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Influence of oxygen in a plasma nitriding process
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88040-900 Florianópolis-SC, Brazil

The influence of oxygen on the nitride layer formation on sintered steels was studied in

a plasma nitriding reactor as a function of the gas mixture and sample composition. The

nitride layers were characterized by metallographic and electronic microscopy techniques.

The thickness, composition and microstructure of the layer were determined for three gas

mixtures (100% N2, 75% N2]25% H2 and 90% N2]10% H2) in plain sintered iron in Fe—1.5%

Si sintered alloy. The plasma chemistry was studied by optical spectroscopy and mass

spectrometry as a function of the oxygen concentration in the atmosphere in the range

0—4%. It was observed that for low oxygen concentrations (O2[4%), the layer thickness

remain practically unaltered for the mixtures containing hydrogen, whereas the layer

obtained when H2 was not used is completely damaged if oxygen is present in the gas

mixture.

When the gas discharge is in a N2—H2 mixture, a loss of oxygen is detected by mass

spectrometry. These results are correlated with the sample analysis, and the depletion of the

oxygen is interpreted in terms of oxygen—hydrogen reactions.
1. Introduction
Plasma nitriding has been largely used in the metallur-
gical industries as an alternative to more conventional
nitriding, such as gas nitriding, for the case hardening
of steel [1, 2]. The plasma nitriding method is ex-
plained by several authors [3—7]. Typically, it is pro-
duced by an abnormal low pressure gas discharge in
a N

2
—H

2
gas mixture, where the workpiece is the

cathode and the vacuum chamber wall is the anode
itself, connected to ground. This process presents
a series of advantages in relation to other conven-
tional nitriding processes. It is worthy of note that
there is no generation of pollutant residues, less gas
and energy consumption, high repeatability of the
process, and reduced cycle time.

In spite of the very good industrial results of this
process, several questions remain unexplained, such as
(1) the role of the different reactive species present in
the gas discharge and (2) the impurity influence on the
layer formation. For the first question, several theories
based on experimental data have been proposed
[8—10]. In relation to the second question, we did not
find any literature references. Nevertheless, some
workers [6—8] have given special attention to the gas
purity as an important parameter and have used ultra
pure gases (99.999%) in their experiments. In an in-
dustrial process, the gas purity can be an important
economic limitation of the applicability of this
method. Consequently, it is very important to deter-
mine the allowed purity limits of the gases in such
a process, as well as the influence of the impurities on
the plasma chemistry of the N

2
—H

2
discharge. More-
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over, since oxygen is an important atmospheric con-
stituent, we can suppose that it constitutes the princi-
pal impurity present in nitriding reactors.

Our purpose in presenting this paper is to point out
the influence of oxygen, present in all processes as an
impurity, in the nitrided layer formation and plasma
parameters. We present results of the influence of the
oxygen introduced as impurity, on the electrical plasma
parameters and gas temperature, obtained by optical
spectroscopy. We also compare the plasma parameters
with the nitride layer microstructure for oxygen con-
centrations ranging from 0 to 4% for three N

2
—H

2
gas

mixtures ([H
2
],25%, [H

2
],10% and [H

2
],0%).

2. Experimental procedure
In the present study the desired sintered alloys were
produced using as a base material ASC 100.29 iron
powder. Due to its high oxygen affinity, the alloying
element, Si, was introduced into sintered steels through
ferrosilicon powder with 14.5% Si, producing a final
composition of Fe—1.5% Si. The test samples consist of
cylinders of 10 mm height and 10 mm diameter, and
were produced by conventional powder metallurgical
processing. Mixing of the powders, including the addi-
tion of 0.6% zinc stearate for lubrication, was per-
formed in a laboratory mixer. The samples were com-
pacted at 600 MPa. For Fe—1.5% Si, sintering was
performed in a laboratory furnace at 1200 °C for 2 h in
an Al

2
O

3
tube in ultrapure hydrogen atmosphere. In

the case of pure iron, sintering was done at 1150 °C, for
2 h, in a pre-purified hydrogen atmosphere.
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The samples were nitrided in a plasma reactor con-
stituted of a stainless steel cylinder with 30 cm inner
diameter and 30 cm height. This vacuum chamber was
pumped by a mechanical 10 l h~1 backstream pro-
tected vacuum pump. The experimental set-up is pre-
sented in Fig. 1.

