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Ar-implantation on AISI 304 stainless steel against pit initiation processes

L. Martinez 2, B. Malki °, G. Berthomé °, B. Baroux °, F.J. Pérez **

& Universidad Complutense de Madrid, Departamento de Ciencia de los Materiales e Ingenieria Metaliirgica, 28040 Madrid, Spain
® LTPCM-INPG Institute National Polytechnique de Grenoble, St Martin d'Héres 38402, France

Ion implantation has been widely used as a surface modification technique to improve surface properties. However, a few works have been
performed using argon as implanted element in order to modify the corrosion behaviour of stainless steels (SS). In the present study, the implanted
ion was Ar" at an energy of 80 keV and the implanted dose was in the range of 110" to 1x10'7 Ar'/cm?® in an AISI 304 stainless steel. The
surface bombardment with inert gases mainly produces structural changes, modifying topography and morphology. Nevertheless, the surface
analysis carried out by X-ray Photoelectron Spectroscopy (XPS) shows that Ar-implantation modifies the surface composition of the passive layer
and, therefore, the protective properties of the SS. In order to measure these modifications on the corrosion behaviour, electrochemical noise tests
at open circuit potential were performed. The results obtained show that Ar-implantation decrease the corrosion resistance of AISI 304 SS and this

effect is more important with the increasing implantation dose.
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1. Introduction

The corrosion resistance is closely related to the composition
and structure of surface films on metals as well as environ-
mental factors [1,2]. Some advantages of ion implantation in
regard to corrosion prevention are that special alloys can be
obtained at the surface of a metal or alloy without alteration or
sacrifice of bulk properties [1], that achieve unique properties
that standard metallurgical treatments cannot bring out [3]. This
technique has the advantage that it can be controlled accurately
[4] and is particularly useful when the dimensions of the treated
piece cannot be modified: for instance, in bearings or body
implants [5-7].

Apart from the chemical modifications, microstructural
defects due to the interaction between the ions of the ion
beam and the host atoms are produced, which modify the
corrosion resistance [5]. In order to study the balance between
chemical effects induced by the nature of the implanted ion and
the physical effects induced by the implantation process, inert
gases can be implanted [8]. However, only a few works have
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been performed using inert gases as an implanted element [8,9].
The surface bombardment with inert gases ions mainly pro-
duces structural changes, modifies the topography and mor-
phology, but also introduces chemical changes on the surface
sample [10].

The study of the localised corrosion phenomena in a non-
potentiostatic way is particularly useful in finding out the early
stages of the pitting process. One of the possibilities in this kind
of studies is the electrochemical noise measured at the open
circuit potential (OCP). With this technique, two identical freely
corroding electrodes are located face to face and the fluctuations
in potential (smaller than mV) and current (lower than pA)
between them are measured. The analysis of these fluctuations
provides information concerning the early stages of the pitting
process. Current fluctuations reflect metal dissolution and in-
dicate the corrosion intensity. At the same time, equivalent
potential fluctuations take place and provide information about
the metal—solution interface [11]. Small current transients cor-
responding to localised breakdown events can be detected at
potentials below the stable pitting potential [12].

The aim of this work is to study the early stages of the pitting
process on Ar-implanted AISI 304 SS. Previous studies con-
cerning the corrosion behaviour of Ar-implanted AISI 304 SS



performed with Electrochemical Impedance Spectroscopy (EIS)
showed certain improvement on the protective properties [13].

2. Experimental procedure

A commercial austenitic AISI 304 SS having the compo-
sition (wt.%): 0.44 Si, 1.52 Mn, 8.19 Ni, 0.29 Cu, 18.30 Cr,
0.031 P,0.21 Mo, 0.12 Co, 0.065 C, 0.002 S, 0.038 N, 0.013 Sn,
was used in the present study. The 1x1x0.2 cm? specimens
were polished with SiC #600 emery paper and implanted with
1x10", 1x10' and 1x10"7 Ar'/em® at 80 keV. Argon ions
(Ar") were obtained from a Penning ion source, with a maxi-
mum acceleration tension of 300 kV. The ion beam current
density was 400 nA/cm? and the implantation lasted for 2 h. A
diffusion pump generated a vacuum of 1.3x107° Pa in the
chamber. The acceleration chamber was equipped with a rotat-
ing circular holder of 9 cm diameter. Theoretical simulations of
the implantation process have been performed with the SRIM
2003 computational code for 100,000 ions [14]. For surface

