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ABSTRACT

The paper presents the results of an examination of aluminum samples exposed to runaway electron preionized diffuse
discharges in air, nitrogen, and argon at atmospheric pressure. The changes in the chemical composition, structure, and
hardness of the aluminum surface layers caused by the action of the discharge were investigated. It has been found that
the oxygen and carbon concentrations in the surface layers depend on the number of discharge pulses and on the
chemical composition of the working gas. The goal of the study was to find possible uses of runaway electron preionized
diffuse discharges in research and industry.
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1. INTRODUCTION

Various methods of surface modification of materials by electrical discharges aimed at giving the surface layers new
properties have been efficiently used for a long time. However, these methods are based on electrolysis and, therefore,
have a major drawback. They are not safe for the environment and personnel, as electrolytes are usually complex
mixtures of salts and acids having high temperatures during the process of electrolysis.

In this regard, the surface modification of materials as a result of plasma chemical reactions is of great interest. The
research in this area has been under way for a rather long time, and the results have already been used in developing
various surface treatment technologies. In particular, studies on nitriding of titanium surfaces [1-3] or on deposition of
energy saving coatings on glass surfaces [4] can be mentioned. All of these studies and the development of various
surface modification techniques are aimed at generating new surface properties of materials not characteristic of them in
normal state.

Since 2003, we have studied a new type of volumetric discharges in gases, namely, the runaway electron preionized
diffuse discharge (REP DD) [5-7]. This discharge is volumetric at high pressures and does not require preionization of
the gas to be initiated. The results of our studies of REP DDs gave us impetus to begin investigations of the surface
properties of different materials exposed to this type of discharge [6—11].

2. EXPERIMENTAL EQUIPMENT AND PROCEDURE

The experiments on studying the action of an REP DD on aluminum were carried out on two setups. The first one was
based on a RADAN-220 generator [12], which produced voltage pulses of amplitude 360 kV (open circuit voltage),
FWHM ~0.7 ns (across a matched load), and rise time ~0.5 ns. Measurements have shown that the discharge peak
current was ~3 kA and the total duration of the discharge current pulse was ~13 ns (the duration of the first half period of
the discharge current was ~3 ns). The samples were irradiated in a repetitive pulse mode at a pulse repetition frequency
of 1 Hz. The specific power input to the discharge plasma was over 100 MW/cm®. A tube of diameter 6 mm made of
50 um thick titanium foil was used as a cathode. In this setup, specially prepared aluminum plates of thickness 1.5 mm
were used for the anode. The eclectrode gap spacing was 18 mm. The experiment using the RADAN-220 setup was
performed in an open chamber, with free access of air.
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The other experiment was carried out with nitrogen and argon at atmospheric pressure. In this case, the NPG-15/2000N
generator capable of producing voltage pulses of amplitude up to 30 kV, FWHM 6 ns, and discharge current up to 100 A
was used as a high voltage source [13]. With this generator, the specific power input to the discharge plasma was
~10 MW/cm®. Plates of thickness 1 mm and foils of thickness 200 um were used for the anode. Irradiation was carried
out in a repetitive pulse mode at a frequency of 2 kHz in a stream of nitrogen or argon at a flow rate of 5 sl/min.

In this experiment, an evacuated chamber was used through which the gas required for a particular experiment was
pumped. In all cases, the gas pressure corresponded to the atmospheric pressure. Each sample was prepared by polishing
followed by rinsing with distilled water and alcohol in an ultrasonic bath. After wiping, the sample was placed in the
discharge chamber where it was treated with a diffuse discharge (Fig. 1).
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Figure 1. Aluminum sample: as-prepared (a) and exposed in air to 6000 discharge pulses generated by the RADAN -220 (b).
The diameter of the discharge-affected region d was ~25 mm.

After REP DD treatment, the samples were placed, to prevent the influence of air, in a capsule filled with an inert gas
(argon) and passed for Auger spectroscopy to examine the elemental composition of their surface layers. The
examination was performed with the use of a Shtil-2 Auger spectrometer [14].

3. EXPERIMENTAL RESULTS
3.1 Surface modification by REP DD in air

The results of examination of the elemental composition of the surface layers of aluminum irradiated in air using the
RADAN-220 generator are presented in Fig. 2.
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Figure 2. Oxygen concentration in the surface layers of aluminum versus irradiation dose.

It can be seen that the oxygen concentration in the treated aluminum samples is slightly different from that in the as-
prepared samples.

The results of examination of the carbon concentration for the same samples are given in Fig. 3.

Proc. of SPIE Vol. 9810 98100V-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/28/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



30—:J

Carbon:

] = Initial

25 » 1200 pulses
4 —a— 3000 pulses

—— G000 pulses

n
o
‘

Concentration, % at.
>
1

s
10 *
i i
T
d
.
b
5 .
LA 5};'?.
. L-b T Ve STV B a1 e
B §-de il il ‘$§-“hl-iﬂ._ﬁ"‘;;ﬁ;—3&,-.‘I-’
. gy - ....--,-roa,-.t,‘z______'__
L o i e e B L T B e
0 10 20 30 40

50 60 70 80 90 100
Depth, nm

Figure 3. Carbon concentration in the surface layers of aluminum versus irradiation dose.
It can be seen that the high irradiation doses played a prominent part in the surface cleaning of aluminum. On exposure
to 1200 pulses, the carbon concentration remained unchanged through the first 5 nm of the surface layer, but in the
deeper layers, it decreased from 5% to 1%. Increasing the irradiation dose decreased the carbon concentration at the
surface from 30% to 6% and 2% for 3000 and 6000 pulses, respectively.

