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H. Baránková1,2,z and L. Bardos1,2

1Uppsala University, Ångström Laboratory, Division of Electricity, Plasma Group, SE-751 03 Uppsala, Sweden
2BB Plasma Design AB, SE-756 43, Sweden

Radio frequency Hollow Cathode based hybrid process integrating both Physical Vapor Deposition and Plasma Enhanced
Chemical Vapor Deposition was used for deposition of amorphous carbon on glass samples. The films were subjected to high
voltage pulses and the performance was compared with uncoated glass samples to test the protection ability of the films, the ability
to prevent the deteriorating effects of corona flashovers/arcs. In contrast to the uncoated glass the well adherent carbon films with
thicknesses between 3.5 and 17 μm exhibited an excellent protection of the glass substrate against the flashovers/arc damages in
both polarities of the electric field with voltages up to 300 kV.
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The performance of electrical insulators in the high-voltage
transmission lines is very important due to effects of the environ-
mental conditions and different kinds of pollution in the application
areas. This becomes even more important for the high voltage direct
current transmission systems (HVDC) planned for long distances
through deserts, near the sea, in agriculture areas, etc.1–3

It is essential to prevent insulator malfunction at vulnerable parts
that can be caused by corona type discharges, for example brittle
fracture of the fiberglass core of composite insulators, carbonized
conductive tracks in carbon based insulators and exposure of
fiberglass core by erosion. The degradation of polymers is often
accompanied by burning and emissions of hazardous gases.

The insulators, when exposed to the arc/flashovers deteriorate as
a result of strongly enhanced oxidation. The arcs leave the tracks on
the surface of the insulator. In these regions an increased con-
ductivity occurs which is a potential threat of further breakdowns
and serious damage of the component.4

Usually, insulators, e.g. porcelain, polymers or polymer based
composites are protected, to prevent flashover problems, by different
silicone greases, Room Temperature Vulcanizing (RTV) silicone
rubbers or alternatively, insulators with semiconducting glaze,5 were
tested as well. However, these solutions are not fully satisfactory.
Either the performance at high humidity, mist and pollution is not
good or the hydrophobicity may be lost with pollution and cold
weather, or lifetime is not enough or geometry and design do not
enable some of the methods. Moreover, applying of RTV silicone
rubber is not environment friendly. The thin insulator coatings over
the insulator component areas that are exposed to the arc could
increase the reliability of individual components and consequently
the whole transmission systems.

Different materials have different properties and durability.6

Hardened glass is a frequently used material, because it is a
relatively cheap and low-degrading material with service lifetimes
usually longer than 50 years.

The aim of this work was to test possibility of increasing high
voltage protection of glass samples by deposition of thin amorphous
carbon protective coatings using a fast and cost-effective Hollow
Cathode based hybrid PVD/PE CVD process.

Experimental

The deposition of well adherent amorphous carbon (a–C) films
directly on glass, without using any interlayer, was described
elsewhere.7–9 The principle is based on a two-step process: (i)
plasma pretreatment (activation) of the glass surface in a noble gas,
and (ii) the Hollow Cathode hybrid PVD/PE CVD process in the

mixture of argon with acetylene. The samples for the high voltage
tests were ordinary microscope glass slides 76 × 26 × 1 mm.
The coatings were deposited using the linear parallel-plate graphite
hollow cathode working in the M–M (Magnets-in-Motion) regime
on the samples positioned 45 mm below the hollow cathode slit.
The a–C films were deposited on 50 mm long sample areas, while
13 mm sides were masked by side holders. A schematic sketch of the
deposition method is shown in Fig. 1.

During the 5 min substrate activation by the rf plasma the
substrate holder was powered by 500 W rf generator RF1 in
300 sccm Ar+ 30 sccm O2 at 20 Pa (0.15 Torr). The 20 min depositions
were then performed at 40 Pa (0.3 Torr) in the Ar + C2H2 mixture (total
flow rate of 1500 sccm) flowing through the linear graphite rf hollow
cathode powered by the generator RF2. The power was kept at 1200W.
The frequencies of both rf generators were 13.56MHz.

The coatings were analyzed by Raman spectroscopy (Renishaw
inVia confocal Raman microscope with 532 nanometer laser). The
XRD measurements were performed by using a Siemens D5000
diffractometer in the grazing incidence mode, 2° incident angle. The
thickness of films was measured by a stylus profiler Dektak 150 on
steps formed by masking the substrates. The adhesion of coatings
was analyzed by scratch tests according to the EN ISO 20502:2016
standard in progressive load mode with applied load from 1 N to
50 N. Three critical load levels were evaluated: LC1 failure of the
cohesive strength (cracking of the edges of the scratch line), LC2
failure of the cohesive and adhesive strength (detachment of the
coating at the edges of the scratch line), LC3 failure of the adhesive
strength (detachment at the center of the scratch line). The surface
roughness of the substrates was measured using an optical 3D
technique called focus variation, with the specimen illuminated by a
modulated light. The light is then reflected by the specimen and
projected on to a digital sensor in the precision optics.