Before each nitriding run, the samples were cleaned
by ultrasound for 10 min in acetone. Furthermore, to
assure the complete desorption of surface impurities,
they were subjected to a low pressure (0.666]102 Pa)
glow discharge (in H

2
or Ar) during 15 min in the

nitriding reactor.
The nitriding treatment was done for 2 h in a pulsed

d.c. glow discharge at 3.999]102 Pa. We used three
gas mixtures with hydrogen concentrations of 25, 10
and 0%, respectively. For each substrate composition
and gas mixture, the samples were nitrided in condi-
tions where the oxygen concentration was varied from
0 to 4%, while the total pressure and the nitro-
gen—hydrogen composition were kept constant. To
control the sample temperature a thermocouple was
placed directly in the substrate through a small hole.
This temperature was correlated with the gas temper-
ature of the luminescent region which was determined
by spectroscopy analysis of the rotational structure of
the N`(B)PN`(X) electronic transition. For our ex-
perimental conditions, the rotational temperature, can
be correlated with that of the plasma [11]. To do so,
we have used a Jobin-Yvon HR640 monochromator,
provided with a 1200 grooves/mm holographic grat-
ing and a photocounting system which allows resolu-
tion of the electronic-rotational emission lines of
the N`

2
(B, 0, J@ )PN`

2
(X, 0, JA ) transition. The inten-
6376
sities are then used to determine the rotational
temperature [11].

Simultaneous mass spectrometry analysis was used
to monitor the plasma chemistry during the treatment
time as well as to determine the influence of the oxy-
gen on the radical concentrations (NH

x
, N, NO, etc.)

formed during the process in the discharge. The mass
spectrometer was a VG-Quadrupole SXP 600, directly
coupled to the plasma reactor through a position
controlled probe, as shown in Fig. 1.

The microstructure and thickness of the nitrided
layers were analysed by standard optical metallogra-
phy techniques, scanning electron microscopy and
energy dispersive X-ray microprobe analysis.

3. Results
3.1. Plasma nitriding parameters
In order to control the nitriding process, we have
investigated the evolution of the electrical discharge
parameters, such as the cathode voltage, the current
density and the gas temperature, as a function of the
oxygen concentration. Fig. 2 shows the general trend
of these parameters, in the 75% N

2
—25% H

2
mixture,

for O
2

concentrations varying from 0 to 4%. We
observe that the current density is almost independent
of the O

2
concentration. However, the cathode poten-

tial necessary to maintain the current at a constant
value, corresponding to the desired value of the
sample temperature, increased almost linearly with
oxygen concentration. This variation is attributed to
changes in the ion composition in the cathode region,
which in turn leads to a change in the ion flux on the
Figure 1 Schematic diagram of plasma nitriding apparatus.



Figure 2 Current density, cathode voltage and rotational temper-
ature as a function of oxygen concentration. h 75% N

2
25% H

2
;

s 90% N
2

10% H
2
; n100% N

2
.

sample surface. This fact will be the subject of future
studies in our laboratory. Similar results were ob-
tained for 90% N

