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Microwave plasma nitrided austenitic AISI-304 stainless steel
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Abstract

A microwave (f=w/2r=2.45 GHz) electron cyclotron resonance (ECR) plasma source was employed for low-temperature
(350 °C) and low-pressure (3—4 x 10~ Torr) nitriding of AISI-304 stainless steel. Even for nitriding times as short as 40 min, the
surface hardness was found to increase by up to six times the initial value, and the nitrogen concentration and penetration depth
were typically up to 27 at.% and 15 um, respectively. These quantities were determined by measurements of the nitrogen
concentration profiles obtained by nuclear reaction analysis (NRA) and by means of energy-dispersive X-ray spectroscopy (EDX)
analysis of a surface perpendicular to that which received the nitrogen flux. Three different mixtures of N,/H, were used as
working gases with an electron plasma density that was greater than the critical value. This density was achieved by lowering the
external magnetic field to almost half of its resonant value (B,=875 G—resonant magnetic field). In this way, the samples
underwent enhanced surface ion bombardment during the treatment. The plasma specifications were determined using electric

probes. © 1998 Elsevier Science S.A.
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1. Introduction

The nitriding process for surface hardening of
steels has been used in industry for the last 60 years and
today has become a highly accepted technology [1].
Traditionally, thermochemical processing involving the
diffusion of nitrogen using solid, liquid and gaseous
mass transfer media has been used, and this results in
the formation of hard surface layers without any sub-
stantial modification of the bulk material. However,
these processes are not energy-efficient and require long
treatment times.

The advent of plasma nitriding (or ion nitriding)
caused a renewal in the interest in this mode of metal
processing. By using plasmas, it is possible to accelerate
the diffusion of nitrogen into the samples, and therefore
reduce the treatment times [2]. Moreover, the reactivity
of the nitrogen is no longer dependent on the sample
temperature [3], and therefore, it is possible to fix the
temperature according to the sample characteristics and
vary the nitrogen activity by changing, for example, the
gas partial pressure. Initially, direct current (d.c.) dis-
charges were used to carry out plasma nitriding [3,4].
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In this case, the sample temperature is determined
mainly by the electrical power applied to the discharge,
so that changes in temperature are closely related with
changes in the plasma parameters, leading to results
that depend on the experimental conditions in a compli-
cated manner. The use of microwave discharges reduces
this interdependence since the plasma heating of the
sample is much reduced and the sample temperature,
set by a substrate heater, can be changed without
affecting the plasma parameters [5].

The kinetics of nitriding has been the focus of much
research since the introduction of the process. The use
of plasma processes has meant that the very long
treatment times have been considerably reduced, but the
times continue to be high, from a few hours up to
several tens of hours for a typical sample [6-9]. The
time principally depends on the hardness and depth
penetration of the nitrogen required [10]. Some improve-
ments have been achieved by increasing the ion bom-
bardment of the samples exposed to the plasma. This
has been done through the so-called Plasma Immersion
Ton Implantation technique, which involves the applica-
tion of a pulsed high voltage bias to samples immersed
in a radio frequency (r.f.) plasma [11]. The process also
facilitates the treatment of large samples, and along the
same lines, considerable progress has been made in the
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intensification (raising the plasma density) of conven-
tional d.c. glow discharges, using an auxiliary thermal
electron source [12-14]. This variation permits a reduc-
tion of the working pressure down to 10”2 Torr and
shorter treatment times. In particular, in Ref. [14], it is
reported that 2 h of nitriding were sufficient to obtain
an increase in the surface hardness of almost four times
the initial value.

In the case when a microwave ECR discharge is used,
low-pressure regimes with high plasma density values
(i.e. ionization fraction close to 10%) can be easily
obtained. These characteristics, among others, make the
use of this kind of approach very attractive for plasma
processing, and there are various reports of its use in
the processing of materials [15-17]. However, there are
very few reports of its use in the nitriding of steels.
Therefore, the aim of the present paper is to study the
characteristics of this type of plasma and the influence
of these characteristics on the nitriding of steels. We
restrict our study to the description of those regimes in
which it is possible to obtain the maximum surface
hardness and layer thickness, for comparatively short
treatment times.

