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Nitrogen ion implantation on titanium-modified type 316L stainless steel (SS) at the energy of 70 keV was
carried out at different doses ranging from 1 × 1015 to 2.5 × 1017 ions/cm2. These samples were subjected
to open circuit potential (OCP)—time measurement, cyclic polarization, and accelerated leaching stud-
ies—in order to discover the optimum dose that can provide good localized corrosion resistance in a
simulated body fluid condition. The results showed that the localized corrosion resistance improved with
an increase in doses up to 1 × 1017 ions/cm2, beyond which it started to deteriorate. The results of the ac-
celerated leaching studies showed that the leaching of the major alloying elements was arrested upon ni-
trogen ion implantation. Gracing incidence x-ray diffraction studies showed the formation of chromium
nitrides at a dose of 2.5 × 1017 ions/cm2. X-ray photoelectron spectroscopy studies revealed the presence
of these chromium nitrides in the passive film, which was attributed to the decreased corrosion resistance
at a higher dose. Secondary ion mass spectroscopy studies on the passive film showed the variation in the
depth profile upon nitrogen ion implantation. Thus, nitrogen ion implantation can be effectively used as
a method to improve the corrosion resistance of the orthopedic implant devices made of titanium-modi-
fied type 316L SS. The nature of the passive film and its influence on corrosion resistance are discussed
in this article.

1. Introduction

Inherent mechanical properties and corrosion resistance of
metallic materials have necessitated their use as orthopedic im-
plants for a long time. The austenitic stainless steels, especially
type 316L stainless steels (SS), are the most popular because of
their relative lower cost compared to cobalt-chromium and tita-
nium and its alloys. They have reasonable corrosion resistance
(Ref 1). However, it was reported that type 316L stainless steel
orthopedic implants corrode in the human body environment
and release chromium, iron, and nickel ions (Ref 2, 3). The fail-
ure of stainless steel implant devices (Ref 4-6) have revealed
that the material cannot be used for a long period in a body fluid
environment. Localized corrosion attack is caused mostly by
failure; pitting and crevice corrosion were the most frequently
observed types of localized corrosion attack. This demanded

the need to look for alternate materials that possess good corro-
sion resistance. Addition of nitrogen as an alloying element to
type 316L SS has been reported to significantly improve the lo-
calized corrosion resistance and decrease the release of major
alloying elements during accelerated leaching studies in simu-
lated body fluid (Ref 3). Altering the material by surface modi-
fication without affecting the bulk properties is an alternate
way to increase the corrosion resistance. Ion implantation as a
technique to improve the corrosion resistance of various mate-
rials has been widely studied (Ref 7, 8).

Nitrogen ion implantation is widely regarded as an effective
process for the enhancement of aqueous corrosion resistance of
various steels (Ref 7-9) because the beneficial effects of nitro-
gen addition on the localized corrosion resistance of austenitic
stainless steels have been well established through bulk alloy-
ing (Ref 10, 11). However, the results of the electrochemical
studies on nitrogen ion implanted austenitic stainless steel are
often contradictory (Ref 12-14). The reason for the deteriora-
tion in corrosion resistance upon nitrogen implantation was at-
tributed to the defects generated, the precipitates developed,
and the phase transformation that occurred during ion implan-
tation.

In the present investigation, a systematic study was made on
titanium-modified 316L SS to determine the suitability of the
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Table 1 Elemental composition of 316L SS and titanium-modified type 316L SS

Composition , %
Specimen C Si Mn Cr Ni Mo Ti S P Fe

316L SS 0.025 0.98 1.76 17.9 12.1 2.45 … 0.002 0.02 bal
Ti 316L SS 0.024 0.61 0.81 15.4 14.7 2.4 0.21 0.006 0.03 bal

JMEPEG (1999) 8:252-260 ASM International
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material for its application and their performance with nitrogen
ion implantation. The optimum corrosion resistance of a nitro-
gen ion implanted specimen was evaluated using electrochemi-
cal techniques, namely, open circuit potential (OCP) - time
measurements, potentiodynamic anodic polarization, and ac-
celerated leaching studies. Gracing incidence x-ray diffraction
(GIXD), x-ray photoelectron spectroscopy (XPS), and secon-
dary ion mass spectroscopy (SIMS) studies have been at-
tempted to understand the mechanism for variation in the
corrosion parameters.

