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The after-effects of corrosive sulphur-related faults on power transformers are disastrous.
The existence of sulphur corrosion in transformer insulating oils leads to a formation and
deposition of copper sulphide, creating a low resistance path across and through the paper
insulation, resulting in internal discharges, flashovers, and ultimately catastrophic
transformer failures. The current techniques applied to detect and monitor the progression of
sulphur corrosion in transformer insulating oils (i.e. X-ray fluorescence and scanning
electron microscopy—energy dispersive X-ray spectroscopy) require relatively expensive
equipment and skilled personnel to run the tests, which increases operation costs. In addition,
this approach must be carried out in laboratory, which requires a longer time to obtain the
results. The existing standard tests, such as the BS EN 62535, ASTM D1275-B, and ASTM
copper strip corrosion standard are imprecise because they are based on visual comparison
of metal strips against a standard reference colour chart. As a solution, the work presented
in this thesis is focused on developing a low-cost, portable, foolproof, and reliable method
that provides instantaneous response in detecting the progression of corrosive sulphur
compounds present in transformer insulating oils. In particular, the techniques investigated
in this study were ultraviolet-visible spectroscopy, direct current conductivity
measurements, and interdigitated capacitive sensors. The results reveal that these techniques
were not feasible for the detection and condition monitoring of corrosive sulphur. However,
obtained results and analysis led to the development of a novel technique based on thin film

sacrificial copper strip sensors. It is possible to continuously quantify the elemental sulphur



concentrations in transformer insulating oils instantly on-site and has potential to be
implemented as an online condition monitoring tool. The design and development of the
sensors were carried out based on the 22 factorial design. A regression model was developed,
being able to predict the transformed resistance of the sensors as a function of their area and
thickness. In use, the sensor change in resistance is a function of the level of corrosive

sulphur compounds (i.e. in ppm) in the mineral oil.
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1 INTRODUCTION

1.1 POWER TRANFORMERS

Power transformers are the backbone of power system networks. Power transformers enable
changes in voltage or current in power system networks while simultaneously maintaining
the output power at a constant value [1]. Power transformers enable electrical utilities to
transfer power to the end users based on supply and demand through a transmission and
distribution network system.

The insulation system is the heart of a power transformer and it is used to insulate a number
of critical elements such as tap changers, circuit breakers, bushings, and transformers [2].
Figure 1-1 shows the components of an oil-filled power transformer, which consists of two
major insulations: cellulose-based solid insulation, and insulating oil. The insulation system
can be divided into two categories: major insulation and minor insulation. The major
insulation refers to the insulator (i.e. oil and cellulose-based solid insulation such as
presshoard) between the windings and core yoke as well as between the leads and ground.
In contrast, the minor insulation refers to the insulator (i.e. oil and cellulose-based solid

insulation such as Kraft paper) at the inter-disc and inter-turn windings.

There are two types of power transformers: liquid-filled transformers and dry-type
transformers. These transformers are distinguished based on their insulation type. Oil is used
as the insulating medium in liquid-filled transformers whereas air or gas is used as the
insulating medium in dry-type transformers [3]. In general, there are two types of
transformers in which insulating oil is used as the insulating medium: free-breathing

transformers and hermetically-sealed transformers.

Liquid-filled transformers are more efficient compared with dry-type transformers because
oil is a very effective medium to reduce temperature at hot spots in the coils [2]. Therefore,
these transformers are commonplace and for many decades have been used for both
distribution and transmission applications [4]. However, the main disadvantage of liquid-

filled transformers is the high risk of explosion because oil is highly flammable [5]. Owing
1



to the substantial volume of oil required for power transformers, this increases the possibility
of insulation failure or electrical breakdown, which may lead to ignition or even explosions
at excessively high oil temperatures. Power transformer explosions can cause personal injury
or even death, environmental hazards (oil spillage), and sudden discontinuity of power
supply, which can lead to significant losses to utility companies and commercial
businesses [6]. Therefore, it is crucial to monitor the operating conditions of power
transformers using online condition monitoring techniques in order to prolong the lifespan

of power transformers and minimise breakdowns and catastrophic failures.

high voltage
bushing

low voltage ;“;2 / ﬁl lead s,

bushing %\ = ~— pressboard
oil 8= —3

S gl areyy = T tank (earthed)

T, —
i\ —

\ ’\(»7

limb voltage
winding
(outer)

low voltage core  tube coolers
winding (inner) Yoke

Figure 1-1. Components of an oil-filled power transformer. Modified from [7].

1.2 PROBLEM STATEMENT AND RESEARCH MOTIVATION

Insulator condition serves as an indicator to determine the life expectancy of
transformers [1]. The quality of the insulation (oil and paper) determines the health index of
the power transformer [8]. Therefore, it is crucial to monitor the degradation of the insulating

oil and paper insulation in order to prolong the lifetime of power transformers.



According to the International Council on Large Electric Systems (CIGRE) Technical
Report (Working Group A2.40) published in 2015, the two main types of power transformer
failures are inter-turn failures and dielectric failures, which constitute 64 % of power
transformer failures, as shown in Table 1-1 [9].

Table 1-1. Types of transformer failures [9].

Tvoe Inter-turn Dielectric | Tap-changer Gassin Mechanical
P failures failures faults g failures
Percentage
39 25 21 11 4
(%)

Based on statistics [9], 86 % of the causes of transformer failures are sulphur corrosion-
associated faults. Since sulphur corrosion is considered to be a minor technical issue in
electrical utilities, there is a lack of in-depth studies regarding this issue, and only a few
failure cases have been reported [10]. According to Arvidsson et al. [11], sulphur corrosion
has probably been known for many years, beginning from the end of the 1980s in Brazil and
South Africa. However, this issue was somewhat resolved in the early 1990s through the
enhancement of oil purification techniques and the implementation of oil corrosive tests as
part of quality control management systems [12],[13]. However, sulphur corrosion issues
resurfaced at the beginning of the 21% century [14] and the number of cases associated with
sulphur corrosion has increased significantly since then [10]. The lack of studies related to
sulphur corrosion has led major organisations such as CIGRE and Sea Marconi to implement

countermeasures to tackle this problem [15],[16].

The after effects of corrosive sulphur on power transformers are disastrous. It is known that
the presence of corrosive sulphur in the insulating oils does not only adversely affect copper
conductors and other metal surfaces, but also the paper insulation. The existence of copper
sulphide, which appears as solid contaminants inside failed power transformers [17],
produces a low resistance path across and through the cellulose insulation, which can lead
to internal discharges, flashover, and turn-to-turn transformer breakdowns [10], [18]. Several
journal articles published by Mitsubishi Electric Corporation supported this argument [19]—

[22]. This type of fault is ranked as the highest cause of transformer failures, as shown in

3



Table 1-1. The number of transformer failures due to sulphur corrosion continues to increase
and many transformer units worldwide have failed since the beginning of this decade [23].
Hence, there is a critical need to develop reliable condition monitoring tools in order to monitor
the presence of corrosive sulphur species in transformer oils and prevent catastrophic

transformer failures.

Initially, the detection of corrosive sulphur species is carried out by the manufacturers of
insulating oils to ensure that the oils comply with the relevant international standards.
Thereafter, corrosive sulphur species are detected by the operators of transformer systems,
who regularly undertake oil quality monitoring processes. To date, there are four common
standard corrosion tests, which will be described in Section 2.7. These tests involve
comparing the colour of a copper strip with the ASTM copper strip corrosion standard [24]
in order to deduce the corrosivity levels of the insulating oils under assessment.
Unfortunately, these methods are imprecise because they rely on visual-based observations.
In addition, these offline tests involve taking a small volume of oil sample, which may not

be representative of the corrosivity level of the total oil volume in the transformer.

As yet, various techniques (see Section 2.7) have been developed to detect the presence of
corrosive sulphur compounds that leads to the formation of copper sulphide in insulating
oils. In general, all of these techniques involve the use of costly equipment and require
skilled personnel to conduct the tests. In addition, these techniques are time-consuming
because the oil samples need to be sent to an external laboratory for analysis. To date, there
are no studies concerning the application of ultraviolet-visible (UV-vis) spectroscopy, direct
current (DC) conductivity measurements, interdigitated capacitive sensors (IDCs), and thin
film sacrificial copper strips sensors to detect and monitor the progression of sulphur
corrosion in insulating oils, which forms the motivation of this research. Therefore, new
experimental techniques have been developed and assessed at the Tony Davies High Voltage

Laboratory, University of Southampton, in order to address these issues.



1.3 RESEARCH OBJECTIVES

This research is focused on the development of a feasible method that is able to identify if
the transformer is at risk of catastrophic failure due to the presence of corrosive compounds
in the insulating oil. The method is developed to measure the corrosive sulphur content of
the insulating oil in order to produce an online acquisition system that will allow changes of
elemental sulphur concentration to be measured in real-time in in-service plant. The overall
aim is to develop a prognostic tool that can be widely used in electrical transmission
networks to minimise the risk of unexpected outages. To achieve this aim, this research is

divided into three sub-objectives as follows:
Sub-objective 1:

(a) To study the feasibility of the BS EN 62535 standard test method in analysing copper
surface subjected to sulphur corrosion, where the surfaces are aged in mineral oil
with different dibenzyl disulphide (DBDS) concentrations.

(b) To monitor the progression of sulphur corrosion on the copper surface by scanning

electron microscopy—energy dispersive X-ray spectroscopy (SEM-EDX).
Sub-objective 2:

(@) To investigate the feasibility of UV-vis spectroscopy, DC conductivity
measurements, and IDCs in tracking the progression of sulphur corrosion due the

corrosive by-products as a result of the breakdown of DBDS.
Sub-objective 3

(a) To develop a regression model based on the two-level (22) factorial design in order
to estimate the transformation resistance values of the thin film sacrificial copper
strips sensors as a function of the area and thickness.

(b) To investigate the characteristics of the thin film sacrificial copper strips sensors in
the presence of corrosive by-products as result of the breakdown of DBDS and

elemental sulphur.



(c) To quantify the elemental sulphur concentration based on the changes in the electrical

resistance of the thin film sacrificial copper strip sensors at different temperature

range over a period of time.

1.4 SIGNIFICANT CONTRIBUTIONS OF THE RESEARCH

Condition-based monitoring is more important compared with preventive (schedule)

monitoring because aged in-service power transformers require frequent inspections to

reduce the risk of catastrophic failure. Condition-based monitoring is also more preferable

because power utility companies can prioritise on maintaining their in-service transformers

rather than replacing the aged transformers with new ones, which is rather costly. Thus, there

is a need to develop a practical, reliable and cost-effective condition-based monitoring

techniques to detect the progression of sulphur corrosion in insulating oils. The contributions

of this research are detailed in Figures 1-2 and 1-3 and are summarised as follows:

1)

2)

Based on the experimental results, it is found that UV-vis spectroscopy is not a
suitable tool to track the progression of sulphur corrosion in insulating oils because
it is difficult to distinguish the UV-vis spectra of the aged oil samples, particularly
at low DBDS concentrations. Furthermore, the presence of water contributes to
changes in the oil capacitance (for measurements using IDCs) and oil conductivity
(for DC conductivity measurements), which complicates the interpretation of results.
A novel technique based on thin film sacrificial copper strips has been developed in
this research. The thin film copper strips generate resistance values relative to the
level of oil corrosiveness. Compared with the current practice (which involves
visually comparing the discolouration of the copper surface with a standard reference
colour (i.e. ASTM D130-12 [24]), this technique minimises the possibility of
misinterpreting the results because it is based on quantitative analysis. In addition,
the technique involves the use of economical sensors and does not require skilled
personnel to conduct the tests. The major benefit of the proposed technique over
existing techniques is that it could be used to continuously monitor changes of the
elemental sulphur content on site in real-time, which will facilitate timely remedial

actions.



3) The 22 factorial design is proposed in this research, which is suitable to investigate
the significant effect of two independent variables (area and thickness) on the
transformation resistance values of the thin film sacrificial copper strip sensors. This
approach significantly reduces the number of test runs and ultimately saves
manufacturing time and costs compared with the one-factor-at-a-time (OFAT)
approach. The development of a regression model in order to estimate the
transformation resistance values of the thin film sacrificial copper strip sensors as a

function of the area and thickness has significantly aided the sensor design process.
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1.5 ORGANISATION OF THE THESIS

There are six chapters presented in this thesis, including this chapter. A brief background on
power transformers and their insulation systems is first presented, followed by the problem
statement and research motivation. The objectives and significant contributions of this
research are also presented in this chapter.

Chapter 2 is focused on in-depth review of sulphur corrosion, which includes a description
of sulphur compounds and theoretical background on the formation of copper sulphide.
Emphasis is given on the detection and condition monitoring of corrosive sulphur because
this is the main focus of this research. Studies pertaining to the mitigation techniques of

corrosive sulphur in insulating oils are also reviewed in this chapter.

Chapter 3 is focused on the identification of corrosive oil using the standard test method and
UV-vis spectroscopy. The sample preparation, experimental set-up, and experimental
procedure are presented and discussed in detail. The qualitative results obtained based on the
BS EN 62535 standard test method as well as quantitative results obtained from SEM-EDX

spectroscopy are also described.

