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Abstract
This paper investigates the solid by-products of CF3I–CO2 gasmixtures and their proposed use as an
alternative insulationmedium in gas insulated switchgear and lines. The deposited by-products of a
30%–70%CF3I–CO2 gasmixture are experimentally investigated using stainless steel, aluminium and
copper contacts whilst a standard 50 kV lightning impulse is used to cause electrical breakdown in the
gasmixture. Following breakdown, the accumulated by-products over the electrodes surface were
examined using an imagingmicroscope and scanning electronmicroscope. This paper discusses the
results ofmicroscope analysis on the surface of the electrodes and explores the effects that the detected
by-products could have on high voltageCF3I–CO2 gas insulated equipment.

1. Introduction

Sulphur hexafluoride (SF6) is themost reliable gas insulationmediumusedworldwide in the power industry in
gas insulated switchgear (GIS) and gas insulated lines (GIL). SF6 is used in the power industry because it has an
insulation strength approximately three times that of air at atmospheric pressure which has led to compact and
reliable GIS andGIL equipment [1]. SF6 is also chemically inert and has advantageous arc extinction qualities.
However, it is nowwidely known that the global warming potential (GWP) of SF6 is extremely high, with a value
of 23 900 times that of CO2 [2]. SF6 also has a reported atmospheric lifetime of 3200 years [2]which coupledwith
its infrared radiative capabilities has led to its extremely damaging effect on the environment when released into
the atmosphere. It is important that any substitute insulating gas possess a high insulation strength at a relative
lowpressure whilstmaintaining long term stability in any container. Furthermore, it is important that if any
breakdownoccurs in the gas, it can recover without a vast increase in by-products. If by-products occur that
reduce or compromise the overall insulation capability of the gas, this could affect the long-termusefulness of
any alternative insulationmedium.

One alternative insulation gas that shows promising insulation properties to replace SF6 is
Trifluoroiodomethane (CF3I) and itsmixtures [3]. An important characteristic of CF3I includes its ability to
rapidly decompose in solar light which results in aGWPof less than 5 [4]. CF3I also has an extremely short
atmospheric lifetime of less than 2 days [4]. The result of CF3I’s short atmospheric lifetime and its very lowGWP
mean that its negative effect on the environment is virtually non-existent compared to SF6.

Under uniform field conditions, it has been shown that CF3I has a breakdown voltage 1.2 times that of SF6
[4] and so could potentially be used to insulate future power equipment. It is, therefore, important that research,
such as that conducted in this paper, examines the effects of breakdownon this new insulationmedium and
examines its deposited by-products when in close proximity to commonmaterials used inGIS andGIL.

When examining the by-products of CF3I, it is important to note that SF6, which is currently used in the
power industry, producesmany by-products when subjected to a high voltage breakdown, such as SOF2
(Thionyl Fluoride), SO2 (SulphurDioxide), SO2F2 (Sulphuryl Fluoride), SOF4 (SulphurOxide Tetrafluoride),
SiF4 (Silicon tetrafluoride) andCF4 (CarbonTetrafluoride)which can, inmost cases, be removed using

OPEN ACCESS

RECEIVED

3 July 2017

REVISED

22August 2017

ACCEPTED FOR PUBLICATION

6 September 2017

PUBLISHED

26 September 2017

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2017TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/2399-6528/aa8ab4
https://orcid.org/0000-0002-0662-8590
https://orcid.org/0000-0002-0662-8590
mailto:widgerp@cardiff.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1088/2399-6528/aa8ab4&domain=pdf&date_stamp=2017-09-26
http://crossmark.crossref.org/dialog/?doi=10.1088/2399-6528/aa8ab4&domain=pdf&date_stamp=2017-09-26
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


absorbents [5]. SF6 also produces solid by-products during arcing such asmetalfluoride (white) powders which
are extremely acidic [5].

