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Plasma nitriding of ASTM F138 stainless steel samples has been carried out using dc glow
discharge under 80% H2–20% N2 gas mixture, at 673 K, and 2, 4, and 7 h time intervals, in
order to investigate the influence of treatment time on themicrostructure and the corrosion
resistance properties. The samples were characterized by scanning electron microscopy,
glancing angle X-ray diffraction and conversion electron Mössbauer spectroscopy, besides
electrochemical tests in NaCl aerated solution. Amodified layer of about 6 μmwas observed
for all the nitrided samples, independent of nitriding time. The X-ray diffraction analysis
shows broad γN phase peaks, signifying a great degree of nitrogen supersaturation. Besides
γN, the Mössbauer spectroscopy results indicated the occurrence of γ′ and ε phases, as well
as some other less important phases. Corrosion measurements demonstrate that the
plasma nitriding time affects the corrosion resistance and the best performance is reached
at 4 h treatment. It seems that the ε/γ′ fraction ratio plays an important role on the
resistance corrosion. Additionally, the Mössbauer spectroscopy was decisive in this study,
since it was able to identify and quantify the iron phases that influence the corrosion
resistance of plasma nitrided ASTM F138 samples.

© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Considerable progress has been made in the improvement
and development of prosthetic devices intended for implan-
tation in the human body. Compatibility, or the absence of
body reaction, is one of the major problems associated with
metal implants. Generally, metallic components that are used
for orthopedic applications for bone repairing and replace-
ment could fail mechanically due to corrosion damage. The
corrosion of the metallic piece implanted in the human body
may lead to the release of corrosion products in the biological
fluids. These corrosion products may provoke tissue irritation
or infection [1–3].

Nowadays, F138 stainless steel implants are widely used in
the field of orthopedic applications, although biological
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complications may result from inadequate mechanical and
tribological properties [4,5].

In order to reduce corrosion and wear rates of the
biomaterials, as well as to increase their fatigue strength,
several efficient treatments are used such as anodization,
passivation, and others [6]. In addition to these processes,
plasma nitridind has been widely used as surface treatment
on stainless steels samples [7–10]. Plasma nitriding is a
common surface treatment in which nitrogen is introduced
into themetal in order to improve the durability ofmechanical
parts and it has been successfully applied in the nuclear and
mechanical engineering industries with respect to corrosion,
wear, hardness and fatigue resistance [3,7–15].

The mechanical and tribological properties as well as the
corrosion resistance of nitrided samples are strongly related
d.
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to the phase formed during treatment [16–18]. At relatively
high temperatures (773 K or above), the nitriding can improve
hardness and wear resistance; while the corrosion resis-
tance is usually diminished due to the formation of a very
stable and hard precipitate chromium nitride (CrN) [13,14].
Depletion of chromium in the metal matrix zone prevents
the formation of a uniform and protective passive film and
the metal surface is therefore subjected to active corrosion
[17]. At temperatures lower than about 723 K, the chromium
diffusion is reduced and, consequently, the formation of
chromium nitride is inhibited [14]. Using low treatment
temperatures, the modified surface layer mainly consists of
a metastable phase known as expanded austenite or super-
saturated nitrogen solid-solution FCC phase, besides a cubic
phase (γ′-Fe4N), and a hexagonal phase (ε-Fe2–3N). The
metastable phase is known as expanded austenite γN phase
[19], S phase [20], or m phase [21] and it has been identified
as the primary reason for the increase in the mechanical
and tribological properties, as well as corrosion resistance
[22,23]. Recent work pointed that the γN phase is formed by
two magnetic phases, depending on the nitrogen concentra-
tion [24].

However, a recent study of plasma nitrided AISI 316 L
samples [15], which used, among other analysis techniques,
Mössbauer Spectroscopy, produced an empirical model to
improve the corrosion resistance. This resistance seems to be
more related to the ε/γ′ fraction ratio than to the γN phase.
The sample which presented the best result for corrosion,
also presented the maximum value for this ratio. Mössbauer
results were decisive in this study, since it is a powerful tool to
both identify and quantify different phases (containing Fe)
with accuracy. So, corrosion research in steels is an area in
which Mössbauer spectroscopy has become a required ana-
lytical technique [25].

