boundaries in oligo-crystalline specimens and to the rotation
of the grains’ slip planes towards the direction of maximum slip, which can lead to an early fracture.

1200 ——bulk specimen solution annealed @~ [
—-—bulk specimen 10% cold worked
1000 g ——polycrystalline wire solution annealed |
\ ——oligo-crystalline solution annealed
\ - —oligo-crystalline 10% cold drawn
— 800 [t ]
© S
s Vi \
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& |
|
|
200 /
i |
0
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(a)
max = 1.875
6.000
5.000
4.000 111

001 101

(b)

Figure 3. (a) Stress—strain curves of oligo-crystalline solution annealed and 10% cold drawn wires in
relation to polycrystalline 316LVM bulk specimens (taken from Goebbler [26]) and (b) inverse pole
figure (IPF) texture map for an oligo-crystalline 10% cold drawn wire before testing.

3.2. Cyclic Mechanical Properties of Oligo-Crystalline Wires

In Figure 4, Woehler diagrams of the fatigue tests on solution annealed and 10% cold drawn wires
are shown. As expected, the maximum stress is significantly higher for the cold drawn wires than
for the solution annealed ones. The solution annealed wires show high deviations in the number of
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cycles to failure (Ny). At different load levels, between 275 MPa and 350 MPa, the number of cycles
to failure ranged between the very first cycle and two million cycles. An overshooting or significant
undershooting of the machine control could be excluded.
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Figure 4. Woehler diagrams of (a) solution annealed and (b) 10% cold drawn 316LVM wires.

With respect to the high deviations, the endurance limit was defined as when a minimum of
five wires on a specific load level reached two million cycles. Accordingly, the endurance limit was
determined at 250 MPa. Donnelly [16] found in his work, with 50, 75, 100 and 150 um thick struts,
laser cut from a 316L tube, a high deviation in the number of cycles to failure. The occurrence of
fatigue-tested specimens without rupture of the thicker struts (on a higher level than for thinner
struts) increased with increasing strut thickness, but with the low number of fatigue-tested specimen
without rupture, an endurance limit could only be estimated at a higher level, but not ensured.
Because of different key parameters, the values of the current study and the ones of Donnelly’s work
(500-600 MPa [18]) are difficult to compare. The higher strength of the thin struts in Donnelly’s work
compared to the endurance limit of the fatigued wires within this study can mainly be explained by the
smaller grain size and thus an almostpolycrystalline microstructure within the struts, despite thinner
struts, in Donnelly’s study. As a reference, the endurance limit for solution annealed polycrystalline
316LVM with flat geometry was determined by Goebbler [26] at 260 MPa. The stress ratio was chosen
with R = —1, which decreases the endurance limit because of the tension—compression change in
each cycle.
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The fatigue testing results of the cold drawn oligo-crystalline wires in Figure 4b show significant
improvement of the endurance limit to 450 MPa, which is even higher than the endurance limit of the
cold worked thick square specimens of Goebbler with an endurance limit of 400 MPa [26]. The cycles
to failure decreased strongly for stresses higher than 450 MPa to—in most cases—a few hundred or
thousand cycles.

In Figure 5, the elongation of cold drawn and solution annealed wires after fatigue testing is
shown. The elongation of the solution-annealed wires is about three times higher than that of the
cold drawn for both groups of wires. For the cold drawn state, an elongation of the wires during
fatigue testing was only significant for wires where a maximum stress of 450 MPa or higher was
applied. Under 450 MPa maximum stress, the cold drawn wires did not exhibit an elongation during
fatigue testing. The cyclic creep or “ratchetting” is supported by the positive stress ratio of R = 0.5,
which keeps the wires in tension regime during the entire test. Ratchetting is a directed secondary
plastic strain accumulation that can appear additionally during fatigue testing, if the mean stress is
higher than zero. The strain accumulation supports a faster development of cracks caused by the
fatigue process. Ratchetting of 316L specimens was also reported by Donnelly [16] on struts tested
at R = 0.1 and R = 0.5, respectively, and by Weif3 et al. [27], Gaudin et al. [28], Kang et al. [29] and
Feaugas et al. [30].

O oligo-crystalline solution annealed

(5]

oligo-crystalline 10% cold drawn

H

N

Elongation after fatigue test [mm]
w

[y

Average of wires without fracture Average of fractured wires

Figure 5. Elongation after fatigue testing of fatigue tested wires without rupture and fractured wires.