In this paper, the deposited surface by-products of a 30%–70%CF3I–CO2 gasmixture are examined
following electrical breakdowndue to lightning impulses being applied to a point-plane electrode configuration.
These studies will help improve understanding of the process that takes place across gas gaps in switchgear [6]
andGILs [7] if insulated byCF3I–CO2 gasmixtures. Research has shown that CF3I–CO2 gasmixtures are capable
of insulating gas gaps inMV switchgear [6] andmodels of GILs [7]. However, little is known about the deposited
by-products that gas breakdown could produce. In [8] the production of Iodine (I2) is simulated and theorised
fromaCF3I–CO2 gasmixture but not experimentally proven by using an SEM/EDX as is shown in this paper. In
[8, 9] the insulation characteristics of CF3I–CO2 gasmixtures is evaluated using partial discharge inception
voltage. This paper examines the deposited surface by-products created during this process and further develops
the process of detecting solid by products [10, 11]. This paper experimentally uses an SEM/EDX to identify the
solid by-products produced by aCF3I–CO2 gasmixture, a taskwhich has not previously been undertaken.

2. Experimental test setup

Throughout the experimental research conducted in the following sections, the deposited by-products
produced on the surface of electrodesmade of commonGIS andGILmaterials were investigated. In this
experiment, a high voltage impulse generator was used to apply a 50 kV standard positive lightning impulse
(1.2/50 μs), at a current level of 165 A, to the point electrode for allmaterial types. The equivalent circuit
diagram is shown infigure 1 and an examplewaveformof the voltage (no breakdown) and current (after
breakdown) is shown infigure 2. The build-up of by-products was examined after breakdown events occurred.
A gasmixture of 30%–70%CF3I–CO2was used throughout the testing programwith the gas insulationmedium
separating a point-plane electrode configuration as shown infigure 3.

In each experiment, the pressure vessel, shown infigure 4(a), contained the test electrode system andwas
evacuated using a vacuumpump. A gasmixture of 30%–70%CF3I–CO2was then used tofill in the pressure
vessel at a pressure of 0.15 MPa or 0.5 bar (above atmospheric pressure) and the breakdown test undertaken.
After each breakdown test, the gasmixture was re-covered and re-used using the equipment shown in
figure 4(b).

In order to test differentmaterials, three point electrodes were constructed from5mmdiameter stainless
steel, aluminiumand copper with a rod having a tip length of 10 mm. These point electrodes were each
connected in turn to an air insulated bushing throughwhich the lightning impulsewas applied. In each system,
the plane electrodewas 45 mm in diameter with a rounded edge and is constructed from the same stainless steel,
aluminiumand copper alloys as the point electrode. An approximate inter electrode gas gap of 20 mmof 30%–

70%CF3I–CO2was then set between the electrodes for testing.
AZeiss Axio ImagerM2m imagingmicroscopewas used to examine the surface defects of lightning impulses

on each polished plane contact for eachmaterial. AHitachi TM3030 scanning electronmicroscope (SEM/EDX)

Figure 1.Equivalent circuit diagramof experimental test setup.
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was also used to identify basicmaterial elements of by-products that were deposited on the surface of the
different electrodes after 1, 3 and 400 lightning impulse flashovers had been applied. The SEM/EDXanalysis
conducted after 1 lightning impulse shows the by-products produced from the gasmixture. Analysis after 3
impulses demonstrated that surface effects were repeatable. The use of 400 lightning impulse breakdowns
allowed for the continued production of by-products to be demonstrated and analysis to showwhether newby-
products were produced in such quantities that they could not have been detected after only 1 breakdown.

3. Stainless steel electrode test results

This section utilises point-plane electrodesmade from stainless steel. Stainless steel was chosen because previous
research has indicated thatwhenCF3I is stored in close proximity to stainless steel, no degrading or chemical

Figure 2.Example lightning impulse voltagewaveform (no breakdown) and current waveform (after breakdown) generated by the
high voltage impulse generator.

Figure 3.Gas chamber point-plane electrode geometry.