In this work, an investigation on ASTM F138 stainless steel
is presented. The plasma nitriding technique was used for
nitriding the samples, at 673 K, during different time intervals,
in order to investigate the influence of this parameter on the
morphology, composition and corrosion protection behavior
of the modified layers. Therefore, the main purpose of this
research is to test out the empirical model used on a similar,
system and published elsewhere [15].
2. Materials and Methods

In this study, we used the ASTM F138 stainless steel, a stain-
less steel used as biomaterial, produced by Villares Metals.
The stainless steel was annealed by the manufacturer at
1323 K for 60 min and then cooled in water. Its chemical
composition (in wt.%) is: Cr (18.40), Ni (14.01), Mo (2.46), C
(0.022), and Fe balance. The samples [diameter: 2.0 cm,
thickness: 0.3 cm] were polished, cleaned ultrasonically in
acetone and finally air-dried. Next, they were plasma nitrided
in equipment with a D.C. power supply, similar to that
described by Hudis [26].

A conventional dc glow discharge was applied with the
following parameters: 80% H2–20% N2, pressure of about
6 mbar. Voltage (∼450 V) and current density (∼500 mA)
were adjusted to maintain the cathode temperature (or
nitriding temperature, TN=673 K), at different nitriding time
intervals (tN) of 2, 4, and 7 h.

Glancing Angle X-ray Diffraction (GAXRD) and Conversion
Electron Mössbauer Spectroscopy (CEMS) analyses were
performed to identify the phases formed during plasma
nitriding.

The GAXRD measurements were performed in two config-
urations: First, themeasurements weremade using a Siemens
D5000 diffractometer with Cu Kα radiation. The conditions
were: a 2θ scan step of 0.03°, ranging from 35° to 85°, an angle
of incidence fixed at 3° and 4 s of counting time.

The second series of measurements was performed on the
D12A-XRD1 beam line at the Brazilian Synchrotron Light
Laboratory (LNLS – Campinas). The experimental conditions
were: wavelength lambda=0.20836213 nm, pyrolytic graphite
analyzer at the diffracted beam, scintillation counter, inci-
dence angle fixed at 3°, 2θ ranging from 40° to 140° in 0.1° 2θ
steps. The Mössbauer spectra of untreated and nitrided
samples were obtained in the backscattering geometry,
using a conventional constant acceleration Mössbauer spec-
trometer. A homemade detection chamber was used, with a
95% He+5% CH4 gas mixture flux. A 57Co source in Rh matrix
with nominal activity of 25 mCi was used. The CEMS
measurements were performed at room temperature, and
the isomer shifts are given relative to α–Fe.

The corrosion performance of the samples was investigat-
ed in 3% NaCl aerated electrolytic solution using a EG&G 273A
Potentiostat/Galvanostat. Potentiodynamic polarization
curves were obtained using the EG&G-Pal M352 Software.
The scanning potential was in the range of −1.0 V(SCE)
(cathodic potential) to +1.2 V(SCE) (anodic potential), and the
scan rate was 1 mVs-1. Electrochemical experiments were
performed in a conventional Pyrex cell using untreated and
nitrided ASTM F138 samples as working electrodes and a
platinum sheet as counter electrode. The potentials were
referred to the saturated calomel electrode (SCE) in a KCl
solution and all the electrochemical experiments were per-
formed at room temperature. After the corrosion tests,
microstructural analysis was carried out in order to evaluate
the corrosion morphology and the extent of damage, using a
JEOL scanning electron microscope, JSM – 5800 LV model.
3. Results and Discussion

3.1. Characterization of Plasma Nitrided Layer

3.1.1. Scanning Electron Microscopy (SEM) and GAXRD
results
All the nitrided samples presented very similar SEM micro-
graphs, independent of the nitriding time. This behavior was
observed before, for 316 L samples [15], nitrided under the
same conditions. Fig. 1 shows the SEM micrograph for the
sample nitrided for 7 h. The thickness (d) of the compound
layer, about 6 μm, can be visually estimated from this figure,
while the 316 L samples were approximately 8 μm thick.

Figs. 2 and 3 show the GAXRD diffractograms of the
samples, before and after nitriding, during different time
intervals, measured using laboratory equipment and a syn-
chrotron radiation, respectively.



Fig. 1 – SEM micrograph for the ASTM F138 sample nitrided
during 7 h.