2. Experimental Procedures

Titanium-modified type 316L SS samples (Table 1), 8.5 mm
diameter and 3 mm thick, were mounted using epoxy resin, pol-
ished with 1000 grit SiC paper, and then polished with 5 and  1
µm diamond paste. The samples were degreased with trichlo-
roethylene and acetone followed by ultrasonic cleaning with
deionized water. A type 316L SS specimen was also tested for
comparison.

Nitrogen ion was implanted at a fixed energy of 70 keV for
different doses, namely 1 × 1015, 1 × 1016, 1 × 1017, and 2.5 ×
1017  ions/cm2. The vacuum was below 1 × 10–6 mbar at the tar-
get chamber during implantation.

Cyclic polarization studies of the implanted and unim-
planted samples were carried out in Ringer’s solution (9 g/L
NaCl, 0.43 g/L KCl, 0.2 g/l NaHCO3, 0.24 g/L CaCl2) at pH 7.4
and a temperature of 37.4 ±1 °C. The potentials were measured
using saturated calomel electrode (SCE) as a reference and
platinum as a counter electrode.

The initial OCP of the samples immersed in the electrolyte
was noted and monitored as a function of time until the samples
reached a stable potential. Cyclic polarization experiments
were conducted with a Wenking ST 72 potentiostat (Germany)
coupled with a programmable scanner. When the samples at-
tained a constant potential, cyclic polarization was started with
an initial potential of 250 mV below the corrosion potential
(Ecorr). It was scanned in the positive direction at a sweep rate
of 10 mV/min. The potential at which there was a monotonic in-
crease in the current density in the passive region beyond 25 µA
was defined as the pitting potential. Further scanning was con-
tinued until the current density of the specimen reached 1 µA,
and then the scan was reversed back in the cathodic direction.
Accelerated leaching studies were carried out in all the im-
planted samples by applying 100 mVfor 1 h in the previously
mentioned solution. The major elements like iron, chromium,
and nickel leached into the test solution were quantitatively
analyzed in all the implanted specimens using atomic absorp-
tion spectroscopy.

The unimplanted and implanted (dose of 1 × 1017 ions/cm2)
specimens were passivated for XPS and SIMS analysis by
keeping them at the potential of 100 mV for 1 h in Ringer’s so-
lution. After the immersion, the specimens were removed and
kept in inert atmosphere before being transferred to the respec-
tive chambers.

3. Results and Discussion

Figure 1 shows the OCP- time measurement of nitrogen ion
implanted titanium-modified 316L SS in comparison with un-
implanted specimens of 316L SS and titanium-modified 316L
SS. The OCP of the reference 316L SS showed a higher poten-
tial at the initial stage and subsequently fell to a low value of
–260 mV at the end of 80 min. Titanium-modified 316L SS
also behaved in the similar manner; it started with the initial
potential of –100 mV and attained a constant potential of
–210 mV in  25  min .

The nitrogen ion implanted, titanium-modified 316L SS at-
tained a stable potential in a short duration with the shift in the

Fig. 1 Open circuit potential-time measurements on nitrogen
ion implanted, titanium-modified type 316L SS specimens in
comparison with unimplanted titanium-modified 316L and
316L SS

Fig. 2 Potentiodynamic polarization studies on unimplanted tita-
nium-modified 316L SS reference to 316L SS in Ringer’s solution
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OCP toward a noble direction compared to the unimplanted
specimen. The OCP of the implanted specimen increased with
an increase in the dose up to 1 × 1017 ions/cm2. Beyond this
dose the OCP shifted to the negative direction for the specimen
implanted at the dose of 2.5 × 1017 ions/cm2. The shift in the
OCP of these implanted specimens may arise from the noble
surface layers produced by ion implantation (Ref 15).

Figure 2 shows the potentiodynamic polarization curves for
unimplanted titanium-modified 316L SS in comparison with
the unimplanted 316L SS. The pitting potential of 316L SS was
+190 mV, and that of titanium-modified type 316L SS was
+280 mV. This indicates the improved localized corrosion re-
sistance of titanium-modified type 316L SS. A decrease in the
current density at the passive region was also noticed for tita-
nium-modified 316L SS compared to 316L SS.