Figure 4.Rigs and test facilities. (a)Pressurised test vessel withwindowduring lighting impulse breakdown and (b) gasmixture filling
and recovery equipment.
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interaction could be observed [12]. Stainless steel alloy grade 1.4301/304 (Commercial designation 304L)was
chosen because of the relatively few elements that exist within its chemical composition in any large quantities as
shown in table 1. Figure 5 shows the SEM/EDX examination result of a small area of the surface of the stainless
steel electrode before any breakdown test was undertakenwhich also indicates the percentage of elements
detected. As shown in table 1, the SEM/EDX results and the specified elements from the datasheet of the
stainless steel alloy are in good agreement. The slight differences can be attributed to the limited viewingwindow
of the SEM/EDXwhich is a small 2D surface. It is expected that slightly different compositionsmay be present
for different surface areas of the same contact.

A single lightning impulse at 50 kVwas then applied to the point electrode, and the voltage of the gas
breakdown through the 30%–70%CF3I–CO2 gasmixture wasmeasured using a capacitive impulse voltage
divider. After the gasmixture had been recovered from the pressure vessel, the plane electrodewas examined
using the imagingmicroscope, and the resulting impact of the breakdownon the stainless steel plane contact is
captured infigure 6. The same imagingmicroscope is further utilized under dark light conditions, as shown in
figure 7, to highlight the exact surface defects that have been introduced as a consequence of the gasmixture
breakdownonto the previouslymirror finished electrode.

The same electrode is then analysed using the SEM/EDX and the center of the breakdown impact is shown
infigure 8. The detected elements from the area displayed infigure 8 are shown infigure 9. By identifying the
differences between figures 5 and 9, the new elements that are deposited on the stainless steel electrode surface
due to aCF3I–CO2 gasmixture breakdown should bemore identifiable. From the analysis undertaken using the
SEM/EDX, it is clear that an increase in carbon deposits is identified and possible iodine deposition is seen.
However, because the identifiable energy levels of iodine and chromium are very close to each other, it is quite
difficult to distinguish between the two elements and identify exactly howmuch iodinemight be deposited on
the contacts surface as a result of breakdown inCF3I gasmixtures.

Subsequent testing involved three lightning impulses impacting a new polished stainless steel plane electrode
as shown infigure 10. This is important as the surface effects of each impulse can be seen to exhibit similar
surface deformation/deposits and indicates the repeatability of the SEM/EDX results shown infigure 9. Each
individual breakdown impact indicates a similar element percentage present in and around each area as that
shown infigure 9. Figure 10 also shows how the surface of the stainless steel electrode, previously polished silver
in colour, has been turned a brown colour around the breakdown arc impact area. Figure 11 shows the center of

Table 1.Chemical composition of stainless steel (grade 1.4307).

Element

%Present from speci-

fication [13]
%Present from

SEM/EDX analysis

Chromium (Cr) 17.5–19.5 22.92

Nickel (Ni) 8.0–10.5 12.22

Manganese (Mn) 0.0–2.0 0

Silicon (Si) 0.0–1.0 0

Nitrogen (N) 0.0–0.11 0

Phosphorous (P) 0.0–0.05 0

Carbon (C) 0.0–0.03 0

Sulphur (S) 0.0–0.03 0

Iron (Fe) Balance 64.85

Figure 5. Stainless steel polished plane electrode SEM/EDX results—Iron (Fe)—64.85%,Chromium (Cr)—22.92%,Nickel (Ni)—
12.22%.
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Figure 6.Polished stainless steel plane electrode after one lightning impulse breakdown to the surface as observed through an imaging
microscope (bright light setting).

Figure 7.Polished stainless steel plane electrode after one lightning impulse breakdown to the surface as observed through an imaging
microscope (dark light setting).

Figure 8. Stainless steel polished plane electrode after one lightning impulse breakdown to the surface as observed through the SEM/
EDX—Carbon (C)—1.35%, Iodine (I)—61.89%,Chromium (Cr)—14.87%, Iron (Fe)—20.05% andNickel (Ni)—1.81%.
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one such impact which is also brown. This is important as deposits of iodine are often brown, as shownby the
work carried out in [14].

