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The effects of surface passivation and electropolishing on the mechanical performance of a
group of biomedical grade stainless steels have been investigated. Surface roughness
measurements showed that the treatments had a significant effect on the final surface
finish. However, static mechanical testing demonstrated no difference in static mechanical
properties, regardless of surface treatment. High cycle fatigue testing was carried out at a
frequency of 120 Hz with a load ratio of R = 0.1, in both air and a simulated in vivo wet
corrosive environment. 316LVM (cold worked) proved superior to 316L (annealed) in
fatigue performance, in both dry and wet environments. The fatigue performance of both
materials did depend on the surface treatment, with electropolishing resulting in better
performance than passivation. The fatigue performance of both materials was significantly
better in the dry environment in comparison to the wet environment. The dry-to-wet
deterioration in fatigue performance was somewhat dependent on the surface treatment
for the 316L material but almost independent of surface treatment for the 316LVM material.
Significant surface pitting and damage was evident for 316L during fatigue in the wet
environment, whereas almost no pitting and damage was observed for 316LVM.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Stainless steels of the 316L type are the most commonly
used materials for coronary stents. Stents are thin-wire
scaffold structures used in angioplasty for the treatment
of atherosclerosis, and are permanently implanted into
the body. Stainless steel stents are normally inserted
on the tip of a balloon catheter, in an unexpanded or
crimped state. At the desired location they are deployed
(or expanded) to fit the artery diameter by the inflation
of the balloon and remain expanded due to the plastic
deformation of the metal.

The magnitude of the plastic deformation during de-
ployment can be considerable [1] and hence the static
mechanical properties and ductility of the material are
important considerations in stent design. The fatigue
properties of the stent material are also important since
the stent will be subjected to continuously fluctuating
loads over an extended period, due to cardiac pulsa-
tion. In addition, since the body represents an extremely
corrosive environment for any implanted metal [2], the
stent material must display good corrosion fatigue per-
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formance [3, 4]. Although stainless steels generally
show a very good corrosion resistance in hostile en-
vironments, it has been known for a long time that
the resistance can be reduced significantly under cyclic
loading [5–8].

Since the interface between the host tissue and stent
material plays an important role in stent biocompatibil-
ity, most advances in stent design have been focused on
modifying the surface properties, including the surface
finish [9]. Other studies [10, 11] have shown that the
constitution and surface characteristics of the material
may determine the nature of the host response and the
long-term stent patency rate.

The chemical composition of the stent surface is dic-
tated by the final processing steps during manufacture,
and the rate of chemical and electrochemical reactions,
that may later occur, is strongly dependent upon the
properties of the passive layer formed on the stent sur-
face. Under certain circumstances, the passivation layer
can be broken down, and corrosion and consequently
corrosion fatigue can occur, resulting in failure [10].
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Stainless steels are self-passivating upon exposure to
air and moisture, due to their high chromium content
(>12%). Passivation treatments consist of chemically
augmenting the naturally occurring protective oxide,
by exposing it to highly oxidising conditions, e.g., dip-
ping the metal in concentrated nitric acid. The passive
layer formed, typically of the order of 30 Å in thick-
ness, protects the base metal from further corrosion.
This enhanced passive film is somewhat thicker and
more persistent than that formed by self-passivation,
due to the enhanced chromium fraction in the passive
film resulting from selective dissolution of iron. With
the presence of oxygen in the environment, the film
can modify itself and can continue giving maximum
protection in the case of the layer becoming altered or
damaged. When conditions are favourable for main-
taining passivity, stainless steels exhibit extremely low
corrosion rates. If passivity is destroyed under condi-
tions that do not permit restoration of the passive film,
such as the conditions in vivo, then stainless steel will
corrode much like a carbon or low-alloy steel.

Surface passivity is an essential requirement, but sur-
face finish can also effect performance, with highly pol-
ished surfaces performing better in terms of corrosion
and wear. Passivation of stent devices is enhanced by
electropolishing and nitric acid passivation, and is an
essential stage in the final processing of the stent de-
vice before it is sterilised and packaged. The impor-
tance and optimisation of this process is paramount to
the long-term behaviour of these devices in vivo, and
subsequently, their biocompatability.