Chapter 4 is focused on the DC conductivity measurements used to assess the corrosivity
levels of the insulating oil samples. This is followed by the development of the IDCs as a
feasible alternative for sulphur corrosion detection. The fundamental principles, previous
applications, experimental set-up, experimental procedure, and results are presented and
discussed. Since the presence of water affects the measurements, the equipment,
experimental set-up, and experimental procedure for water content measurements are also

presented in brief.

Chapter 5 presents the key findings of this research. The feasibility and reliability of thin
film sacrificial copper strip sensors in detecting and monitoring the corrosive by-products of
DBDS is discussed in detail. In addition, the quantification of elemental sulphur
concentration based on the changes in the electrical resistance of the thin film sacrificial
copper strip sensors at different temperature range over a period of time is further explained.

Ultra high performance supercritical fluid chromatography—mass spectrometry (UHPSFC—
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MS) is used to evaluate the relationship between the changes in electrical resistance of the
thin film sacrificial copper strip sensors and changes in elemental sulphur concentrations,
which is further explained in this chapter. The possibility of using the 22 factorial design to
develop the regression model is also discussed. The regression model can be used to estimate
the transformation resistance values of the thin film sacrificial copper strip sensors as a
function of the area and thickness.

Chapter 6 outlines the conclusions drawn based on the research works presented from
Chapter 3 to Chapter 5. The recommendations for future work are also presented. The
appendices contain published papers, obtained measurement data and images of sensor
surfaces as well as reports submitted to National Grid plc (UK) as part of the TOPICSII
project.
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2 MONITORING OF OIL-FILLED POWER
TRANSFORMER DUE TO SULPHUR
CORROSION

2.1 INTRODUCTION

This chapter is structured into subsections to describe relevant literature on sulphur corrosion
phenomena occurred in oil-filled power transformers. Initially, an overview regarding the
types and reasons for monitoring the insulating oils is reported. Before introducing into the
main subject (corrosive sulphur), the description of mineral oil is firstly explained. This is
followed by a review on the terminologies and general background of sulphur corrosion. The
types of sulphur compounds exist in the transformer insulating oils are also reviewed,
followed by the sulphur corrosion mechanism, which includes a theoretical background on
the formation of copper sulphide. The main issues associated with this research, particularly
those about the detection and condition monitoring of corrosive sulphur are discussed in
detail. This subsection covers a broad technique to appreciate the concept and practicality of
implementing the novel detection technique presented in the following chapters. The final
section of this chapter presents the countermeasures applied by the industry in order to

mitigate the corrosive sulphur issues.

2.2 MONITORING THE INSULATING OIL: TYPES AND REASONS

Power transformer assessment involves in monitoring insulating oil because insulating oils
are the major dielectric system, easily accessible and carry valuable information on the health
of power transformer because it comprises degradation products from oil and paper
insulation. There are two types of power transformer monitoring, namely schedule-based
(preventive) monitoring and condition-based (predictive) monitoring. Schedule-based
maintenance is carried out on a running hour basis. However, as power transformer failures

may occur before the scheduled maintenance takes place, condition-based monitoring
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(particularly on the insulating oil) is a favourable technique. Power transformer condition-
based monitoring helps in coordinating the maintenance schedule and improves transformer
reliability that will ultimately prolong the operational life. Due to this reason, utilities and
industry have switched their way of maintaining their power transformer from schedule-
based to condition-based monitoring [25].

Nowadays, there is a significant research associated with transformer online condition
monitoring. Additionally, the development of sensors applied for online condition
monitoring has gained much attention. Compared to offline condition monitoring, online
condition monitoring provides instantaneous information regarding the current condition of
the transformer. This technique minimises unnecessary shutdowns which save money, time,
and manpower. Currently, dissolved gas analysis (DGA) plays an important role as an online
condition monitoring tool for the detection of transformer faults [26] such as local
overheating, partial discharge and arcing based on the concentration of gases such as
methane (CHs), acetylene (C2Hz), ethylene (C2Hs), ethane (C2Hs), carbon monoxide, carbon
dioxide, oxygen, hydrogen, and nitrogen [27] that are formed due to the chemical

decomposition of both oil and paper insulation.

Practically, a power transformer is expected to be operated up to 60 years with the aid of
appropriate routine maintenance [25]. However, power transformer failure can occur before
end of nominal life and it has been reported by the International Association of Engineering
Insurers that between 1997 and 2001, the US incurred a total loss of over 286 million US
dollars due to early power transformer failures. The largest power transformer losses rated
at 25 MVA occurred in 2000 with a business interruption of over 80 million US dollars [28].
It shall be noted that insulation failure constitutes to the main cause of power transformer
failures, as shown in Table 2-1. Four main factors corresponded for those insulation failures
namely heat, moisture, oxidation, and acidity. Due to insulation failure, the lifespan of a
power transformer was reduced by approximately 40 years compared to its expected nominal
life. Approximately half of the total cost was due to insulation failure, even though the
number of cases was only a quarter of the total cases. Hence, the need for assessing the
condition of a power transformer fleet is ultimately essential to avoid any faults occurrence

that leads to an unplanned outage, a risky and costly event.
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Table 2-1. Type of power transformer failures [28].

. N N
Type of failure Contribution factors umber Cost (US
of cases Dollar)
Insulation failure H_eat,_mmstl_Jr(_e, 24 149,967,277
oxidation, acidity
. . Foreign object left in the
Design/material/ tank, poor brazing (metal | 22 64,696,051
workmanship .
joining)
Oil contamination Sludge 4 11,836,367
Overloading Load_ exceed the capacity 5 8,568,768
written on nameplate
Fire/explosion 3 8,045,771
Line surge Line faults/flashovers 4 4,959,691
Improper mal_ntenance/ Accumulatlon o_f dirt in 5 3518,783
operation oil / corrosion
Flood Man-made/natural ) 2 240,198
caused flood
Loose connection Improper bolt connection 6 2,186,725
Lightning Lightning surge 3 657,935
Moisture Pipe leak/roof leak/ 1 175,000
leaking bushing or fitting
Unknown 15 29,776,245
Total 94 286,628,811

2.3 MINERALOILS

Different types of insulating oils including mineral oil, silicone based oil, natural ester, and
synthetic ester have their benefits and drawbacks, however, carry similarities, and serve as a
coolant and electrical insulator to ensure reliable operation of high voltage equipment under
normal operating conditions [1]. Since the focus of this research was to monitor the
progression of sulphur corrosion in oil-filled power transformers, the discussion on

insulating liquid in this thesis concentrates on mineral oils only.

Mineral oil-based dielectric liquids derived from refined crude petroleum were firstly used
as insulating media in oil-filled power transformers [29]. Crude oil mainly consists of three
hydrocarbons fractions (Figure 2-1). However, it contains a wide range of impurity species;

in particular molecules that contain sulphur (hydrogen sulphide, elemental sulphur,
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mercaptans, alkyl sulphides, and thiophenes), oxygen (naphthenic acids), and nitrogen
(frequenctly encountered in asphaltenes), as well as metal species and aromatic compounds

[1].

(a) paraffin

/NN NN

(b) naphthenes (c) aromatic

oL O
O

Figure 2-1. Mineral oil mainly consists of three hydrocarbon compounds: (a) paraffin,
(b) naphthenes, and (c) aromatic.

Crude oil is required to undergo a refinery process for changing it into refined oil with
desired physicochemical properties, thus fulfil the requirements of a specific application as
well as to remove impurities [1]. Refined mineral oils are the results of substantively
complicated blends based on a mixture of over 3000 different hydrocarbons, predominantly
paraffinic and naphthenic compounds with minor concentrations of aromatic compounds [2].
Due to this reason, the characteristic of the oil is determined principally by either naphthenic
or paraffinic compounds. The presence of optimum concentrations of aromatic compounds
(between 5 % and 10 %) in the oil contributes to a good oxidation resistance as well as
preserving thermal properties to be relatively close to either purely paraffinic or naphthenic
oil [30].

Paraffinic based mineral oil was firstly used; however, the industry moved to using
naphthenic oils from 1925 [2]. Compared to paraffinic crude oils, naphthenic crude oils
composed of relatively low paraffinic wax content [1] and therefore in a low-temperature
environment, naphthenic crude oils are relatively difficult to crystallise because of their high
pour point (pour point is the flowing capability of a liquid at low temperature [31]). Due to
this reason, naphthenic- based mineral oils are preferable to be widely used especially in any
extreme cool climate places, allowing power transformers to work under normal conditions

without risk of liquid insulation failure.
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It is essential to have an insulating oil that provides excellent heat dissipation when there is
a rise in operating temperature of the transformer created by several factors such as a high
load demand and extremely hot weather conditions. When the transformer is operating at
high-temperatures, local overheating of the transformer winding can occur, which may lead
to catastrophic transformer failure. In this case, naphthenic based mineral oil carries an
advantage of having lower kinematic viscosity [32]. A low kinematic viscosity produces a
higher circulation flow speed of the insulating oils improving the heat dissipation of the

insulating oil.

The degradation of oil-paper dielectrics is subjected to electrical, mechanical, thermal and
electrical stresses, yielding transformer failures. In prolonging the lifespan of a power
transformer, naphthenic based mineral oils are preferable due to their relatively good
solubility which aids in dissolving any oil sludge produced from those stresses [32]. It is
worth noting that the after-effect of oil sludge is disastrous because it increases the operating
temperature of power transformer caused by blockages of transformer cooling pipes/fins as

well as increasing abrasion of cellulose surfaces by circulating components of the sludge.

Despite its good properties, naphthenic crude oils have several drawbacks. Naphthenic crude
oils is limited by its availability because it is considered as a rare resource since less than
5 % of the world’s crude oils are naphthenic [33]. Naphthenic based mineral oils have less
oxidation stability compared to paraffinic based mineral oils which may reduce the lifespan
of power transformers. The poor resistance to oxygen causes the accumulation of acids in
the oil and leads to the formation of sludge, reducing the oil dielectric strength [34]. Besides,
the presence of oxygen in insulating oils produces carboxylic acids that eventually degrade

the paper insulation.

An excellent insulating oil should have the following characteristics, namely; high
breakdown voltage (minimum: 70 kV), high level of flash point (minimum: 135 °C), low
viscosity (maximum: 12 mm?/s at 40 °C), and low pour point (maximum: — 40 °C). Other
characteristics that should be taken into consideration are good impulse strength
(minimum: 145 kV at 25 °C), and non-toxicity towards the surrounding environment. It is
indeed impossible to have the insulating oils that meet all the properties mentioned;

therefore, a balanced compromise between the oil properties is essential.
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Up to present, mineral oils are still being used in power transformers due to their cost
benefits, good ageing characteristics, good dielectric strength, low viscosities, good
oxidation stability, as well as due to the availability of petroleum resources [2]. In the
absence of any other issues, mineral oils enable the operation of transformers to be relatively
constant between 60 °C and 80 °C [35]. However, the performance of mineral oils is far from
optimum in terms of the flash and fire points when the operating temperature is 130 °C or
above [36]. Compared to vegetable oils, mineral oil is non-biodegradable, toxic and non-
environmentally friendly, making it hazardous towards aquatic life in onshore and offshore

environments [37].

Several tests for in-service mineral oils have been produced (Table 2-2) to ensure the ability
of the transformer to continue functioning appropriately as well as to minimise any chances
of failures. It can be seen that corrosive sulphur needs a special investigation which reveals
a critical need of monitoring the sulphur corrosion in power transformer. Therefore, the

following subsections will focus mainly on this matter.

Table 2-2. Mineral oil tests for in-service transformer [31].

Group Parameter
Colour & appearance Acidity
I: Routine tests Breakdown voltage Dielectric dissipation factor
Water content Inhibitor content
II: Complementary tests Sediment sludge _ _ Particles
Interfacial tension
Oxidation stability Viscosity
. . Flash point Polychlorinated biphenyls
I11: Special - .
investigation tests Compatibility Corrosive sulphur
g Pour point DBDS content
Density Passivator content

24 SULPHUR  CORROSION: TERMINOLOGIES AND  GENERAL
BACKGROUND

Corrosion is defined as “the deterioration of a material, usually a metal, that results from a
reaction with its environment” [38]. According to the ASTM D2864 — Standard Terminology

Relating to Electrical Insulating Liquids and Gases, corrosive sulphur is defined as
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“elemental sulphur and thermally unstable sulphur compounds in electrical insulation oil that
can cause corrosion of certain transformer metals such as copper and silver” [39]. Perceiving
that corrosion is a deterioration process of metal, the corrosiveness level is significantly
associated with the initial condition of both corrosive species and the metal. It shall be noted
that the presence of other variables such as inhibitors and catalysts responsible for the

corrosion process are generally assumed.