Figure 3 shows the XPS Ti 2p spectrum for 316L SS and ti-
tanium-modified 316L SS in their passivated condition. The
passive film of 316L SS does not show any peak at this region,
whereas titanium-modified 316L SS showed a doublet at this
region. These deconvoluted peaks present at 458.8 and 464.6
eV correspond for Ti 2p3/2 and 2p1/2 of TiO2, respectively
(Ref 16). This indicates the presence of titanium as its oxide
in the passive film.

Many investigations have reported the improved localized
corrosion resistance of titanium-added stainless steels (Ref 17-
19). Titanium was considered to be helpful in forming TiS in-
clusions that are insoluble in acids in comparison with MnS
inclusions (Ref 19). Inclusions of MnS are the most probable
pit initiation sites, and they allow the early stage of pitting at-
tack in the material. Avoiding these inclusions by forming TiS
will enhance the localized corrosion resistance of the material
(Ref 18). However, in the present investigation, XPS results
showed the presence of titanium in the passive film, as oxides
would have played a role in stabilizing the passive film. It was
proposed (Ref 17) that titanium could play the following role in
stabilizing the passive film in improving the pitting corrosion
resistance: On anodic polarization, titanium also dissolves
along with other alloying elements such as chromium, iron,
nickel, and molybdenum and gets into the chromium-rich
mixed oxide passive film. In general, the passive film of stain-
less steels has high concentrations of defects with bound water.
The competition of adsorption between the oxygen and chlo-
ride ions from the electrolyte onto the passive film surface is
the underlying mechanism of passivity (Ref 20). Pitting is initi-
ated by the specific adsorption of chloride ions favored over
oxygen ions. The presence of titanium in the passive film may
reduce the defect concentration by occupying the vacant sites.
Also, the absorption of oxygen ions will be favored by the tita-
nium in the passive film, in preference to chloride ions. Tita-
nium is also well known for binding vacancies and thus will
impede the mobility of the ions across the film (Ref 21). The
passive current density of titanium-modified 316L SS tended to
show lower value than type 316L SS, indicating that the pas-
sive film was stabilized with the addition of titanium.

Figure 4 shows the potentiodynamic polarization curves for
nitrogen ion implanted titanium-modified 316L SS specimens
in comparison with the unimplanted specimen. The implanted
specimens showed an improvement in the pitting potential (Ta-
ble 2) with an increase in the dose up to 1 × 1017 ions/cm2. Par-

ticularly, the specimen implanted at 1 × 1017 ions/cm2 showed
the highest value in pitting potential of +730 mV, which was
more than a two-fold increase compared to pristine titanium-
modified type 316L SS (+280). The specimen implanted at the
dose of 2.5 × 1017 ions/cm2 did not show any further improve-
ment, and indeed it showed inferior pitting potential (+620)
compared to the specimen implanted at 1 × 1017 ions/cm2. This

Fig. 3 X-ray photoelectron spectroscopy Ti 2p spectra for
316L SS and titanium-modified 316L SS specimens in unim-
planted-passivated condition

Fig. 4 Potentiodynamic polarization studies on nitrogen ion
implanted titanium-modified type 316L SS at different doses
compared to the unimplanted specimen
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revealed that the high dose implantation (>1 × 1017 ions/cm2)
on titanium-modified 316L SS was not beneficial with respect
to localized corrosion. The enhanced pitting resistance in the
implanted specimens clearly indicated the beneficial effect of
nitrogen ion implantation on titanium-modified 316L SS in a
simulated body fluid condition.

In the accelerated leaching study, the concentration of the
metal ions, such as iron, chromium, and nickel, present in the
test solution after aging for 1 h was determined (Fig. 5). The re-
sults concurred with the result of OCP- time measurements and
potentiodynamic polarization. A significant amount of metal
ions was released into the solution for the unimplanted speci-
men, whereas the metal ion release started to decrease with an
increase in the dose up to 1 × 1017 ions/cm2. The increases in
the amount of ions leached out at the dose of 2.5 × 1017

ions/cm2 revealed the inhomogeneity in the passive film. Un-
der in vivo conditions, the metal ions released from the im-
plants were transported to the remote tissues through body
fluids. It induced cytotoxic and allergic reactions and caused
cancer (Ref 22). The minimization in the dissolution of the
specimen implanted at the dose of 1 × 1017 ions/cm2 revealed
the enhanced stability of the passive film. There was no nickel
found in the previously mentioned dose, which would be due to
the enrichment of chromium, molybdenum, and nickel in the
passive film.