2. Experimental

The microwave ECR source used in these experiments
was described elsewhere [18]. Briefly, the microwave
system consisted of a Micro Now 420B1 microwave
power oscillator of fixed frequency (f=w/2n=
2.45 GHz) and variable output, 500 W maximum,
denoted as incident power P;. In the experiments
described, a constant power of 320 W was used. The
microwave power was applied through a cylindrical
TE,; waveguide to a cylindrical TE,;; resonant cavity.
It was possible to adjust the inner wall of the resonator
and the antenna length in the waveguide to match the
impedance of the cavity to that of the plasma.

The external magnetic field was generated by three
solenoids. These were used to create the resonant condi-
tion in the central part of the resonator and to extract
the plasma into the reaction chamber. The resonant
condition existed when the electron cyclotron frequency
(wge) equalled the pump frequency (w), and this corres-
ponded to a magnetic field of 875 G. In this work, we
refer to the magnetic field values as the ratio w./w in
the center of the resonator. Magnetic field variations
were found to influence the plasma density and its
uniformity significantly. As shown previously [18], in
our system, the highest values of plasma density were
obtained when the magnetic field values were reduced
to w./®w[10.6. In the experiments described here, the
magnetic field value was kept constant at 0.6.

The gases used flowed through a quartz tube, located
inside the resonant cavity, limiting the plasma radius

Table 1

Processing parameters used in plasma nitriding

Incident power 320 W
e/ 0.6
Pressure 2-8x 10~ Torr
Gas flow 4-20 sccm
Gas composition H,/N, (vol%) 90/10, 85/15, 80/20
Nitriding time 40 min
Substrate temperature 350 °C

Initial hardness (Hv, ¢s) 250425

to approximately 3 cm. The ultimate pressure of
5x107¢ Torr was obtained using a 2001s* vacuum
diffusion pump. The nitriding treatments were carried
out in this equipment, using different values of pressure
in the 10~ *-Torr range, and the corresponding total gas
flows are shown in Table 1. It should be noted that, in
our present setup, the gas flow determined the pressure
in the reactor, since there was no variable conductance
valve between the chamber and the diffusion pump.
Three different hydrogen/nitrogen mixtures (80,20,
85/15 and 90/10) were used as feed gases. The purity of
the gases was 99.99%.

A single Langmuir probe was used to take radial
profiles of the plasma parameters [electron temperature
T, and density 7., floating (Vy) and plasma (V}) poten-
tials] in a region of the reaction chamber close to the
sample holder, located in the working chamber, which
was connected to the resonant cavity through a critical
waveguide, in which the microwave radiation did not
propagate into the reaction chamber, so that the high
frequency oscillations were practically negligible in this
chamber. Under these conditions, it was possible to
perform probe measurements without any compensation
in the electrical circuit of the probe. The magnetic field
in the region where probe measurements were carried
out was sufficiently low (~ 150 G) such that the ion
probe theory could be used. The radius of the probe
was 0.15 mm, and the length was 5 mm.

Commercial 304 austenitic stainless steel was used as
the substrate material. The chemical composition of the
material was: 0.08% C, 18% Cr, 8% Ni, 1% Si, 2% Mn
and 0.15% S. Prior to nitriding, the specimens were
machined into a square shape (approximately
15x 15 mm) with a thickness of about 8 mm, and
annealed at 1050 °C for 30 min. This procedure was
used to homogenize the samples and to avoid changes
in the sample hardness or surface structure due to
heating during the treatment. In this way, we attempted
to guarantee that any changes in sample hardness were
a result of the plasma treatment and hardness measure-
ments of heat cycled, but untreated samples showed this
to be correct. All samples were mirror-polished using
600 grit silicon carbide sandpaper and then 1-pm alu-
mina paste, and finally ultrasonically cleaning in metha-
nol. The microhardness measurements were carried out
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using a Matsuzawa MXT30-UL tester, and the average
value before the plasma nitriding was 260425 Hv for
50 and 10-g loads.