The sulphur corrosion issues begin in the middle of 20" century whereby the method of
detecting corrosive sulphur species in transformer oils known as ASTM Committee D 27
(currently known as ASTM D 1275) was first documented in 1948 [40]. However, this issue
gained great attention from the utilities since the beginning of the 21% century [14] because
there has been a significant increase in the number of cases of oil-filled transformer failures
related to sulphur corrosion [41]. A report published by CIGRE [10] highlights that even
though transformers are designed following the established industrial standards without
major manufacturing defects, transformer failures are still a major issue. Failure still occurs
although the transformers are operated within the range of loads and temperatures specified
by industrial standards. It is suspected that the type of oil used in some transformers may
create new corrosive compounds [10]. This is evident from the unfavourable outcomes
observed when the transformers were tested according to the BS EN 62535 standard
corrosion test [42]. After some thought, it was concluded that the sulphur corrosion issue
was due to the insulating oil itself or the addition of newly formulated additives into the

insulating oils after installation which may create a corrosive environment [10].

Historically, the amount of sulphur in mineral oils has reduced over the last two decades due
to advances in the petrochemical industry [43]. Figure 2-2 shows the decrease in the total
sulphur content of mineral oils from 1964 to 2008 [18]. It can be seen that the total sulphur
content drops significantly from the beginning of the 1990s. However, Figure 2-3 shows a
contradictory pattern compared with Figure 2-2. Approximately 50 % of the transformers
installed during the 1990s tested positive for corrosive sulphur. The increasing trend in
corrosive oil is may be due to changes in the transformer design (an increase of 10 K in their
average winding temperature) in the 1980s [44]. Hence, the decreasing trend shown in

Figure 2-2 indicates that the refinery process only reduces the sulphur content of mineral oils
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and this does not reduce the occurrence of corrosive sulphur in oils. As a result, in the past
two decades, extensive research have been carried out trying to identify potentially corrosive
compounds, understand the sulphur corrosion mechanism and the formation of copper
sulphide, and develop effective methods to sense and track the corrosive sulphur species in

insulating oils which will be further reviewed in Section 2.5-2.7.
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Figure 2-2. Decreasing trend of the total sulphur content of mineral oils used in transformer
or shunt reactors from 1964 to 2008 [18].
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Figure 2-3. Occurrence of corrosive oils for naphthenic oils from 1970 to 2005 according
to ASTM D1275A. Note that the circle data markers indicate normal operation whereas the
square data markers indicate a 48-h extension [18].
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2.5 SULPHUR COMPOUNDS

Insulating oils typically contain 0.001-0.5 % of sulphur [17]. Sulphur can be found in the
mineral oil in elemental form or in organosulphur molecules, namely thiophenes,
disulphides, polysulphides, diakyl sulphides (thioethers), and mercaptans (thiols). Each
compound has its own unique reaction rate with copper, which ultimately forms copper
sulphide species, as solid corrosion products or complexes, depending upon the
concentration of the compounds, copper surface condition, temperature, and ageing time
[17]. The corrosive levels of sulphur are ranked from elemental sulphur > mercaptans >
sulphides > disulphides > thiophenes [45]. Hence, elemental sulphur is considered as the
most reactive compound with copper, followed by reactive mercaptans. Meanwhile,
thiophenes are non-reactive sulphur compounds, whereas disulphides are relatively stable.
Nevertheless, disulphides can degrade into benzyl mercaptans, resulting in more corrosive
species [46] as illustrated in Figure 2-4. It can be seen that heat causes the linkage of
disulphides to be cleaved, which in turn forms the reactive benzyl mercaptan. A further
increase in heat results in the formation of ethyl benzene and copper sulphide.
Lewand et al. [46] reported that the degradation of aromatic disulphide which is known as
DBDS (molecular formula of C14H14S2) happened when the insulating oils were thermally
aged at a low temperature of 80 °C within only 2 months. It shall be noted that under high
oxygen concentrations, thermal decomposition of DBDS or mercaptans could lead to the

formation of the most corrosive sulphur compound namely elemental sulphur [47].

S\/© heat
O/\S/ - 2©/\5H
lheat

Figure 2-4. Degradation of a stable DBDS into reactive benzyl mercaptan and further into
ethyl benzene and copper sulphide [30].
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Researchers and utilities agree that some corrosive sulphur compounds originate from crude
oils, whereas others may have been introduced during the manufacturing process [48].
Unsophisticated oil manufacturing technology and refining processes [49], as well as the
replenishment of additives such as antioxidants used to prolong the oxidation stability [18]
of mineral oils are the two aspects closely related to the manufacturing process. Sulphides
and disulphides are the two types of sulphur compounds commonly used as secondary oil
antioxidants [48] to protect against the oxygen ingested during transformer operation [44].
DBDS is one of the common disulphides that is used in power transformers as an antioxidant
in transformer insulating oils. At a temperature of less than 150 °C, DBDS exhibits a good
oil oxidation inhibitory characteristic by preventing any cleaving of S-S bond linkage thus,
reducing hydroperoxides levels [49]. Increasing the level of peroxides results in the
increased amount of aldehyde, which in turn degrades the paper insulation. However,
eliminating this type of sulphur that is already present in the oil may reduce oil oxidation

stability and leads to an increase in oil viscosity and accelerates the sludge growth.

In oil-filled power transformers, few materials including gaskets and glues contain
sulphur [41]. While only a few sulphur compounds are corrosive, the presence of these
materials makes several contributions to the sulphur corrosion phenomenon particularly
when the transformer is operating at higher temperatures which may transform the stable
sulphur species into the reactive sulphur [40]. It is known that three materials are considered

to be the primary causes of sulphur corrosion reaction, namely oil, paper, and copper [50].

2.6 SULPHUR CORROSION MECHANISM

The mechanism of sulphur corrosion in insulating oils is not only due to a single corrosive
sulphur compound — rather, there are tens to hundreds of sulphur compounds in mineral
oils [46] which may be among the contributing factors. Sulphur corrosion is initiated by the
chemical reaction between conductors (i.e. copper or silver) and corrosive or potentially
corrosive insulating oils, even though the power transformers are operating at their nominal

condition, which in turn forms copper sulphide [51]. It is understood that the dissolution of
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copper in the insulating oil and the formation of a copper complex, which is oil soluble,
contributes to the copper sulphide formation [48], [52].

Some extensive models have been proposed to explain the formation of copper sulphide in
insulating oils and paper insulation. A model developed in [52] proposes a formation of
copper sulphide via two-step process whereby the first step involves the coordination of oil-
soluble copper complexes which consist of copper and particulate disulphides (i.e. DBDS).
The dissolution of oil-soluble complexes is then diffused via the insulating oil, which in turn
absorbed on the paper insulation. The next step involves the decomposition of the oil-soluble
complexes into copper sulphide deposits and another formation of complexes by-products,
namely dibenzyl sulphide (DBS) and bibenzyl (BiBZ). This model was developed based on
an experimental investigation which shows that at a high temperature of 150 °C, the copper
strip weight increased because the decomposition of copper sulphide on copper strips was
more pronounced than the formation complexes by-products in insulating oils. This whole

chemical process is visualised diagrammatically in Figure 2-5.
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Figure 2-5. Formation of copper sulphide deposits [51].
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Recently, in 2014, Facciotti et al. [43] proposed two concurrent mechanisms of paper
insulation contaminated by copper sulphide, based on the experimental investigations
employing environmental SEM (penetration range: 0.5-5 pum) and X-ray photoelectron
spectroscopy (XPS) (penetration range: 10-20 nm). As illustrated in Figure 2-6, the first
mechanism involves a high rate reaction, which likely results in a higher amount of copper
sulphide. DBDS reacts with copper to form a layer of copper sulphide, where the
stoichiometric ratio is ~2:1. The copper sulphide layer eventually displaces from copper
surface once the interaction with the bulk surface breaks. This reaction accelerates in the
presence of oxygen. The paper insulation retains most of the copper sulphide particles, which
causes a deposition on its surface. However, the second mechanism is slower compared with
the first mechanism, and it is primarily responsible for the bulk contamination of the paper
insulation. DBDS reacts with copper, creating complexes which diffuse from the copper
surface. It is expected that the concentration profile will decrease exponentially with an
increase in distance from the copper surface. These complexes eventually break down to
form copper sulphide and other by-products. The probability that the copper sulphide

deposits formed also decreases exponentially when the distance from the copper surface is

increases.
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Figure 2-6. Schematic diagram of two concurrent mechanisms for:
(2) surface contamination and (2) bulk contamination of the paper insulation proposed by
Facciotti et al. [43].
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CIGRE, through their Working Group A2.40, proposed a mechanism on the formation,
migration, and deposition of copper sulphide on paper insulation in 2015 [9]. They gave
a detailed account of the chemical reaction associated with the formation of copper sulphide
in insulating oils, as shown in Figure 2-7. The formation of copper sulphide begins with the
dissolution of copper in the insulating oil, followed by the adsorption of copper species on
the paper insulation. Lastly, the reaction between copper and sulphur takes place, resulting
in the deposition of copper sulphide on the paper insulation.
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Figure 2-7. Mechanism of copper sulphide formation on insulation paper proposed by the
CIGRE [9].

The latest experimental evidence obtained from X-ray diffraction analysis in 2016 [53]
shows that the formation of copper sulphide was due to the thermal degradation of copper
thiolate complexes. It can be seen from Figure 2-8 that the formation of copper thiolate
complexes was due to the degradation products of DBDS, including DBS and benzyl
mercaptan. It has been suggested that the formation of copper thiolate complexes is initiated

by the heterogeneous reaction between copper oxide and benzyl mercaptan.
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Figure 2-8. Alternative pathway for the formation of copper thiolate complexes resulting in
the deposition of copper sulphide on the copper conductor [53].

The presence of DBDS in the insulating oils was identified as the main cause of corrosive
sulphur-related faults [16], [17] and this type of compound is indeed adequate in encouraging
the deposition of copper sulphide [46]. An experimental investigation demonstrated that the
presence of extremely low DBDS concentration of 1 mg kg was sufficient to render a
noticeable deposition of copper sulphide on the paper insulation [54]. Instead of DBDS,
other type of disulphides, mercaptans, and elemental sulphur, may also contribute to the
formation of copper sulphide [10], [17], [48], [52], [55]. Under high oxygen concentrations,
thermal decomposition of DBDS or mercaptans could lead to the formation of the most

corrosive sulphur compound — elemental sulphur [47].

A report provided by Doble Engineering USA [46] demonstrated that there was an
unambiguous relationship between the DBDS concentrations and oils corrosivity level.
According to this report, the transformer insulating oils that were suffered from the corrosive
sulphur-related failures were examined to have high DBDS concentrations. In addition, there
was a reduction trend in the DBDS concentrations over time found in the highly loaded
power transformers. The reduction in DBDS concentrations provides a clear evidence that
DBDS was degraded and formed corrosive by-products, as depicted in Figure 2-4. Following
this, the DBDS presence in insulating oils from three in-service shunt reactors was examined

(Figure 2-9) [18]. After 18 months of operation, there was a decrease in DBDS
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concentrations for Reactors A, B, and C. However, no significant changes occurred in the
Spare Reactor (no load current). This study supports the empirical theory given in Figure 2-9
whereby the presence of heat due to a high operating temperature of Reactors A, B, and C
causes the degradation of DBDS into other corrosive by-products, which in turn reduces the
concentration of DBDS.
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Figure 2-9. The decreasing trend in DBDS concentrations for three in-service shunt
reactors. It shall be noted that the spare shunt reactor consists of no load [18].

Although the breakdown of DBDS is believed to play a major role in the sulphur corrosion
process, insulating oils are still found to be corrosive in the absence of DBDS [51], hence
indicating that other sulphur species can induce a corrosive environment. In addition, a study
indicated that insulating oils exhibit a corrosive behaviour, regardless it contains DBDS or
not [18].

The formation and deposition of copper sulphide in the insulation system are devastating.
Copper sulphide could move (either in the form of dissolved or suspended) into the bulk of
insulating oils [56] which worsens the dielectric properties of the insulating oils. The effect
of copper dissolved in insulating oils is even worse than that of insulating oils that contain
suspended copper particles [57]. The conductive copper sulphide may deposit on either
copper conductor [56] or paper insulation [58], and may diffuse into the porous cellulose

fibre that causes the paper insulation to be conductive [16]. It is interesting to note that the
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presence of visible copper sulphide contaminant on oil-impregnated Kraft paper caused an
increase in tan § value from 0.003 to greater than 1 [17], which indicates that copper sulphide
contaminants contributes to an increase in dielectric losses of paper insulation which may
leads to the power transformer failure. The deposition of copper sulphide on copper surfaces
diminishes the amount of copper in the transformer parts (i.e. winding and tap changer),
increasing the rate of copper losses which degrades transformer electrical properties [41].

2.7 DETECTION AND CONDITION MONITORING OF CORROSIVE SULPHUR

The detection of corrosive sulphur species is initially carried out by manufacturers of
insulating oils in order to ensure that the oils comply with the relevant industrial standards.
Following this, detection of corrosive sulphur species is carried out by the transformer
system operators who conduct most of the oil quality monitoring processes [49].

