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Abstract

Austenitic stainless steel AISI 304 was nitrided in a low-pressure RF plasma using pure nitrogen. With
a treatment of time of 4.0h at 400°C, the nitrogen-rich layer on the sample was 3 pm thick and had a
hardness of approximately 4.4 times higher than that of untreated material. XRD data showed that as the
process temperature rose from 350~450°C, the expanded austenite peaks became more prominent while the
austenite peaks became weaker. Expanded austenite was transformed to ferrite and CrN at the treatment of
500°C. Langmuir probe measurements showed that electron density decreased above 450°C.
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INTRODUCTION

Plasma nitriding is a plasma-activated thermochemical
method for increasing the surface hardness and wear
resistance of metals. Commercial plasma-nitriding
reactors use an abnormal glow discharge, either dc or
pulsed. They perform well when nitriding low-alloy"
and tool steels, but they are less successful with
stainless steel, particularly those grades with an
austenitic structure. The high treatment temperature
common in commercial nitriding processes causes
precipitation of CrN”, resulting in surfaces that are
hard and resistant to wear but suffer degraded corrosion
resistance. The use of lower treatment temperatures™”
and low-pressure discharges” has been found to be
effective in addressing this problem. The modified
layer so produced contains a phase, sometimes called
S-phase or expanded austenite, that is very rich in
nitrogen. A similar phase can be produced by ion
implantation” and by reactive sputtering®.

Low-pressure RF plasma is the basis of plasma-
immersion ion implantation. In the context of the
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treatment of steels at elevated temperatures, this can
be thought of as a nitriding process with the addition
of high-energy (20~50 keV) ion bombardment”. Thus,
the study of RF nitriding provides insight into the
underlying plasma behavior in process like plasma
immersion ion implantation.

Several other considerations also provide motivation
for a study of RF plasmas in the context of nitriding.
Gas pressures can be much lower in RF plasmas than
in DC glows, leading to lower consumption of feed
gas. Also, by using an antenna other than the workpiece,
plasma generation is separated from substrate bias,
thus removing the need for arc suppression and allowing
better control of the process.

The plasma nitriding of AISI 316 stainless steel has
been studied much®”. There is a need for working on
other grade stainless steels. This paper reports results
from a study of the nitriding of AISI 304 stainless
steel by RF plasma in pure nitrogen.

EXPERIMENTAL

The AISI 304 alloy (C<0.08, Si<1.00, P<0.045,
$<0.030, Cr 19.0, Mn<2.00, Ni 9.0, balance: Fe) was
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Fig. 1. Schematic diagram of experimental apparatus.

used for the samples. The samples consisted of disks
25mm in diameter and 4 mm thick, which were
surface ground, polished and ultrasonically cleaned in
ethanol prior to loading onto the sample table of the
hot-wall nitriding reactor at the Australian Nuclear
Science and Technology Organization{ANSTO). The
schematic diagram of the apparatus is shown in Fig. 1.
This reactor is fabricated from stainless steel and
pumped by a large-capacity turbomolecular pump. A
single-turn inductively coupled antenna, also made
from stainless steel, is located inside the reactor
volume. At an appropriate gas pressure, a diffuse RF
glow discharge fills the reactor when RF power is
applied to the antenna.

The sample table of the hot-wall reactor can accom-
modate several samples in one loading. Four treatments
used the process temperature of 400°C, with treatment
time varied in the range 1~16h, and four treatments
used a process time of 4 h, with temperature in the
range 350~500°C. All treatments included a precleaning
step : the reactor was filled with a 50/50 mixture of
hydrogen and argon, and as RF glow discharge was
maintained as the sample was heated to the process
temperature. The length of time required for this
varied in the range 1.5~2.0h depending on the
desired process temperature and the temperature of
the reactor walls at the beginning of the day. At the
end of the precleaning, the chamber was pumped out
and filled with nitrogen for the nitriding step. During
all plasma exposure, both precleaning and nitriding,
the sample was biased at —250 V with respect to the
reactor walls. Following the treatment, the samples

Table 1. Process parameters used in this study

Precleaning Nitriding
rf power and frequency 250 W at 13.56 MHz
Total pressure (mPa) 400 400
Sample bias (V) 250 =250
Time (h) 1.5~2.0 1.0~16.0
H, flow rate (umol s ')* 119 -
N, flow rate (umol s™') - 11.0
Ar flow rate (umol s™') 3.8 0

*1.0 umol s~ = 1.36 sccm

were cooled under vacuum conditions. The ranges of
treatment parameters used for samples studied herein
are given in Table 1.

In the hot-wall reactor, the whole volume is at the
working temperature, which was monitored by both a
thermocouple and an optical pyrometer. The uncertainty
on the temperature is +10°C. As indicated in Table 1,
all steps of the process use flowing gas. The system
shows differential pumping, with hydrogen being
pumped the most efficiently : this was allowed prior
to the treatments by noting the relationship between
pressure for each gas separately. The glow rates
given in the middle column of Table 1 produce an
Hy/Ar mixture with equal partial pressures of the two
gases.