2
—10% H

2
mixtures. However, for

the discharge in pure N
2
, again the necessary poten-

tial to maintain the temperature at 550 °C had to be
increased significantly. In addition, in accordance
with reference [11], the rotational temperature
could not be correlated with the sample temper-
ature. It is important to emphasize that in these
conditions the plasma is not always stable. For this
reason, only three points were measured. It can be
observed in Fig. 2 that, for hydrogen containing
mixture, there is a very good correlation between
the rotational temperature with the temperature
measured using a thermocouple inserted directly
into the sample.
3.2. Microstructural analysis of the samples
Due to the incomplete homogenization of alloying
elements during the sintering process, sintered steels
produced by powder mixture usually show a hetero-
geneous microstructure. Consequently, the micro-
structure of sintered samples show different phases,
except in pure iron, which presents only a ferritic
phase and pores, as shown in Fig. 3a. The microstruc-
ture of Fe—1.5% Si (Fig. 3b) can be considered almost
totally ferritic with some pearlitic grains, due to the
presence of carbon as an impurity (0.4%) in the ferro-
silicon powder.

3.2.1. Plasma nitrided samples without
oxygen addition

The heterogeneous microstructure influences the ni-
trided layer formation during the nitriding process. As
already discussed by Maliska et al. [12], and as
Fig. 4b clearly shows, there is a penetration of the
compound layer through the boundaries of the origi-
nal iron particles, which are enriched with silicon as
a consequence of liquid phase formation and spread-
ing (transient liquid phase sintering) of the Fe—Si alloy
during the sintering process. This compound layer
also surrounds those pearlites situated very close to
the surface. The outermost pores, as well, are involved
by the compound layer. In pure iron the layer also
grows along open pores, but this effect is not so
pronounced. The nitrided layer of pure iron samples
showed a large amount of iron nitride needles well
distributed in the diffusion zone, as shown in Fig. 4a.
Despite the presence of these nitrided needles and
small precipitates, the increase in the hardness in pure
iron was very modest. It is speculated that the cause
could be the large mean free path between those
needles, and the non-existence of alloy nitrides.

For both pure iron and Fe—Si, the compound layer
obtained in the two hydrogen—nitrogen containing gas
mixtures is composed of a monolayer formed by e and
c@ phases, as detected in the X-ray diffraction profiles
carried out on the surface of the treated samples. As
for the case of treatment in pure nitrogen, the com-
pound layer is composed of two different regions, as
Figure 3 Optical micrograph of (a) sintered pure-Fe and (b) Fe—1.5% Si.
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Figure 4 Optical micrograph of (a) pure-Fe and (b) Fe—1.5% Si nitrided for 2 h.

Figure 5 Electron microscopy of compound layer of pure iron plasma nitrided in 100%N
2
.

can be seen in Fig. 5. In this case, the microprobe
analysis has shown that the outermost region presents
a high concentration of nitrogen.

3.2.2. Plasma nitrided samples with oxygen
addition

The introduction of oxygen in the gas discharge
caused no significant modification of the nitrided layer
formed in the gas containing hydrogen. Tables I and II
presents the main results and modifications produced
in different experimental conditions.

Modifications that occurs in the nitrided layer due
to impurity addition depends not only on the oxygen
concentration but also on the N

2
—H

2
mixture ratio.

For the mixture with a high H
2

concentration, as is
the case of 75% N

2
—25% H

2
, no modification of the

nitride layer was observed up to 4.0% of O
2
. In this

mixture, the compound layer, as well as the diffusion
layer, of the pure Fe and Fe—1.5% Si, showed the same
metallographic characteristics as did the samples ni-
trided without O

2
addition. These results were corrobo-

rated by the energy dispersive spectroscopy (EDS)
micropobe spectra obtained in those regions, which
did not show any traces of oxygen. Even for higher
impurity content, represented by 4.25% of O

2
(which

corresponds to 20.0% of atmospheric air in the reac-
tor), the presence of a thin oxide layer was only detec-
ted in the outermost region of the compound layer of
6378
the pure Fe samples. This oxide layer was probably
formed upon cooling the sample, when the discharge
was off. In spite of this layer, all the remaining com-
pound layer and the diffusion zone showed normal
appearence, with abundant precipitation of nitride
needles.