characterisation, X-ray Photoelectron Spectroscopy (XPS)
studies were carried out before the electrochemical tests. The
samples were cleaned with distilled water, acetone and distilled
water again before putting them in a plasma chamber at 50 W
and 1 Torr for 3 min in order to remove the contamination layer.
The XPS studies were carried out in an electron spectrometer
XR3E2 of Vacuum Generators with a Mg Ka X-ray source
(hv=1253.6 eV). After a general spectrum acquisition, the
binding energy (BE) scale was calibrated using Au. Different
spectra were taken for the energies corresponding to the core
levels: Fe 2p3/2, Cr 2p3/2, (0] 181/2 and Ar 2p3/2. This
equipment has the ability to modify the angle involving the
analyser and the surface sample between 90° and 30°, allowing
the analysis of different depths in a non-destructive way de-
pending on the angle employed. In the case of stainless steels,
these penetration depths correspond approximately to the oxide
layer, in the case of 30°, and the metal matrix, in the case of 90°.
The Spectrum—Imagum software of R&D International was
used for the acquisition and analysis of the XPS spectra.
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Fig. 1. (a) XPS general spectra of all the tested samples. (b) Relative percentage of the main alloying elements (without carbon) of AISI 304 SS at a take off angle of 90°

with the different Ar-implantation doses.



The electrochemical tests were carried out at the OCP by
using an Alpes Instruments controlled by the Mustig program
described elsewhere [15]. These kinds of experiments measure
the fluctuation in potential and intensity of two identical sam-
ples without any polarization. The samples were immersed for
24 hin a I M NaCl solution at room temperature and a pH=6.6
in order to obtain enough stability between electrode and elec-
trolyte. After this period, a strong oxidising solution such as
2x10”*M FeCl; was added to ensure the appearance of pits in
the system at pH=3.5 for another 24 h.

3. Results and discussion

The simulation of the implantation process performed with
TRIM 2003 computational code resulted in a projected range
and straggle: RP=ARP=36.3+15.2 nm. The combination of
the Ar" mass and the energy employed in the process resulted in
an argon distribution close to the surface with a small straggle
(ARP). As a consequence, an important number of collisions
and atom displacements occurred to obtain such ion distribu-
tion. As an approximation, around 0.22 collisions/ion/nm took
place and produced a damaged region in the outermost part of
the metal surface that will play an important role on the ma-
terial’s behaviour.

Figs. 1-6 show the XPS results of the Ar-implanted AISI
304 SS. Angle dependent XPS studies were performed at 90°
and 30° in the Ar-implanted and non-implanted AISI 304 SS to
find out whether Ar-implantation modified the relation between
the main elements responsible for the protective properties of
the passive layer (Fe, Cr and O) and to obtain additional in-
formation about the thickness of the passive layer [16]. Fig. la
shows the general XPS spectra of all the tested samples. From
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Fig. 2. Deconvolution of the O 1s;,, peak on the analysis at 90° of the Ar-
implanted AISI 304 SS.
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Fig. 3. Analysis of the (a) Fe 2p3,, and (b) Cr 2p;,, peaks at a take off angle of
90° of the Ar-implanted AISI 304 SS.