Fig. 3 – GAXRD diffractograms for the ASTM F138 samples,
before and after nitriding, during different time intervals tN
using the synchrotron radiation diffraction.
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Although the measurements with different energies do
not reach the same depth, approximately 0.7 μm for Fig. 2
and 2.0 μm for Fig. 3 [27], the following can be observed: The
nitrided samples show broad γN phase whose peaks are
shifted to lower angles than untreated samples positions. It
suggests a great degree of nitrogen supersaturation, indicating
that the nitrided layers, which are formed are rich in defects
and are highly stressed [28]. Moreover, for tN=7 h, the γN phase
peaks approach the ones of untreated sample positions, which
indicates that this sample may present a lower concentration
of nitrogen [7].
Fig. 2 – GAXRD diffractograms for the ASTM F138 samples,
before and after nitriding, during different time intervals tN
using a conventional diffractometer.
It seems difficult to confirm the presence of the γ′ phase for
nitriding time t≤4 h because of the proximity of its peak
positions and the γN phase peaks. However, the γ′ peaks
appear on the sample nitrided for 7 h. Besides, the CrN and α
phase traces can also be seen on the LNLS diffractogram, as
Fig. 4 shows.

As a temperature of 673 K was used to avoid the formation
of CrN, its presence can seem unusual. However, if temper-
ature exceeds 693 K, the solubility limit of nitrogen in
austenitic structure is reached, the metastable γN phase is
decomposed, and precipitation of Cr nitrides occurs, which is
relatively stable [29]. The temperature possibly reached this
value in sample borders, due to the edge effects [30].

3.1.2. Conversion Electron Mössbauer Spectroscopy (CEMS)
CEMS measurements of the surface layer (up to the depth of
0.5 μm [31]) are related to compounds that contain Fe (in the
present case) or other atoms, according to the source.

Fig. 5 shows the Mössbauer spectrum for the sample before
nitriding. The analysis of this spectrum shows the following:
the surface of the untreated sample is formed by 47% of
austenitic f.c.c. phase represented by one single-line (isomer
shift IS=−0.10(1) mm/s). The remaining 53% is represented by
one double-line component (IS=−0.09(1) mm/s and quadru-
pole splitting EQ=0.12(1) mm/s), which means that the FCC
cubic symmetry is affected by the Fe atom neighbors. These
hyperfine parameters are in good agreement with previous
results [32].

Fig. 6 shows the CEMS data for the samples nitrided at 2, 4
and 7 h.

image of Fig.�1
image of Fig.�2
image of Fig.�3


Fig. 4 – Zoom of diffractograms (tN=7 h), from Fig. 2(a) and
Fig. 3(b).

Fig. 6 – CEMS data for the ASTM F138 samples nitrided at
tN=2, 4 and 7 h.
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These spectra were fitted as a superposition of sub-spectra
corresponding to different phases: the γ′(Fe4N), a nitrogen
supersaturated solid phase γN, a hexagonal ε phase (Fe2+ xN)
and a last multiple phase, α*.

The present γN phase shows both characteristics, para-
magnetic (γN(p)) and magnetic (γN(m)). The γN(m) phase con-
tains more N in solution than the γN(p) phase [24,33]. On the
other hand, the α* phase is a superposition of multiple sextets
Fig. 5 – CEMS data for the ASTM F138 sample before nitriding.
referring to α(Fe,Cr,Ni), α′-martensite and α″-Fe16N2 phases,
which are probably the consequence of induced stress during
the N implantation [34].

Table 1 presents the range of values of the Mössbauer
parameters used for the samples nitrided for different times.
These parameters are similar to those previously published
[34–41].

Fig. 7 shows the phase fractions obtained from the
Mössbauer fits as a function of nitriding time, where γN=γN
(p)+γN (m). While the γ′ phase concentration stays almost
constant, (35±4), the ε phase concentration seems to be corre-
lated with the γN phase. If the γN fraction decreases
(increases), the ε fraction increases (decreases).
Table 1 – Range of values of the hyperfine parameters
used to fit the different CEMS spectra for nitriding time (tN)
of 2, 4, and 7 h. H is the magnetic hyperfine field, EQ is the
quadrupole splitting, IS is the isomer shift.

