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The effect of nitrogen-ion implantation on the electrochemical behaviour of 316L stainless

steel in a simulated physiological solution (HBSS-Hank’s Balanced Salt Solution) was

studied by open-circuit potential versus time and cyclic polarization techniques, with the aim

of characterizing the surfaces and choosing the best nitrogen-ion fluence. Three fluences

(1015, 1016 and 1017 ions/cm2) were used. The 1016 ions/cm2 N` fluence improves the

corrosion resistance of the 316 L stainless steel.
1. Introduction
Metals such as stainless steel, titanium alloys and
cobalt/chromium alloys are the materials most widely
used as orthopaedic prostheses. Stainless steel has
good mechanical properties, but has the lowest cor-
rosion resistance among the most common metallic
biomaterials [1—3].

The in vitro corrosion of stainless steel in physiolo-
gical solutions shows that toxic ions such as Cr, Ni
and Mo are present both in the solutions and in the
corrosion products. Puleo and Huh [4] performed a
series of cytotoxicity tests on rat bone marrow stromal
cells. The ranking of the ions with respect to their toxic-
ity effects was: Cr6`'Mo6`+Fe3`'Co2`'Ni2`.
The presence of these ions in vivo may result in the
appearance of local inflammatory reactions and ulti-
mately in the loosening of the implant [5—7].

Studies performed on mice by Pereira et al. [8]
indicate that metallic ions resulting from the corrosion
of stainless steel accumulate in the liver and kidneys
and are responsible for morphological changes in
these organs. It is not possible to extrapolate this
model to the human body but these results may indi-
cate that the extent of the damage provoked by the
corrosion of stainless steel implants may not occur
immediately after implantation in the human body.

Wear of total joint replacements is responsible for
the accumulation of debris around the implant, result-
ing in the long-term failure of these prostheses. The
mechanism of aseptic loosening is not fully under-
stood but it has been found that along with the metal
debris, macrophages and T-lymphocytes are present
around the implant. This indicates the close relation-
ship between the cells and wear particles. It is there-
fore probable that improving the wear properties
of the joint prostheses will improve their longevity

[9, 10].
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Ion implantation is a surface-treatment technique
that modifies a material’s surface characteristics. Micro-
structural defects due to the interaction between the
ions of the ion beam and the atoms of the target are
produced in the latter. These defects may be respon-
sible for modifications in wear and corrosion resist-
ance and biocompatibility. High-fluence nitrogen ion
implantation improves the tribological properties of
titanium alloys [10]. It is known that iron nitride
precipitates are formed as a result of the nitrogen-ion-
implantation process [11] and their presence is as-
sumed to be responsible for the enhancement in
wear resistance found on nitrogen-ion-implanted iron
[12].

Howlett et al. have studied the influence of several
ion-implanted ions on silicon wafers [13] and Mg
onto alumina [14]. In the first case, they found no
evidence that ion-beam implantation with nitrogen,
phosphorus, manganese or magnesium ions produces
an increase in adhesion of human bone-derived cells
to silicon substrata. Nevertheless, they found an in-
crease in the attachment of cells to surfaces which were
ion implanted with oxygen. In the second case, they
detected an increase in both attachment and spreading
of human bone-derived cells on Mg ion-implanted
alumina compared to the non-implanted surfaces.
In vivo studies performed by Johansson et al. [9]
on rabbit cortical bone showed no major differences
between nitrogen ion-implanted titanium and
Ti—6Al—4V and the non-implanted materials after
three months insertion. Röstlund et al. [15] found no
significant differences between nitrogen-ion-im-
planted and non-implanted titanium after 1 week of
implantation into the abdominal wall of rats. It was
found that nitrogen-ion-implantation changed the
biological properties of pure titanium only six weeks

after the surgery.
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The effect of several ion-implanted N` fluences on
the corrosion behaviour of 316L stainless steel in
HBSS has been studied in this work. Electrochemical
techniques, namely open-circuit potential versus
time and cyclic polarization, were used to determine
which fluence would induce the best corrosion perfor-
mance.

