
AU0019443

LOW-PRESSURE RF PLASMAS: A VERSATILE NITRIDING ENVIRONMENT.

Jay son PriestT, George Collins •, Ken Short-*-, Matthew FewellT, Matthew BaldwinT
TDivision of Physics & Electronics Engineering, University of New England,

Armidale, N.S.W. 2351, Australia
•f Australian Nuclear Science and Technology Organisation,

Private Bag 1, Menai, N.S.W. 2234, Australia

1. Introduction

Plasma nitriding is currently a widely used industrial process for increasing the surface
hardness and load bearing capacity of steels [1]. Commercial processes involve the use of an
abnormal glow discharge with the workpiece as the cathode in nitrogen-hydrogen
atmospheres at pressures between 10 to 1000 Pa. The workpiece is heated during treatment,
often entirely by energetic ion bombardment, to high temperatures, typically 500-560°C.
Low-alloy and tool steels can be effectively treated in this way, but there are a range of steels,
such as the austenitic grades of stainless steel, for which these process temperatures are too
high [2]. Although significant increases in the surface hardness are obtained, precipitation of
CrN, which occurs at temperatures above 450°C, gives rise to a loss in the corrosion
resistance [3].

An advantage of low-pressure rf plasma nitriding lies in the straightforward control of
process parameters such as treatment temperature and workpiece bias. The ion and neutral
fluxes are generally lower than those at higher pressures so the process temperature can be
kept low. Previously, we have explored this nitriding environment for the treatment of the
austenitic grade of stainless steel AISI 316 for a wide range of process parameters using a
treatment temperature of 400°C [4-6]. In these investigations, a heated sample table was used,
but this method of heating is not suitable for the treatment of large-scale or irregular shaped
components, which are more suitably treated in a furnace environment. In this paper, we
report on our recent efforts in scaling low-pressure rf plasma nitriding towards commercial
exploitation through the development of a new hot-wall nitriding reactor [7] with features
based on the design of an industrial heat-treatment furnace. Plasma-immersion ion
implantation (PI3), in which the workpiece is biased to high-voltage (20-50 kV) [8], can also
be conducted in this reactor. In the present work though, we deal with a negative bias voltage
of no more than a few hundred volts, and we have explored the efficiency of this reactor in
treating AISI 316 for the range of process temperatures 300-550°C.

2. Experimental Techniques

The samples consisted of discs of AISI 316 stainless steel (< 0.08% C, 17% Cr, 12% Ni,
2.5% Mo), of 25 mm diameter. The surfaces of the discs were ground and polished, with the
final step using 0.5 um diamond paste, giving a surface micro-roughness of less than 5 nm as
measured with a Tencor Alpha-Step 200 stylus profilometer.

The samples were treated in a recently developed industrial-style heat-treatment furnace or
hot-wall nitriding reactor at the Australian Nuclear Science and Technology Organisation [7].
In this device, the workpiece is heated by radiation from the hot walls of the vacuum retort.
The plasma is generated by rf power applied to a single-turn antenna situated at one end of the
chamber. Samples are positioned on a sample table and can be electrically floated or biased to
potentials of-30 kV for PI3 operation. Table I lists the process parameters used and the
process sequence.
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Table I. Process parameters and sequence used in this work.

(i) Sample loaded and chamber pumped to pressure of 0.2 mPa (2 nbar).

(ii) Preclean during heat up (2 h) in Ar-H2 (50:50 %) rf plasma at same bias, pressure, rf power as treatment.

(iii) Commence treatment with parameters

sample temperature

sample bias

rf power

rf frequency

process gas

gas pressure

gas flow rate

treatment time

300-550± 10°C

-250 V (with respect to chamber walls)

250 W

13.56 MHz

99.99% nitrogen (< 12 ppm H2O, < 10 ppm O2)

400 mPa (4 ubar)

11 j.imol s~* (15 seem)

3h

(iv) Cool in vacuum.

During the treatment, the plasma properties were examined with a SPEX 270 optical
spectrometer and a Langmuir probe. The surface hardness of the samples subsequent to
treatment were measured with a Nano Instruments Us microindenter. Structural changes in the
modified surface layer were examined using a Siemens D500 X-ray diffractometer (XRD) and
elemental profiles were measured with a Cameca IMS 5F secondary ion mass spectrometer
(SIMS) using the MCs+ technique [5].