At present, there are four different standard corrosion tests, as shown in Table 2-3. All of
these standard tests are based on visual comparison between the discolouration of the copper
surface (non-corrosive/suspected corrosive/corrosive) and the ASTM copper strip corrosion
standard, as shown in Figure 2-10. These techniques are fairly subjective as it depends on
the qualitative analysis, resulting in numerous drawbacks: (a) difficulty in getting the same
colour of new copper strip when compared to the ASTM copper strip corrosion standard,
(b) people see colour in their own way and therefore different operators might give diverse
ratings of the same strip, (c) the comparison between discolouration of the copper surface
and the ASTM copper strip corrosion standard is highly subjected to the lighting rate, (d) the
lithograph has a nonlinear response progression (for example, with reference to Figure 2-10,
2d entirely differs from 2c and 3a is only slightly more tarnished than 1b), (e) the strips must
be rated immediately after being removed from the fluid, which is occasionally problematic
if the test is conducted on-site, (f) some of the colour descriptors used on the lithograph, such
as claret, that are rarely used and may be confusing, and (g) the results of the test are very

dependent on strip preparation.
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Table 2-3. Standard test methods used to determine corrosivity of oils

(*Used in this research work, as described in Chapter 3)

. Description Temperature | Time
Method | Material (Oil/Metal/Paper) (°C) (h) Oxygen | Remarks
Silver
DIN 100 mL/1600
51353 Ag mme/- 100 18 Absent platg
corrosion
ASTM 250 mL/300 Copper
D1275A cu mm?/- 140 19| Absent corrosion
ASTM 250 mL/300 Copper
D1275B Cu mm?/- 150 48 | Absent | . rosion
Corrosion
*BS EN 15 mL/540 mm?/ . of paper-
62535 Cu 540 mm? 150 72| Limited wrapped
conductors

Ag[p ASTM COPPER STRIP CORROSION STANDARDS

i’ ASTM TEST METHOD D130/IP 154

AVOID EXCESSIVE EXPOSURE TO LIGHT

3a|3b

DARK TARNISH

2a[2b | 2¢ | 2d | 2e

MODERATE TARNISH

FRESHLY
POLISHED

la | 1b

SLIGHT TARNISH

4a | 4b | 4c

CORROSION

Figure 2-10. ASTM copper strip corrosion standard [24].

The DIN 51353, ASTM D1275A and ASTM D1275B standard corrosion tests involve
immersing a metal (usually copper or silver) in the insulating oil following specific test
conditions, as shown in Table 2-3. These standard tests are not reliable since it is impossible
to determine the deposition of copper sulphide on the paper insulation. Hence, a new
standard test (BS EN 62535) [42] was developed by the CIGRE to address this issue. This
test involves immersing a copper strip (length: 30 mm) in 15 mL of insulating oil. Following

this, the copper strip is placed inside a vial, which is then aged at a constant temperature of
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150 °C for 72 h. There are two types of test in this case, which are bare copper strip and
paper-wrapped copper strip. The paper-wrapped copper test, also known as covered
conductor deposition (CCD) [18], is designed to determine the ability of the insulating oil to
form copper sulphide deposits on the paper insulation. For this reason, the CCD test is
closely interlinked with a large number of studies because it is vital to monitor the deposition
of copper sulphide on the paper insulation since these deposits lead to turn-to-turn winding
short circuits. However, there are a couple of disadvantages to this test. Firstly, the presence
of oxygen in the vial can cause oxidation. Secondly, there may be undesirable chemical
reactions due to the pressurised oil in the sealed vial at high temperatures [33].

The ASTM D1275A, ASTM D1275B, and BS EN 62535 standard test methods are designed
to detect corrosive sulphur or potentially corrosive sulphur in insulating oils and there is no
information on identifying corrosive sulphur species in a specific manner. Following this,
academics and utilities have developed and employed several techniques in quantifying

DBDS (the main cause of sulphur corrosion in insulating oils).

Tumiatti et al. [59] proposed the use of a gas chromatography interfaced with suitable
detectors such as electron capture detector, atomic emission detector, sulphur
chemiluminescence detector, flame photometric detector, mass spectrometer and tandem
mass spectrometer, which can quantify DBDS concentration as low as 5 mg kg . According
to Toyama et al. [52], the presence of DBS, BiBZ, and DBDS in insulating oils can be
detected using solid phase extraction at concentration as low as 0.1 ppm, followed by gas
chromatography—mass spectrometry. Both of these two research groups have proposed a

reliable technique to detect DBDS at lower concentrations.

According to Scatiggio et al. [18], amongst the 14 unused (uninhibited or inhibited)
insulating oils which were inspected to have DBDS, the DBDS concentrations were within
the range of 100-350 ppm. This range was found to be higher (100—1000 ppm) by Lewand
and Reed [46]. Regardless of the proposed range, the exact amount of DBDS that could
correspond towards the corrosive environment is still vague. For this reason, some
researchers investigated the threshold of DBDS concentration which could exhibit a

corrosive environment.
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Maina et al. [60] indicated that the threshold of DBDS that leads to corrosive oil is
20 mg kg . Martins et al. [61] concluded that the minimum concentration of DBDS that will
make the oil potentially corrosive according to the BS EN 62535 standard is ~10 mg kg ™.
The type of oil used in their study was non-corrosive oil (i.e. Shell Diala D). Meanwhile,
Oweimreen et al. [62] investigated the relationship between the depletion rate of DBDS and
corrosion process. They conducted the experiments following the BS EN 62535 standard
test method (72 h at 150 °C) and the results show that the DBDS concentration decreased
from 150 mg L™* to 53.1 mg L* using gas chromatography. The results of the copper strip
test were positive (indicating the occurrence of corrosion) when the DBDS concentration
was only 150 mg L . However, solely detecting DBDS does not solve issues linked with
sulphur corrosion due to the presence of other sulphur compounds that induces sulphur
corrosion [18]. Therefore, it is crucial to develop a non-standardised test which can be used
to quantify corrosive sulphur species since this will help one to identify whether DBDS or
other corrosive sulphur compounds are the cause of corrosion whenever there are positive
results from the CCD test [11].

The International Electrotechnical Commission Technical Committee 10 (IEC TC-10)
established a new working group — IEC TC-10 WG-37. This group is given the
responsibility to formulate new test methods to quantify sulphur compounds in used and
unused mineral insulating oils in an explicit manner. This group has proposed several test

methods, which are divided into three parts [63]:

i) Part 1-Test method for the quantitative determination of DBDS
i) Part 2-Test methods for the quantitative determination of total corrosive sulphur
iii) Part 3-Test methods for the quantitative determination of total mercaptans and

disulphides (TMD) and other targeted corrosive sulphur species

Several technigues have been proposed to monitor the progression of copper sulphide within
the paper insulation. In addition, several attempts have been made to detect the deposition
of copper sulphide by measuring the dielectric response of the oil-paper insulation using
frequency domain spectroscopy (FDS) [64]-[66] as well as polarisation and depolarisation
current (PDC) technique [67]. Based on the results obtained from these techniques, it is

found that the deposition of copper sulphide on the paper insulation affected the dissipation
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factor (tan o) as well as permittivity of the paper insulation. Hence, the higher the number of
corrosive compounds present in the insulation oil, the higher the tan & and permittivity,
particularly at lower frequencies starting from 1 mHz [66]. The main disadvantage of these
techniques is the presence of other impurities (particularly moisture) that may lead to
misinterpretation of the results.

Interestingly, XPS is used to obtain the information regarding the elemental composition of
the solid surface (i.e. paper insulation) [43], [68]. However, this technique does not provide
any information on the elemental composition of bulk paper insulation [33]. To overcome
this issue, many researchers [18], [54], [58], [60], [69]-[74] have employed SEM-EDX (as
recommended in the BS EN 62535 standard test method) to semi-quantitatively determine
the amount of copper and sulphur deposited on the paper insulation, based on the percentage
of atomic concentration. Besides, X-ray micro-analyser coupled with an EDX was also used
in one study [54]. However, the implementation of FDS, PDC, XPS, and SEM-EDX in
investigating the degree of damage incurred by sulphur corrosion based on the condition of
paper insulation is not appropriate for the in-service power transformers because it is
destructive. In addition, these techniques can only be carried out during the shutdown period
of the transformer at ambient temperature. Also operators need to remove paper insulation
or copper specimens (which is suspected of undergoing sulphur corrosion from the windings
of the power transformers) which will interrupt the transformer operation. However, these
techniques are useful in investigating copper sulphide deposition issues for scrapped or failed
transformers, which is very positive. Common condition monitoring tools such as sweep
frequency response analysis, return voltage measurement, insulation resistance, partial
discharge, turns-ratio, power factor measurement, and DGA have proven to be inappropriate

to detect any damage due to corrosive sulphur-related faults [41].

Scientists and researchers are searching for indirect techniques to detect the presence of
copper sulphides in insulating oils as a result of sulphur corrosion processes without
dissembling of power transformers. A recent test procedure employing X-ray fluorescence
has been developed [69], [75], which permits quantitative analysis of sulphur and copper in
insulating oils as low as 4.05 ppm and 1.95 ppm, respectively. However, there are a few

problems associated with this technique. Firstly, it is necessary for the user to have multiple
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points of data so that the data can be normalised with respect to the first data point. This is
important since there may be differences in the data when the samples are collected from
different batches of the same oil. In addition, the user needs to plot the calibration curves for

both copper and sulphur once the oil samples are analysed.

Each of the techniques explained in this section has its own drawbacks and more importantly,
all of the techniques are offline condition monitoring tools. Thus, there is a need to develop
a simple, reliable, and inexpensive detection system which will greatly facilitate operators
in continuously evaluating the quality of insulating oils due to sulphur corrosion on site in

real-time, to allow timely remedial actions.

2.8 COUNTERMEASURES AGAINST CORROSIVE SULPHUR

Solving the issues associated with the formation of copper sulphide initiated by sulphur
corrosion in insulating oils is crucial. Until now, the search for an approach for eliminating
the deposition of copper sulphide on paper insulation has not been successful. Hence,
countermeasure strategies have been proposed. Retro-filling (also known as oil change) has
been used in the 1980s on polychlorinated biphenyls contaminated oil where 90-95 % of the
residues have been removed via this process [76]. The experimental evidence provided [77]
indicates that the detrimental effect of sulphur corrosion on the copper strip was reduced by
approximately 76 % when the corrosive oil was replaced with a new natural ester.
Conversely, replacing the corrosive insulating oils during periodic maintenance is not a

feasible solution due to the environmental impact and high cost of insulating oil [43].

Oil reclamation uses adsorbent clays to minimise the soluble or insoluble polar contaminants
from the insulating oil [78], thus prolonging the lifespan of a power transformer. Positively,
this technique is economical and has minor environmental impact. However, oil reclamation
causes the generation of elemental sulphur due to the reactivation of the adsorbent clay (at a
high temperature of more than 300 °C) and catalytic (alumosilicate as catalyst) cracking
reactions from hydrocarbon and sulphur based compounds [9]. Experimental evidence

reveals that the trace of 1 ppm of elemental sulphur attacked the copper surface after been
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aged for 19 h at 140 °C [12]. In addition, elemental sulphur will also react with silver at low
temperatures [9].

Passivation techniques and additives such as toluitrazole-dialkyl-ammine (commercially
known as Irgamet®39) have been employed to protect copper conductor surfaces against
corrosive sulphur attacks [60], though this technique will not eliminate any corrosive sulphur
species. Besides, the addition of passivators into the insulating oils results in a reduction of
dissolved copper in oil and copper deposition onto paper insulation. Interestingly, the
presence of Irgamet®39 in the uninhibited and inhibited insulating oils improved the oils
oxidation stability [61]. Nonetheless, the addition of Irgamet®39 led to the generation of
passivator-induced stray gassing [79] caused by the evolution of hydrogen, carbon
monoxide, and carbon dioxide gases. The generation of hydrogen in the insulating oils may
cause difficulties in interpreting the DGA results because the released hydorgen is not only
due to the effect of Irgamet®39 but also depends on other mechanisms such as partial
discharge [80]. Either oil reclamation or Irgamet®39, both of these mitigation techniques
creates another issue — silver corrosion [9], which predominantly forms a silver sulphide
deposition on the surfaces of selector contact of on load tap changer [81]. The common
adsorbent used for oil reclamation known as Fuller’s earth (clay) has been identified as one
of the contributors towards the silver corrosion [82]. Research on the detection and removal

techniques associated with elemental sulphur is still on going.