In the mixture 90% N
2
—10% H

2
, where the hydro-

gen content is lower, the oxygen addition caused few
modifications in the nitrided layer for both alloys, as
can be seen in Tables I and II. Only for an oxygen
concentration higher than 3.0% (which corresponds
to 15% of air), did the compound layer of pure iron
show microstructural modification, with two distinct
regions with different oxygen contents (Fig. 6). In this
case, the compound layer was much more porous and
fragile. For the Fe—1.5% Si sample, no microstruc-
tural modification of the nitrided layer was observed.
Except for some traces of oxygen in the compound
layer, detected in the EDS spectrum and which em-
brittle the compound layer, the compound layer as
well as the diffusion zone showed the same metallo-
graphic aspect as that in the layer formed without
oxygen.

For the mixture without H
2
, the effect of the pres-

ence of oxygen during the plasma nitriding process is
much more accentuated in the formation of the ni-
trided layer. Even for oxygen contents on the order of
2.0%, for the pure iron sample, the compound layer
exhibits a double layer with higher oxygen content in



TABLE I Nitrided layer characterization of the pure Fe with impurity addition

Mixture Impurity Compound layer Diffusion layer
N

2
/H

2
%O

2
Width Characteristics O

2
Width Nitrides O

2
(lm) presence (lm) presence presence

75/25 0.00 8.0 mono absent 450 abundant absent
1.42 9.0 mono absent 400 abundant absent
2.48 8.5 mono absent 390 abundant absent
4.25 7.5 mono absent 450 abundant absent

90/10 0.00 6.0 mono absent 350 abundant absent
0.67 8.0 mono absent 400 abundant absent
2.00 7.5 mono absent 500 accentuated absent
3.33 7.0 double/fragile accentuated 450 accentuated absent

100/00 0.00 14.0 double absent 200 abundant absent
1.90 10.0 double/fragile accentuated 250 rare present
3.85 13.5 triple/fragile accentuated — absent present

TABLE II Nitrided layer characterization of the Fe—1.5% Si alloy with impurity addition

Mixture Impurity Compound layer Diffusion layer
N

2
/H

2
%O

2
Width Characteristics O

2
Width Nitrides O

2
(lm) presence (lm) presence presence

75/25 0.00 10.0 mono absent 380 normal absent
1.42 10.0 mono absent 340 normal absent
2.48 8.0 mono absent 350 normal absent
4.25 9.0 mono absent 360 normal absent

90/10 0.00 10.0 mono absent 380 normal absent
0.67 9.0 mono absent 350 normal absent
2.00 10.0 mono absent 340 normal absent
3.33 8.0 mono/fragile rare 300 normal absent

100/00 0.00 10.0 mono absent 350 normal absent
1.90 8.5 mono absent — absent absent
3.85 — absent rare — absent rare

Figure 6 Electron microscopy microstructure of nitrided layer in mixture of 90% N
2
—10% H

2
of (a) pure iron and (b) Fe—1.5% Si.
both regions, as can be seen in the spectrum of Fig. 7.
This higher oxygen concentration makes the com-
pound layer very fragile. The diffusion zone is also
modified, with less precipitation of nitride needles and
the presence of oxygen in the region close to the
interface between the diffusion and the compound
layer. For oxygen content over 3.0%, the brittleness of
the compound layer is much more pronounced
(Fig. 8a). In the case of Fe—Si alloy, for oxygen content
up to 3.0% (Fig. 8b) no gradual modification of the
nitrided layer was observed. Above that value, no
compound layer was formed.
3.3. Plasma chemistry analysis
In order to determine the chemical identity of the
different species in the glow discharge, a systematic
study was done with the mass spectrometer, which
allowed the determination of some of the neutral spe-
cies. A summary of the results pertinent to this work,
which were presented at the 47th Gaseous Electronics
Conference [13], will be given here. The complete
work on the subject shall be published elsewhere.

