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A nitriding process based on two distinct nitrogen glow discharge modes, with sample temperatures ranging
from 380 °C to 480 °C, was employed to treat the surface of austenitic stainless steel (SS 304). The temperature
is controlled exclusively by switching the operation conditions of the discharges. First mode of operation is the
conventional one, named cathodic, which runs at higher pressure values (1 mbar) in comparison to the second
mode, named anodic, which runs at the pressure range of 10~3 — 10~2 mbar. Cathodic mode is used to quickly
heat the sample holder, by the high ion flux. On the other hand, in the anodic mode, due to the lower operation
pressure, higher effective ion acceleration takes place, which allows deeper ion implantation into the sample
surface. This hybrid process was thoroughly explored regarding the duty cycle and conditions of operation,
to achieve optimal performance of the treatments, which led to the attainment of surface hardness for samples
of AISI SS 304 as high as 20 GPa and improvements including higher elastic modulus and resistance against
corrosion. Detailed comparison among samples treated by this process with others treated by conventional
method was done using nanoindentation, Auger Electron Spectroscopy (AES) and corrosion resistance testing.
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I. INTRODUCTION

Plasma nitriding is usually performed at high temperatures
and low voltages in a glow discharge plasma atmosphere [1].
However, the high temperature used in conventional nitrid-
ing process is not adequate to treat stainless steel (SS), due
to the deleterious effect to its corrosion behavior [2,3]. Tem-
peratures in excess of 480 °C during nitriding in SS cause
precipitation of chromium nitride [4], albeit they are manda-
tory in this case to the achievement of enhanced mechani-
cal and tribological properties. It is generally accepted that
high corrosion resistance of SS is due to the formation of a
protective oxide-hydroxide film, and that chromium oxide is
responsible for the passivating behavior [5,6].

Several works highlighted the desirability of performing
nitriding at low temperatures [7-12] and some industrial so-
lutions for these cases were investigated [9,13-15]. More-
over, other alternative solutions were also attempted recently.
Borges et al. [10] added hydrogen/acetylene to nitrogen gas
in order to decrease chromium precipitation during process.
Muratore et al. [16] used an electron beam to generate the
plasma and performed nitriding of SS in moderate temper-
ature values. Furthermore, plasma immersion ion implan-
tation (PIII) [17-20] and also a hybrid of PIII and nitriding
were also used to treat stainless steels [21-22]. However, the
possibility of lowering the process temperature through con-
ventional ion nitriding has not yet been systematically ex-
plored.

One of the difficulties faced during nitriding of materials
that are sensitive to temperature in conventional process is
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that the workpiece is the plasma cathode itself [9]. In this
case, unpredictable heating of the workpiece over time may
occur due to variations of the discharge current. It is clear
that conventional nitriding is not an ideal solution to treat SS
and some alternative mechanism must be used to counterbal-
ance the undesirable effect of the high temperature.

As a sequence to our previous investigation [23-25], this
paper describes additional results of a hybrid nitriding pro-
cess combining two distinct discharge conditions, which led
to the attainment of excellent mechanical and tribological
properties for samples of austenitic SS 304, with improve-
ment of its corrosion resistance.

II. EXPERIMENTAL

Ion nitriding processes were performed in a 60 liters wa-
ter refrigerated stainless steel chamber. Vacuum system is
composed of a two-stage rotary-pump (10 m3/h), a mechan-
ical booster pump based on Roots principle (375 m3/h) and
a diffusion pump. Base pressure of 2 x 107> mbar is estab-
lished before the treatments. Through adequate switching
of the valves of the pumping system, this experiment runs
in the operation pressure window varying from 10~ mbar
to 5 mbar. Argon is used previously to the treatment of the
samples surface for their cleaning, by means of low pres-
sure glow discharge. Nitrogen flux is controlled by using a
needle valve. AISI 304 SS samples consisting of disks with
30mm in diameter, can be fixed to the sample holder, up to
16 simultaneously. Sample temperature was monitored by a
calibrated optical pyrometer. The set up used to perform this
experiment is shown in figure 1.