29 SUMMARY

Condition-based monitoring of power transformers is much preferable by the industry
compared to time-based monitoring, which benefits in reduced costs and outages.
Monitoring insulating oils (commonly used: mineral oil) of power transformers due to
several faults such as corrosive sulphur-related faults gives valuable information on the
general health of the power transformer, thus preventing the possibility of catastrophic
failures. The sulphur corrosion mechanism in insulating oils remains unclear although it is
believed that this phenomenon is initiated by the presence of corrosive by-products of DBDS

(i.e. mercaptans and elemental sulphur). There are several models that explain the chemical
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reactions, formation, and deposition of copper sulphide in power transformers. Irrespective
the mechanism of sulphur corrosion, monitoring the progression of sulphur corrosion in
power transformers is critical before any effective countermeasure can be used. The
capability and limitation of standard and non-standard corrosion test methods based on the
quality of the insulating oils and paper insulations together with current mitigation
techniques associated with sulphur corrosion are not ideal. The extensive review provided
in this chapter sets out the scope and motivation of this research, leading to the main aim of
searching for a reliable quantifiable online condition monitoring tool to track the continuous

presence of corrosive sulphur species in transformer insulating oils in real-time.
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3 IDENTIFICATION OF CORROSIVE OILS USING
THE EXISTING STANDARD TECHNIQUE AND
UV-VIS SPECTROSCOPY

3.1 INTRODUCTION

This chapter summarises the investigation into sulphur corrosion in transformer oils using
the existing standard technique (i.e. BS EN 62535 standard test method and SEM-EDX
analysis). The preparation of the corrosive oil and bare copper samples used in this study is
described in detail in Section 3.2. The existing standard technique involves two types of
analysis: (1) qualitative analysis (BS EN 62535 standard test method) and (2) quantitative
analysis (SEM-EDX). These analyses are described in detail in Section 3.3. The SEM-EDX
analysis was carried out entirely by Dr Richard Pearce from the National Oceanography
Centre Southampton (NOCS), University of Southampton, using Carl Zeiss Leo 1450VP
SEM with Oxford Instruments EDX spectrometer. The fundamental principles and
feasibility of UV-vis spectroscopy in sensing the presence of sulphur corrosion in
transformer oils are presented in Section 3.4. The experimental set-up, data collection, and
data analysis were conducted entirely by the author utilising the facilities available in the

Tony Davies High Voltage Laboratory, University of Southampton.

3.2 PREPARATION OF CORROSIVE OIL AND BARE COPPER SAMPLES

Nytro Gemini X mineral oil (courtesy of Nynas AB, Sweden) was used to prepare the
corrosive oil samples. The properties (stability) of this non-corrosive oil are presented in
Table 3-1. This oil was chosen because it passed the corrosion tests specified in the following
standards: (a) DIN 51353, (b) IEC 62535, and (c) ASTM D 1275 B. In addition, the Nytro
Gemini X mineral oil is free of DBDS and metal passivator additives with a maximum total
sulphur content of 0.05 % [83].
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Table 3-1. Properties of the Nytro Gemini X mineral oil used in this study.

Property Test Method Typical Data
Total sulphur content (%) ISO 14596 0.01
Corrosive sulphur DIN 51353 Non-corrosive
Potentially corrosive sulphur IEC 62535 Non-corrosive
Corrosive sulphur ASTM D1275 Non-corrosive
P (Method B)
DBDS (mg kg™) IEC 62697-1 Non-detectable
Antioxidants (wt %) IEC 60666 0.38
Metal passivator additives (mg kg ™) IEC 60666 Non-detectable
Acidity (mg KOH/qg) IEC 62021 <0.01

All solutions were prepared based on dilution by weight and the quantity of addition was
dependent on DBDS/elemental sulphur concentration in parts per million (ppm). The parts
per million is given by the following equation:

grams of solute

parts per million = — X 1000000 3.1
grams of solution

In order to simulate a corrosive environment, DBDS (purity: 98 %, Sigma Aldrich) and
elemental sulphur (purity: 99.99 %, Sigma Aldrich) were added as solids into the non-
corrosive oil to attain the concentration needed. The corrosive oil was prepared in bulk just
before the experiment was carried out. The glass bottles were initially cleaned with acetone
three times, followed by deionised water and then dried for 2 h at 105 °C in order to eliminate

any traces of moisture.
The oil samples with DBDS were prepared according to the following procedure:

1) DBDS (solids) was added into clean glass bottles containing the non-corrosive oil
samples. It shall be noted that each bottle contained DBDS with a different
concentration.

2) The solutions were stirred for ~1 h using a hot plate magnetic stirrer in order to attain
homogeneous mixtures. The temperature of the hot plate was set within a range of

69-72 °C (Figure 3-1 (a)) based on the melting point of the DBDS [84].
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The oil samples with elemental sulphur were prepared according to the following procedure:

1) Elemental sulphur (purity: 99.998 % Sigma Aldrich (solids)) was added into clean
glass bottles containing the non-corrosive oil samples. Likewise, each bottle
contained elemental sulphur with a different concentration.

2) The solutions were stirred for ~1 h using a hot plate magnetic stirrer until the
yellowish elemental sulphur completely dissolved in the insulating oils samples. The
temperature of the hot plate was set at 119 + 2 °C (Figure 3-1 (b)) based on the
melting point of elemental sulphur [85].

During the mixing process of oil with either DBDS or elemental sulphur, the glass bottles
were covered with aluminium foil. The glass bottles were then secured with their caps after

being cooled to room temperature (20 + 2 °C) for ~20 min.

(a) (b)

Figure 3-1. Stirring process of the oil via hot plate magnetic stirrer for (a) DBDS and
(b) elemental sulphur.

Copper strips (used for the experiments presented in Chapter 3 and 4), each with an area of
200 mm? and thickness of 500 + 10 um, were prepared by thoroughly polishing copper
sheets with abrasive paper and the sheets were cleaned with cyclohexane (purity: > 99 %,

Fisher Scientific UK Ltd., UK) three times. This process is essential in order to remove oxide
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layers that may have formed on the surface of the copper sheets. This process was conducted
on the same day before the ageing took place to prevent contamination and oxidation of the
bare copper sample.

3.3 BSENG62535STANDARD TEST METHOD AND SEM-EDX SPECTROSCOPY

Qualitative analysis was conducted on the copper samples according to the BS EN 62535
standard test method. To classify the level of corrosiveness in detail, the ASTM copper strip
corrosion standard presented in Figure 2-10 was used. Corrosion occurs if the colour of the
copper strip changes into graphite grey, dark brown or black.

3.3.1 FUNDAMENTAL PRINCIPLES OF SEM-EDX SPECTROSCOPY

In principle, the signals originating from SEM (i.e. secondary electrons, backscattered
electrons, X-rays) are analysed to obtain information on the behaviour of the sample that is
bombarded by the electron beam through interactions between the primary electron beam
and sample. In essence, SEM-EDX spectroscopy has the same concept as SEM; however, it
also involves X-ray microanalysis, which enables one to determine the elemental
composition of a solid sample based on the SEM images. Different detectors are used in
SEM-EDX spectroscopy to detect secondary electrons, backscattered electrons, or

characteristic X-rays.

Secondary electrons have relatively low energy (<50 eV) compared with backscattered
electrons (>50 eV), where the electrons are emitted from within proximity of the sample
surface (Figure 3-2). Secondary electrons are produced when the incident electrons from the
primary beam excite electrons on the sample surface and lose some of their energy (inelastic)
during this process. The advantage of secondary electron images is that one can obtain high-
resolution topographic information of the sample. As the name implies, backscattered
electrons are produced due to the formation of scattered electrons in elastic form (no energy
losses) when the electron beam strikes the sample. Owing to the high energy (>50 eV),

backscattered electrons are emitted from the bulk of the sample.
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Characteristic X-rays are produced once the EDX fires electrons at a sample through the
primary beam. The energies of the X-rays are measured, which are then used to produce
spectra of the elements contained in the sample. If the electron beam has an energy greater
than the binding energy of the inner shell electron, then the inner shell electron will be
knocked out. The outer shell electrons will drop down to the vacant inner shell, emitting an
X-ray to balance the energy difference of the two shells. Therefore, the energy of the X-ray
is equivalent to the energy difference between the two shells. Each different atomic element
emits X-rays at a specific energy due to the interaction between its unique electronic
configuration and the beam electrons. The energies of the characteristic X-rays enable one
to identify the elements of a sample whereas the intensities of the characteristic X-ray peaks
enable quantification of the concentrations of elements [86].

primary beam

backscattered

electrons:
atomic number & secondary electrons:

ch_amcterlsnlc X-rays phase differences ¥ topographical
(EDX): thickness <« information (SEM)
atomic composition N
A\
\‘x
sample penetration

Figure 3-2. Firing of the electron beam on the sample, resulting in the emission of
secondary and backscattered electrons as well as X-rays [87].

3.3.2 RESULTS AND DISCUSSION

The qualitative results of the bare copper samples aged in three different DBDS
concentrations (100, 200, and 300 ppm) for three days according to the BS EN 62535
standard test method are presented in Figure 3-3—Figure 3-5. It can be seen from Figure 3-3
that the sulphur corrosion process occurs slowly on Day 1 for all of the bare copper samples,
as evidenced from the moderate tarnish (Level 2c¢). In addition, it is difficult to distinguish

the three corrosion levels on Day 1.
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Figure 3-3. Bare copper samples aged in (a) 100 ppm, (b) 200 ppm, and (c) 300 ppm of
DBDS on Day 1, according to the BS EN 62535 standard test method.

The corrosion process is accelerated when the ageing time is increased to two days. Based
on the appearance of the bare copper samples in Figure 3-4, it is suspected that sulphur
corrosion occurs in the insulating oils, based on the specifications given in the ASTM copper
strip corrosion standard. It can be observed that there is dark tarnish (Level 3b) on the surface
of these bare copper samples. However, it is still quite difficult to distinguish the corrosion
level between the three samples on Day 2.

Figure 3-4. Bare copper samples aged in (a) 100 ppm, (b) 200 ppm, and (c) 300 ppm of
DBDS on Day 2, according to the BS EN 62535 standard test method.

In contrast, the corrosion levels of the three samples can be clearly distinguished on Day 3,
as shown in Figure 3-5. The results are positive since the colours of the bare copper samples

are graphite grey, dark brown, and black for the bare copper sample aged in the insulating
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oils mixed with 100, 200, and 300 ppm of DBDS, respectively. The results shown in
Figure 3-3-Figure 3-5 support the argument that this technique is disadvantageous (as
described earlier in Section 2.7), which will lead to misinterpretation of the results. For this
reason, it is necessary to analyse the level of sulphur corrosion using a quantitative technique
(i.e. SEM-EDX), as recommended in the BS EN 62535 standard test method.

Figure 3-5. Bare copper samples aged in (a) 100 ppm, (b) 200 ppm, and (c) 300 ppm of
DBDS on Day 3, according to the BS EN 62535 standard test method.

For the quantitative analysis, SEM-EDX spectroscopy was carried out to analyse the
elements present on the surface of the bare copper samples resulting from sulphur corrosion
due to the breakdown of DBDS. Carl Zeiss Leo 1450VVP SEM with Oxford Instruments EDX
spectrometer and AZtecEnergy software system were used for this purpose. The aged copper
samples were analysed separately using a multiple pin sample holder. The following settings
were used for the quantitative analysis: (1) working distance: 19 mm, (2) accelerated
voltage: 20 kV, and (3) current probe: 750 pA. The magnification view was set at 44x and
the total number of X-ray counts in the EDX spectrum was set at 300000. No sample coating

was required to analyse the bare copper samples.

Only sulphur and copper were quantified even though there were other elements identified
from the analysis. Therefore, the results presented are based on the per cent by weight
normalised to the sum of copper and sulphur. Three different areas on the same surface were
chosen for quantitative analysis of the aged copper samples, as shown in Figure 3-6. The

mean and standard deviation were calculated for each sample, as shown in Table 3-2. The
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samples were evaluated in this manner and the standard deviations are shown in the SEM-
EDX graphs using error bars.

Figure 3-6. SEM image of the bare copper sample aged in 100 ppm of DBDS on Day 1.
The circled areas were analysed using SEM—-EDX spectroscopy.

Table 3-2. SEM-EDX data of the bare copper sample aged in 100 ppm of DBDS on Day 1.

Site Sulphur (wt %) Copper (wt %)
1 2.49 97.51
2 2.41 97.59
3 2.47 97.53
Mean 2.46 97.54
Standard deviation (&) 0.03 0.03

The amounts of copper in per cent by weight (wt %) remaining on the bare copper samples
after sulphur corrosion were quantified by SEM-EDX spectroscopy and the results are
shown in Figure 3-7. It can be observed from Figure 3-7 that on Day 1, the amounts of copper
decrease to 98.36, 97.99, and 97.54 wt % for a DBDS concentration of 100, 200, and
300 ppm, respectively. On Day 2, the amounts of copper decrease further to 96.83, 95.04,
and 94.36 wt %. In a similar fashion, the amounts of copper decrease gradually to 93.66,
91.29, and 91.17 wt % on Day 3 for a DBDS concentration of 100, 200, and 300 ppm,
respectively. In general, increasing the DBDS concentrations from 100 ppm to 200 ppm and
300 ppm decreases the amounts of copper by at least 0.37 % and 0.68 % on Day 1 and Day 2,
respectively. This percentage significantly decreases after 3 days of ageing, where there is a
minor decrease in the amount of copper present on the surface of the bare copper samples
(~0.12 %) for a DBDS concentration of 200 and 300 ppm. This suggests that the corrosive
by-products resulting from the breakdown of DBDS may not be linear over time. In general,
it is evident that the amount of copper on the surface of the bare copper samples decreases
with an increase in the DBDS concentration. The results indicate that the possibility that the
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DBDS will degrade and form other corrosive sulphur compounds in the mineral oil is
extremely high at higher DBDS concentrations. This indicates that the sulphur corrosion
process in an actual oil-filled power transformer will accelerate at higher DBDS
concentrations, suggesting a higher dissolution of copper in the insulating oil.