Surface condition of the metal prior to passivation
treatment is very important in achieving complete pas-
sivation, which cannot be achieved if the surface of the
metal is not clean or contains surface defects. Elimi-
nation of these defects requires removal of the normal,
protective oxide layers and 25–40 µm of the substrate
metal via other techniques such as electropolishing.
Electropolishing is characterised by smoothing of the
surface of a metal to a mirror-finish by making it an-
odic in an appropriate electrolyte solution. The process
is used industrially to polish a variety of metals [12].

Many studies have been performed on the effects
of various surface treatment methods on the mechan-
ical properties of different implantable metals, such
as cold-working [13], shot peening [14–16], ion and
plasma nitriding [17], induction hardening and car-
burising [18, 19]. Limited work is cited in literature
on the effects of electrochemical surface treatments on
the mechanical performance of stainless steels, the ma-
jority of this having been focused on high temperature
applications. For an AISI 304 stainless steel tested at
593 ◦C, the low cycle fatigue life increased with im-
proved surface finish due to an enhancement in the num-
ber of cycles to crack initiation [20]. A similar result

T ABL E I Chemical composition in weight percent

Material C Si Mn S P Cr Mo Ni N Cu

316LVM 0.017 0.52 1.70 0.001 0.020 17.43 2.77 13.78 0.076 0.068
316LSi 0.015 0.8 1.91 0.011 0.022 18.22 2.62 12.44 0.045 0.16
316L 0.019 0.59 1.28 0.021 0.025 16.89 2.02 11.25 0.04 0.49

has been reported in a Cr-Mo-V steel tested at 500 ◦C
[21]. Wareing and Vaughan [22] have attributed the dif-
ference in fatigue life of machined and electropolished
samples of 316 stainless steels tested at 400 ◦C to the
different shapes of the cracks formed corresponding
to the two surface conditions. In contrast Wood et al.
[23] have observed no appreciable increase in fatigue
life with surface finish in the same material at a higher
temperature of 625 ◦C.

The work presented in this paper examines the ef-
fect of two different electrochemical surface treatments,
(i.e., electropolishing and nitric acid passivation) on
the static mechanical properties, high cycle fatigue and
corrosion fatigue performance of a group of biomedi-
cal grade stainless steels. Four surface conditions are
examined for both cold worked and annealed materials.

2. Materials and experimental procedures
2.1. Materials and surface treatments
The materials used for this study were 316LVM (meet-
ing the ASTM F138-00 standard) in the cold worked
condition, 316LSi in the annealed condition, both sup-
plied by Sandvik Steel, UK, and 316L in the annealed
condition supplied by RGB Stainless LTD., UK. As
shown in Table I the most significant differences in the
material compositions are the extremely low sulphur
content in the 316LVM and the slightly higher silicon
content in the 316LSi. Four different surface conditions
were investigated:

1. As-machined samples, which were finished ac-
cording to ASTM-E8M.

2. Samples electropolished in “Anapol 66”.
3. Nitric acid passivated samples.
4. Samples electropolished and then passivated.

The actual electropolishing and passivation treatments
applied to the samples were established by Costello
[24].

2.2. Tensile testing method
Uniaxial tensile samples were machined from 4 mm
diameter round bars, in accordance with ASTM stan-
dard E8M. Tensile testing was performed on a servohy-
draulic testing machine (INSTRON 4467) with a load
capacity of 50 kN. Testing was carried out at room
temperature at a speed of 0.2 mm/min, until fracture. A
12.5 mm gauge length extensometer was used to mea-
sure strain during testing. Two samples were tested from
each surface treatment group, using the 316LVM and
316LSi materials. This primarily allowed the effects
of cold working (316 LVM: cold worked, 316LSi: an-
nealed) and surface treatment on the static mechanical
properties to be assessed. As detailed in the introduc-
tion, static mechanical properties are important since
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a stent undergoes considerable plastic straining during
deployment.

