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Abstract

Austenitic stainless steel AISI 304L was implanted with low energy, high current
nitrogen ions at moderate temperatures extracted from a Kaufman type ion source
(Extraction voltage: 1.2 keV; Extracted current: 1 mA/cm?; lon dose: about 4x10*
ions /cm?). The temperature during the implantation (duration 1 hour) was 400 and
500 °C respectively for the two series of samples prepared. The characterization of
the samples by X-Ray Diffraction, Transmission Electron Microscopy and Scanning
Electron Microscopy showed that a metastable fcc solid solution with a high nitrogen
content (about wt. 30%) was formed resulting in an increase of its Vickers hardness.
Rutherford Backscattering Spectrometry (Eq: 1.75 MeV) was applied in combination
with Nuclear Reaction Analysis (NRA) in order to obtain information about the N-, O-
and C- depth distribution in the near-surface layers of the samples. The nitrogen
depth distribution was determined using the **N(d,a)"*C and the **N(d,p)"*N nuclear
reactions whereas the oxygen and carbon ones by the **0(d,p)*’0 and *2c(d,p)**C
(Eq: 1.35 MeV). Investigation of the corrosion behaviour of the samples was
performed under strong aggressive conditions (hydrochloric acid 2% at 50 °C) using
electrochemical techniques (potentiodynamic polarization and cyclic voltammetry).
The samples implanted at 400 °C exhibited remarkable resistance to corrosion
compared to those implanted at 500 °C and the untreated material. This could be
attributed to the modified surface region and its high nitrogen content.
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1. INTRODUCTION

The high Cr content AlSI 304 austenitic stainless steel (Cr 20/Ni 10/Fe) is, due to its
excellent corrosion resistance, a material with a wide spectrum of industrial
applications. However, it presents poor tribological properties such as hardness and
wear resistance. For these reason different techniques have been developed for the
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improvement of its surface mechanical properties [1-3]. Nitrogen-ions have widely
been used in the past in order to increase the hardness of metallic alloys. However,
the austenitic steels are known as materials difficult to be nitrided because the
nitridation requires temperatures higher than 450 °C. At these temperatures CrN
precipitation takes place leading to a Cr-depleted surface which is susceptible to
corrosion and the material loses its stainless character. On the other hand, recently
nitridation treatments performed at moderate temperatures (~400 °C) were found
to be beneficial for improving the mechanical properties of steels simultaneously
enhancing their corrosion resistance. These improvements are associated with the
formation of a saturated nitrogen solution (N-content about 20 %) and the nitrogen
diffusion into the bulk [4-9]. Of special interest among these nitridation processes is
the Low Energy-High Flux Nitrogen-Implantation, which has already been
successfully applied to the hardness and corrosion resistance improvement of
austenitic stainless steels [5,10-14].

The majority of the publications, which appeared in the literature and concern the
influence of the nitridation on the corrosion of stainless steels, are related with
studies performed in chlorides solutions (especially NaCl). The published data in
these cases show an enhancement of the corrosion resistance of the steels after the
N-implantation [15-26].

The aim of this work was to investigate the influence of the nitridation temperature
of AISI 304 stainless steel (400 and 500 °C respectively) on its corrosion behavior.

2. EXPERIMENTAL PART
2.1. Sample preparation

The AISI 304L stainless steel (Fe, 18.54 Cr, 10.46 Ni, 1.69 Mn, 0.65 Si, 0.016 C)
samples used in this work had the form of disks of 1.6 cm diameter and 1.0 mm
thickness. Prior to implantation the surface of the samples was mechanically
polished using silicon carbide paper (down to 2400 grid) and diamond paste (down
to 1.0 um) leading to a final roughness of about 0.05 um. Finally, the samples were
ultrasonically degreased in acetone and rinsed in 96% ethanol.

The low-energy high-flux nitrogen implantation was performed using a Kaufmann
type ion source. The energy of the extracted nitrogen-ions (N** N*) was 1.2 keV and
the current density of about 1 mA/cm? providing in 1 hour a total dose of 3,5x10"
ions/cm?. The temperature during the implantation, measured by a thermocouple
attached on the back of the samples, was 400 and 500°C for the two series of
implantations performed.

The corrosion resistance of the implanted samples was investigated by
potentiodynamic polarization and cyclic voltammetry in 2% HCI at 50°C using rapid
and slow scan measurements. The tests were performed in an AUTOLAB Potentio-
Galvanostat (ECO CHEMIE, Netherlands) interfaced to a computer and recorder. The
conventional three-electrode cell (EG&G PAR model) used for all measurements, was
equipped with a saturated calomel electrode as a reference electrode, a graphite
one as an auxiliary electrode and a holder leaving only the one side of the specimen
exposed to the corroding medium. Experiments were performed in de-aerated
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solution after 5 min stabilisation and scan starting from the open circuit potential in
the region -400 up to 1000 mV using the following scan rate; rapid scan rate = 25
mV/sec and slow scan rate = 0.25 mV/sec. In all cases the electrolyte volume was
800 ml and the sample surface in contact with the testing solution 1 cm? [27].

2.2 Characterization of the coatings

The phase composition and the structure of the coatings were investigated by X-Ray
Diffraction (XRD), Transmission and Scanning Electron Microscopy (TEM, SEM)
whereas their Vickers micro-hardness was also determined [5, 14].