As stated in the BS EN 62535 standard test method, SEM—-EDX spectroscopy provides a
highly reliable elemental analysis. However, this technique is a laboratory-based analysis
and it is extremely costly. Thus, researchers are constantly searching for portable, cost-
effective, and reliable ways to monitor the progression of sulphur corrosion in transformer
insulating oils. An optical approach (UV-vis spectroscopy) was used in this study to monitor
the progression of sulphur corrosion. The feasibility of UV-vis spectroscopy in
characterising the corrosive oil based on UV-vis spectra is described in detail in Section 3.4.
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Figure 3-7. Amounts of copper traced on the surface of the bare copper samples using
SEM-EDX spectroscopy.

3.4 UV-VISSPECTROSCOPY

Theoretically, UV-vis spectroscopy is a technique used to quantify the transition of metal
ions and highly conjugated electronic compounds. UV-vis spectroscopy allows the operator
to determine the concentrations of unknown substances based on the absorption of

electromagnetic radiation in the UV and visible range. Any changes in the chemical structure
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of molecules leads to the shift in the absorbance of the UV—vis spectrum. The changes in the
UV-vis spectrum can be interpreted as follows:

1) Hypochromic effect: decrease in molar absorption/decrease in the spectral intensity
2) Hyperchromic effect: increase in molar absorption/increase in the spectral intensity
3) Hypsochromic effect: shift of bands towards shorter wavelengths/higher energy

4) Bathochromic effect: shift of bands towards longer wavelengths/lower energy

The application of UV-vis spectroscopy for condition monitoring of insulating oils has
garnered considerable attention from researchers worldwide based on the principle that the
light transmitted through the oil sample containing various contaminants is decreased by the
fraction of light that is being absorbed. The light transmittance is detected as a function of
wavelength. Studies have been carried out from 2008 to 2017 on the application of UV-vis
spectroscopy for: (1) measurement of the interfacial tension of transformer oils [88], [89],
(2) identification of dissolved decay products in the insulating oil [90], (3) on-site analysis
of transformer paper insulation [91], and (4) estimation of furanic compounds in the
transformer insulating oil [92]. The same concept was used in these applications, where the
light beam (wavelength A: 200-1100 nm) penetrates through the liquid (i.e. transformer oil)
contained within a cuvette. The light penetrates through an input fibre when the sample
interacts with the oil and the transmitted light is fired to the spectrophotometer by the output
fibre. The spectrophotometer is connected to a computer, which is used to display and
analyse the spectral response of the oil sample. The light transmitted through the oil sample
containing various contaminants decreases by the fraction of light that is being absorbed.
The light transmittance is detected as a function of wavelength in the UV-vis spectrum.
According to the Beer Lambert law, the amount of light absorbed or transmitted by a solution

can be determined using [93]:

A; = —logyg R,—D,) ~ e.c.l 3.2

where S; is the intensity of light that penetrates through the sample, R; is intensity of the light
incident on the sample, D; is the intensity detected by the spectrophotometer without the

incident light on the sample, ¢ is the absorbance coefficient of the absorbing species in the
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oil, c is the concentration of the absorbing species in the oil (g/L), and | is the path length of
the light through the oil.

In the past five years, UV-vis spectroscopy has been used to investigate the ageing behaviour
of dodecylbenzene in the presence of copper and DBDS [94]. The results presented in [94]
provide convincing evidence that the absorption edge shifted to longer wavelengths with an
increase in ageing time. The same trend could be observed for two different oil samples:
(1) without DBDS and (2) with a relatively high DBDS concentrations (2000 ppm). Based
on the theory and previous applications presented in this section, it is hypothesised that the
amount of copper dissolved in insulating oils may influence the UV-vis spectra.

3.41 FUNDAMENTAL PRINCIPLES OF ABSORPTION SPECTROSCOPY

Photons are the source of electromagnetic radiation for absorption spectroscopy. The
fundamental principles of absorption spectroscopy are described as follows. A light beam is
the source of photons of electromagnetic radiation. The transition of electrons in atoms and
molecules from the ground state to the excited state occur when there is an absorption of the
photons of electromagnetic radiation such that the energy is equal to the energy difference
between the levels. The principle of absorption spectroscopy can be explained based on
quantum theory: where once a molecule absorbs radiation, the photon energy growth is

proportional to its energy E, which is given by:

E:hv:T 3.3

where h is the Planck’s constant (6.626 x 10734 ] s), v is the frequency, A is the
wavelength (nm), and c is velocity of light (2.998 x 108 ms™?).

The absorption of electromagnetic radiation by molecules depends on the type of transition
(electronic, rotational or vibration), resulting in variations of nuclear spins and bond
deformations. All of these transitions require an exact amount of energy. The electronic type
requires a large energy transition whereas both rotational and vibrational types require small

energy transition, resulting in different absorption characteristics in different regions of the
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electromagnetic spectrum. Because of the high energy generated by UV-vis radiation, the
absorption in UV-vis spectrum is generally associated with molecular electronic transitions.

According to the Beer Lambert law, the fraction of light absorbed by a substance is
proportional to the concentration of an absorbing species and it is inversely proportional to
the light intensity transmitted through the sample:

I
A; = —logy, [I—] =e.c.l 3.4
o

where, A; is the light absorbance, I, is the light intensity transmitted through the reference
blank, I is the light intensity transmitted through the sample, T is the light transmittance, ¢ is
the molar absorbance coefficient of the substance at wavelength A (which is unique for each
substance), c is the concentration of the absorbing species (g/L), and | is the path length
traversed by the light.

3.4.2 FUNDAMENTAL PRINCIPLES OF UV-VIS SPECTROSCOPY AND
PREVIOUS APPLICATIONS
Theoretically, the variations in the absorption and reflectance of UV radiation is due to
different types of electronic excitations between different energy levels, namely:
() bonding (o, x), (2) non-bonding (n), and (3) anti-bonding (z*, ¢*), as illustrated in
Figure 3-8. The electronic transitions from the bonding (o) and non-bonding (n) orbitals to
the anti-bonding (o*) orbital require relatively higher energy and therefore, these electronic
transitions are associated with shorter-wavelength radiation in the far UV region. In contrast,
the electronic transitions from the non-bonding (n) and bonding (z) orbitals to the anti-
bonding (z*) orbital require relatively lower energy and thus, these electronic transitions are
typically associated with longer-wavelength radiation, which is either in the UV or visible

region.

The measurement of light absorbance in the UV and visible regions can be performed at a
single wavelength or throughout the wavelength range of the spectrum. The light source used

in UV-vis spectroscopy is a combination of deuterium (185-390 nm) and tungsten or
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halogen (350-800 nm) lamps. The output from the light source is focused onto a diffraction
grating, which splits the incoming light into its component colours of different wavelengths.

anti-bonding o= 7
g

anti-bonding mx* 7 }|\

non-bonding n Energy

bonding 1

bonding o

Figure 3-8. Electronic transitions of electrons.

3.5 EXPERIMENTAL SET-UP

The samples were prepared according to the procedure described in Section 3.2. The treated
copper samples were placed carefully into headspace glass vials. Each vial contained 15 mL
of mineral oil mixed with different concentrations of DBDS: (1) non-corrosive oil (0 ppm),
(2) mildly corrosive oil (100 ppm), and (3) highly corrosive oil (1000 ppm). The glass vials
were sealed with sulphur-free polytetrafluoroethylene (PTFE)/silicone septum and
aluminium caps. The samples were aged in air atmosphere using a fan oven set at 150 £ 1 °C
for three days. Once the ageing process was complete, the copper samples were taken out
from the vials using a clean pair of tweezers. The copper samples were degreased by rinsing
the samples with cyclohexane at least three times until the copper surface was free from oil

residues.

Perkin Elmer Lambda™ 35 UV-vis spectrophotometer as shown in Figure 3-9 was used for
spectroscopy measurements of the oil samples once the ageing process was completed.
This instrument covers a wavelength range of 200-1100 nm and it is equipped with quartz
cells with an optical path length of 10 mm. In order to examine the effect of the cuvettes
filled with oil samples on the spectroscopy measurements, an empty cuvette was scanned

and its spectrum was stored as reference (auto-zero mode). Next, each cuvette was filled
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with 3.5 mL of oil sample using Eppendorf Multipette® Stream pipette and the samples were
scanned using the spectrophotometer. The spectral absorbance characteristics of the oil
samples were determined by identifying the difference between the spectral response of each
oil sample and the reference spectral response. The UV-vis spectroscopy measurements
were repeated three times for each oil sample using a new cuvette to ensure consistency of
the results. It shall be noted that it is crucial to minimise the presence of water bubbles in the
insulating oil samples because the bubbles will affect the measurement results. For this
reason, the insulating oil samples were left for ~10 min until there were no water bubbles

present after each oil sample was poured into a cuvette.

Figure 3-9. Perkin Elmer Lambda™ 35 UV-vis spectrophotometer.

3.6 RESULTS AND DISCUSSION

The UV-vis spectra of the insulating oils with bare copper samples aged in different DBDS
concentrations (0,100, and 1000 ppm) in a fan oven at 150 °C for 72 h are shown in Figure
3-10. It can be observed that the presence of corrosive by-products in the insulating oil
resulting from breakdown of DBDS reduces the percentage of light transmission. The results
conform with the Beer Lambert law presented in Section 3.4. According to the Beer Lambert
law, the light absorbance increases in proportion with the increase in concentration of the
absorbance species. Hence, it is expected that the percentage of light transmission decreases

with an increase in the DBDS concentration, as evidenced from the results.

Compared with both oil samples (DBDS concentration: 0 and 100 ppm), the oil sample with
the highest DBDS concentration (1000 ppm) exhibits hyperchromic effect, as indicated by
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the significant increase in the intensity of the spectrum within a wavelength range of 350—
700 nm. However, there is no significant difference in the percentage of light transmission
between the non-corrosive oil (0 ppm) and mildly corrosive oil (100 ppm) since the UV-vis
spectra for both oil samples are almost coincident. In addition, the UV-vis spectra of these
oil samples indicate that there are no hypochromic/hyperchromic or
hypsochromic/bathochromic effects in these samples. It can be observed that the UV—-vis
spectra only shift to longer wavelengths (as indicated by the black arrow in Figure 3-10)
with an increase in the DBDS concentration. It is evident from Figure 3-10 that it is difficult
to distinguish the difference in the UV-vis spectra for low DBDS concentrations within a

range of 0—100 ppm.
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Figure 3-10. UV-vis spectra of the insulating oils aged in (a) 0 ppm, (b) 100 ppm, and
(c) 1000 ppm of DBDS.

The UV-vis spectra of the insulating oils are also influenced by the ageing condition
(i.e. aged in air or nitrogen) and the ageing time [95]. This is due to the fact that the presence
of other compounds resulting from higher oil acidity contributes to changes in the light
absorbance characteristics and thus, UV-vis spectra. Hence, it is difficult to differentiate the
other compounds present in the insulating oil from the corrosive by-products as a results of

the breakdown of DBDS. For this reason, it can be deduced that UV-vis spectroscopy is
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impractical for the detection and condition monitoring of corrosive sulphur, particularly at
low concentrations of DBDS.

3.7 SUMMARY

The qualitative analysis based on the ASTM copper strip corrosion standard is a visual-based
dependent process. This technique may only distinguish either the insulating oil is corrosive
or not, however, it is impossible to identify the level of oil corrosiveness. Interestingly,
SEM-EDX proved to be a useful lab-based technique to investigate the sulphur corrosion
process allowing a clear indication that the amounts of copper in per cent by weight (wt %)
remaining on the bare copper samples are reducing with the increasing in DBDS
concentrations and ageing time. In contrast, it is far to implement this technique on-site in
real-time in order to facilitate timely remedial actions. Besides, the corrosivity level of
transformer oil in bulk may not be determined as this tools only required a small sample

volume compared to the total oil volume of the transformer.

On the other hand, further investigations to sense the presence of corrosive sulphur in
insulating oils was carried out by means of UV-vis spectroscopy, which returned values in
contrast with those previously reported in literature. This strong supporting evidence that
will be essential for the benefit of other readership in this area, proving that UV-vis
spectroscopy is not feasible and reliable to track the progression of sulphur corrosion due to
the breakdown of DBDS at low concentration (<100 ppm), although the quantitative results
obtained from SEM-EDX analysis presented in Section 3.3.2 showed that the sulphur
corrosion phenomenon occurred with the presence of relatively low concentration of DBDS
(100 ppm).