2.3. Fatigue testing method
Hourglass fatigue samples with a minimum diameter
of 4 mm were machined according to ASTM standard
E466-96 and given a final maximum surface roughness
of 0.2 µm. Samples were uniaxially tested using a Roell
Amsler Vibrophore fatigue machine. Testing was car-
ried out as a frequency of 120 Hz (natural frequency)
with a load ratio of R = 0.1, in air, at room temperature.
This tension-tension stress ratio was selected to pre-
vent the thin samples undergoing compressive stresses
and possibly buckling during testing. Two samples with
each surface finish were tested at each stress level up
to a maximum number of loading cycles of 1 × 107.
The materials used were 316LVM and 316L. As for
the static testing, the fatigue testing primarily allowed
the effects of cold working (316LVM: cold worked,
316L: annealed) and surface treatment on the fatigue
performance to be assessed. As detailed in the intro-
duction, fatigue performance is very important since a
deployed stent undergoes long-term cyclic loading. An
assessment of the effects of cold work on the fatigue
performance is of interest because, even though the un-

Figure 1 Engineering stress-engineering strain curves for 316LVM from tensile tests for different surface treatments.

Figure 2 Engineering stress-engineering strain curves for 316LSi from tensile tests for different surface treatments.

deployed stent is most usually in an annealed condition,
the significant plastic strain during deployment could
cause strain hardening.

Uniaxial, corrosion fatigue tests were carried out us-
ing the same testing machine, sample geometry, materi-
als, frequency and R-ratio as above, the only difference
being the presence of the corrosive environment. The
tests were carried out in Ringer’s solution maintained
at 37 ◦C, (body temperature). Immersion of samples in
the test solution was achieved by using a special pur-
pose chamber surrounding the gauge length of the sam-
ple, made from a silicon tube [25]. The chamber was
designed so as not to cause an additional load on the fa-
tigue sample during the test. Leakage of solution from
the chamber was prevented by using a special medical
grade silicone sealant. Three litres of test solution were
circulated around the sample at a flow rate of 2.0 l/min
using a magnetically driven centrifugal pump. Fresh
test solution was used after each test to ensure any cor-
rosion products were removed from the circulation line.
Temperature was maintained at 37 ◦C ± 1 ◦C.

3. Results and discussion
3.1. Static mechanical performance
Figs. 1 and 2 show the engineering stress/strain curves
found for both materials after each surface treatment.

109



T ABL E I I Selection of average mechanical properties for both
316LVM and 316LSi determined from tensile tests

Material and 0.2% proof stress UTS Elongation
surface condition (MPa) (MPa) (%)

316LVM
As-machined 1149 1602 17
Electropolished 1204 1600 17
Passivated 1200 1597 17
Elect./Pass. 1215 1602 17

316LSi
As-machined 691 895 38
Electropolished 694 887 37
Passivated 695 892 36.8
Elect./Passiv. 678 887 37

T ABL E I I I Surface roughness (Ra) values in µm for 316LVM and
316LSi samples

Surface condition 316LVM 316LSi

As-machined 0.220 0.223
Electropolished 0.136 0.108
Passivated 0.195 0.194
Elect./Passiv. 0.113 0.108

Table II summarises corresponding average mechani-
cal properties. As can be seen, the surface treatments
appear to have no effects on the static mechanical per-
formance of either material. The mechanical properties
calculated for both materials are consistent with their
final processing conditions: the cold worked material,
316LVM, shows considerably higher proof stress and
UTS values, with lower ductility, and the annealed ma-
terial, 316LSi, shows lower yield and UTS values, but
significantly higher ductility (>35%).

3.2. Surface roughness
The effects of the different surface treatments on test
sample surface roughness is illustrated by the data for
tensile samples reported in Table III; surface roughness
measurements in microns (µm), obtained using white
light interferometry (Newview 100 surface profiler) are
given. It can be seen that the various surface finishes
have a significant effect on the surface roughnesses,

Figure 3 Comparison of fatigue lives in air for different surface finishes for 316LVM. As-machined (AM), electropolished (E), passivated (P) and
electropolished and passivated (E/P).

with the electropolished and electropolished/passivated
groups resulting in the smoothest surfaces. The as-
machined samples show roughness values that are twice
those found for the smoothest sample set, with the pas-
sivated samples showing a slight improvement over the
as-machined, with an average improvement in Ra of
11%.