The surface concentration and maximum penetration
of the nitrogen were measured by nuclear reaction
analysis (NRA) and energy-dispersive X-ray spectro-
scopy (EDX), which was also used for the studies of
penetration versus treatment time. A Tandem Van de
Graaff accelerator was used to carry out the NRA
measurements, by irradiating the samples with 1800-
and 2200-keV deuterons. The detection angle was 150°,
and the sample surface was perpendicular to the ion
beam. The study was made on the basis of the
N (d,p,)*®N and N(d,u,)**C nuclear reactions. The
analysis of the experimental and simulated spectra
allowed, in some cases, the calculation of the nitrogen
depth penetration and in others to establish a minimum
for this value; at the same time, estimations of the
relative surface concentration for most of the samples
were obtained. The maximum detectable penetration for
the NRA work was determined by the energy of the
incident beam and the limitations of the simulation
process. The EDX measurements were carried out using
a Phillips XL30 equipped with an EDAX microprobe.

Plasma nitriding was performed with external heating
of the samples to a temperature of 350 °C for the treated
surface. This value of temperature was calculated after
obtaining the relationship between the temperature mea-
sured by a chromel-alumel thermocouple connected to
the back of the sample and that produced on the front
face of the sample. The temperature of 350 °C was
chosen from a series of optimization experiments. For
these experiments, the plasma conditions were kept
constant, and the temperature was varied from 500 to
300 °C. The greatest increment of surface hardness was
found for a temperature of 350 °C. Although a more
complete study of the effect of the sample temperature
is necessary, for the purpose of the present paper, the
selected value is considered to be adequate to study the
influence of the plasma parameters.

The samples were electrically isolated from the cham-
ber and attained the floating potential of the plasma.
This procedure takes advantage of the naturally estab-
lished difference between the plasma and floating poten-
tial to cause bombardment of the substrate.

3. Plasma parameters

As the ionization characteristics of the plasma sources
are known to be crucial to their effectiveness in the
nitriding process, it is of interest to study the influence
of the plasma parameters on the results of the treatment.
In the experiments described below using the microwave
ECR discharge, the electron temperature and density,
as well as the floating and plasma potentials were

determined as functions of the total pressure and the
type of gas used. Parameters such as the incident power
and magnetic field also influence the plasma parameters,
but in our experiments, they were kept constant. In the
range from 300 to 500 W, P; has only a slight influence
on the plasma density. However, there is a strong
dependence of plasma parameters on the magnetic field.
The value w./w=0.6, was chosen because it provided
an overdense plasma (i.e. plasmas with density greater
than the critical value, which, for the case of w=
2.45GHz, is 7.5x10°cm~3; at this value of plasma
density, the electromagnetic wave is reflected as the
dielectric constant becomes zero, and plasma waves can
be excited); moreover, with this magnetic field, the
reflected power is minimum (~ 15%).

Fig. 1 shows the variation in the electron density
along the plasma radius (~3 cm) for various pressures,
for the 80/20 (H,/N,) mixture. The zero represents the
plasma center. Fig. 1 shows measurements in the vicinity
of the sample (i.e. the plasma center) and some other
points to show the behavior of the electron density.
From the different curves, a maximum can be seen at
4 x 10~ * Torr, where the best coupling of energy to the
plasma particles is achieved. This kind of behavior is
typical for plasmas with densities greater than the critical
value and is related to the transformation of the incident
electromagnetic wave into plasma waves via linear or
non-linear effects, which are known to be of the resonant
type [19]. This value of pressure was chosen to be the
mid-point of the range of pressures used for the nitriding
studies. The plasma potentials and electron temperature
are shown in Fig. 2. In this graph, the average values
near the center of the plasma tube are plotted, since this
is the area occupied by the samples to be nitrided. The
results show a decrease in both the electron temperature
(T¢) and plasma potential (V) with increasing pressure,
but no consistent variation in floating potential (V;) as
a function of gas pressure is seen. It is important to
note that, although 7} does not change in the same
manner with this variable, the difference between V
and J} systematically decreases with increasing pressure.
Furthermore, this feature is observed for all the gas
mixtures used. Table 2 shows the results of the plasma
measurements for the three mixtures, the numbers corre-
spond to the average values for the center region of the
plasma. The values of plasma density indicate an ioniza-
tion fraction close to 10%, based on the working pres-
sure. These plasma regimes were used to carry out the
nitriding of the steel.