To summarise, future experimental work (presented in Chapter 4) concentrates on
investigating the characteristics of corrosive oil with regard to variations in capacitance and
conductivity, respectively. The most recent developments in the field of IDCs as oil sensors,
which allow the study of oil capacitance behaviour, could pave the way to a new way of

observing the progression of sulphur corrosion in transformer oils.
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4 SULPHUR CORROSION SENSORS UTILISING
DC CONDUCTIVITY MEASUREMENTS AND
INTERDIGITATED CAPACITIVE SENSORS

4.1 INTRODUCTION

This chapter discusses a series of experiments conducted to identify a feasible method for
detecting and monitoring sulphur corrosion in transformer insulating oil. It shall be noted
that the results presented in this chapter are based on the characteristics of the oil which
contains only the corrosive by-products of DBDS. Section 4.3 and Section 4.4 briefly discuss
the fundamental principles, experimental set-up and procedure, as well as the results and
discussions on DC conductivity measurements and oil capacitance measurements by means
of IDCs. Because the water content in insulating oils contributes to the changes in oil
conductivity and capacitance, it was necessary to measure the water content in insulating
oils. Therefore, Karl Fischer (KF) Coulometric Titration was used for this purpose and the

fundamental procedure, the equipment used and the procedure are explained in Section 4.2.

4.2 KARLFISCHER (KF) COULOMETRIC TITRATION

Variations in water content will lead to significant variations in DC conductivity and oil
capacitance measurements. In this study, the water content measurements were conducted
by means of KF Coulometric titration on the same day, immediately before the
DC conductivity and oil capacitance measurements, respectively. This measure was crucial
because the amount of water present in the oil samples has a significant effect on DC

conductivity and oil capacitance values.

4.2.1 FUNDAMENTAL PRINCIPLES

The KF Coulometric titration analysis is a reliable moisture detection method that has been
documented as an international standard. This method allows users to obtain high accuracy
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measurements within a short test period. In addition, the method requires a simple sample
preparation and involves the use of an electrolytic reagent that contains iodine, sulphur
dioxide, a base, and a solvent. Aquamax KF Plus Coulometric titrator (GR Scientific Ltd.)
was used in this research. The Aquamax KF Plus Coulometric titrator is a combination of
the Coulometric technique and KF titration and is used to determine the water content of oil
samples by measuring the amount of electrolysis current necessary to produce the consumed
iodine [96]. As indicated in the stoichiometry of the reaction, 1 mole of iodine will react with
1 mole of water. Therefore, the quantity of water can be determined because it is proportional
to the total integrated current [97]. The key feature of this instrument is that it does not
require the calibration of the reagent (iodine). The instrument will automatically select the
suitable titration speed according to the amount of water contained in the oil samples.

4.2.2 EQUIPMENT USED AND PROCEDURE

A new syringe with needle was used to collect the oil sample for each measurement.
The measurement procedure was repeated three times for each oil sample to ensure that the
results were consistent. The measurement procedure was initiated by carefully pouring 1 mL
of oil sample into a 2-mL syringe. As suggested [96], 1-2 mL of oil sample is required if the
expected water content is between 1 ppm and 100 ppm. It is essential to minimise any water
bubbles inside the insulating oils since the water bubbles will affect the measurement results.
For this reason, the insulating oils were visually inspected to ensure that no water bubbles
were present in the oils before the oil samples were placed in the Aquamax KF Plus
Coulometric titrator. It shall be noted, however, that the air bubbles could have been ejected
through the needle (diameter: 1.10 + 0.01 mm; length: 50 = 1 mm) by inverting the syringe.
Once the syringe plunger was at 1-mL mark, the excess sample from outside of the needle
was wiped using a clean and dry tissue. The needle was then pierced via the injection septa
of the titration vessel. The oil sample was then immediately injected into the Aquamax KF
Plus Coulometric titrator once the START button was pressed. Finally, the results in ppm

on the display were read and recorded.
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4.3 DCCONDUCTIVITY MEASUREMENTS

The DC Conductivity measurements of oil samples were conducted in a material room
located in The Tony Davies High Voltage Laboratory within University of Southampton.
Data collection and analysis were performed entirely by the author.

4.3.1 FUNDAMENTAL PRINCIPLE AND PREVIOUS APPLICATIONS

The DC conductivity measurement is one of the methods used to determine the conduction
properties of a test sample. For a power transformer, DC conductivity measurement is one
of the common methods used to assess the insulating oils or pressboard deterioration
level [98]. According to Ohm’s law, conductivity (G) is the inverse of resistance (R) and is

determined from the measured voltage and current:

1 1(A)

G=m=m 4.1

The basic unit of conductivity is Siemens (S) and could be written as Q1. The cell geometry
effects the oil conductivity, and therefore, to compensate the differences between electrode

dimensions, the product of measured DC conductivity measurements is expressed as:
o . L
Specific conductivity (C) = (G X Z) ,Sm~1 4.2

where G is the measured conductivity, L is the length between the electrodes, and A is the
area of the electrodes. The conduction in liquid comprises a complex physicochemical
process involving the dissociation of ionic pairs in the bulk liquids and the charge injection
between the electrode and liquid interface [99]. The dissociation mechanism is explained as:
ATB™ <= At + B~ 4.3

kd'kr
where AT B~ denotes the density of ionic pairs, A* and B~ are the positive and negative ion,

k, and k, are the dissociation and recombination rate constants.
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In liquid (i.e. insulating oil), the dominating electrical conduction is caused by the mobility
of charge carriers (the drift process of positive and negative ions). When the DC electric
field E is applied, the relationship between electrical conductivity ¢ and current density J is

expressed as:
J]=0.E 4.4

In thermodynamic equilibrium, the ionic conductivity is a function as the sum of the mobility

of every type of ion y; and the charge density g; and can be expressed as:

o= Zi(ﬂi-ql') 4.5

Hence, the charge carrier density is a function of DC electric field strength, temperature,
impurities, ageing products, and water content [100], [101].

Oil conductivity is influenced by ageing products such as water, acid, and furan compounds
during ageing [102]. As a transformer ages, the ageing products begin to generate.
Prolonging the operation time of transformer leads to the growth in thermal, oxidation, and
electrical degradation of either oil or paper insulation, which in turn, will increase the ageing
products. A pure insulating oil is known to be nonpolar because it comprises saturated
hydrocarbons, which are non-ionic or are free of electrons. However, the properties of oil
may change from being nonpolar to having polar contaminants, thus enabling the oil to easily
conduct the current when ionic dissociation occurs due to the presence of the ageing
products, which dominate the charge carriers. Besides the ageing products, other impurities
may influence the electrical conductivity of insulating oil. These impurities include
conducting particles such as copper, semi-conducting particles like carbon, or electrically

insulating particles such as silica and paper [103].

It is accepted that the presence of moisture or water in liquid particularly insulating oils
affects its electrical properties by reducing its dielectric strength and increases its electrical
conductivity and dissipation factor [104]. The dissociation of moisture or water in insulating

oils from H»O into H* and OH" increases its conductivity value. According to [105], the

54



conductivity of a fine diluted water in oil is subjected to the concentration of water dissolved
in the oil.

To date, various international standards have been proposed to provide guidance for
DC conductivity measurements as shown in Table 4-1 [106]-[108]. Considering the
availability of the equipment in our laboratory, the DC conductivity measurement was
conducted in accordance to the ASTM D 1169 standard test method.

Previous studies have applied PDC measurements in an oil-paper insulation system
[109],[110] which showed that the electrical conductivity of mineral oil was associated with
the initial value of polarisation current. Another study [37] applied the PDC techniques to
monitor oil conductivity and moisture content in mineral oils and found that the polarisation
current was divided into polarisation current that occurred at initial time
(approximately <100 s) — due to conductivity of insulating oils, and the polarisation current
that occurred at longer period of time (t ~10000 s) — due to moisture content in insulating
oil. As illustrated in Figure 4-1, the initial values of polarisation currents is related to the oil
conductivity while the end values is associated with the water content in the oil. The transient

values were due to the geometry and oil properties.

Table 4-1. Summary of international standard for DC conductivity measurements of
insulating liquids [106]-[108].

Standard Method Description Electrical Electr.lflcatlon
Stress time
IEC me;:slljjrrreerrr]]ten ¢ Conductivity is related to <0.1 <5
61620 . ’ an initial current density kvmm
trapezoidal voltage
Current s
IEC . Conductivity isread ata | 0.05-0.25
measurement with . ) 60 s
60247 steady state current density | kVmm
DC voltage
*ASTM Current . Conductivity is read at a 0.2-1.2
measurement with L . 1 60 s
D 1169 given instant of time kKVmm
DC voltage
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Figure 4-1. Interpretation of PDC measurement for insulating oils [111].

The conductivity of liquid (i.e. insulating oil) is dependent on the temperature, electrical
field strength, water content and impurities as a results of ageing. These parameters give an
effect on the charge movement in the oil (resistance), resulting in the changes of oil
conductivity. It is known that the ageing copper in the oil with DBDS at temperature, range
between 80 °C and 150 °C may lead to the breakdown of DBDS into other corrosive by-
products such as mercaptans. This process leads to corrosive by-product attack on copper,
which in turn, releases the copper ions and form a semi-conductive copper sulphide on the
paper insulation. Therefore, it is hypothesised that increments of oil conductivity will occur.
Because this form of analysis has not been reported in the literature, the feasibility of DC
conductivity measurement in measuring the corrosive sulphur content in insulating oil was
further investigated. The mixture of moisture, corrosive by-product compounds and copper
ions will complicate the process of oil characterisation because all of these components will
increase the DC conductivity value at the same time and therefore, may not be easy to
distinguish these effects. Therefore, it is essential to consider using the same ageing
conditions (i.e. ageing time, temperature, and base oil) while varying the DBDS
concentrations. In addition, it was crucial to obtain constant temperature, electrical field
strength, and water content while conducting the DC conductivity measurement to avoid any

misinterpretation of the results.
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4.3.2 EXPERIMENTAL SET-UP

The oil samples were prepared according to the procedure described in Section 3.2. The
DBDS concentrations used were 0, 100, and 200 ppm. However, modifications on the
following aspects were made to the experimental set-up due to the limitations of the
experiment: (1) the effect of polarisation on the oil samples and (2) the capacity of the test
cell (5 mL of oil was needed for each measurement). Therefore, three oil samples (each with
the same DBDS concentration) were required to make sure that the oil sample was fully
discharged before the following DC conductivity measurement was initiated. In other words,
if the oil is not fully discharged after the experiment, the conductivity of the following
measurement will be increased. Hence, each sample consists of 40 mL of oil along with
a copper strip were added into a 50-mL headspace vial. The dimensions of the copper strip
are described in Section 3.2. The samples were aged in air atmosphere using a fan oven set
at 130 £ 1 °C for 10 days. It was crucial to cover all the headspace vials with a glass Petri

dish to prevent excessive evaporation during the ageing process.

The experimental set-up used for DC conductivity measurements of the oil samples is
illustrated in Figure 4-2. The DC power supply was connected in series with a 5-mL
cylindrical test cell and picoammeter. A 10-MQ protection resistor was connected in series
in between the DC power supply and 5-mL cylindrical test cell to prevent damage to the
picoammeter. Table 4-2 shows the measured test cell geometry used in this experiment.

These parameters are used to calculate k, which is a constant based on the test cell geometry.

Table 4-2. Measured test cell geometry

Parameters Measured values (m)
Outer radius, 7, 0.0120
Inner radius, 7y, 0.0100
Height, I, 0.0364
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Figure 4-2. DC conductivity measurements: (a) Experimental set-up and (b) Image of the
test cell.

Since the test cell is cylindrical, k can be written as [107]:

1 2megire,l,
k= P R 4.6

where r,, and r;, represent the outer and inner radius of the test cell, respectively, [, is the
height of the test cell, g, is the vacuum permittivity, and &, is the air relative

permittivity (=1).

In this experiment, the current flowing through the oil samples was measured and the

DC conductivity of the oil samples was determined from the following equation [107]:
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Here, o is the DC conductivity of the oil sample, | is the measured current, and V is the

electric potential across the sample.

The DC conductivity measurements were carried out according to the following procedure:

1)

2)

3)

4)

5)

6)

7)

8)

9)

Gently, 5 mL of non-corrosive insulating oil (0 ppm (Sample 1)) was pipetted into
a clean cylindrical test cell using Eppendorf Multipette® Stream pipette equipped
with 25 mL Combi-tips® Plus with adapter.

The lid of the cylindrical test cell was closed and the sample was left for ~10 min.
It shall be noted that the time taken varied depending on the presence of bubbles.
It was important to ensure that the sample is completely free of bubbles.

The cylindrical test cell was placed in a fan oven.

The connection between the cylindrical test cell, power source, and measuring
devices was established, as shown in Figure 4-2.

Because the gap between the inner and outer electrode is 2 mm, the applied voltage
was set at 2 kV to achieve 1 kV/mm.

Because temperature has a significant effect on the results obtained using this
technique, the fan oven was set at 25 + 1 °C. K-type thermocouple connected to a
temperature meter was used to monitor the temperature changes in the oven.

The current for non-corrosive insulating oil (0 ppm (Sample 1)) was measured over
a period of 996 s with 12-s intervals using Keithley 6517 picoammeter.