The species were sampled about 2 cm away from
the substrate and it seems unlikely that they were
formed on the sample surface. This was inferred from
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Figure 7 EDS spectra showing the oxygen peak of the compound
layer of a pure iron sample, plasma nitrided in a nitrogen discharge
with 2.0% of oxygen.

considerations on the species residence and lifetime
under the experimental conditions used. Most species
formed from reactions in the plasma surface region
will preferentially exit the reactor (flow regime) rather
than being collected by the sample orifice of the mass
spectrometer. Therefore, the spectra obtained can be
considered as representative of the discharge chem-
istry, which in principle excludes any strong perturba-
tion from the nitriding process itself. The study of
discharge chemistry during the nitriding process in
our experiment only serves to establish a correlation
between the gas discharge chemistry and the sample
layer microstructure results. It is thus expected that
a systematic determination of the chemical identity of
the principal species will allow a better understanding
of the physical chemistry involved in the nitriding
process, as discussed in the next paragraph.

3.3.1. Formation of OH from H2 and O2

The mass spectrometric results presented hereafter can
be summarized as follows: in a mixture of N

2
—H

2
with

traces of O
2
, the intensity of the peak corresponding

to mass to charge ratio (m/z)"17 (presumably OH`

formed by ionization of radical OH) increases, while
those of the peaks corresponding to m/z"2 and 32
(identified as hydrogen and oxygen) decrease when
the discharge is switched on. If hydrogen is not present
in the mixture, the oxygen consumption is much less
and a peak m/z"30 (identified as NO) is formed.
6380
Fig. 9a and b shows two spectra, for a 90%
N

2
—10% H

2
mixture and for ‘‘pure’’ nitrogen, respec-

tively, at a total pressure of 3.999]102 Pa and O
2

concentration of 1.3%. In order to interpret the results,
a spectrum was always scanned before starting the
discharge, which represented the initial neutral gas
composition. Peaks with m/z"17 and 18 correspond
to ion fragments from the residual water (OH` and
H

2
O`, respectively) of the analysis chamber. For

a given electron energy of the mass spectrometer ion
source (70 eV in the present case), there will be a definite
relative intensity between these two peaks, which, for
the present purpose, we will call the ‘‘water reference’’.

For the hydrogen containing spectrum (Fig. 9a), it
was observed that, when the discharge was switched
on, the relative intensity I(17)/I(18) increased by
about 33% above the ‘‘water reference’’ value. Since
presumably I(18) can correspond only to the residual
water, and thus is supposed to be constant in the mass
spectrometer chamber, new measurements were
undertaken in order to identify the unknown species
affecting the intensity corresponding to m/z"17.
Either another species with the same m/z as that for
OH` (from H

2
O) was being formed, or this same

species was formed via another reaction mechanism
(not from H

2
O). Both alternatives would lead to an

increase in the intensity of m/z"17.
The presence of NH

3
, which yields NH`

3
(m/z"17)

by direct ionization in the ion source, was confirmed
by checking the appearance energy of the unknown
species. However, it corresponds to a minor fraction of
the observed difference, which means that at least one
more species has to be considered in order to explain
this difference. A strong candidate is OH` (second
alternative given above), which would result from the
direct ionization of OH.

The behaviour of the oxygen and the hydrogen
peaks, m/z"32 and m/z"2, supports this assump-
tion. Indeed, in addition to the increase of peak 17,
a decrease of the relative intensities of I (32) and I(2)
were readily observed in the spectra when the dis-
charge was turned on. (All peaks are measured rela-
tively to peak m/z"28, which is related to nitrogen.
Since nitrogen has a constant and well defined partial
pressure, close to the total pressure value, it can be
considered a good reference for all peaks.)
Figure 8 Electron microscopy of nitrided layer in pure nitrogen with 3.0% oxygen in (a) pure iron and (b) Fe—1.5% Si.



Figure 9 (a) Mass spectra of a 90% N
2
—10% H

2
mixture with

1.3% of added oxygen; (b) mass spectra of ‘‘pure’’ nitrogen with
1.3% of added oxygen.