these plots can be derived the relative percentage of the main
alloying elements responsible for the protective properties of the
passive layer in the deeper analysis at 90° (Fig. 1b). Ar-
implantation produced significant differences in the surface
composition of AISI 304 SS and only the 1 x 10"> Ar'/cm? dose
presented a similar composition to the non-implanted SS.
Higher implantation doses (1x10'® and 1x10'7 Ar/cm?) de-
creased the relative oxygen content and increased the relative
amount of iron in AISI 304 SS. The highest 1x10'7 Ar'/cm?
dose presented the biggest modifications of the surface compo-
sition with an important Cr reduction, the main constituent of
the protective passive film. On the other hand, Ar-implantation
drastically reduced the Si peak into a nearly constant value
independent of the implantation dose. Silicon is a characteristic
element of the external part of the passive layer in contact with
the solution due to its avidity for O [2] and Ar bombardment
seems to remove it from the surface. During ion implantation,
certain sputtering takes place no matter how small the ion dose
is. Nevertheless, these effects are considered negligible for ion
doses below 10" Ar'/em? [17]. Fig. 1b also showed the
presence of around 1.5% Ar in all the implanted samples. Ar is
an inert gas which does not combine with any other element in
the SS but remained inside the structure. Other studies using He
[18] and Xe [19] ion implantation into stainless steels found that
the inert gases agglomerates in form of gas bubbles. This effect
was not studied in this work, although the presence of gas atoms
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Fig. 4. Relative percentage of the main alloying elements (without carbon) of
AISI 304 SS at a take off angle of 90° with the different Ar-implantation doses.
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Fig. 5. Deconvolution of the O 1s;,, peak on the analysis at 30° of the Ar-
implanted AISI 304 SS.

trapped inside the SS generates strong residual stresses due to
the volume ratio and conditioned the material’s behaviour.

Fig. 2 shows a comparison of the O 1s;,, peak. In all cases,
the metal- oxygen (M-O, BE=530.1 e¢V) bonding was more
abundant than the metal-hydroxide (M-OH, BE=531.5 eV)
one. Only the 10'> Ar'/cm? dose increased the amount of M-
OH on AISI 304 SS, while higher implantation doses reduced
this component. Generally, the passive layer of SS is presented
as an inner layer mainly composed of chromium oxide, and an
external layer composed of iron oxides and hydroxides [20,21].
The decrease in the M-OH and C—O components — this last one
related to the contamination layer — with the previously men-
tioned decrease in Si suggested a partial destruction of the outer
region of the passive layer due to sputtering with Ar-implanta-
tion [11] for doses higher than 10'® Ar*/cm? .

In order to confirm this fact, Fig. 3 shows the proportion of
metallic and oxidised metal derived from the deconvolution of
the Fe 2p3,, (a) and Cr 2p3,, (b) peaks. Fig. 3a shows the
analysis of the Fe 2p;,, peak. A decrease in the amount of Fe
joined with oxygen (Fe-Ox) in favour to the metallic component
was observed on the higher implantation doses, that supported
the existence of certain sputtering. In contrast, smaller varia-
tions were found in the analysis of the Cr 2ps,, spectrum
(Fig. 3b), where just a slight increase on the Cr-Ox from 94% of
the non-implanted to 96% of the highest implantation dose was
found. This fact was also in accordance to the removal of the
outer Fe-rich region of the passive layer and the inner region
remained with small modifications.

Differences between the Fe and Cr bonding with oxygen
were not distinguished in the deconvolution of the correspon-
dent Fe and Cr spectra due to the energy proximity of the
different components and the formation of non-stoichiometric

compounds associated to the ion implantation process. The BE
of the Fe peak (between 710.9 and 711.3 eV) suggested an
important contribution of FeOOH in all samples, whereas in the
case of Cr, the BE shifted form 577 eV of the non-implanted
sample corresponding to Cr(OH); to 576.8—576.9 eV of the
implanted samples, suggested the formation of intermediate
compounds between Cr,Os; and Cr(OH);. Therefore, Ar-im-
plantation proportioned better chemical conditions, in terms of
corrosion protection, to AISI 304 SS due to the higher contri-
bution of the protective Cr,O3 component on the implanted
samples.

Fig. 4 compare the relative percentage of the main alloying
elements responsible for the protective properties of the passive
layer in a more superficial study at 30°. A constant Fe and Cr
increase was observed with the increasing implantation dose on
the external region of the passive film, except for a Cr decrease
in the 10'7 Ar*/cm? dose. In this analysis, no metallic com-
ponent was neither expected nor found and the contributions of
Fe and Cr are all due to the oxidised form. A decrease of the
binding energy by 0.3 eV suggested a higher contribution of the
oxide form, especially in the Cr peak. Only the lower implanta-
tion dose (10'> Ar/cm?) increased the relative oxygen content
on the surface of AISI 304 SS. In this superficial analysis, the
decrease in the Si content was more evident than in the analysis
at 90° and confirmed the removal of the most superficial layers
due to Ar-implantation. Smaller amounts of Ar were detected in
this superficial analysis. The projected range of the implantation
profile obtained with the TRIM simulation revealed a lower
concentration of the implanted element on the surface sample.