Phase H (T) EQ (mm/s) IS (mm/s)

γN (m) 17.5±0.5 – 0.11±0.07
γN (m) 12.8±0.3 – 0.25±0.03
ε-Fe2.02N – 0.36±0.02 0.35±0.04
γ′-Fe4N 34.0±0.1 – 0.20±0.05

21.5±0.5 0.23±0.11 0.20±0.04
21.4±0.5 −0.18±0.01 0.29±0.05

γN(p) – – −0.21±0.03

ε-Fe2+xN
x=0.60 (7), 1.2 26.4±3.0 – 0.23±0.14

11.0±0.1 – 0.37±0.01
α* 29.5±4.0 – −0.01±0.09
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Fig. 7 – Fractions of the adjusted phases as a function of
different time intervals tN. The solid lines are a guide for the
eye.

Fig. 8 – Polarization curves in 3% NaCl aerated electrolytic
solution of the ASTM F138 samples untreated and nitrided at
tN=2, 4 and 7 h.

Table 3 – Corrosion potential and highest anodic current
density values from polarization curves obtained in 3%
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As CEMS results can reveal the behavior of the magnetic
nature of the γN phase, it is interesting to discuss it from
the point of view of nitriding time. Table 2 shows the relative
fraction for the paramagnetic (γN(p)) and magnetic (γN(m))
phases for different nitriding times.

If the nitriding time increases, the results indicate that the
γN (m) phase (or N concentration) decreases and the para-
magnetic γN (p) phase increases. This situation was observed
for 316 L [15], and it had been observed before, when the γN (m)
phase (produced in 304 Stainless steel) transformed system-
atically on annealing at 673 K to a thicker γN (p) phasewith less
N in solution and less lattice expansion, thereby destabilizing
the magnetic state of the γN (m) [35]. The result for tN=7 h is
compatible with the corresponding GAXRD, which indicated a
lower concentration in this sample.

3.2. Corrosion Behavior

The potentiodynamic polarization curves from the linear
voltammetry of untreated and nitrided samples are shown
in Fig. 8. From these curves, the corrosion potential (Ecorr) and
the highest anodic current density (jha) values are given in
Table 3.

In Fig. 8, the potentiodynamic curves indicate that samples
nitridedatdifferent time intervalspresenta significantdecrease
in the anodic dissolution current in comparison with the
untreated samples' reference curve. The anodic current densi-
ties of the curves for the samplesnitrided at 2 and7 h are shifted
by about one order of magnitude towards smaller values
with respect to the untreated sample. Meanwhile, the curve of
treated sample, especially in the case of the sample nitrided
Table 2 – Paramagnetic and magnetic γN phases relative
fraction for different times tN.

Time tN (h) γN (p) (%) γN (m) (%) γN=γN (p)+γN (m) (%)

2 5 34 39
4 10 16 26
7 35 17 52
for 4 h, shows a large shift to smaller anodic currents, by about
two orders of magnitude towards smaller values than the
reference curve. It means that the metal surface becomes less
reactive due to the plasma nitriding treatment and, as a
consequence, the anodic dissolution currents decrease during
theanodicsweep.Thesurface thatwasplasmanitrided for4 h is
less reactive than the surfaces plasma nitrided for 2 or 7 h, but
all of these samples are less reactive than the untreated surface.
In particular, in Fig. 8, the potentiodynamic curve obtained for
the untreated electrode shows, at approximately −0.10 to 0.0 V
(SCE), a more intense fluctuation of frequency potential. This
potential fluctuation can be due to the difficulty of passive film
formation and, posterior pit nucleation phenomena because of
the attack of chloride ions in the environment. In this region of
the potentiodynamic curve, an increase of dissolution current
with increasing potential is observed. Starting at approximately
0.0 until +1.2 V(SCE), the anodic behavior of the matrix in NaCl
solution is represented by a curve with a high active dissolution
rate, which increases anodic current values with increasing
potential. This last potential interval transpassive, where the
dissolution rate again increases with increasing potential, is
apparently due to the destruction of the passive film, indicating
localized corrosion or pitting corrosion.

The morphological analysis, which was carried out on the
surface of nitrided samples after the corrosion tests, is in
agreement with the electrochemical tests. The amount and
sizes of pits can be clearly seen in the SEMmicrographs shown
NaCl aerated electrolytic solution for ASTM F138 samples
untreated (tN=0 h) and nitrided at different times tN.