For oxygen concentration above 1.3%, the relative
concentration of m/z"17 (OH` from OH) decreased
continuously, becoming negligible for [O

2
]Z4% (for

this concentration, it was only 1% above the ‘‘water
reference’’). These results seem to be correlated to
those of the preceding section, where a relation was
observed between the oxygen modification of the ni-
tride layer and oxygen concentration for values larger
than approximately 3—4%.

At this point it is important to point out that in pure
nitrogen (Fig. 9b) the reduction of oxygen was much
less important than in the presence of hydrogen (this
can be inferred from comparison between spectra in
Fig. 9a and 9b), which also suggests a relation between
the presence of hydrogen and the loss of oxygen.
Nevertheless, the relative intensity corresponding to
m/z"30 (presumably NO`) increased, particularly
when hydrogen was not present in the discharge,
which suggests a second channel for oxygen consump-
tion.

Finally, it was also observed that m/z"44 (identi-
fied as CO`

2
from CO

2
) increased upon oxygen

introduction in the mixture N
2
—H

2
, for oxygen

concentrations up to 4—5%. The correlation between
the sample microstructure and the evolution of CO

2
is now under investigation in our laboratory.

The interpretation of the above results can be sum-
marized as follows:

(a) If sufficient H
2

is present in the gas mixture, the
concentration of oxygen introduced in the discharge
decreases significantly (maximum of a factor of 4 in the
present conditions) when the discharge is turned on.
(b) The reduction of oxygen is accompanied by a simul-
taneous reduction of hydrogen itself, while the inten-
sities of the peaks 17 (identified as OH` from OH), 44
(identified as CO`

2
) and, in a lesser extent, 30 (identi-

fied as NO`), increase.

4. Discussion
The presence of several radical species formed in the
discharge during the nitriding process renders the
chemical analysis of the plasma very complex. Al-
though the initial gas mixture of N

2
—H

2
is a relatively

simple one before starting the discharge, the number
of reactive species involved, neutral and ionic, can be
very large during the time the discharge is on. In
addition to the species formed in the ‘‘pure’’ mixture,
contamination by O

2
or other gases such as CO

2
,

from air or from wall degassing, can also contribute to
an increase in the complexity of the chemistry, due to
the formation of new reactive species. Finally, as we
will see below, the chemical evolution of the plasma
can induce electrical changes, which need to be con-
trolled during the process.

In this section we will attempt to explain our experi-
mental results on the basis of the plasma parameters
and the layer characteristics.

4.1. Sample temperature
Regarding the electric potential and the current
density, we can affirm that in our experiment the
temperature is correlated with the current density,
irrespective of the oxygen concentration over the ex-
perimental interval. In an abnormal glow discharge,
the heating of the substrate sample is the result of its
bombardment by ions accelerated in the cathode fall
region (which corresponds roughly to 300—400 V in
the present experimental conditions) as well as by
rapid neutrals ‘‘heated’’ by charge transfer collisions in
the cathode fall [14]. As explained in the preceding
section, the cathode potential was varied in order to
compensate any variation of the monitored temper-
ature.

The decrease of the temperature as a function of the
O

2
concentration can be tentatively explained by cha-

nges in ionic and neutral composition, which may
result from charge transfer collisions. This probably
modifies the potential sheath distribution in the cath-
ode region, and thus the ion flux (current density); as
for the second one, it will modify the ‘‘heated’’ neutral
flux, thus also affecting the sample temperature. The
same argument is valid for the effect of hydrogen on
the temperature.

However, this variation does not affect the charac-
teristics of the layer, provided the same current density
(i.e. the same substrate temperature) is used.