3.3. Fatigue performance in air
S-N curves summarising the results of the fatigue tests
in air (average cycles to failure for each stress level)
are shown in Figs. 3 and 4. In these, and all the S-N
curves presented in this paper, both the raw data points
and curves determined using an empirical fit are pre-
sented. The results suggest a superior endurance limit
for 316LVM (in the range 335 and 350 MPa) in compar-
ison to 316L (in the range 290 and 305 MPa). This is ex-
pected given that the 316LVM material was received in
the worked condition, compared to the annealed 316L.
It is well known and documented that fatigue strength
properties, like static properties (Table II), are for many
alloys affected by heat treatment procedures and me-
chanical working [27]. Significantly, the data does not
suggest a strong dependence of endurance limit on sur-
face treatment, for either material.

The electropolish and electropolish/passivation sur-
face treatments do have noticeable effects on increasing
fatigue lives for stress levels above the endurance limit,
whereas the passivation treatment has only a very small
effect. Where any slight improvements are observed
due to passivation, these could be explained by the re-
moval of surface inclusions, such as manganese sul-
phides, as a result of the nitric acid dissolution, which
are thought to be potential initiation sites for fatigue
[28–30]. In terms of distinguishing between the elec-
tropolish and electropolish/passivation surface treat-
ments, it can be said that no conclusive improvement in
fatigue performance is observed for passivation follow-
ing electropolishing, in comparison to electropolishing
alone. In overall terms, the data strongly suggests that
the electropolishing is the key treatment in influencing
fatigue lives for these materials.
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Figure 4 Comparison of fatigue lives in air for different surface finishes for 316L. As-machined (AM), electropolished (E), passivated (P) and
electropolished and passivated (E/P).

The results found here are contrary to the work car-
ried out by Field and Kahles [26], who reported a
12% decrease in fatigue strength for an electropol-
ished 4340 stainless steel, when compared to gentle
grinding. Wood et al. [23] argued that the reduction in
fatigue strength was experienced because the fatigue
enhancement produced by the compressive stresses as-
sociated with low-stress grinding had been removed by
the electropolishing treatment. The increase in fatigue
life for samples that underwent electropolishing treat-
ments in this work can be attributed to the reduction in
surface roughness and hence the reduction in surface
stress concentration levels. The results reported here
are in agreement with those of Thompson et al. [24]
and Basiniski et al. [25] who found that by the elim-
ination of surface roughness through electropolishing,
fatigue life was significantly increased.

3.4. Corrosion fatigue performance
S-N curves summarising the results of the fatigue tests
in the corrosive environment (average cycles to failure
for each stress level) are presented in Figs. 5 and 6.
The results follow a similar pattern to that seen for

Figure 5 Comparison of fatigue lives in a corrosive environment for different surface finishes for 316LVM. As-machined (AM), electropolished (E),
passivated (P) and electropolished and passivated (E/P).

fatiguing in air. The electropolishing and electropol-
ishing/passivation treatments have noticeable effects in
terms of improving fatigue lives, whereas passivation
on its own has a very small effect. As proposed for fa-
tiguing in air, any slight improvements in fatigue lives
found for passivated samples are likely to be a result of
the removal of manganese sulphide inclusions.

Figs. 7 and 8 show a selection of the S-N curves,
already presented in Figs. 3 to 6, in a format that al-
lows for direct assessment of the effects of fatiguing
in the corrosive environment relative to fatiguing in
air. Examination of the full set of fatigue data, for
both materials and for the four surface finishes, (for
which Figs. 7 and 8 present a representative sample)
shows that the fatigue performance of both materi-
als, regardless of the surface finish, is significantly
impaired if they are cycled in the corrosive environ-
ment instead of in air. It would seem also that the
endurance limit for the materials has been signifi-
cantly reduced in the corrosive environment; certainly
no tendency towards an endurance limit is evident
for either material for the stress range tested. Similar
findings have also been reported for 316L and mild
steels in aqueous environments [33–36]. The results
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Figure 6 Comparison of fatigue lives in a corrosive environment for different surface finishes for 316L. As-machined (AM), electropolished (E),
passivated (P) and electropolished and passivated (E+P).