The influence of nitrogen addition on the corrosion behav-
ior of stainless steels through ion implantation was unclear.
There was no improvement in the localized corrosion of nitro-
gen ion implanted 304 and 304L SS, which has been reported
often (Ref 12-14), although the beneficial effect of nitrogen on
the localized corrosion resistance of the previously mentioned
materials has been well established through bulk alloying (Ref
10, 11). The detrimental effect was attributed to the defects
generated, the precipitates developed, and the phase transfor-
mation during ion implantation. A study of the nitrogen ion im-
planted 304L SS by Marcus and Bussell (Ref 13) in the acid
medium showed the increased current density in the passive re-
gion. The increased current density was attributed to the forma-
tion of chromium nitride during implantation, which would
have remained as islands in the passive film. The inhomogenei-
ties present in the passive film led to the increased passive cur-
rent density.

Nair et al. (Ref 14) observed a decrease in the pitting poten-
tial of nitrogen ion implanted 304 specimens. The dose they
chose for implantation was 1 × 1017 to 5 × 1017 ions/cm2 at the
energy of 30 keV. The implanted specimens showed no im-
provement in the localized corrosion resistance upon nitrogen
implantation. The decrease in the corrosion resistance was at-
tributed to the migration of chromium toward the grain bounda-
ries forming chromium-rich ferrite phases in the austenitic
structure, leaving the chromium depleted zones in the adjacent
region.

It is interesting to note that in this study the dose chosen was
1 × 1015 ions/cm2, and it showed a gradual improvement in
corrosion resistance with an increase in the dose. The improve-
ment in the corrosion resistance observed in this study was ap-
proximately at 1 × 1017 ions/cm2 (70 keV), and above this dose
a decrease in the corrosion resistance was observed. Also, the
study from Leito et al. (Ref 15) showed the improvement in the

corrosion resistance of 316L SS upon nitrogen ion implantation
in Hank’s solution, and the corrosion parameters varied with
variation in the fluence of ion implantation. A high dose be-
came detrimental in the electrochemical point of view. 

Kamachi Mudali et al. (Ref 23, 24) also reported significant
improvements in the pitting and intergranular corrosion resis-
tance of nitrogen ion implanted sensitized 304 and 316 SS in
acidic chloride medium. Several other investigations have also
showed that nitrogen ion implantation improved the localized
corrosion resistance on various steels (Ref 7-9). From the sum-
mary of the previously mentioned results, the following ques-
tions arose: (a) Why was the decrease in localized corrosion
resistance noticed at higher doses for this alloy? (b) What is the
mechanism by which nitrogen ion implantation improves the
localized corrosion resistance on titanium-modified 316L SS?
Surface characterization of the modified materials and their
passive films were carried out to answer these questions.

3.1 Gracing Incidence X-Ray Diffraction Studies

Gracing incidence x-ray diffraction studies were carried out
for the specimens implanted at 1 × 1017 and 2.5 × 1017

ions/cm2 in comparison with an unimplanted specimen in order
to explain the dependence of the corrosion resistance on the ni-
trogen fluence (Fig. 6). The unimplanted specimen also

Table 2 Corrosion parameters of 316L SS and 
titanium-modified type 316L SS

Pitting Passive
Open circuit potential current density

Specimen potential , mV (Epp), mV ipass at 0 mV

316L SS –261 +190 0.80
Ti modified 316 SS –211 +280 0.50
N – 1 × 10 15 ions/cm2 –60 +350 0.35
N – 1 × 10 16 ions/cm2 +46 +670 0.23
N – 1 × 10 17 ions/cm2 +66 +730 0.16
N – 2.5 × 10 17 ions/cm2 –15 +620 0.40