Fig. 5 shows the deconvolution of the in the analysis at 30°.
An important decrease of the C—O component was observed
with Ar-implantation. It is interesting to observe how the
1x10" Ar'/em? implanted sample presented as much M-OH as
M-O on the surface. As a consequence, the increase in the
amount of oxygen and iron on the lower implantation dose
observed in Fig. 4 was due to the higher contribution of FEFOOH
and did not necessarily mean an increase in the protective
properties of the modified passive layer. However, the hydrox-
ide component tended to decrease with higher implantation
doses due to the sputtering explained before. The smaller
amount of oxygen detected in higher implantation doses was
mainly in form of oxide, providing protection to the modified
AISI 304 SS.
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Fig. 6. Comparison of the Cr/Fe ratio at both take off angles.
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As an attempt to determine the protective properties of the
implanted surfaces, Fig. 6 shows the evolution of the Cr/Fe ratio
with the implantation dose, obtained by comparing the amount
of these elements joined with oxygen. The comparison at 90°
revealed an increase in the Cr/Fe ratio with the increasing
implantation dose due to a Cr enrichment on the passive layer of
AISI 304 SS with Ar-implantation. Therefore, better chemical
conditions for the corrosion protection were obtained with this
treatment in the deeper region of the passive layer. Only the
higher implantation dose (10'7 Ar'/cm?) presented a drastic
reduction of this ratio due to the small amount of Cr detected,

showing the least favourable Cr/Fe ratio. Chang et al. [4] found
that a decrease of the Cr and Cr(OH); peaks was an indication
that the typical structure of the sample was broken by ion
implantation. O 1s;,, peaks consequently, an important
decrease in the protective properties was expected in this
sample. On the contrary, Ar-implantation decreased the Cr/Fe
ratio on the superficial analysis at 30°, indicating lower protec-
tive properties than the deeper analysis in terms of chemical
protection. Only the 1x10'® Ar/cm? dose increased the Cr/Fe
ratio of AISI 304 SS due to its higher Cr content. This sample
presented the best composition in terms of corrosion protection.

Noise experiments were performed in order to understand
the pit initiation occurrence in Ar-implanted AISI 304 SS. The
study of metastable pitting behaviour provides a better under-
standing of the nucleation mechanism of the localised corrosion
processes [22]. With this aim, the samples were first immersed
ina 1 M NaCl solution for 24 h. During this period, transients in
potential and intensity were only observed in the 1x10'" Ar*/
cm? implanted sample, that revealed the instability of this dose.
After this stabilization period, the addition of an oxidising
solution such as 2 x 10~ *M FeCls ensured the apparition of pits
due to a significant potential increase. Fig. 7 shows a com-
parison of the typical current vs. time plots during potentiostatic
experiments. This kind of representation shows the transient
activity, that is to say, the occurrence of pits through time. The
comparison of the current fluctuations revealed an increase in
the transient’s activity with Ar-implantation. Furthermore, an
increase in implantation dose produced an increase in the fre-
quency of pit events. Consequently, Ar-implantation favoured
the occurrence of pits in AISI 304 SS.