(a)

(b)

Figure 7 Comparison of fatigue lives in wet and dry conditions for 316LVM (a) as-machined and (b) electropolished and passivated.

also suggest that for 316LVM the reductions in fa-
tigue lives do not depend strongly on the surface finish.
For 316L, a certain dependence is noticable, with the
as-machined samples showing the largest reductions
and the electropolished/passivated samples showing the

smallest reductions, in overall terms, as is illustrated in
Fig. 8. One final point is that the magnitudes of the
fatigue life reductions are not hugely different for ei-
ther material, which does not indicate a strong depen-
dence of fatigue life reduction on material composition
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(a)

(b)

Figure 8 Comparison of fatigue lives in wet and dry conditions for 316L (a) as-machined and (b) electropolished and passivated.

and final processing state, i.e., cold-worked versus
annealed.

Reductions in fatigue life of up to 90% have been
reported for a high strength steel in salt water [37].
Other works report on the reduction in fatigue life but
do not quantify this [3, 33, 34, 38]. Many reasons have
been reported for the consistent reduction in fatigue
lives when cycled in a corrosive environment includ-
ing, differences in oxygen concentration that impede
the repassivation process [38–40], non-metallic inclu-
sions and pit formation [41, 42], instability of the passi-
vation layer [36] and a reduction in surface energy [43].
It is well known and documented that when passivated
metals are subjected to extremely corrosive environ-
ments (for example, conditions in vivo), the heteroge-
neous film is attacked and chemical reduction occurs
[44].

3.5. Fatigue fracture surfaces and exterior
surface damage

A systematic scanning electron microscopic investi-
gation of the fatigue samples was performed follow-
ing testing. Fracture surfaces were compared and ex-

terior surface damage was assessed. Fig. 9(a) and (b)
show representative micrographs of 316L, fatigued at
700 MPa in both air and corrosive fluid, respectively,
taken at the same magnification. Close examination
of the 316L sample fatigued in the corrosive fluid
(Fig. 9(b)) reveals a more faceted surface with a greater
surface area than that for the samples fatigued in air
(Fig. 9(a)), which indicates the interaction of the corro-
sive fluid with the material surface. Fig. 9(b) appears to
show slight evidence of embrittlement in 316L when fa-
tigued in the corrosive environment, which is associated
with an intergranular fracture type surface [13]. Em-
brittlement facilitates the formation of fatigue cracks,
and corrosion interaction at the crack tip increases the
crack growth rates [45]. No indication of embrittle-
ment in the 316LVM material was observed when frac-
ture surfaces were compared in air and the corrosive
fluid.

Examination of the crack initiation sites of samples
from both materials fatigued in air showed evidence
of small notches at the crack origin site in most cases.
This tended to be more pronounced in the 316L mate-
rial than the 316LVM material. As the maximum stress
increased, a more pronounced final fracture occurred,
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Figure 9 (a) SEM of 316L fracture surface, fatigued in air and (b) SEM of 316L fracture surface, fatigued in corrosive environment.

particularly for the 316L material, with multiple void
formation on the fracture surface. This may have been a
result of static modes of failure (void growth and coales-
ence) becoming more evident at the higher stress values
[45]. This was not nearly so noticeable for 316LVM,
where there was very little evidence of voids on the
fracture surface, even at higher stress levels. The higher
stress levels employed for this material may not have
been high enough for static modes of failure to become
evident. Examination of failed samples for both mate-
rials did not show much of a dependence of fracture
surface on sample surface treatment (as-machined vs.
electropolished, etc.).

The circumferences of all samples fatigued in a corro-
sive environment were examined for the presence of pits
and secondary cracks (cracks other than the main crack
that resulted in failure). Similar to samples fatigued
in air, the extent of damage observed was significantly
more pronounced for the 316L material when compared
to the 316LVM material. Table IV summarises the gen-
eral appearance of each sample tested for both materials
at different stress levels and for each different surface
finish. The level of pitting and secondary cracking has
been graded as follows:

T ABL E IV Characterisation of the appearance of the failed regions
(lateral surfaces close to fracture site) of corrosion fatigue samples, with
severity of damage graded as defined in the text

Max Stress
(MPa) As-machined Electropolished Passivated Elect./Passiv.