Rutherford Backscattering Spectrometry (RBS) at the 5.5 MV Tandem Accelerator of
the NCSR Demokritos/ Athens using deuterons of 1.75 MeV energy (scattering angle:
170°, solid angle: 2.54x10 sr), was applied in combination with Nuclear Reaction
Analysis (NRA) in order to obtain information about the N-, O- and C- depth
distribution in the near-surface layers of the samples. The nitrogen depth
distribution was determined using the N(d,a)*?C and the *N(d,p)**N nuclear
reactions whereas the oxygen and carbon ones by the **0(d,p)*’0 and *2c(d,p)**C
reactions respectively (Eq:1.35 MeV, scattering angle: 150°, solid angle: 0.34x107 sr).
The beam current on the target during the measurements did not exceed 10 nA,
while the beam spot size was 1.5x1.5 mm?. The analysis of the data was performed
by means of the SIMNRA simulation code [28] using cross sections from the IBANDL
nuclear data library [29]. The overall uncertainty of the determination was estimated
to be ca. 8%.

3. RESULTS AND DISCUSSION

The results of the XRD investigation (not presented here) led to the
conclusion that in the case of 400°C N-implantation the incorporation of the nitrogen
atoms into interstitial positions resulted in the formation of an nitrogen solid
solution in the initial austenitic steel matrix so called “expanded austenite” or yy
phase of fcc crystallographic structure. This induced an expansion of the lattice
producing compressive residual stresses and micro-distortions in the N-implanted
layer being responsible for the hardness increase. In the 500°C N-implantation CrN
and o-FeNi phases were formed because Fe, Cr and Ni atoms were allowed to
diffuse. The lattice parameter deduced from the XRD peaks was found to be
expanded and the Vickers micro-hardness, compared to that of the non-implanted
material, four and five times higher for the two series of samples [5,14].

The oxygen, carbon and nitrogen content in the near-surface layers of the non-
implanted and implanted at 400 and 500° samples was measured by NRA. In the case
of the sample implanted at 400 °C the oxygen peaks were more intense indicating
the formation of a surface oxide layer whereas the nitrogen found to be less
diffused. Several authors have reported that the oxygen absorbed during nitrogen
implantation is considered to act as barrier to nitrogen transfer into the bulk [7-8,
12, 14]. The carbon concentration for all the samples was found to be between 1.2
and 1.5 % with a maximum depth range of ca. 1.0 um.

The nitrogen distribution obtained by the SIMNRA simulation of the NRA spectrum
(s. Fig. 1) also allows an estimation of the thickness of the modified surface layer (ca.
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4 and 6 um for the samples implanted at 400 and 500 °C respectively). In Fig. 1 the
presence of peaks corresponding to particles emitted by the **N(d,o1)*’C,
YN(d,po) >N and the *N(d,a,)*2C nuclear reactions is obvious.

As demonstrated from the polarization measurements the corrosion resistance of
the samples implanted at 400 °C was significantly enhanced. In the case of the
samples implanted at 500 °C a slight improvement of the corrosion resistance was
observed compared to that of the non-implanted material.

Figure 2 presents the NRA spectra of the samples implanted at 400 and 500 °C after
the corrosion attack showing increased oxygen- and carbon concentration in the
sample implanted at 500°C. This could be attributed to the higher corrosion rate due
to the dissolution and oxidation of the main steel constituents especially Fe and Cr.
Concerning the nitrogen distribution no differences were observed compared to the
spectra of the non-corroded samples.

The increased corrosion tendency, but lower compared to that of the non-implanted
steel, exhibited by the sample implanted at 500 °C can be observed in Fig. 3. The
extended corrosion attack in this case is indicated by the missing edge appearing in
the region of channels 270 to 330 in the RBS data presented in this figure. No similar
effects appeared in the corresponding spectrum of the sample implanted at 400 °C
(s. Fig. 4). This means that the implanted samples at 400 °C exhibited a remarkable
resistance to the corrosive medium.

The SEM micrographs after the corrosion attack showed a long-standing and
uniformly corroded surface of the implanted samples at 400 °C whereas a thick
porous corroded zone with large pits was observed on the non-implanted and the
sample implanted at 500 °C. The Cr-concentration was found to be reduced across
this layer (about 10%) demonstrating a Cr-depletion in the surface region due to CrN
precipitation taking place during the implantation at high temperatures.

The beneficial effect of N-implantation on the corrosion behaviour of stainless steel
could be associated to structural effects (e.g. formation of an amorphous layer) and
mainly assigned to chemical reasons as reported in the literature [19-20, 22].
Osozawa and Okata suggested that nitrogen reacts with H*-ions in the pits leading to
the formation of NH; and NH,4". The reaction causes a decrease of the acidity in the
pits and the repassivation is thereby enhanced [26]. The results of this work
demonstrated an improvement of the corrosion resistance of the N-implanted steel
samples associated with the thick nitrogen-containing modified surface region. Even
in the case of the implantation at 500 °C, despite the CrN precipitation and the Cr-
depletion, an improved corrosion resistance, due to the iron nitrides protecting the
substrate, was also observed under the testing conditions.

4. Conclusions

The high-dose low-energy nitrogen implantation of AISI 304L steel at 400 °C
significantly increases the surface hardness and the corrosion resistance of the
material in 2% HCI solution. These effects can be associated with radiation damage
and the segregation of nitrogen at the grain boundaries.

The implantation at 500 °C leads to a more drastically increased surface hardness of
the AISI 304L steel but the Cr-depletion due to the CrN precipitation taking part at
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this temperature influences the corrosion resistance of the material which was
found to be low but better than that of the non-implanted steel.
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Figure captions
Fig.1 NRA spectrum presenting the N-distribution of the sample
implanted at 400 °C.

Fig.2 NRA spectra of the implanted samples at 400 and 500 °C after the

corrosion tests.

Fig.3 RBS-spectra of the implanted samples at 500 °C, before and after

the corrosion treatment.

Fig.4 RBS-spectra of the implanted samples at 400 °C, before and after

the corrosion treatment.
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