The hybrid ion nitriding process was performed using
two distinct discharge conditions. In the conventional one,
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named cathodic mode, the sample holder plays the role of
the cathode of the discharge itself, being polarized to nega-
tive voltages of about 700V, with operation pressure of 1-2
mbar. In this case, the plasma remains concentrated around
the sample holder, allowing a fast rise of the sample temper-
ature. The other discharge mode, named anodic, is switched
on with the aid of an electron source (filament) and by pos-
itively polarizing a second electrode, the anode, to 700V,
which draws a current of 600mA. In this case, operation pres-
sure is around 8 x 1073 mbar and the plasma spreads out to
fill all of the vacuum chamber. The sample holder remains
negatively polarized to attract the ions from this plasma. The
tungsten filament can be switched off after the start up of
this anodic discharge, but it may also be used to control the
plasma potential.

Mechanical tests in the samples for the determination
of hardness and elastic modulus were performed in a XP
Nanoindenter (MTS Nanoinstruments). AES was carried out
in a Microlab 310F model from Fisons Instruments, with a
field emission electron source of 10 keV and hemispherical
sector analyzer. The potentiodynamic polarization curves
were obtained by means of an EG&G PAR 283 potencio-
stat, using a conventional three-electrode glass cell. AISI SS
304 steel sliced samples were used as the working electrodes.
The counter electrode was a graphite rod and a calomel elec-
trode served as a reference. Polarization curves were ac-
quired in a 3% NaCl solution, pH = 6 and recorded in elec-
tropositive direction, at a sweep rate of 0.33 mV/s.

III. RESULTS

Plasma density, for cathodic and anodic modes, was mea-
sured by double Langmuir probe, which was placed 10 cm
far from the sample holder in order to avoid damage to the
circuitry, due to possible voltage arcs, since the cathode was
polarized to high DC voltages during the measurements.

As can be seen in figure 2, the plasma density decreased
for the cathodic mode from 1.1 x 10%cm =3 to 2 x 108¢m 3,
for an increase of the pressure from 3 x 107! to 1 mbar,
respectively. Actually, with the increase of the pressure, it
was verified that the plasma concentrates around the sample
holder and there is a decrease of the density, measured by the
double probe. This decrease of the density is a consequence
of a shift of the plasma volume.

An advantage of using the cathodic mode, running in
higher pressures, is that the concentration of the plasma
around the sample holder causes a fast increase in the tem-
perature of the samples, due to the high rate of flux of ions
reaching them. In fact, ions are drawn from the plasma in
large amount in this case, increasing the ion collision fre-
quency, resulting in small ion mean free path (about 0.13
cm). This mode is used initially to start up the process and
whenever it is necessary to increase the sample temperature.

In the anodic discharge, plasma density ranges from (2 to
4) x10%cm ™3 for the overall pressure window of operation.
Ion mean free path in this case is as large as 65 cm. When op-
erating in the anodic mode, nitrogen ions gain large energy
before hitting the samples, since they barely undergo colli-
sions or charge transfer, resulting in higher effective ion ac-
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celeration which allows deeper implantation of the ions into
the sample surface. It is important to stand out that the heat-
ing of the samples decreases slowly for this case and it is the
main part of this hybrid treatment, running during 75% of the
total treatment time.

The hybrid process was explored thoroughly regarding the
duty cycle and conditions of operation. Optimal performance
was obtained in a combined treatment lasting 2.5 hours, with
a duty cycle of 3/1 regarding the duration of the anodic dis-
charge in relation to the cathodic one. Actually, the control
of the temperature is the key point of this treatment, defin-
ing the duty cycle of the process. The sample temperature
was controlled to vary in the range of 380 to 480 °C. These
limits were chosen to avoid chromium precipitation, but at
the same time to ensure enough heating of the samples to
maximize ion diffusion through the material layer.