4. Nitriding

The results of the nitriding of the specimens held at
a fixed temperature and with a plasma exposure time
of 40 min are also shown in Table 2. The Hv values
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Fig. 1. Radial electron density distribution, for different working pressures of the mixture 80/20 (H,/N,) with fixed magnetic field w../w=0.6 and
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Fig. 2. Electron temperature, plasma and floating potentials as functions of pressure.

correspond to the 15-g load microhardness measure-
ments on the treated surfaces. From these results, the
90/10 mixture can be seen to give somewhat lower values
compared to the 80/20 and 85/15 mixtures. Furthermore,
the values correspond to an increase of between 450 and
600% in the hardness of the steel. Apparently, this is

the maximum value achievable even if longer treatment
times or biasing of the substrate is employed; these last
aspects are discussed later.

Microhardness measurements were performed under
different loads in order to estimate the penetration depth
of the nitrogen. Fig.3 shows a typical plot of the
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Table 2
Measured plasma parameters

H,/N, Pressure T. (eV) Density V, (V) V:; (V) Vo—V; pnHardness
10~4 Torr 10" cm ™3 (Hvg015)
90/10 3 12.5 2.8 44.6 —25 69.6 1230+ 150
90/10 3.5 10.9 3.5 38.6 —21.2 59.8 1070 £ 150
90/10 4 8.2 4.6 29.5 —15 44.5 1220+ 150
85/15 3 14.0 2.7 48.7 —27.8 76.5 1410 +200
85/15 3.5 13.2 2.6 45.1 —26.8 71.9 1520 £200
85/15 4 8.9 3.7 31.2 —17.5 48.7 1630 +200
80/20 2.5 10.0 0.7 40.6 —14.2 54.8 355+25
80/20 3 11.9 2.3 40.3 —24.7 65.0 1780 +200
80/20 3.5 10.2 2.8 354 —20.2 55.6 1450 +£200
80/20 4 9.4 3.2 324 —18.6 51.0 1550 +200
80/20 8 4.5 0.9 25.1 0.5 24.6 880+ 100

T, is the electron temperature, and V; and V, are the floating and plasma potentials, respectively.
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Fig. 3. Microhardness measurements performed with different loads for samples treated with the 80/20 mixture at different pressures; the errors
related with these measurements are shown in Table 2. The intersection of the 520-HV line with the curves was used in the estimation of the nitrided

layer thickness.

indentation depth versus hardness for the 80/20 mixture
at different pressures. The x-axis of the plot is the
indentation depth (d;) calculated from the relation

d; =(d/2) tan 22°,

where d is the average value of the diagonal of the
indentation, and tan 22° arises from the geometry of the
indenter. From this type of graph, we have estimated
the penetration depth of the indenter for a microhard-
ness 100% greater than the initial value of the untreated
steel. The obtained values of d; are considered to be
representative of, but not necessarily equal to, the thick-

ness of the nitrided layer. The values of this representa-
tive depth for all of the samples are shown in Table 3.
The results of these measurements show that although
there is no large difference in the surface hardness for
the different mixtures, nevertheless, the penetration of
the nitrogen into the samples is dependent on which
mixture is used. Table 3 also includes the values of the
difference of the plasma and floating potentials, and it
can be seen that the lower gas pressure, and hence the
larger potential difference, the deeper the penetration of
the nitrogen. These results are similar to those obtained
by other authors in Ref. [20]. These data show that the
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Table 3

Nitrided layer thickness, determined using three different methods (¢,
is identation method, NRA are the values obtained using the nuclear
reaction analysis method, and EDX are the results obtained by means
of energy dispersive X-ray spectroscopy), nitrogen surface concen-
tration and difference of potentials for different experimental regimes

H,/N, Pressure d; (nm)  NRA EDX Max Vo—V;