4. Aluminium electrode test results

In this section, we report the surface examination results followingCF3I gasmixture breakdown in an
aluminiumpoint-plane electrode system. The results of surface degradation and deposits are examinedwhen
the aluminium electrodes are placed in a pressure vessel with a 30%–70%CF3I–CO2 gasmixture that undergoes
breakdownwhen subjected to a 50 kV lightning impulse. The results with aluminiumwill be useful to evaluate
the probable utilisation of CF3I–CO2 gasmixtures in gas insulated lines where aluminium is commonly used to
manufacture the enclosure and central conductor [15]. The aluminium contacts in this research are
manufactured from aluminiumgrade 6082/T6, and the specified percentage of alloy elements are shown in
table 2.

Initially, the aluminiumplane contact is examined under an imagingmicroscope after being polished to a
mirrorfinish. It can be observed from figure 12 that the plane contact hasmore scratches than stainless steel.

Figure 9. SEM/EDX results of the stainless steel polished plane electrode after one lightning impulse breakdown to the surface—
Carbon (C)—1.35%, Iodine (I)—61.89%,Chromium (Cr)—14.87%, Iron (Fe)—20.05% andNickel (Ni)—1.81%.

Figure 10.Polished stainless steel plane electrode after three successive lightning impulse breakdowns to the surface as observed
through an imagingmicroscope (bright light setting).
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electrode, and it is not only concentrated at the centre of the breakdown impact region. Thismeans that an
absorbent for iodinemay be needed tominimize or prevent detrimental effects insideGIS andGIL. Figure 18
shows the graphical representation of the elements shown infigure 17. It is important to note that a quick
comparison of the percentage of elements found infigures 13 and 18 indicates that, although iodine is detected,
the peak that represents the existence ofmanganese is in exactly the same energy region and it very difficult for

Figure 16.Polished aluminiumplane electrode after 1 lightning impulse breakdown to the surface as observed through the SEM.

Figure 17.Polished aluminiumplane electrode after 1 lightning impulse breakdown to the surface as observed through the SEM/EDX
—Aluminum (Al)—21.15%,Carbon (C)—0.41%,Manganese (Mn)—1.81%,Magnesium (Mg)—0.39%, Iodine (I)—75.84%and
Silicon (Si)—0.36%.

Figure 18. SEM/EDX results of an aluminiumpolished plane electrode after 1 lightning impulse is applied—Carbon (C)—0.42%,
Iodine (I)—75.85%,Manganese (Mn)—1.82%,Magnesium (Mg)—0.39%, Aluminium (Al)—21.18%, Silicon (Si)—0.36%.
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the SEM/EDX to distinguish between the two elements. However, the percentage of elements shownon the
surface of the contact infigure 18 seems to identify an increase in the amount of iodine detected on the surface of
the electrode.

5. Copper electrode test results

In this section, copper electrodes were used for both the plane and point electrodes to examine the by-products
deposited on these electrodes following the breakdown of a 30%–70%CF3I–CO2 gasmixture. Copper tungsten
electrode tips are commonly used inGIS in order to prevent arcing deterioration [18], and so it is important to
understand the by-products producedwhen copper electrodes and aCF3I–CO2 gasmixture are used.

The copper electrodes used in this investigationwere allmanufactured from copper commercial grade
C1101/CW004A as shown in table 3. A sample of this copperwas analysed using a scanning electronmicroscope
(SEM/EDX), and the results of this are also shown in table 3. These results indicate that the electrode wasmade
up almost entirely of copper and that, in the sample area, theremay have been a small level of impurity, but the
quantities of these elements were not large enough to register on the SEM/EDX analysis.

Initially, a single 50 kV lightning impulsewas applied to the copper point electrode, which results in the
point-plane electrode electric breakdown of the 30%–70%CF3I–CO2 gasmixture. The impact on the surface of
the copper plane electrode can be seen infigure 19.Using the SEM/EDX, the elements extracted fromfigure 19
are shown infigure 20where the elements detected are detailed and the presence of iodine is visible on the
electrode surface. However, it is not present in sufficient quantities high enough to register clearly on the
SEM/EDX.