 Fig. 5 Leaching pattern of alloying elements for nitrogen ion
implanted specimens in comparison with unimplanted titanium-
modified type 316L SS in Ringer’s solution
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showed the distinct peaks at the 2Θ value of 43.7 and 50.8. The
peaks at 43.7 corresponded to the austenitic phase γ (111), and
the peak at 50.8 was assigned to γ (200). Figure 5 shows the dif-
fraction pattern of the specimens. The specimen implanted at
the dose of 1 × 1017 ions/cm2 showed a pattern similar to that of
unimplanted specimens with an extra peak at the 2Θ values of
42.5. The peak at 42.5 with the d-spacing value of 2.11 corre-
sponds to generation of martensite phase (α′). On the other
hand, the specimen implanted at the dose of 2.5 × 1017

ions/cm2 showed two additional peaks at 42.4 and 41.4, com-
pared to the unimplanted specimen, which were responsible for
α′ and Cr2N respectively. This indicated that the nitrides have
not formed at the dose of 1 × 1017 ions/cm2, and the implanted
nitrogen would have occupied the interstitial sites. The partial
transformation of austenitic to martensite was observed at this
dose. However, for the specimen implanted at the dose of 2.5 ×
1017, the intensity of the martensite was decreased with the for-
mation of chromium nitride (Ref 21).

Vardiman and Singer (Ref 25) studied the nitrogen ion im-
planted 304 SS using secondary ion mass spectrometry, which
showed that both CrN+ and Cr2N

+ were formed in preference to
iron nitrides. Ion fluences were between 1016 and 1018 ions/cm2

(40 keV). The CrN+ yield increased linearly with nitrogen im-
plant fluence, while Cr2N

+ yield saturated at about 2 × 1017

ions/cm2, the fluence at which the implanted nitrogen exceeds
the chromium content. However in the present study, there
were no nitrides of chromium found at the dose of 1 × 1017

ions/cm2, although the energy was high compared to the study
by Vardiman and Singer (Ref 25). This may have been due to
less chromium content in the alloy (15.4%) compared to 304 SS
where chromium content was about 18%. Whitton et al. (Ref
26) studied the phase transformation and compound formation
in single crystal austenitic stainless steel by different fluence of
nitrogen ion implantation. The results show that martensite for-

mation was the precursor for the chromium nitrides formation.
Leutenecker et al. (Ref 27) studied the kinetics of austenitic to
martensite transformation and chromium nitride formation in
AISI 321 SS. The results show that at room temperature im-
plantation the partial martensite transformation has been ob-
served with partial retaining austenitic at the dose of 1 × 1017

ions/cm2. In higher doses (4 × 1017 ions/cm2) the martensite
phase was released by forming chromium nitride, whereas in-
creasing the sample temperature condition or an increase in the
beam current of the martensite transformation was still present.
The martensite can develop by stress induced ion implantation.
The reconversion of α′ → γ in competition with nitride was
mostly caused by nitrogen saturation over the α′ stability limit;
that is, generally at room temperatures (RT) after termination of
chromium nitride. In this study the implantation was carried out
at room temperature, and the beam current was maintained at 2
µA. The model described by Leutenecker et al. (Ref 27) per-
fectly fit the results of this study.

3.2 X-Ray Photoelectron Spectroscopy Studies

Figure 7(a) shows the Cr 2p spectrum of nitrogen ion im-
planted-passivated specimens of optimum dose (1 × 1017

ions/cm2) and high dose (2.5 × 1017 ions/cm2) specimens. The
spectrum for optimum dose specimen showed a doublet at
576.6 and 581.3 eV corresponding to 2p3/2 and 2p1/2 peaks of
Cr2O3 (Ref 28). The spectrum for high dose specimen showed
the shift in the lower binding energy region, and this can be de-
convoluted into four peaks. The peaks at 576.7 and 581.5 eV
were assigned for 2p3/2 and 2p1/2 peaks of Cr2O3. The extra
peaks at 565.5 and 579.0 eV were attributed to 2p3/2 and 2p1/2
peaks of CrN (Ref 29). 

Figure 7(b) shows the N 1s spectra for the previous speci-
mens with the same conditions. The implanted-passivated
specimen of optimum dose showed a broad peak, which can be
deconvoluted into three peaks. The peaks at 398.3, 400, and
403.5 eV were attributed, respectively, to nitrogen present in
the solid solution, oxynitrides, and formation of nitrate during
the anodic dissolution. In the high dose specimen, the peak
shifted into the lower binding energy side, and in deconvolu-
tion it showed three peaks at 396.7, 398.7, and 400.2 eV. These
peaks corresponded, respectively, to nitrides of chromium and
nitrogen present in the interstitial and oxynitrides formation in
the passive film (Ref 13, 30).