3.3. Microscopy

3.3.1. Fractography

Subsequent to the fatigue tests, all wires exhibited regions with high deformation (Figure 6a,b).
Slip lines are visible on the entire surface of the wires. Moreover, the wires show a bulge structure as a
result of the heavy deformation of the coarse-grained structure.

The wires showed strong lateral contraction and, thus, the fracture surfaces had a small
cross-section with respect to the initial diameter of the wire. The slip lines next to the fracture
surface were mainly directed to the fracture surface. In regions with pronounced bulging of the wire
crossing slip lines due to multiple slip was visible. The fractured surface itself did not look like a
conventional fatigue fracture surface with striations or rest lines, but it contained a comparable smooth
surface with a blurred honeycomb structure. The ratchetting led to a massive local necking, with
the constriction of the wire cross-section during each fatigue cycle. The local stress increased with
decreasing cross-sections until geometric softening fracture terminated the fatigue test.
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20 pm Mag= 200X EHT = 20.00 kV Signal A = SE2 Signal = 1.000
WD =121 mm Signal B = InLens  Photo No. = 866

100pum Mag= 50X EHT = 20,00 kV Signal A=SE2 Signal = 1.000
WD = 48mm Signal B =InLens Photo No. = 1072

(b)

Figure 6. SEM images of (a) a representative fracture surface of an oligo-crystalline wire and
(b) overview of the wire surface with bulges after testing (fracture at 1.995 million cycles).

The cold drawn wires exhibited different types of failure, depending on the number of cycles to
failure. A typical fatigue fracture surface occurred after failure at 530,000 cycles (Figure 7a), where no
pronounced necking was visible. On wires with fractures after, up to, 4000 cycles (Figure 7b), the same
type of fracture surface, such as that in the solution annealed wires, was observed. The necking on
these wires caused a lateral contraction of the cross section. A smaller cross section led to higher local
stresses and, thus, finally, to fracture. Due to grain rotation after cold drawing, the initial diameter
(0.5 mm) of the wires was distinctly decreased to 0.374 (+0.047) mm. The smallest measured diameter
was 0.3 mm, which was approximately a 40% decrease from the initial diameter. Thus, necking was
mainly caused by cold drawing in this case. In contrast, necking of the solution annealed wires
happened mainly during the cyclic test.
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30pm Mag= 250X EHT =20.00 kv Signal A = SE2 Signal = 0.8881
WD =126mm Signal B=InLens Photo No.=4116

(a)
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20 pm Mag= 250X EHT =20.00 kV Signal A = SE2 Signal = 1.000
WD =125 mm Signal B = InLens  Photo No.= 4015

(b)

Figure 7. SEM images of representative fracture surfaces of an oligo-crystalline 10% cold drawn wire
after (a) 530,000 cycles and (b) 500 cycles.

3.3.2. Electron Backscattering Diffraction

EBSD is used within SEM for the identification of different crystal structures and to determine
the orientation of the crystals. EBSD measurements of the solution-annealed wires are shown in
Figure 8a—c. The orientation data are represented parallel to the longitudinal direction of the wire.
The coloring of the inverse pole figure (IPF) mapping was in accordance with the legend in Figure 8a.
The fractured wire in Figure 8 reveals massive grain rotation inside the grain, oriented in the {113}
direction, next to the fracture surface. The high deformation became more obvious in the corresponding
kernel misorientation mapping (Figure 8b). In general, the kernel misorientation mapping shows low
misorientations in blue and increasing misorientations in green and yellow colors. The high kernel
average misorientation within the fractured grain in Figure 8 occurs as a result of the strong rotation
of the slip planes and the generation of dislocations. The kernel average misorientation (Figure 8b)
within this grain is visibly higher than the one in the {111} oriented neighbor grains (blue) in the upper
left part of Figure 8a.

Strain hardening, identifiable as micro-twinning, can be seen in the grain boundary mapping
(combined with image quality mapping, Figure 8c), wherein the X3 twin boundaries have a high
density next to the fracture surface. Another representative example of a fractured solution annealed
wire, where micro-twinning/hardening is even more pronounced, is shown in Figure 9. In Figures 9a
and 9¢, massive grain rotations, as well as twinning, are clearly visible.
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Figure 8. (a) Inverse pole figure mapping, (b) kernel average misorientation (5°5R) mapping, and
(c) image quality mapping with grain boundaries of a broken solution annealed oligo-crystalline wire.
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Figure 9. (a) Inverse pole figure mapping (magnification (c)) and (b) image quality mapping with grain
boundaries of a broken solution annealed oligo-crystalline wire (magnification (d)).
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A closer view to the misorientation profile of the wire (Figure 10) and to the grain boundary
mapping in Figure 8c confirms the existence of subgrain boundaries within the strongly-deformed
grain, oriented perpendicular to the fracture surface. Such subgrain boundaries can develop due
to grain rotation during plastic deformation and subsequent slide along the slip planes, induced by
ratchetting/cyclic creep.