10~* Torr (nm) (um) Nat% (V)
90/10 3 7.4 9.7 11.0 25.23 69.6
90/10 3.5 5.1 >7.1 28.33 59.8
90/10 4 4.8 >7.1 24.34 44.5
85/15 3 9.6 >10.8 15.0 27.5 76.5
85/15 3.5 7.4 7.1 12.0 29.5 71.9
85/15 4 8.0 >7.3 10.0 32.2 48.7
80/20 2.5 0.5 4.15 22.1 54.8
80/20 3 8.6 9.7 14.0 29.0 65.0
80/20 3.5 5.3 >7.1 25.9 55.6
80/20 4 4.7 28.3 51.0
80/20 8 2.3 4.15 21.5 24.6

dependence of the penetration on the difference of
potentials is maintained as long as the plasma density
does not vary greatly. However, a reduction in both
parameters also results in a reduction in the penetration
as shown in the data for the 80/20 mixture. In general,
the data demonstrate that changes in the plasma parame-
ters play an important role, and therefore changes in
external parameters (such as input power, magnetic
field, total pressure or gas flow) must be considered
through the changes that they produce in the plasma
parameters. In particular, alteration of the external

conditions may lead to nitriding results that are radically
different to those expected.

As mentioned, the depth of nitrogen penetration from
the indenter data is only a representative value, and
more precise measurements were performed using NRA
and EDX. However, due to the limitations of the NRA
technique in determining large depths in some cases, it
was only possible to obtain a minimum value of the
penetration.

The EDX measurements were carried out on a face
cut perpendicular to the nitrided surface. Fig. 4 shows
typical results for different plasma conditions. For this
work, each sample was analyzed in successive 2-um
steps from the edge of the cut and nitrided surface, until
the nitrogen signal was seen to decrease to the back-
ground level; the results are listed in Table 3. In this
way, it was possible to obtain the maximum depth of
penetration of the nitrogen and also corroborate the
depth profiles from the NRA measurements. A compari-
son between the different methods to determine the
depth penetration of nitrogen, shows that the representa-
tive depth from the indentation depth gives a low value,
particularly when the penetration is large, i.e. when high
loads (1 kg for example) are needed. Nevertheless, the
method can give a quick and confident estimation of
the nitrogen penetration up to approximately 8§ um.

A combination of data obtained from NRA and EDX
allowed the calculation of the absolute nitrogen concen-
tration in the surface of the samples. Except for the
extremes of the pressure range used, this concentration
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Fig. 4. EDX depth profiles of N for different plasma conditions. The processing time was fixed at 40 min.
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was constant, within the calculation error, and was
approximately equal to 27 at.%, which is in good
agreement with a result reported in Ref. [21], when the
same steel was treated with low-energy ions. A slight
reduction was observed (22.13 at.%) when the plasma
density was reduced, and under these conditions, the
surface hardness only increased by 50%, and the nitrogen
penetration was very low. Although the accelerating
potential for this case is only slightly reduced, the
quantity of particles hitting the sample surface is severely
affected by the decrease in the plasma density, and this
leads to the inclusion of less nitrogen [13]. Table 3
shows that the highest values of N concentration are
related with the highest values of surface hardness, and
the N penetration depth is proportional to the accelerat-
ing potential.

An additional aspect demonstrated by the NRA
analysis was that the penetration depth of the nitrogen,
the maximum surface concentration of nitrogen and the
concentration profile could vary independently. In par-
ticular, the samples treated with the 80/20 mixture at
2.5 and 8 x 10~ Torr showed similar nitrogen penetr-
ations and surface concentrations but the concentration
profile for the lower pressure sample decreased much
more rapidly, reflected in a lower surface hardness.
Similarly, the 90/10 3.0 x 10~ * Torr and 80/20 3.0 x
10~* Torr samples have similar nitrided layer thicknesses
but the 80/20 sample has a higher nitrogen surface
concentration, and this again gives a larger surface
hardness value.

In general, the results of the nitrogen depth penetra-

110 4

100 —

Layer thickness ( pum)

tion show that, for short treatment times, it is possible
to form a relatively thick nitrided layer with high surface
hardness, when an adequate difference of potentials
(between V, and V) is established. Our experiments
indicate that an accelerating potential of 76 V is sufficient
to bring about nitrogen penetration up to approximately
15 um in 40 min. As can be seen from Figs. 1 and 3 and
Table 3, a reduction in the plasma density leads to a
decrease in surface hardness and nitrogen penetration,
independent of whether the potential is reduced or not.
Similarly, a reduction in the accelerating potential
greatly affects the effectiveness of the treatment, even if
the density is only slightly reduced.