A 1x10" Ar'/em? dose increased the number of transients
at the beginning of the experiments, although the activity as
well as the amplitude of these transients tended to decrease
with time. The XPS studies revealed an outermost surface
mainly composed by FeOOH, that explained the increase in
the occurrence of pits due to its lower protective properties.
However, the better Cr/Fe ratio found in the inner region of the
passive layer could be responsible for the decrease in the
transients activity at higher immersion times. On the other
hand, the 1x10'® Ar'/cm?® implanted sample presented a
higher number of transients than the non-implanted and the
lower implanted samples at the beginning of the experiments,
although a transient with a big response in current and an
important decrease in potential hid the presence of transients
till the end of the experiment. This case was included so as to
show of how a big transient can interfere with the detection of
further transients. Therefore, despite the better chemical
composition for the corrosion protection found in the XPS
analysis, this sample presented an increase in the transients
activity of AISI 304 SS and, consequently, a lower corrosion
resistance. Finally, the highest implantation dose (1x10'7 Ar"/
cm?) showed the most important increase in the nucleation
frequency of pits as well as in the amplitude of the transients
throughout the experiment and both factors increased with the
immersion time (in opposition to the lower implanted sample).
Therefore, the highest implanted sample produced the biggest
decrease in the protective properties of AISI 304 SS. It must be
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borne in mind that this was the only sample that registered
transients during the first 24 h in the NaCl solution, that
revealed the instability of the surface. Furthermore, the XPS
analysis showed an important decrease in the Cr content in the
passive layer that implied lower corrosion protection as
confirmed the noise experiments.

Apart from the nucleation events, Ar-implantation also
promoted an increase in the amplitude (height) of the
transients. This increase reflected the higher corrosion
intensity related to a bigger amount of metal dissolved [23].
Furthermore, the time for repassivation was also modified. In
the case of the lower implantation dose (10" Ar'/cm?), the
average lifetime of the transients decreased from the 5.5 s of
the non-implanted sample to the 3.8 s. However, in the case of
higher implantation doses (10'® Ar'/cm? and 10'7 Ar'/cm?)
an increase of the lifetime was found. Both parameters of a
pit-amplitude and lifetime-leads to calculate the area of each
transient. The parameter obtained with this calculation is the
charge associated to each transient. The average charge
associated to each transient increases with Ar-implantation
from 91 nC/cm? in the non-implanted SS to 463 nC/cm? in the

lower implantation dose, 1924 nC/cm” in the 1x10'° ions/
cm? or 2734 nC/cm” in the highest implanted sample. The
increase in the charge associated to each transient was related
to the one magnitude order increase observed in the amplitude
of the transients after Ar-implantation that revealed an
important mass loss. As a consequence, once a pit is initiated,
metal dissolution occurred very fast on Ar-implanted AISI 304
SS. The only aspect that favoured the implanted samples was
the logarithmic growth tendency of the number of accumu-
lated pits with time, in contrast to the linear growth of the non-
implanted SS. That is to say, an extrapolation of these results
for longer periods may result in a decrease in the transient’s
activity of the implanted specimens below the non-implanted
SS. The reason for this behaviour could be partially found on
the Cr/Fe ratio of Fig. 6. The Ar-implanted samples presented
less favourable ratios on the outer region of the passive layer,
leading a higher occurrence of pits. However, the inner region
of the passive layer presented a better Cr/Fe ratio than AISI
304 SS. Therefore, if this region was exposed to the
aggressive medium, a better performance than the non-
implanted sample would have been expected.

Apart from the transient’s activity, the morphology of the
transients also provide important information about the repas-
sivation ability. Gabrielle et al. [24] described different shapes
of the transients. Type I is characterised by a slow increase in
intensity followed by a quick decrease, whereas type II is
characterised by a quick increase in intensity followed by a
slow decrease. The transients shown in Fig. 8 are examples of
the predominant transients morphology found in each sample.
All of them mainly presented a type I morphology typical of
stainless steels [24]. It corresponds to a first approximation of
the growth law: I(f)at”, where the intensity is proportional to
time and the final shape of the transients depends on the n
value. When n<1, the transient is considered type Ia
characterised by a plateau and a fast increase in intensity,
followed by a quick decrease of the cathodic current. When
n>1, the transient is considered type Ib and presented a steady
increase in current followed by a fast repassivation [25]. Fig.
8a shows the typical Ia morphology predominantly found on
the non-implanted AISI 304 SS. Ar-implantation modified the
shape of the transients. The 1x10'° Ar/cm® implanted
sample also presented a predominant Ia morphology (Fig. 8b),
although reducing the length of the plateau observed in the
non-implanted sample and, consequently, the lifetime of the
pit. However, the amplitude as well as the charge associated is
increased and a higher metal dissolution took place in a
shorter period. Higher implantation doses revealed a modifi-
cation on the shape of the transients. The 1x10'® Ar'/cm?
implanted sample (Fig. 8c) reduced even more the length of
the plateau and the shape of the transients is closer to a type
Ib. Finally, the highest implantation dose (10'7 Ar‘/cm?)
predominantly showed very complex transients like the one
shown in Fig. 8d. This kind of transients could not be included
in previous described morphologies due to its complexity. The
oscillations on the intensity reflects the difficulty for
repassivation of this sample. Therefore, Ar-implantation not
only modifies the frequency of appearance of pits but also the



transients morphology, showing a different metastable pitting
behaviour.