Following this initial test, a new copper electrodewas used. Three lightning impulses at 50 kVwere applied
to the plane electrode, and the surface effect of this is shown infigure 21.

Infigure 22, an enlarged version of the central impact shown infigure 21 is displayed. A close-up of the
branching effect of the impact on the surface of the copper electrode is shown infigure 23.When the surface
breakdown impacts regions from figure 21 are compared against the image shown infigure 19, it can be shown
that this impacted region is repeatable. SEM/EDX results of impacts shown infigure 21 also show that iodine is
present across the surface of the plane electrode. However, the very small quantitymakes it difficult to identify
clearly.

After these initial lightning impulse tests throughCF3I–CO2 gas, a copper electrodewith 400 lightning
impulse breakdowns at 50 kVwas tested and analysed. Four hundred lightning impulses were appliedwith the
objective to produce larger quantities of by-products which should be easier to identify positively. The copper

Table 3.Chemical composition of copper (CW004A).

Element

%Present from specifi-

cation [19]
%Present from

SEM/EDX analysis

Copper (Cu) Balance 100

Other (total) 0.0–0.10 0

Figure 19.Polished copper plane electrode after 1 lightning impulse breakdown to the surface as observed through an imaging
microscope (bright light setting).
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electrode surface with four hundred lightning impulse impacts frombreakdown through the 30%–70%
CF3I–CO2 gasmixture is shown infigure 24, where it is clear that all lightning impulses attached at the centre of
the electrode and none impacted close to the edge of the electrode. The central region of breakdown impacts is
shown infigure 25. It is important to note that the branching effect shown infigure 23 is no longer visible in
figure 25 because of the extent of breakdown impacts in this small region.

The central region shown infigure 25 is examined using the SEM, as shown infigure 26. This image is then
analysed for constituent elements, as shown infigure 27. Fromfigure 28, it is evident that iodine is nowpresent

Figure 20. SEM/EDX results of a copper polished plane electrode after 1 lightning impulse is applied—Iodine (I)—51.81%,Copper
(Cu)—47.37%,Carbon (C)—0.81%.

Figure 21.Polished copper plane electrode after 3 successive lightning impulse breakdowns to the surface as observed through an
imagingmicroscope (bright light setting).

Figure 22.Polished copper plane electrode after 3 successive lightning impulse breakdowns to the surface as observed through an
imagingmicroscope showing one of the impacted regions (bright light setting).
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Figure 23.Polished copper plane electrode after three lightning impulse breakdown to the surface as observed through an imaging
microscope showing branching effect (bright light setting).

Figure 24.Polished copper plane electrode after 400 successive lightning impulse breakdowns to the surface.

Figure 25.Polished copper plane electrode after 400 successive lightning impulse breakdowns to the surface as observed through an
imagingmicroscope showing the central impact region (bright light setting).
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at the centre of the electrode. Iodine is positively identified by the initial peak at energy level 0.5 keV infigure 28
and also by the subsequent peaks around 4 keVwhich clearly indicate the iodine’s unique presence.

SEM/EDX analysis was also undertaken on the edge of the copper electrode that was subjected to 400 gas
breakdowns. The elements present on the surface clearly indicate that iodine is spread not only around the
center of the electrode but also at the edges. After examining the iodine deposited on the electrode, it is clear that

Figure 26.Polished copper plane electrode at the center after 400 lightning impulse breakdowns to the surface as observed through the
SEM.

Figure 27.Polished copper plane electrode at the center after 400 lightning impulse breakdowns to the surface as observed through the
SEM/EDX—Iodine (I)—48.54%,Copper (Cu)—42.26%,Oxygen (O)—6.68%,Carbon (C)—1.39%, Fluorine (F)—1.13%.

Figure 28. SEM/EDX results of a copper polished plane electrode at the center after 400 lightning impulses have been applied—Iodine
(I)—48.54%,Copper (Cu)—42.26%,Oxygen (O)—6.68%,Carbon (C)—1.39%, Fluorine (F)—1.13%.
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