X-ray photo-electron spectroscopy (XPS) studies
were also carried out, before and after the electro-
chemical experiments, in order to determine surface
modifications induced by the ion-implantation pro-
cess.

2. Materials and methods
316L stainless steel samples (Aubert & Duval), 20 mm
in diameter and 3 mm thick, were implanted with
three different fluences of N` ions, namely: 1015, 1016

and 1017 ion/cm2, with a beam energy of 40 keV.
Before the electrochemical experiments the samples

were ultrasonically degreased with acetone, thorough-
ly washed with de-ionized water and dried. The elec-
trical connection was made via a copper electrical wire
(diameter 0.5 mm) and by applying colloidal silver at
the region of contact. The electrical junction was pro-
tected by polytetrafluorethylene tape, followed by the
application of a non-conductive and water-resistant
varnish (Lacomitt), as described in previous work [16].

The electrochemical cell was made of metilpenthen
polymer and had a capacity of 150 ml. All experiments
were performed at room temperature (18$2 °C) in
Hank’s Balanced Salt Solution (Gibco), which was de-
aerated with argon for at least 15 min before the tests.
The electrolyte composition was the following (g/l):
0.185 CaCl

2
, 0.4 KCl, 0.06 KH

2
PO

4
, 0.1 MgCl

2 ·
6H

2
O, 0.1 MgSO

4 · 7H
2
O, 8.00 NaCl, 0.35 NaHCO

3
,

0.48 Na
2
HPO

4
and 1.00 D-glucose. All potentials were

measured against the saturated calomel electrode
(SCE) and are given on this scale. The counter-
electrode was a square platinum sheet of area
800 mm2.

The electrochemical experiments were performed
with an EG&G Princeton Applied Research, model
273 A, potentiostat. The potentials were controlled
and the data were recorded with the help of software
model M352, from EG&G Princeton Applied Re-
search. Several electrochemical parameters were de-
termined using the least squares method, employing
successive iterations of the Stearn—Geary equation.
Monitoring of the potential as a function of time was
carried out for one hour before initiating the potential
sweep. In cyclic polarization measurements the poten-
tial sweep rate was 10~3V/s starting 0.25V below the
corrosion potential, E

#033
. The reverse sweep finished

when the downward curve was well defined.
After the corrosion measurements, the samples were

washed with de-ionized water and dried in air. The
surfaces were observed by scanning electron micro-
scopy (SEM) and analysed by XPS. XPS analysis was
performed both on as-implanted samples and after
corrosion measurements. A VG Scientific ESCALAB,
using MgKa as source, was used to obtain the

spectra.
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Figure 2 Cyclic polarization curves for 316L stainless steel ion-
implanted with three fluences of N` at 40 keV: — 1015 ions/cm2;

Figure 1 Open-circuit potential versus time curves for 316L stain-
less steel not implanted and ion-implanted with three fluences of N`

at 40 keV: — not-implanted; — --— 1015 ions/cm2; — f — 1016 ions/
cm2; —— — 1017 ions/cm2.

3. Results and discussion
3.1. Electrochemical studies
Fig. 1 gives curves obtained in the open-circuit mea-
surements. A non-implanted surface was used as refer-
ence. The figure shows that ion implantation with
1015 ions/cm2 has no significant influence on the final
potential. Fluences of 1016 and 1017 ions/cm2 displace
the curves towards more noble potentials. A dose of
1016 ions/cm2 produces the highest shift in potential.
This may be due to the existence of more noble surface
layers, formed during the ion-implantation process.

Fig. 2 shows the cyclic polarization curves. All ma-
terials, including the non-implanted stainless steel,
show very low corrosion current densities in the range
of nA/cm2. Fig. 3 shows a schematic representation of
a polarization curve where some parameters are sig-
nalled, namely: the passivation potential, E

1!44
, the

passivation current density, i
1!44

and the pitting poten-
tial, E

1
.