On the basis of these results, the use of high potentials
together with a high plasma density is the best combina-
tion. In order to confirm these ideas, a d.c. bias was
applied to the sample holder, while the rest of the
experimental conditions were maintained as for the
case of the 85/15 mixture with a pressure of
3.5x 104 Torr. Two values of d.c. bias were used: —100
and —50V. In this case, the accelerating potential is
the difference between V,, and the applied bias.

The sample treated with a —100 V d.c. bias showed
a d;=10 pm nitrogen depth penetration and a surface
hardness of 1273 HV (15-g load). This surface hardness
was practically the same as for the floated sample.
However, the nitrogen penetration was higher by at
least a factor of two. Unfortunately an exact determina-
tion of the penetration was not possible as the sample
suffered considerable etching. Similarly, the characteris-
tics of the plasma could not be recorded as the probe

Ref [13], m=3.27, 180 mTorr
Ref[23], m=16.8

Ref [13], m=33.47, 35 mTorr
This work, m=32.45

Xhreon

0.5 1.0 1.5 2.0

25 3.0 35 4.0 4.5

Treatment time (h'"’?)

Fig. 5. Nitrided layer thickness as function of processing time. m is the slope.
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was contaminated by the sputtered material a few min-
utes after the treatment was begun. In the experiment
with a d.c. bias of —50 V, no etching was observed, the
surface hardness and nitrogen penetration were slightly
reduced (1100 HV and 6.5 um, respectively), but the
plasma was also highly perturbed by the bias. A compar-
ison with the experiments with floated samples is
difficult, as the plasma was significantly different.
Nevertheless, some conclusions can be made. When a
voltage bias of —100V was applied, ions were
accelerated with an energy of approximately 140 eV (as
the V, is ~40 V). The sputtering yield of Fe in Ar at
140 eV was ~0.30 atoms per ion [22], and for an energy
of 76 eV, the sputtering yield was ~0.01 atoms per ion,
so sputtering at these low energies may have been
present, but the rate was insignificant. A negative bias
voltage of 100 V, with plasma densities in the middle of
the 10! cm ™3 range, caused undesirable sputtering of
the sample surface. Similarly, the d.c. bias greatly per-
turbed the plasma, indicating that an r.f.-induced bias
may be preferable for use in these types of experiments
in an ECR microwave plasma.

In order to establish the layer growth kinetics, an
experiment was performed under the same conditions
as for the sample treated with the 85/15 mixture at
3.5x 10~ * Torr, but the sample was divided into four
regions that were exposed to the plasma for different
intervals of time, 30, 60, 85 and 120 min each. EDX
measurements were performed on a face cut perpendicu-
lar to the nitrided surface in order to determine the
nitrogen depth penetration in each of the treated regions.
Fig. 5 shows the kinetics of the layer growth; in this
plot, we include results from other authors [23]. It can
be seen that the process is very rapid compared with
conventional plasma nitriding (for example, in compari-
sons with ammonia nitriding; see Ref.[5]) and has
basically the same velocity as for the case of the so-called
intensified glow discharge [14].

The ECR microwave discharge used in the described
experiments is useful for the nitriding of steels. Its
effectiveness is a direct consequence of the high ioniza-
tion fractions close to 10% that are possible in these
types of devices. However, for the gases used, it is
possible to find regimes in which the difference between
plasma and floating potentials is suitable (of the order
of 75V, in our case) to cause a sufficient amount of
bombardment of the sample and in this way increase
the efficiency of the nitriding process, but at the same
time, not too large to cause sputtering. The reported

experiments in this paper were focused on the problem
of hardness enhancement and nitrogen depth penetra-
tion in order to study the role of the plasma parameters
in the discussed treatments. Problems related to the
structure changes in the steels and the chemical processes
that take place in the plasma are in progress in our
laboratory.
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