It is important to note that either decrease of H
2

concentration or the increase of O
2

concentration
leads to an increase of the characteristic potential.
Either of these two changes can produce discharge
instabilities which in turn will increase the arc prob-
ability in the different reactor parts, thus rendering
more difficult the surface treatment. This behaviour is
critical for a pure nitrogen discharge.
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Another important result is related to the correla-
tion of the rotational temperature (obtained by spec-
troscopy) with that of the sample (measured with
a thermocouple). For the H

2
-containing discharge, the

two values are practically the same, but for pure N
2

or
N

2
containing O

2
, they are different. These results are

consistent with those reported in reference [11], where
the interpretation is given in terms of the kinetics of
the N`

2
(B) state.

4.2. O2 depletion
We have observed that the nitrided layer remains
practically unaltered with oxygen addition if the gas
discharge is produced in a N

2
—H

2
mixture. These

surprising results may be explained in terms of the
plasma chemistry. For low oxygen concentration, the
presence of oxygen was not detected in the samples
and Fig. 9 allows us to explain this result. We observe
a very important decrease of the oxygen concentration
by the action of the gas discharge. The significant
decrease of the oxygen concentration by the action of
the hydrogen, prevents the layer oxidation. The ap-
parent oxygen loss in the layer can be explained by
reactions involving hydrogen in molecular or atomic
states with atomic and molecular oxygen, probably
producing OH. In fact, we have detected an increase of
the peaks m/z"17 and 18 (increase in 17 relatively
larger than in 18), and a consequent decrease of the
peak m/z"2 corresponding to OH, H

2
O and H

2
,

respectively. However, this mechanism remains to be
verified and so is to be used with caution. The NO
formation from N

2
(X, v'13)#O(3P)PN#NO

(v"vibration) is another path of oxygen depletion.
Nevertheless, this reaction is not sufficient to explain
our results, since we also observe the formation of NO
in the pure-nitrogen discharge, but in this case the
layer oxidation is very important. For a relatively high
oxygen concentration (O

2
Z4%), we have detected

oxygen in the nitrided layer. This fact is probably due
to the saturation of the reduction reactions. The layer
is completely destroyed if no hydrogen is present in
the gas mixture, even for low oxygen concentration.

In industrial processes, the economic aspects are
very important. The level of oxygen impurity found in
commercial gases should not affect the nitriding pro-
cess and sophisticated vaccum system is not required.
The limitations due to oxygen contamination can be
ignored if we use a sufficient quantity of H

2
in the

mixture.

5. Conclusions
Analysing the results on the addition of oxygen to the
nitriding atmosphere for pure Fe and Fe—1.5% Si, we
can point out some important conclusions about its
effect on the nitrided layer.

1. The composition of the nitride layer due to the
presence of oxygen in the nitriding process depends
not only on the oxygen concentration, but also on the
amount of hydrogen in the mixture, as well as on the
elements present in the alloy.
6382
2. The presence of hydrogen in the gaseous mixture
prevents the prejudicial effect of oxygen in the forma-
tion of the nitrided layer. Mass spectrometric results
strongly suggests that the radical OH is formed from
hydrogen and oxygen in the discharge, thus contribu-
ting to neutralize the oxygen effect on the layer.
Formation of CO

2
and NO could also contribute (to

an unknown extent) to the depletion of oxygen.
3. In pure iron, increase of oxygen concentration in
the mixture causes gradual microstructural modifica-
tion of the nitrided layer. For alloys with high oxygen
affinity elements (as is the case of Si), no gradual
modification of the nitrided layer was observed as the
concentration of oxygen was increased during the
nitriding process. It disappeared in rather abrupt way.
4. Oxygen contamination is not a limiting factor in
a plasma nitriding process provided the gas discharge
is produced in N

2
—H

2
mixtures (H

2
'10%). For oxy-

gen concentration of the order of 3% (which corres-
ponds to 15% of air in the chamber) no influence on
the layer was observed.
5. The potential characteristic of the cathode sheath
may be modified to produce the same temperature for
all gas mixtures. The temperature is the fundamental
parameter to produce a good nitrided layer.

Finally, we can point out that we can use economical
commercial gases to produce good nitrided layers,
which is very important for industrial applications.
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