Following the treatments, the sample were examined
by x-ray diffractometry (XRD) and scanning electron
microscopy (SEM), and their surface hardness was
measured by an instrumented method. The X-ray
diffractometry was performed on the Phillips PW
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1050 diffractometer located at the University of New
England, using Cu K radiation and Bragg Brentano
geometry. Scanning electron microscopy (SEM) was
used to image the treated layer. A thin cross-sectional
slice was cut from each sample and cast in epoxy
resin. This was then surface ground and polished. To
render the nitrogen-rich layer visible, the polished
surface was chemically etched for 10s in Marble’s
solution (10 g copper sulphate in 100 m/ of 6.0 M
hydrochloric acid). Finally, the etched sample was
coated with carbon to reduce the charging that generally
occurs during SEM analysis of metallic samples cast
in insulating materials. Examination of these samples
was carried out in the (JEOL, JSM-820) scanning
electron microscope located at the University of Ulsan.
Measurements of the surface hardness of the samples
were made with the Nano instrumented indenter
located at ANSTO, using loads of 0.05 N, 0.25 N and
1.0 N. Five measurements were made on each sample
at each load; uncertainties are taken as the standard
deviation of each set of measurements. The Langmuir
probe was used for measurement of the local properties
of plasma. A single cylindrical collecting-probe was
used.

RESULTS

Fig. 2 shows X-ray diffractograms from the AISI
304 samples. Fig. 2(a) shows, as the process tem-
perature rises from 350°C-450°C, the peaks from the
underlying austenite become weaker and the expanded
austenite peaks more prominent as the thickness of
the treated layer increases. The diffractogram from
the treatment at 500°C is quite different, showing that
the well known transformation from expanded austenite
to ferrite and CrN has occurred. Similar remarks
apply to Fig. 2(b), which is consistent with thicker
treated layers after longer treatment time. The increasing
treatment time indicates an increasing expansion of
the lattice presumably due to an increasing nitrogen
content. The most interesting feature in Fig. 2 is the
double structure shown by the expanded austenite
peaks in Fig. 2(b) for the sample treated at 400°C for
1.0h. This is reminiscence of results reported by
Czerwiec et al.'” in AISI 316 and attribute to a two-
component structure for the nitrogen-rich layer.

Fig. 3 shows the result of instrumented indentation,
parallel to Fig. 2. In Fig. 3, the variation of measured
hardness of the treated samples with indenter load
reflects the effect of a thin hard layer on a softer
substrate. Electron micrographs of the cross section
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Fig. 2. X-ray diffractograms of AlIS! 304 samples nitrided
(a) for 4 h at the temperatures indicated and
(b) at 400°C for the lengths of time indicated.

of an indent in AIST 316 stainless steel show that, at
an indenter load of 1.0 N, the highest load used here,
the treated layer is not punctured but is driven into
the softer substrate. The hardness value obtained is
therefore intermediate between the true hardness of
the treated layer and the hardness of the substrate.
Hence, the values at the lightest load (0.05 N) give
the best indication of the hardness of the treated
layer. The results at 1.0 N load can be regarded as
reflecting the thickness of the treated layer; the
trends shown in Fig. 3 support the conclusion from
XRD.

Fig. 4 shows SEM micrograph of cross-section of
nitrided layer of AISI 304 samples. A nitrided layer
of about 3 um was formed.

Hot-wall nitriding reactor is more efficient than
cold-wall nitriding reactor since the hot-wall vacuum
furnace favors production of higher densities of
electrons, molecular ions and metastable energy
levels of the nitrogen molecule. To investigate the
effect of this phenomenon on the low-pressure RF
nitriding plasma, an investigation of the plasma process
parameter space with temperature was undertaken
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Fig. 3. Measurement of surface hardness by nano-
indentation for AISI 304 samples nitrided (a) for
4 h at the temperatures indicated and (b) at
400°C for the lengths of time indicated.

Fig. 4. SEM micrograph of cross-section of nitrided layer.
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Fig. 5. Results of Langmuir-probe measurements (a)
Electron current measurements as a function of
corrected potential for process temperatures
varying from 50~400°C and at a pressure of 400
mPa and 250W RF power (b) Electron density
(triangles) and electron temperatures (circles) as
a function of process temperature.

within the hot-wall nitriding reactor. During treatment
the conditions within the plasma were characterized
by Langmuir-probe measurements. Fig. 5 shows results
of Langmuir-probe studies. Fig. 5(a) shows comparison
of a selection of current-voltage characteristics for
various process temperatures in the hot-wall reactor,
while Fig. 5(b) shows the electron density and average
electron energy as a function of process temperature.
These data were taken in a 250 W RF plasma at a
constant pressure of 400 mPa with the sample table
biased at —250°C. Fig. 5(a) shows the electron current
as a function of corrected potential: that is the positive-
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ion current has been subtracted so that the abscissa
represents probe bias with respect to the plasma
potential. The results indicated that, as the temperature
was increased, both the average electron energy
(proportional to the reciprocal of the slope) and the
number of collected electrons increased. This is most
distinct for the largest negative corrected potentials,
indicating a higher proportion of high-energy electrons
(above 10 eV) in the plasma. It is interesting to note
the correlation between the results of Baldwin® and
these data for process temperatures above 450°C.
Baldwin found that as the temperature was increased
above 450°C, metastable-particle induced electron
production decreased. This is a trend that is also
reflected in the electron density measurements of Fig,
5(b). This phenomenon can be explained in terms of
the surface properties of stainless steel with temperature.
The migration of Cr from solid solution at room
temperatures above 450°C leads to the formation of
CrN which could give sufficient change in the surface
properties and thus the workfunction of the material.

CONCLUSION

A low-pressure RF discharge using pure nitrogen is
an effective medium for nitriding austenitec stainless
steel. With a treatment time of 4.0 h at 400°C, The
nitrogen-rich layer was 3 um thick and has a hardness
about 4.4 times higher than that of untreated material.
As the process temperature rose from 350~450°C, the
peaks form the underlying austenite became weaker
and the expanded austenite peaks became more
prominent. Transformation form expanded austenite

to ferrite and CrN occurred at 500°C. Langmuir probe
measurements showed that electron density decreased
above 450°C.
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