In order to verify the separate effects of the cathodic and
anodic discharges on the samples, two sets of them were
submitted to each discharge condition. The first ones were
treated by cathodic discharge for 1 hour, the temperature was
kept controlled in the upper level of 480 °C. The second set
of samples was treated by anodic discharge for 2.5 hours —
in this case, the temperature remained stable in 310 0C. The
characteristics of both sets of samples were then compared
with the ones of the hybrid case.

We had already reported x-ray diffraction analysis per-
formed in samples treated by cathodic, anodic and hybrid
discharges[23], which revealed the presence of martensite
through the formation of a-phase for the first case, in con-
trast to the formation of nitrogen rich expanded austenitic Yy
phase for the anodic and hybrid discharges. In the case of
the hybrid discharge, we verified the formation of yy phase
with relative intensity of the diffraction peaks greater than of
primary austenitic phase, indicating that Yy layer was thick
and the nitrogen abundant in the near surface layer. In this
paper, detailed Auger analysis was carried out in the samples
treated during 2.5 hours by anodic and hybrid discharges, as
shown in figures 3a and 3b, respectively. In figure 3a, it is
possible to verify that nitrogen penetrates the sample up to
125 nm depth, being 25% the atomic percentage reached in
the near surface layer. For the hybrid treatment, the peak ni-
trogen atomic percentage is around 30% (nearest to the sur-
face) and the total penetration is about 1.6 ym depth. From
the comparison between both treatments it is clear that the
low values of pressure and temperature led to the formation
of a thin treated layer for the anodic case, in contrast to a
much thicker layer for the hybrid process. In fact, in the an-
odic discharge temperature reached only 310 °C producing
conditions for low nitrogen diffusion. This may explain the
thinner thickness of the treated layer. In the hybrid treatment,
the higher range of temperature used can explain the attain-
ment of more than tenfold increase of the thickness of the
treated layer, with a fairly constant nitrogen concentration.

Even though the anodic process has resulted in a shal-
low treated surface layer, the effectiveness of this treatment
seemed to be quite satisfactory regarding the fairly hard case
layer produced, with a twofold increase in hardness in com-
parison with the standard sample, as can be seen by the re-
sults of nanoindentation shown in figure 4a. Furthermore,
figure 4a also shows that the cathodic treatment performed
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FIG. 1: Experimental setup used for hybrid ion nitriding.
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FIG. 2: Variation of the plasma density with the pressure of the
discharge for cathodic and anodic processes.

in moderate and controlled temperature did not improve the
hardness of the samples. On the contrary, a slight degrada-
tion occurred. In contrast, the hardness of the samples treated
by the hybrid process increased almost by 4 times, compared
to that of the untreated material, showing the higher resis-
tance offered by the treated layer to plastic deformation.
The different kind of treatments (cathodic, anodic and hy-
brid) had a clear influence on the elastic modulus (E) of the
stainless steel samples, as can be seen in figure 4b. Largest
variation of £ was observed for the layer treated by the hy-
brid method, with an increase of about 30% for the deforma-
tion depth up to approximately 100 nm. For deeper defor-
mations, as the indenter penetrates more profoundly in the
direction to the bulk of the material, the value of E begins
to decrease, as expected. However, the value of E remains
higher than that of the standard sample for deformation until
250 nm. The anodic treatment also caused an increase in the
value of E of about 10% for the deformation in 50 nm. How-
ever, as the treated layer was thinner than the hybrid case,
as shown by Auger measurements, this value of E remained
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FIG. 3: a) Auger Electron Spectroscopy (AES) for sample treated
under anodic discharge during 2.5 hours b) AES for sample treated
under hybrid discharge during 2.5 hours.

higher than the untreated steel for lower deformation length
(about 140 nm). It should be noticed that the increased values
of E for the anodic case, and mainly for the hybrid treatment,
indicate a good mechanical resistance for these samples. On
the other hand, a decrease on the value of E was observed for
the samples treated by the cathodic discharge, reaching the
same value of the untreated material for deformation depth
of about 800 nm.