3. Results

Samples were treated according to the
process sequence and parameters in Table I
for the range of process temperatures 300-
550°C. Figure 1 shows the measured
thickness of the nitrided layer (full circles)
as a function of process temperature. A
result obtained from our earlier
investigations in a cold-wall reactor (open
circle) [7] is also shown. The curve in
Figure 1 is indicative of layer growth being
the result of a square-law diffusion
controlled process. Microhardness
measurements made subsequent to
treatment reflect the thickness of the
nitrided layer. At the highest process
temperatures, the increase in surface
hardness was approximately a factor of 2
compared with an untreated sample.
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Figure 1: Thickness of the nitrided layer, inferred
from SIMS data, as a function of process
temperature. The curve shows behaviour typical of
diffusion.

X-ray diffraction studies show increased amounts of the nitrogen-rich phase, commonly
referred to as expanded austenite, for treatment temperatures up to 450°C. However, above
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Figure 2: Probe electron current measurements as a
function of corrected potential for process temperatures
varying from 50-400°C

this temperature, evidence for the
precipitation of CrN is observed in
the X-ray diffraction patterns,
consistent with other experimental
studies [2,3].

It is important to note the
significant improvement in the layer
thickness obtained in the hot-wall
reactor compared to that obtained
using a nitriding reactor with cold-
walls. Our previous investigations
[7], showed evidence suggesting that
the hot walls of the furnace favour
production of higher densities of
electrons, molecular ions and
metastable energy levels of the
nitrogen molecule. We have explored
this further with the use of a
Langmuir probe. Figure 2 compares

a selection of current-voltage characteristics for various process temperatures in the hot-wall
reactor. The data shows the electron current only as a function of corrected potential, that is
the ion current has been subtracted and the abscissa represents probe bias with respect to the
plasma potential. The results indicate that, as the "temperature is increased, both the average •
electron energy (proportional to the reciprocal of the slope) and the number of collected
electrons increases. This is most distinct for the largest negative corrected potentials,
indicating a higher proportion of high energy electrons (above 10 eV) in the plasma. This
correlates with our previous data, which showed enhanced metastable-particle induced
secondary electron production from stainless steel surfaces with temperature [7].

The positive-ion N{~ and electron
Ne densities, were also inferred from
Langmuir probe measurements as a
function of temperature and are
shown in Figure 3. The electron
density was calculated from the
average electron energy (~4 eV)
using conventional probe theory.
However, the electron density shown
is only an approximation as the
electron energy distribution function
is not strictly Maxwellian. As the
temperature is increased to ~400°C
the positive-ion density decreases,
whereas the electron density
increases. With further increase in
temperature, the positive-ion density
begins again to increase and the
electron density decrease. However,
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Figure 3: Positive-ion density (closed triangles) and
electron density (open squares) as a function of process
temperature found from Langmuir probe measurements.
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Figure 4: Intensity of the N2+ (B->X) emission line at
391.4 nm, showing the decrease in the excited ion
emission as a function of process temperature.

spectroscopic data do not quite reflect this
trend. The intensity of the N2

+ (B-^-X) line
emission at 391.4 nm, shown in figure 4,
shows that as the temperature is increased
the density of excited ions gradually
decreases. The higher concentration of
energetic electrons in the plasma might be
responsible for maintaining the level of
excited ions with temperature.

4. Conclusions

An industrial styled hot-wall furnace
has been employed for low pressure rf
plasma nitriding of AISI 316 stainless steel.
This type of reactor overcomes the
limitations of its cold-wall counterparts, as
the entire volume of the reactor chamber is
at the process temperature.

The thickness of the nitrided-layer as a
function of process temperature agrees with

diffusion theory. However, comparison with a previous result obtained using a cold-wall
reactor show that the hot-wall reactor has a higher nitriding efficiency. Langmuir probe
measurements reveal that as the temperature of the .furnace is elevated, the average electron
energy and-proportion of higher energy electrons is increased. This might explain the
increased nitriding efficiency of the hot-wall reactor.
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