Observing the curves presented in Fig. 2, one no-
tices that the lowest fluence gives a first anodic current
density maximum (E

1!44
) at !0.28V, with a passive

step up to 0V. Between 0V and 0.5V, a rise in current
was detected which was probably due to localized
corrosion. Above this point, transients in current were
detected. This indicates the initiation and recovery of
pits formed on the surface. Above 0.75V (E

1
) a sharp

rise in current was observed as a result of pitting
—f — 1016 ions/cm2; — — — 1017 ions/cm2.



Figure 3 Schematic representation of a polarization curve.

attack. The currents detected on the reverse scan were
higher than those on the forward scan, indicating
corrosion of the surface. SEM observations, after the
electrochemical experiments, showed the presence of
pits on the surface. Similar electrochemical behaviour
was revealed by the ion-implanted materials with the
highest dose. In this case E

1!44
was not evident and the

transition potential to the passive state could not be
determined. The E

1
was lower than in the samples

implanted with 1015 ions/cm2. SEM observations of
ion-implanted materials with 1016 ions/cm2 showed
the presence of no pits. The cyclic polarization curves
showed that the recorded currents on the reverse scan
were lower than those on the forward scan. The high-
est potential reached before a sharp rise in current was
detected at 0.96V. This potential was considered as
the ‘‘pitting potential’’ to allow a comparison with the
other materials. At this potential, the 1016 ions/cm2

sample exhibited the lowest current density of the
three ion-implanted samples.

The comparison between the corrosion resistances
of these materials can be made by comparing essential
potentials in these curves [17], namely the passivation
potential and the pitting potential, as schematically
shown in Fig. 3.

The protective characteristics of a passive film are
shown by the value of i

1!44
. The lower this value the

higher are its protective properties. Comparing the
values of E

1
between these materials gives information

on their resistance to localized attack. A material’s
resistance to localized attack is directly proportional
to the value of E

1
.

The values, taken from curves similar to those in
Fig. 2, are given in Table I. The corrosion potential,
E
#033

, and the passivation current, i
1!44

, are also given
and the values obtained are the average of two results.

Analysis of the values given in Table I shows that
N`-ion implantation does not change the corrosion
resistance significantly. The E

1
were similar on all

studied materials except for the highest fluence where

a decrease in E

1
of around 0.50 V was registered. On
TABLE I Summary of the electrochemical data

Fluence E
#033

! E
1!44

E
1

i
1!44

(ions/cm2) (V) (V) (V) (A/cm2)

Non-implanted !0.17 — 0.85 2.8]10~6

1015 !0.15 !0.29 0.75 4]10~6

1016 !0.028 !0.25 0.96 2]10~6

1017 !0.065 — 0.38 4]10~7

!Measured in open-circuit experiments.

the other hand, the highest fluence exhibited the
lowest i

1!44
. According to Rauschenbach and Kolitsch

[18] implantation of N` in Fe results in crystalline
phases in the range 1]1016 to 1]1018 ions/cm2 · c-
austenite appears in the entire range, but from fluences
higher than 4]1016 ions/cm2 other nitride phases
appear simultaneously, namely aA-Fe

16
N

2
, e-

Fe
2
N

1~x
and a@-martensite [18, 19]. The presence of

c-austenite was also reported by Carbucicchio et al.
[20] for fluences in the range 5]1016 to
1]1017 ions/cm2. Other authors have reported the
formation of other nitride phases in steel but all these
studies were conducted with ion-implantation doses
higher than 2]1017 ions/cm2 [21, 22].