316LVM

750 0 0 0 0
800 0 0 0 0
850 1 0 1 0
900 1 1 1 1
950 2 1 1 1

316L

650 0 0 0 0
700 1 1 1 0
750 3 2 2 2
775 4 4 4 3
800 5 5 5 5

Grade 5: Multiple pitting and secondary cracking
Grade 4: Some pitting and secondary cracking
Grade 3: Slight evidence of pitting and secondary

cracking
Grade 2: Pitting, no cracks
Grade 1: No pitting, but some secondary cracking
Grade 0: No evidence of any pitting or secondary

cracking

With reference to Table IV, the extent of damage ob-
served is significantly more pronounced for the 316L
material when compared to the 316LVM material. At
stresses of 700 MPa, pitting and secondary cracking
were evident in 316L; Fig. 10 shows an electropol-
ished 316L sample fatigued at 800 MPa and the dam-
age is clearly evident. On the other hand, the 316LVM

Figure 10 SEM of 316L (electropolished) fatigued at 800 MPa.
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Figure 11 SEM of 316LVM (electropolished) fatigued at 950 MPa.

material exhibited no evidence of secondary crack-
ing at stresses lower than 850 MPa. Even at higher
stresses, only slight secondary cracking occurred. Also,
no pitting was found for the 316LVM material at any
stress level. Fig. 11 shows an electropolished 316LVM
sample fatigued at the highest stress level used for these
materials, 950 MPa, and the absence of pitting and sec-
ondary cracking is evident.

Figure 12 SEMs of 316L (as-machined) fatigued at 800 MPa, (a) multiple pit sites and (b) sulphide inclusions in a ductile dimpled fracture surface.

As mentioned, evidence of pitting was prominent in
the 316L material, especially as the maximum stress
level increased. Fig. 12(a) shows a close up of the
failed region of 316L as-machined (800 MPa) show-
ing the presence of multiple pit sites. Closer exami-
nation of such pits showed evidence of the presence
of inclusions in the majority of the pits. This can be
justified by the high content of sulphur present. 316L
contains 0.021 wt% sulphur and 316LVM containing
0.001 wt%. The presence of sulphur can result in the
formation of sulphides (non-metallic inclusions, espe-
cially manganese sulphide) during processing. Pitting
at sulphide inclusions in corrosive environments (in the
presence of chlorine ions in particular) is known to oc-
cur and to produce favourable sites for corrosion fatigue
crack initiation [41, 46]. In the present study a large
number of samples were examined in the SEM, and
EDS analysis of visible inclusions indicated that only
manganese and sulphur were present. Surface geomet-
rical irregularities and locations of passivation layer
fracture/breakdown could also serve as pit formation
sites. The latter would correlate with the observed in-
crease in surface pit formation as the stress level is
increased.

The presence of inclusions in the material has been
further confirmed by examination of the fracture sur-
faces of the 316L material samples. Fig. 12(b) shows
inclusions, which are more than likely sulphides and
carbides, found in the ductile dimples on the final frac-
ture surface of a 316L material sample. Similar mi-
crostructures as the one presented in Fig. 12(b) were
reported in [47] and the inclusions were found to be
sulphides. The fact that the inclusions are present on
the fracture surface means that they play a significant
role in the final ductile fracture of the samples, through
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void initiation at sites of matrix/inclusion interface
debonding or inclusion cracking.

The importance of inclusions and pits for fatigue
crack initiation in the 316L material in a corrosive en-
vironment is in agreement with conclusions of Meuller
[48] and Kahni and Dengel [49]. The prevalence of
inclusions and pits also explains the reduction in the
fatigue life of this material for testing in a corrosive
environment relative to testing in air. In addition, as
can be seen from Table IV, the greater severity of dam-
age for the as-machined samples, in comparison to the
electropolished/passivated samples, correlates with the
greater reduction in fatigue lives for the former in com-
parison to the latter, as shown in Fig. 8.