The GIXD and XPS results revealed that for implantation up
to 1 × 1017 ions/cm2, implanted nitrogen present in the intersti-
tial and during the polarization studies converted into oxyni-
trides and inhibiting nitrate compounds. However, the
appearance of chromium nitride was noticed in the specimen
implanted with the dose of  2.5 × 1017 ions/cm2, and it re-
mained in the passive film. Marcus and Bussell (Ref 13) also
found the chromium nitride in the passive film of nitrogen ion
implanted 304L SS in the acidic medium, and decreased corro-
sion resistance of the implanted specimen was attributed to the
nitrides. The decreased corrosion resistance of specimen im-
planted with 2.5 × 1017 ions/cm2 was due to these precipitates,
which created the adjacent chromium depleted zones. This led
to the inhomogeneities in the passive film and made it a more
pit probable site.

Fig. 6 Gracing incidence x-ray diffraction pattern of unim-
planted and nitrogen ion implanted, titanium-modified type
316L SS
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3.3 Secondary Ion Mass Spectroscopy Studies

Figure 8 shows the SIMS depth profile of pristine as-im-
planted, unimplanted-passivated, and implanted-passivated
specimens. The pristine specimen (Fig. 8a) showed the high in-
tensity of alloying elements (iron, chromium, nickel, molybde-
num, and titanium) at the top layers toward the surface, as it
reached the steady state including oxygen. Presence of oxygen
at high intensity in the surface would have arisen from the ox-
ide, particularly an air-formed oxide film. In the as-implanted
specimen (Fig. 8b), oxygen showed the similar profile of a pris-
tine specimen, whereas there was a distinct difference in the
profile of alloying elements that showed a decreased intensity
at the initial stage in the passive film, and it rapidly increased
when it reached the bulk. The void was observed for all alloy-
ing elements in the implanted region, beyond which it attained
a steady state. This may have been due to nitrogen incorpora-
tion in the region leading to diffusion of alloying elements into
the bulk. In the oxygen profile, the increase in the depth of oxy-
gen observed before attaining a steady state indicated that the
thickness of the air-formed oxide film was higher for the as-im-
planted specimen compared to the pristine specimen. The in-
crease in the OCP of the implanted specimens can be attributed
to the air-formed oxide film, which increased the thickness
with an increase in the duration of implantation. Ashworth et al.
(Ref 31) found the increase in OCP of iron upon ion implanta-
tion, and it was attributed to the increase in the thickness of the
air-formed oxide film. From this investigation, it was clearly
shown that the thickening of the air-formed oxide film in the
implanted specimen caused an increase in the OCP. However,
in the specimen implanted at 2.5 × 1017 ions/cm2, the OCP
shifted toward active direction and may have arisen from the
surface chemical changes produced due to high dose implanta-
tion. 

The unimplanted-passivated specimen showed the similar
profile of the pristine specimen except the change in the nickel
and oxygen. In the case of nickel, there was a decrease in the in-
tensity at the surface layers, and it increased with depth, indi-
cating the least role in the passive film. In the oxygen profile the
presence of oxygen was high toward depth compared to the
pristine specimen. This reveals the increase in the thickness of
the passive film upon potential impression.

The depth profile of implanted-passivated specimen did not
show any major difference in the alloying elements compared
to as-implanted specimens except the difference in the oxygen
and nitrogen profiles. The profile of the alloying elements,
iron, chromium, nickel, molybdenum, and titanium, showed
the decrease in the intensity in the implanted region similar to
that of the as-implanted specimen. The enrichment of nitrogen
was observed in the few angstroms in the top surface layers of
implanted-passivated specimens compared to the as-implanted
specimen. In the oxygen profile, the as-implanted specimen
showed the sharp decrease in intensity as it reached the steady
state. It indicated that the high intensity of oxygen at the top
layers arose from the passive film, and when it entered the bulk,
the profile reached the steady state. However, in the case of the
implanted-passivated specimen, it showed the least intensity at
the initial stage. Then it increased gradually and reached the
maximum within a few angstroms, and then it fell rapidly to the
steady state. This indicated that at the top layers of the passive

film, concentration of oxygen was low, and it increased in the
inner layer of the passive film. The changes in the oxygen pro-
file for the implanted-passivated specimen indicated that the
outer surface of the passive film was mainly predominated by
nitrogen, which prevented the corrosion resistance. In the case
of the unimplanted-passivated specimen, the oxygen profile
was very similar to the as-implanted specimen. All of these
suggest that during passivation of the implanted specimen, the