The high voltage tests on the a–C coated glass samples were
performed in the High Voltage Laboratory for lightning research and
high-voltage discharges at the Angstrom Laboratory. The basic
description of the test system with a Marx generator allowing the
high-voltage pulses was described in Ref. 10 and its recent
modifications were reported in Refs. 11, 12. The pulses with the
rise time of 1.2 μs and reaching half value at 50 μs, with voltages
between 120 kV and 300 kV for both pulse polarities were applied
to a rod electrode touching the coated part of the sample supported
by a spherical grounded electrode. The test system detected the
voltage and current in the high voltage flash. The system was
equipped by an optical camera synchronized with the pulse for
recording the discharge flash. The samples were also tested with
a larger area (10 × 10 cm2) glass plate under the tested sample
to obtain longer paths of the flash with higher voltages and currents
in the circuit. The details of both test arrangements are shown
in Fig. 2.zE-mail: hana.barankova@angstrom.uu.se
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Deposition of Amorphous Carbon Films on Glass

Basic properties of the a-C films deposited by the Hollow
Cathode based hybrid PVD/PE CVD on glass were presented
elsewhere.8,9 The deposition rates depend on the acetylene content
in the gas mixture. The deposition rate reaches its maximum of 2.5
μm min−1 at 2% of C2H2 in the gas mixture with Ar, after which the
rate starts to drop. The corresponding film thickness can reach up to
50 μm. However, the films grown at rates above 0.8 μm min−1

(thickness of 18 μm) do not exhibit a good adhesion. The highest
critical load LC1 (2.32 ± 0.10 N) was observed for 0.25% of C2H2 in
the gas mixture, the highest LC2 (16.95 ± 0.75 N) for 0.5% C2H2

and the LC3 level was even not reached for applied load of 50 N for
samples deposited at 0.25% and 0.5% C2H2. It should be noted that
the most of deposited carbon is supplied from the C2H2 PE CVD
process. This was observed from the experiments when only Ar was
used so that all supply of C would come only from the graphite
cathode plates. The resulting thickness of the coatings was very low
(repeatedly around 1.5 μm).

For the high voltage tests the depositions at 0.25%, 0.5% and even
1% were selected so that a good adhesion and at the same time a good

deposition rate would be provided. Examples of the SEM images of
the surface and cross section of the a–C film deposited at 0.5%
acetylene in the mixture with Ar are shown in Figs. 3 and 4. The film
thickness is around 5 μm. The interface between the film and glass
does not exhibit significant defects. The surface roughness values are
around 0.3 μm. It should be noted that when the deposition pressure
was reduced, the surface roughness exhibited 10–15 times lower
values: 0.02 μm for the pressure of 9.3 Pa (0.07 Torr).

The XRD analysis confirmed amorphous character of the carbon
coatings, as can be seen in Fig. 5. The hump around 25° is typical for
amorphous films grown on quartz/glass.13,14

High Voltage Tests on Amorphous Carbon Coated Glass
Samples

Already first tests with the negative, −120 kV pulses revealed
visible differences between the uncoated and coated glass samples.
The coated glass exhibited clearly a suppressed intensity of the flash,
see Figs. 6a and 6b. The difference is slightly less notable for a
thinner a–C coating and flashover at +200 kV when the shielding
glass plate was added, as shown in Figs. 6c and 6d.

Figure 1. Schematic of the amorphous carbon film deposition on glass by a two step process.

Figure 2. The arrangements used in the study of high voltage discharge damages on glass substrates coated by the amorphous carbon films.
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The damages caused by the flashover were checked by the optical
microscope (Olympus AX70) with the illumination from the back
side of the sample, see photographs in Fig. 7. The glass coated by
amorphous carbon performs much better when subjected to the high
voltage flashovers, than uncoated glass. The traces of damage are
much less significant than at the uncoated glass. The same effects
were observed even for thinner films of 7.5 μm and for films
deposited at 0.25% C2H2, with thickness of 3.5 μm. It is evident that
the a–C films have ability to protect the glass substrate from the
damage. It was also found that the flashover caused damages rather
outside on the supporting shielding glass plate and not on the coated
sample. This is shown in the photographs presented in Fig. 8.

Conclusions

The performed tests of the protection ability of the a–C films
deposited by the Hollow Cathode based hybrid PVD/PE CVD on
glass substrates against the high voltage damages by the corona
discharges confirmed that the adherent carbon films with tested
thickness between 3.5 and 17 μm can provide excellent protection of

Figure 3. SEM image of the surface of amorphous carbon deposited on glass by the hybrid PVD/PE CVD process.

Figure 4. SEM cross section image of amorphous carbon deposited on glass substrate by the hybrid PVD/PE CVD process.

Figure 5. Typical XRD diagram of amorphous carbon deposited on glass
substrate by the hybrid PVD/PE CVD process.
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Figure 6. Shapes of the high voltage flashovers at uncoated glass samples (a) (c) and at the samples coated by the a–C film (b), (d). Flashovers with added
shielding glass plate (c), (d).

Figure 7. Comparison of the damages made by the high voltage flashover on uncoated glass and on the glass coated by 17 μm thick a–C film. The coated sample
was tested by multiple shots.
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the glass substrate against the flashover at both polarities of the
electric field with voltages up to ±300 kV. It was concluded that:

• Uncoated glass substrates can be heavily damaged by high
voltage discharges. The discharge is able to crash or even “drill
through” the glass substrate.

• The a–C films with the thickness between 3.5 and 17 μm efficiently
protect the glass substrate from damages by the high voltage discharges.

• There were no substantial differences in the damages caused by
negative and positive polarities of the discharge.

The simplicity and the high deposition rate of the Hollow
Cathode based hybrid process as well as the flexibility in the shapes
and arrangements of the hollow cathodes, including their capability
of coating inside narrow holes,15 could be very interesting and useful
for industrial applications of this method in insulator protection.
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