No obvious failure mechanism for the 316LVM ma-
terial could be found on any of the samples examined.
There was no evidence of secondary cracking away
from the failed region. Given that there was almost no
evidence of pit or crevice corrosion (Table IV), failure
is most likely due to:

1. the formation of slip bands as a result of high
local alternating plastic strain amplitude, which would
result in the rupture of the protective oxide film and
the generation of surface notches and corrosion fatigue
crack initiation sites, or

2. preferential dissolution due to electrochemical
differences between locally high and low stressed areas,
which is possible given that the material is coldworked
and contains microscale residual stress distributions,
which in turn would generate surface notches.

For the 316LVM fatigued in the corrosive environment,
the absence of damage for all surface finishes, correlates
with the observation (Fig. 7) that fatigue life reduction
is relatively independent of surface finish.

It is striking that although the fatigue performance of
316L in a corrosive environment appears much worse
at the micro level than 316LVM, both materials expe-
rience relatively similar fatigue life reduction magni-
tudes, across the stress ranges tested (Figs. 7 and 8).
This would imply that even though the evidence of pit-
ting is very strong for the 316L in the corrosive envi-
ronment, this does not translate into fatigue crack inita-
tion mechanisms that are significantly more effective,
in terms of reducing fatigue lives, than those present
in the 316LVM material in the same environment. It
may be the case that even though the 316LVM is much
lower in sulphur, hence not suffering from the sulphide
formation problem, the presence of high local residual
stresses due to cold work could result in a fatigue crack
initiation mechanism, based on preferential dissolution,
that is equally effective in the corrosive environment.

4. Summary and conclusions
Medical grade stainless steels were subjected to three
different electrochemical surface treatments, viz., pas-
sivation, electropolishing, and electropolishing and
passivation, and were then mechanically tested. The
treatments were found to have a significant effect on
the surface roughness (Ra) of the samples, with the
electropolished/passivated combination resulting in the
smoothest surfaces.

316LVM (work hardened) and 316LSi (annealed)
were subjected to static loading and the surface treat-
ments were found to have no effect on the mechanical
performance. 316LVM (work hardened) and 316L (an-
nealed) were subjected to fatigue loading in air and in
a corrosive environment (Ringer’s solution). For both
the wet and dry fatigue tests the surface treatments had
a significant effect on fatigue lives, with the electropol-
ished and the electropolished/passivated groups show-
ing the best overall performance for both materials. Pas-
sivation on its own produced no great improvement in
fatigue performance. Fatiguing in the corrosive envi-
ronment produced a reduction in the fatigue properties
(fatigue lives and endurance limits) in all cases. The
magnitude of the reduction seemed to be quite simi-
lar for both materials. For the 316LVM the reductions
seemed independent of the surface finish, whereas for
the 316L the surface finish did seem to contribute in that
the electropolished/passivated samples showed smaller
reductions that the as-machined samples.

SEM examination of fatigue fracture surfaces
showed slight evidence of embrittlement in 316L when
fatigued in the corrosive environment, although none
was evident on 316LVM samples. Surface pits were
thought to be the main sites responsible for initiation
of fatigue cracks for the 316L in the corrosive envi-
ronment; pits and inclusions were clearly evident un-
der SEM examination. For the 316LVM no apparent
mechanism of corrosion fatigue failure could be defini-
tively identified, although possible mechanisms were
proposed, including preferential dissolution in areas of
non-uniform residual stresses. Given this difference, the
relative similarity in fatigue life reduction in going from
dry to wet environments for both materials showed the
relative similarity in effectiveness of the different active
mechanisms.

In overall terms this work shows that surface treat-
ments of the type considered here do not affect static
mechanical properties and so in the case of stent they
would not influence ductility levels, as would be im-
portant in stent deployment, where considerable plastic
deformation is produced.

The surface treatments do have significant effects on
fatigue performance, which is important in terms of the
long-term physiological loading of the stent. The results
confirm that electropolishing and passivation do have
positive effects on fatigue lives. The surface treatments,
however, cannot counteract the strongly negative effect
of a corrosive environment, with significant reductions
in fatigue lives being noted across the full range of
materials and surface treatments examined.

The 316LVM (work hardened) consistently per-
formed better than the 316L (annealed) in both fatigue
life and in microscale damage levels, which is due to a
combination of the work hardening and the lower sul-
phur levels for the 316LVM.
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