Time
tN (h)

Highest anodic current density Corrosion potential
≅ jha 10−4 (A cm−2), ≅ Ecorr (V(SCE))

0 2.55 −0.10
2 0.221 −0.19
4 0.081 −0.14
7 0.114 −0.14
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Table 4 – Phases fractions obtained from the Mössbauer
fits as a function of nitriding time tN.

Time tN
(h)

γN
(%)

α*
(%)

ε-Fe2+xN
(%)

γ′
(%)

ε/γ′ fraction
ratio

2 39 7 21 33 0.64
4 26 5 30 39 0.77
7 52 2 15 31 0.48
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in Fig. 9(a)–(d). The sample nitrided during 4 h (Fig. 9(c)), which
had a lower anodic dissolution current, shows considerably
fewer number of pits regarding the other samples (Fig. 9(a),(b)
and (d)). These results and the observations above suggested
that the treatment time of 4 h improved the corrosion
resistance of stainless steel in NaCl solution since the nitrided
layer that was formed in this sample shows the strongest
passive character.

To better understand this behavior, it is interesting to
examine Table 4, where it can be seen that this sample (4 h)
presents a maximum value not only for the γ′ phase, but
for the ε phase as well. Although they could be considered
responsible for the improvement, the fact that it did not
happen in the previous study on 316 L [15], a correlation
between the best response for corrosion resistance and the
ratio between ε and γ′ is suggested. The last column of Table 4
illustrates this correlation: the higher the ratio, the better the
corrosion resistance is.

Jirásková et al. [36] studied the effect of the nitrogen uptake
in α-iron upon different methods (spark erosion in gaseous
and liquid ammonia, plasma nitriding, and plasma immersion
ion implantation). They observed that the presence of the ε
phase influences the deterioration of the samples. However,
this influence was not clear, because for one method, this
Fig. 9 – SEM micrographs of the ASTM F138 samples after corros
and 7 h (d).
phase favored the damage and for the other one, it seemed to
prevent it. It is worth noting that the γ′ phase appeared after
different annealing treatments in the samples of this last
method. So, their results seem to indicate that the presence of
γ′ phase might reduce the deterioration.

On the other hand, some authors [14] have regarded the
presence of the γN phase as being responsible for better
corrosion resistance. However, when the behavior of this
phase in Table 4 is observed, it might not be responsible
for better corrosion resistance, as it presents aminimumvalue
for t=4 h. However, it is possible that this phase has a certain
importance in the corrosion resistance. We are currently
developing a systematic study using a higher number of
ion tests: untreated (a) and nitrided at tN=2 h (b), 4 h (c),

image of Fig.�9
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samples, with the aim of improving this empirical model, also
considering this phase.
4. Conclusions

The dc glow discharge plasma nitriding produced a modified
layer on the surface of the austenitic substrate, whose
thickness, about 6 μm, does not seem to depend on the
nitriding time.

The GAXRD analysis shows the presence of a broad γN
phase whose peaks appear at lower angles, suggesting a great
degree of nitrogen supersaturation. As the nitriding time
increases, the shift of γN phase peaks decreases, as well as
their full widths at half maximum, indicating that the N
concentration decreases.

The CEMS analysis indicated the occurrence of γ′ and ε
phases, as well as γN and other less important phases.
Concerning the γN phase's magnetic character, the results
indicate that as the nitriding time increases, a significant
reduction in the relative fraction of the γN (m) phase is
observed and the paramagnetic γN (p) phase, (that presents
less nitrogen), also increases, which confirmed the GAXRD
results.

Corrosion measurements demonstrate that the processing
timeduring the plasmanitriding treatment plays an important
role in the corrosion resistance of ASTM F138 after nitriding.

The results suggest that the plasma nitriding treatment
time of 4 h improved the corrosion resistance, while the
sample nitrided for the longest time (tN=7 h) exhibits lower
corrosion resistance. It seems that the ε/γ′ fraction ratio plays
an important role in the resistance corrosion. The ASTM F 138
nitrided sample (tN=4 h) which presented the best result for
corrosion, also presented the maximum value for this ratio.

The Mössbauer spectroscopy was decisive in this study,
since it could identify and quantify the iron phases that seem
to affect the corrosion resistance of plasma nitrided ASTM
F138 samples.
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