The nature of the precipitates formed during nitro-
gen-ion implantation varies with the carbon concen-
tration and also with the implanted dose. It seems that
the carbon concentration and the dose of nitrogen
implantation are two competitive factors, whose com-
bination determines the total amount of iron nitrides
that will be formed [22]. Results for stainless steel
show that the amount and size of nitrides in the
as-implanted material increase with the dose, the pro-
portion of nitrides in stainless steel being almost the
same as in pure iron at each dose [12, 18, 22].

The results obtained herein may be explained by the
formation of iron nitrides as a consequence of the
ion-implantation process. A joint effect between the
formation of c-austenite, aA-Fe

16
N

2
, e-Fe

2
N

1~x
and

a@-martensite and an increase in size of the iron ni-
trides may explain the low E

1
exhibited by the

1017 ions/cm2 samples. Larger precipitates will tend
to detach from the metallic matrix increasing the area
of attack. For the 1015 ions/cm2 the c-austenite for-
med may be coherent with the metallic matrix in such
a way that no significant changes in the electrochemi-
cal parameters have been registered. Ion implantation
with 1016 ions/cm2 produces a rise towards more
noble potentials of the E

1
and a slight reduction of the

i
1!44

compared to that of the non-implanted material.
Changes in the oxide film composition may explain
both these results and the fact that no pits were seen
after the cyclic polarization experiments.

3.2. Surface characterization
Survey spectra were acquired before and after cor-
rosion measurements. Following spectra acquisition,
peak identification and quantification were achieved
using VG Scientific ESCALAB package software. All
spectra were calibrated using C1s binding energy, Eb,

C1s"285.0 eV, as reference. All samples exhibited a
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TABLE II XPS quantification data for the 316L stainless steel ion implanted with 1015, 1016 and 1017 ions/cm2N` at 40 keV

Fluence Fe Cr Ni N O Ca P
(ions/cm2) (at%) (at%) (at%) (at%) (at%) (at%) (at%)

1015 1.41 3.18 — 2.75 37.19 1.34 1.67
1016 2.67 0.2 0.2 1.6 42.7 3.16 8.62

1017 1.08 3.38 — 0.98 41.3 0.75 3.41
well-defined C1s peak, which is usually a common
contaminant.

Table II compares the XPS quantification data for
samples which were submitted to corrosion testing.
Calcium and phosphorus were detected on all surfaces
after corrosion testing but the highest concentrations
were found for the 1016 ions/cm2 fluence. On all surfa-
ces a higher concentration of P than Ca was detected.

Electrochemical experiments performed on 316L
stainless steel by Sousa and Barbosa [23] in calcium
phosphate and protein solutions showed that there
was an inhibition of corrosion caused by the presence
of calcium and phosphate ions. It was determined that
these ions influence the kinetics of film growth and its
thickness. On solutions where Ca and P were present
a rise of the E

1
was noticed. The increase in thickness

is consistent with increased breakdown potentials,
since thicker films should require higher electrode
potentials The rupture of the passive films depends on
a series of factors, namely their composition, structure
and thickness. It was also determined that calcium
phosphate acts as an inhibitor of pit propagation.

It seems that the material surface structure resulting
from nitrogen-ion implantation with 1016 ions/cm2

allows the formation of more protective films whose
composition, formed during polarization, is richer in
Ca and P. The incorporation of these ions on the film
formed during the anodic polarization may explain
the high potentials attained without film breakdown.
The presence of these ions in the surface film may
interfere with the in vivo behaviour of the stainless
steel implants as it is known that calcium phosphates
enhance the bone formation at their surface [24].

4. Conclusions
Nitrogen-ion implantation with 1016 ions/cm2 slight-
ly improves the corrosion resistance of 316 L stainless
steel. The formation of more stable films as a conse-
quence of the ion-implantation process may explain
this behaviour.

Fluences of 1015 ions/cm2 do not bring any im-
provement and 1017 ions/cm2 reduces the i

1!44
.

Corrosion of 316L stainless steel in HBSS produces
a calcium- and phosphate-rich surface layer.
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