/d
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Figure 10. Inverse pole figure mapping with misorientation profile on subgrain boundaries.

Wires with a {111} and {112} texture (Figure 11a,b, grains colored in violet) show—independent of
the wire condition (solution annealed or cold drawn)—no or late fracture. Cold drawing, which is a
monotonous strengthening of the material, supports grain rotation into the {111} and {112} direction
prior to fatigue, which was also shown by Weifs [17]. Wires with a mixture of near-{111} and {112}
oriented grains showed no, or a late, fracture during the fatigue tests compared to wires where,
with reference to the inverse pole figure in Figure 12c and Gottstein [31], “middle” oriented, highly
deformable grains occur. The fractured grains exhibit a massive grain rotation, which is visualized in
the IPF for one example in Figure 12: The crystallographic orientation of these grains shows a “middle”
oriented grain and thus a high Schmid factor (>0.44), which represents a favorable orientation for slip
in relation to the direction of deformation. It is noticeable, that in the fracture grain slip occurs in
{113} orientation, which is colored in pink in the IPF mappings. With regards to all analyzed fractured
grains, slipping from a “middle” crystallographic orientation into the direction of {113} was observed
in 77% of the solution annealed, fractured wires and in 88% of the 10% cold drawn, fractured wires.
This observation shows that the mixture of near-{111} and {112} texture is a comparably stable position
within an oligo-crystalline microstructure and favorable to withstand fatigue stress and ratchetting.
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Figure 11. Inverse pole figure mappings of (a) solution annealed wire and (b) cold drawn wire (both
fatigue tested wires without rupture) and (c) a solution annealed wire with fracture after only 500 cycles.
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Figure 12. (a) IPF | | RD mapping of the fractured grain from the solution annealed wire in Figure 8.
(b) Inverse pole figures overlapped with the crystallographic orientation of all measured point within
the fractured grain and (c) Schmid factor intervals linked with the crystallographic orientation in the
inverse pole figure.

4. Conclusions

Within the current study, the properties of oligo-crystalline thin wires in solution annealed, as

well as cold drawn state after uniaxial fatigue, were compared. The results give a comprehensive
understanding of the influence of cyclic stress on oligo-crystalline microstructures. The following
aspects were determined:

1)

)

®)

4)

®)

(6)
7)

®)

The cold drawing of the oligo-crystalline wires increases the tensile strength from an average of
415 MPa to 804 MPa and decreases the fracture strain from 38% to 8% on average.

10% cold drawn oligo-crystalline wires made of 316LVM show a higher endurance limit (450 MPa)
than solution annealed ones (250 MPa), due to the generation of a {111} and {112} texture during
cold drawing.

A {111} and {112} texture in oligo-crystalline wires decreases the wire elongation due to ratchetting
during fatigue tests at R = 0.5.

In addition to the damage induced by cyclic fatigue, all solution annealed wires with less than
4000 cycles to failure exhibit a ratchetting dominated fracture behavior. A bulgy structure is the
result of the damaging process. The bulges can lead to lateral contraction and thus to local stress
concentration and finally to fracture.

Fractured wires in 77% of the analyzed oligo-crystalline solution annealed wires and 88% of
the 10% cold drawn oligo-crystalline wires exhibited fractured grains with a high Schmid factor
(>0.44), which showed a rotation to the direction of {113}. Thus, “middle” oriented grains with a
high Schmid factor are unfavorable oriented grains for fatigue tests with positive R-ratio.
Solution annealed oligo-crystalline wires show in average a threefold elongation after end of the
test/fracture than cold drawn oligo-crystalline wires.

Pronounced ratchetting/cyclic creep occurs in fractured wires (elongation after testing is
approximately two times higher than that of non-fractured wires).

Due to grain rotation and wire elongation, cold drawing of the wires can locally decrease the
wire diameter up to 40% and cause a bulgy structure with thin wire parts, which has the same
appearance as solution annealed wires after ratchetting. Ratchetting is still present, but only at
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high stresses over 450 MPa and with less elongation due to the lower strain reserve of cold drawn
wires compared to solution annealed wires.

Research on this topic is ongoing. Further results will be published in the near future.
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