In addition to the physical modifications, the XPS analysis
confirmed that Ar-implantation modified the surface composi-
tion of AISI 304 SS. Both factors explained the modification
observed on the pitting behaviour. Ar-implantation decreased
the Cr/Fe ratio on the outer region of the passive layer, de-
creasing the chemical conditions for protection of AISI 304 SS.
However, the XPS analysis of an inner region of the passive film
showed an increase of the Cr/Fe ratio with Ar-implantation and a
more favourable composition in terms of corrosion protection.
Beside this fact, it must be taken into account that the higher
damaged region was located on the outer part of the surface. As a
consequence, when a dissolution process took place, a region
with better protective properties and smaller number of defects
was reached, favouring the repassivation process as showed the
fast decrease in current found on the transients (Fig. 8) of the
implanted samples. The only exception was once again the
highest implantation dose, that presented an important decrease
in the Cr content on the passive layer, decreasing its protective
properties, apart from the higher radiation damage due to the
higher fluence employed. The strong residual stresses generated
by the implanted Ar in the passive film could contributed to the
breakdown phenomenon [26].

Certain similarities have been found between ion implanted
stainless steels and cold worked stainless steels [19]. A
decrease in the pitting resistance in cold worked stainless steel
was attributed to the high density of defects produced by
deformation and to the defective passive film developed [27].
Therefore, the pitting corrosion resistance is also conditioned
in a greater extent by the physical modifications. The damage
induced on the surface of the stainless steel due to Ar-
implantation generated a decrease in the protective properties
as revealed the noise experiments. Therefore, once a pit was
initiated, it propagated very fast as the measured amplitude
was higher than the non-implanted material. The faster
propagation rate was related to the higher number of defects
on the surface. Regions with a high dislocation density could
be considered as high stressed regions and, hence, they can act
as potential pitting sites [27]. Consequently, the increase in the
transient’s activity could be related to the parallel increase in
the dislocation density and the damage produced. Further-
more, the highest implantation dose (10'7 Ar*/cm?) increased
the amplitude of the transients with time, in contrast with the
decrease found in the lower implanted sample (10" Ar*/cm?).
This fact revealed an increase in the activity of the surface
with time highest. Different corrosion tests performed on Ar-
implanted AISI 304 SS [13] revealed an improvement of the
corrosion behaviour as the immersion time increased and must
be object of further analysis in the future.

4. Conclusions

— Argon implantation modifies the composition of the passive
layer of AISI 304 SS. It decreases the Cr/Fe ratio in the
outer region of the passive layer and promotes a less
protective surface in terms of composition. However, there

is an increase in this ratio in the inner region of the passive
layer.

— 1x10" Ar'/cm? is a threshold fluence to generate a thinner
passive layer due to sputtering.

— Ar-implantation modifies the metastable pitting behaviour of
AISI 304 SS. It increases the surface activity, the appearance
of metastable pits, the amplitude and the charge associated to
each transient. This behaviour increases with the implanta-
tion dose.

— Ar-implantation modifies the transients morphology, in-
creasing its complexity, and hindering any attempt to
establish the mechanism of pit initiation of the modified
material.

— The 1x10" Ar'/em® dose presents a smaller transient
activity than higher doses despite the less protective FeEOOH
of its surface. The physical modifications induced have an
important role on the generation of pitting potential sites
after Ar-implantation.

— The 1x10'7 Ar'/cm® dose generates the most important
decrease in the protective properties of AISI 304 SS. The low
Cr content on the passive layer and the highly damaged
surface produces the highest transient’s activity and a
complex morphology of the transients.
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