3.2 Surface modification by REP DD in nitrogen and argon

To irradiate the samples in nitrogen and argon, we used the system allowing surface treatment in a repetitive pulse mode.

The irradiated samples were passed for elemental analysis. At the time of the experiment, we had at our disposal samples
of materials produced in Russia, China, and France.

The China produced aluminum samples turned out to respond to the REP DD irradiation most readily (Fig. 4).
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Figure 4. Concentrations of the main elements in samples of China produced aluminum before and after treatment with
100000 discharge pulses in nitrogen.

As a result of the REP DD treatment of the samples, carbon-containing compounds were removed from the surface layer
and oxygen was removed from somewhat deeper layers (1540 nm) adjacent to the metal bulk. The aluminum oxide
concentration increased a little at the surface and decreased at the bulk boundary.

The response of the samples of Russia produced aluminum to the diffuse discharge treatment was different (Fig. 5).
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Figure 5. Concentrations of the main elements in samples of Russia produced aluminum before and after treatment with

100000 discharge pulses in nitrogen.

It can be seen that as-supplied Russia produced aluminum was in fact similar to that produced in China, except for the
greater carbon content within the first 20 nm depth of the surface layer. However, the oxygen and aluminum oxide
contents in the Russian aluminum samples were lower (by about 5%) compared to the Chinese samples.

However, when exposed to REP DD with the same dose and under the same conditions, the Russia produced aluminum
responded quite differently. The carbon compounds remained almost intact in the surface layer, whereas the oxygen and
aluminum oxide concentrations increased beginning from the 10 nm depth, and oxygen penetrated throughout the
examined depth of the metal bulk.

We intentionally tried to choose aluminum samples different from each other and so used plates and foils produced in
different countries. The French aluminum sample (see Fig. 6) was strongly different in surface condition from those
produced in Russia and China. It seems that the surface of the French sample was even more porous than that of the
Russian sample. The surface of the as-supplied sample was oxidized to a greater extent and to deeper layers (up to
50 nm).
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Figure 6. Concentrations of the main elements in samples of France produced aluminum before and after treatment with
100000 discharge pulses in nitrogen.
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It consisted of hydrocarbon compounds, oxygen, and aluminum oxide. The oxygen concentration in the French sample
decreased to 10% at a depth of 270 nm against 50 and 80 nm in the Russian and the Chinese sample, respectively. The
same trend was observed for carbon: its 10% at. concentration in the Russian and Chinese samples was reached at a
depth of 20 nm, whereas in the French sample, this carbon concentration was observed only at a depth of 150 nm.

Nevertheless, despite the highly contaminated surface of the French sample, the changes in main element concentrations
resulted from the exposure to REP DD in nitrogen showed the same trend as observed for the Russian sample. The
carbon concentration remained almost unchanged, whereas the oxygen concentration increased dramatically and reached
over 60% at. a depth of 210 nm. The changes in aluminum oxide concentration were also similar to its changes in the
Russian sample. In the deep layers, the aluminum oxide concentration was over 20% at., whereas its changes, compared
to the as-supplied sample, were within the measurement error.

The results obtained indicate that the surface of the French sample was highly porous. In addition, the high oxygen
content in the as-supplied material suggests that the sample was exposed to air for a longer time than the other samples.

Analysis of the results of the REP DD action on aluminum in nitrogen provokes the question of why the metal is
oxidized under these conditions. According to the certified data for the nitrogen used in the experiments, the volume
fraction of oxygen in molecular form and as a water vapor component made no more than 0.0017%. We suppose that
during the discharge operation, oxygen ions are produced which interact with nitrogen and water to form nitrogen oxides
and more complex compounds, such as molecular nitric acids [16]. Along with this, some of the negative oxygen ions
penetrate, under the action of the accelerating voltage, into the anode surface layer and oxidize the metal (aluminum in
the case under consideration).

After the exposure of the samples to REP DD with the same dose (100000 pulses) in argon at normal pressure, no
changes in their surfaces were detected visually. Therefore, in this case, the elemental composition of the sample surface
layers was not analyzed.

4. CONCLUSIONS

Based on the obtained data on the action of REP DDs on aluminum surfaces, it has been found that the test samples
showed two main responses to this type of treatment: oxidation and freeing of carbon. Supposedly, the degree of
response primarily depends on the porosity of the metal rather than on the composition of the working gas. The more
porous the surface of an aluminum sample, the deeper the oxygen penetration and the more problematic the removal of
the carbon compounds present in the surface layers of as-supplied samples.
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