The results of both mechanical properties, the hardness
and the elastic module, once more corroborate with the ef-
fectiveness of the nitriding performed in low pressure and
moderate temperature. In fact, lowering the work pressure
while keeping the temperature controlled in an intermediate
range, has the effect of increasing the hardness and the elas-
ticity of the SS 304.

A corrosion test was performed, as shown in figure 5, in
order to verify the corrosion behavior of the samples treated
under the hybrid discharge conditions with controlled tem-
perature, and the ones treated by conventional method, with
high temperature values (~ 600°C). Corrosion degradation
becomes evident for the conventional method, since corro-
sion current density is two orders of magnitude higher than
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FIG. 4: Nano-indentation measurements for untreated sample in
comparison with the ones treated by cathodic, anodic and hybrid
discharges. a) hardness b) elastic modulus
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FIG. 5: Corrosion test for treated samples of SS304 (conventional
nitriding at 600 °C and hybrid process), in comparison to a standard
one (untreated).
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the one measured on the standard sample. Moreover, the cor-
rosion potential is lower for the conventional treatment, in-
dicating that the beginning of the corrosion starts earlier for
this case. Adversely, the measurements for the hybrid case
showed a shifting of the corrosion potential towards higher
values, which means that the material is nobler concerning its
corrosion properties. Also, the decrease of almost one order
of magnitude for the current density in this case in compari-
son to the untreated material allow us to conclude that once
the corrosion is initiated, it would occur in a slower pace for
the hybrid sample.

IV. CONCLUSION

This experiment was intended to extend the benefits of ion
nitriding to lower temperatures, avoiding corrosion degrada-
tion. This is accomplished by using a hybrid treatment in
which two processes running in high and low pressures were
used, alternately. Sample heating was due to the ion collision
with the samples surface, without using any auxiliary means.
The advantage of using the low pressure was the higher ef-
fective ion acceleration achieved which allows deeper im-
plantation of the ions into the sample surface. However,
since ion bombardment does not significantly heat the work-
piece under the conditions of low pressure values, the condi-
tion of the discharge was switched to higher pressures dur-
ing 25% of the time to rise the sample temperature. This
combined process allowed ion diffusion and efficient ion im-
plantation of the hybrid treatment. In fact, we showed that
the low pressure plasma obtained by the anodic discharge
alone cannot supply sufficient amount of nitrogen to build
up a high concentration of nitrogen in the surface of the sam-
ples. When the hybrid process is used, the increase of the
temperature promotes large ion diffusion, compensating this
negative effect.

As previously stated, temperature has a very strong influ-
ence on nitrogen diffusion, so a much thicker layer was pro-
duced in the hybrid case. Auger measurements showed a
nitrogen penetration of only up to 125 nm for the low pres-
sure case, against a surface layer of 1.6 yum depth with fairly
constant nitrogen concentration attained by the hybrid treat-
ment. These treated layers caused a twofold and a fourfold
increase in the surface hardness of SS304, besides a 10% and
30% increase in the elastic modulus, respectively.

It is worthwhile to notice that ion diffusion coefficient
is possibly similar for hybrid and cathodic processes, since
maximum temperature achieved in both cases are similar too.
The best surface properties achieved by the first in compar-
ison to the last just laws in the lower pressure stage of the
hybrid process, which lasted up to 75% of the treatment. For
this case, ions reach the workpiece with much more energy
than it happens in conventional nitriding, which is performed
only at high pressure values.

The addition of nitrogen to austenitic SS 304 led to the
improvement of the pitting resistance. Several mechanisms
had previously been proposed for this phenomenon [26].
This improvement may be attributed to the formation of an
expanded austenitic layer containing chromium oxide as
well as a nitrogen enrichment in the top surface. In our ex-



558

periments, nitrogen played a multiple role on SS 304, by in-
creasing pitting resistance and strength. In summary, SS 304
is hardenable by ion nitriding carried out in moderate tem-
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perature range and low pressure. The treated layer presents
higher elastic module and improved corrosion resistance.
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