(a)

(b)

Fig. 7 X-ray photoelectron spectroscopy of (a) Cr 2p and (b) N
1s spectra for implanted-passivated titanium-modified type
316L SS specimens
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alloying elements would have converted into their oxide and si-
multaneously dissolved the alloying elements into the solution,
leaving the nitrogen at the surface. At one stage, dissolution of
these alloying elements became slow due to the increase in the
concentration of nitrogen at the surface, blocking the further at-
tack of the aggressive chloride ions. It resulted in the enrich-
ment of nitrogen and depletion of oxygen observed at the
surface. The enrichment of nitrogen at the surface inhibited the
oxide species from approaching the metal constituent for fur-

ther oxide growth. This can be confirmed from the depth pro-
files of chromium, iron, nickel, and molybdenum, which
showed the low intensity at the near surface region (passive
film).

Osazawa and Okato (Ref 32) suggested  the improved pit-
ting resistance of nitrogen added stainless steels to the forma-
tion of NH4

+ at the pit site by consuming the excess H~+
produced by an autocatalytic reaction. The formation of NH4

+

increased the pH at the pit site and slowed down the pit propa-

(a) (b)

(c) (d)

Fig. 8 Secondary ion mass spectroscopy depth profile for (a) pristine, (b) as-implanted, (c) unimplanted-passivated, and (d) implanted-
passivated, titanium-modified type 316L SS specimens
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gation. During the active dissolution and initial stages of passi-
vation, alloying elements such as iron, chromium, and nickel
dissolved in the electrolyte, whereas nonactive elements such
as nitrogen remained on the surface, leading to the enrichment
in nitrogen. The enrichment of nitrogen was nearly seven times
that of initial nitrogen composition of the alloy (Ref 33-34).
Newman and Shahrabi (Ref 35) suggested that the enrichment
of nitrogen on the surface of the passive film will prevent the
dissolution of the alloying elements by blocking some of the
kink sites. Kamachi Mudali et al. (Ref 36) reported that the for-
mation of ammonium ions at the pit site formed subsequently,
inhibiting nitrate compounds. Misawa and Tanabe (Ref 37)
substantiated this hypothesis by observing the nitrate species in
the pit precursor region of high nitrogen austenitic stainless
steel. The increase in the pitting potential of nitrogen ion im-
planted titanium-modified SS was attributed to the formation
of NH4

+ and subsequently transformed into nitrates. X-ray
photoelectron spectroscopy N 1s spectra for high dose speci-
men also showed that the peak at 403.5 eV corresponded to ni-
trates. Also, the passive current density of the N+ implanted
specimens considerably decreased as the nitrogen content in-
creased up to the dose 1 × 1017 ions/cm2. Secondary ion mass
spectroscopy results showed the enrichment of nitrogen at the
surface along with the depletion of the alloying elements. X-
ray photoelectron spectroscopy studies showed the major
amount of nitrogen present in the surface of the passive film ex-
ists as oxynitrides. This reveals that the formation of an en-
riched nitrogen layer prevents the further attack of aggressive
chloride ions.

4. Conclusions

The present investigation shows:
• Addition of titanium in the 316L SS increased the localized

corrosion resistance in the Ringer’s solution. This benefi-
cial effect was attributed to the presence of titanium in the
passive film.

• Nitrogen ion implantation improved the localized corro-
sion resistance of titanium modified type 316L SS. The im-
planted specimens showed variations in the corrosion
resistance with varying doses, and the specimen implanted
at 1 × 1017 ions/cm2 showed an optimum corrosion resis-
tance.

• The detrimental effect of the specimen implanted at the
dose of 2.5 x 1017 ions/cm2 was attributed to the formation
of nitrides during implantation, which creates the inhomo-
geneities in the passive film. 

• The enhanced localized corrosion resistance of nitrogen
ion implanted titanium-modified 316L SS was attributed to
the protective oxynitrides formation in the passive film, and
formation of nitrates at the pit site inhibited the pit propaga-
tion and widened the passive range of titanium-modified
type 316L SS.
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