The conductivity of the non-corrosive insulating oil (0 ppm (Sample 1)) was
calculated using Equation 4.6 and 4.7.

The cylindrical test cell was cleaned gently using acetone and then dried at 105 °C

for 1 h to eliminate moisture.

10) The cylindrical test cell was then cooled to room temperature for ~10 min.

11) Steps 1-10 were repeated for other samples, as presented in Table 4-3.
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Table 4-3. The details of oil samples used for DC conductivity measurements.

DBDS concentration (ppm) | Sample no.
0 (non-corrosive) 2and 3

100 (corrosive) 1,2,and 3

200 (corrosive) 1,2,and 3

To analyse the pattern of initial oil conductivity due to corrosive sulphur, the initial current
at 60 s was taken into account as suggested by ASTM D 1169 and [37].

4.3.3 RESULTS AND DISCUSSIONS

Because the presence of water in the insulating oils will significantly affect DC conductivity
measurements, several tests were conducted to ensure that the water content is approximately
the same for all the oil samples used in this study. Through experimentation, the optimum
time taken to degas and dry the oil samples in the vacuum oven without any heating process
was found to be four days. It was found that the water content of the insulating oils was
15+ 1 ppm.

The DC conductivity measurement results (for a DBDS concentration of 0 ppm, measured
at three different times) are presented in Figure 4-3. The temperature and water variations
were measured at 25 £ 1 °C and 15 = 1 ppm, respectively. The repeatability of this test is
acceptable because the relative difference between each curve is no more than 27 % based

on the average conductivity values determined every 12 s.
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Figure 4-3. DC conductivity results of non-corrosive (0 ppm) oil samples under 1 kV/mm
at 25 °C measured at three different times.

Figure 4-4 shows the DC conductivity results of non-corrosive (0 ppm) and corrosive
(100 ppm, and 200 ppm) oil samples under 1 kV/mm at 25 °C measured at three different
times. The result presented in Figure 4-4 is based on the corrosive and non-corrosive oil that
consist of other non-impurities, such as furans, as a result of the degradation of the paper
insulation in insulating oil. It is evident from the results that the DC conductivity graphs
overlap each other — a result that contradicts the hypothesis mentioned in Section 4.3.1. It
was difficult to characterise the oils even though the initial conductivity result revealed the
possibility to distinguish between non-corrosive oil (0 ppm) and corrosive oil (200 ppm).
This finding is attributed to the fact the same pattern was not observed for the corrosive oil
with 100 ppm of DBDS.

The uncertainties in this DC conductivity measurement of corrosive by-product of DBDS,
which was due to the breakdown of DBDS in the insulating oil, caused the results to become
too complex to be interpreted, and any attempt of doing so might lead to misinterpretation.
The difficulty in characterising the oil based on its corrosivity level is due to either
uncertainty with respect to the amount of copper ions dissolved in the insulating oil (due to

its low solubility) [52], which could not be differentiated by the DC conductivity
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measurement or the influence of a very low concentrations of water content (~1 ppm). For
this reason, measurement of conductivity was not pursued, instead a method using IDCs to
detect changes in electrical capacitance due to the progression of sulphur corrosion in
insulating oils was investigated. The variations of electrical capacitance were measured
using IDCs fabricated onto a printed circuit board (PCB), which is described further in
Section 4.4.
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Figure 4-4. DC conductivity results of non-corrosive (0 ppm) and corrosive (100 ppm and
200 ppm) oil samples under 1 kV/mm at 25 °C measured at three different times.

4.4 INTERDIGITATED SENSORS (IDCs)

The IDCs were designed using EAGLE PCB design and schematic software. The IDCs were
fabricated by Mr Richard Howell (Senior Engineer), and the calibration of IDCs and oil
capacitance measurements were carried out by the author within the Undergraduate
Teaching Laboratory, School of Electronics and Computer Science, Faculty of Physical

Science and Engineering, University of Southampton.
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4.4.1 FUNDAMENTAL PRINCIPLES AND PREVIOUS APPLICATIONS

Parallel plate capacitors (Figure 4-5) consist of two conducting plates with area A placed
parallel to each other. The conducting plates are separated by a dielectric at a distance d.

Conducting +
plates with / -V

area, A

diclectric
Figure 4-5. Schematic diagram of a parallel plate capacitor.

The main function of a capacitor filled with a medium is to store charge Q as soon as a
potential difference AV is applied. The charge will remain stored even though the potential
is disconnected. As indicated in Equation 4.8, the quantity of the charges being stored is
dependent on the magnitude of the applied potential across the capacitor. In other words,
capacitance is the ratio between the charges on the capacitor and the magnitude of the
potential difference across the two parallel plates. The unit of capacitance is either Coulombs
per Volt or Farad (F).

C = (Q/AV) 4.8
The capacitance of a parallel plate capacitor is determined from Equation 4.9:
C = ¢gye,.(A/d) 4.9

where C is the capacitance, &o is the permittivity of the free space (8.854 pF/m), & is the
dielectric permittivity of the material, A is the plate area, and d is the gap between the two

parallel plates.

The electrical properties of insulating oils can be measured using this method by filling the
region in between the two parallel plates with the insulating oil. The dielectric constant of
the insulating oil can be determined in this manner. Compared to the conventional parallel

plate capacitor, IDCs consist of a pair of coplanar interdigitated electrodes (fingers), as
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shown in Figure 4-6. Figure 4-6(a) shows the top view of an IDC and Figure 4-6(b) shows
the cross-sectional view of an IDC. The operating principle of IDCs is identical to that of a
conventional parallel plate capacitor. The electric field between the fingers is generated by
applying an AC voltage source between the positive and negative terminals. The capacitance
of IDCs changed as the electric field generated penetrates the material under test. Therefore,
the sensing behaviour of insulating oils can be observed by measuring the change in the
capacitance of the IDCs.

electric material
field lines under test

lead

(a) (b)
Figure 4-6. Schematic diagram of an IDC: (a) top view and (b) cross-sectional view.

The theoretical calculation of IDCs is inherently complex because it involves complex
mathematical calculations such as conformal mappings [112],[113]. However, according to
Bilican et al. [114] and Mamishev et al. [115], another easy approximation that can be used
to determine the capacitance of IDCs is by applying the concept of a conventional parallel

plate capacitor. Therefore, Equation 4.9 can be written as:
C = gy&,.(lwn/d) 4.10

where | is the finger length, w is the finger width, n is the number of fingers, and d is the gap
between two parallel fingers. However, the limitation of this approximation since the IDCs
will not function well if the finger width and finger gap are not identical, which will affect

the electric field distribution.

Two types of dielectric media are used in IDCs: solution (material under test) and substrate,

as shown in Figure 4-7. Consequently, applying AC voltage creates electric field lines that
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penetrate through these dielectric media, creating two parallel plate capacitors. Therefore,
the total capacitance is given by [114]:

Crotar = Csup + Cup 4.11

where Csub IS the total capacitance of the substrate and Cyp is the change in capacitance
resulting from exposure of the sensor to air or liquid having a different dielectric constant.

Solution R solution

C solution

electrode ‘ | electrode

C substrate

NV

Substrate R substrate

Figure 4-7. Equivalent circuits of interdigitated electrodes [114].

The earliest interdigital electrode design was created by Nikola Tesla in 1891 [115].
According to Tesla, the total capacitance of the “electrical condenser” increases in
proportion with the number of fingers when the finger electrode is immersed in an insulating
liquid. His idea has inspired many researchers to apply this concept in their own field,

particularly in sensing and detection systems.

The use of IDCs is not new — in fact, these sensors have been exploited for a wide range of
applications including temperature sensors [116], moisture sensors [117], and
biosensors [118]. A number of studies have also been carried out on complex mathematical
calculations and simulations of IDCs as well as complex chemical surface treatment of
IDCs [114]. Furthermore, Khan et al. [119]-[121] developed IDCs to detect the variation of
different taste substances such as sourceness, saltiness, sweetness, and bitterness.
Interestingly, IDCs have also been applied for real-time analysis of water contaminants [121]

and as biosensors [118].
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One of the advantages of IDCs is that these sensors use relatively small and simple metal
interdigitated electrodes. Thus, the fabrication cost of IDCs is relatively inexpensive
compared to the cost of fabricating optical and chemical sensing systems. The interdigital
geometry improves the sensitivity of IDCs while reducing the surface area. Hence, IDCs can
be fabricated in bulk quantities on simple substrates such as FR-4 PCB or glass by
implementing a simple evaporation process. For capacitance measurements, IDCs can be
used without the need for complex calibration procedures. Unlike conventional parallel plate
capacitors, IDC fingers completely adhere onto the substrate and thus the gap distance is
kept at a constant value. Therefore, IDCs improve the accuracy of capacitance

measurements.

4.4.2 DESIGN, CONSTRUCTION AND FABRICATION

The main aim of Section 4.4 is to investigate the feasibility of IDCs in sensing the presence
of sulphur corrosion in transformer oils by measuring the changes in the capacitance values
of the corrosive insulating oil compared to the new insulating oil. In this research, only one
IDCs configuration has been tested because the results presented in Section 4.4.4 revealed
that this technique is highly affected by the presence of water content in the insulating oils

which leads to the misinterpretation of the results.

The variables of the IDCs design are finger length I, finger width w, finger gap d, and number
of fingers n. The values of these variables are 8, 0.5, 0.5 mm, and 16 respectively. Ideally,
the gap between the fingers should be minimised because this variable will increase the
sensitivity of the sensor. However, in this study, a gap of 0.5 mm was chosen because of the
limitations of the PCB fabrication set-up in the laboratory. According to Bilican et al. [114],
Equation 4.10 is suitable only if the finger gap and finger width are the same. For this reason,
the sensor was designed with the finger gap and finger width being equal to 0.5 mm.
The capacitance of IDCs is commonly affected by the stray capacitance of the leads
(Figure 4-6(a)) and therefore, it is essential to minimise the effect of stray capacitance by
having a large number of fingers [115]. A schematic diagram of the proposed IDCs is shown

in Figure 4-8.
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A P ATl

Figure 4-8. Schematic diagram of the proposed IDCs designed using EAGLE PCB design

and schematic software.

The IDCs were fabricated using a photolithographic process on a copper clad FR-4 PCB

laminate. The IDCs were fabricated on the PCB using the following procedure:

1)
2)

3)

4)

5)
6)

7)

The pattern was designed using EAGLE PCB design and schematic software.
The mask for the sensor pattern was prepared by transferring the EAGLE drawing
onto a polyester drafting film using a high-resolution laser printer.

The sensor pattern was transferred onto a photoresist-coated copper clad PCB by
ultraviolet (UV) photolithography.

The sensor pattern was inspected to ensure that there were no defects.

The sensor pattern was dried.

The sensor pattern was formed by exposing the copper clad FR-4 PCB to ferric
chloride solution, followed by agitation. The PCB was then turned over
for ~20 min to remove unwanted copper. The process time generally depends on
the amount of copper to be removed. It shall be noted that this process needs to
be carried out with painstaking detail since there is a high possibility for the tracks
to be over-etched.

The PCB was washed with water followed by an acetone to clear the photo resist.

The degradation of insulating oils caused by sulphur corrosion was analysed based on the

electrical capacitance of the oil samples measured using the IDCs.

4.4.3 EXPERIMENTAL SET-UP AND PROCEDURE

The sample preparation (i.e. corrosive oil samples and bare copper samples) and thermal

ageing of the samples in air atmosphere using a fan oven were carried out at the chemical
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preparation room in the Tony Davies High Voltage Laboratory, University of Southampton,
following the procedure described in Section 3.2. According to Scatiggio et al. [18], the
maximum DBDS concentration in an actual oil-filled power transformer is 350 ppm.
Therefore, the DBDS concentrations used in this study were below 350 ppm. In total,
9 samples were prepared because the analysis was based on DBDS concentrations (100, 200,
and 300 ppm) and ageing time (i.e. Day 1, Day 2, and Day 3). Figure 4-9 shows the schematic
diagram of the experimental set-up of the proposed IDC sulphur corrosion sensing system.

The list of equipment used for the oil capacitance measurements is provided in Table 4-4.

coaxial cable
stand —, Z\
vial cap

|

LT

M~ vial

\IDC

—

oil

LCR Bridge

C |
Figure 4-9. Schematic diagram of the experimental set-up of the proposed IDC sulphur
corrosion sensing system.

Table 4-4. List of equipment for oil capacitance measurements

Clamp stand
Eppendorf Multipette® Stream pipette and 25 mL Combi-tips® Plus with adapter
15 mL headspace vials with plastic caps
IDCs connected via a coaxial cable
Fluke 971 temperature humidity meter
LCR400 precision LCR bridge
Corrosive insulating oil samples

N OO AW N

The procedure used for the oil capacitance measurements is presented below:

1) The IDCs were placed into an empty 15 mL clean headspace vial and the vial was

sealed tightly with the plastic cap.
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2) The vial was held in place using the clamp stand, as shown in Figure 4-9.

3) The IDCs were connected to the LCR400 precision LCR bridge (Aim and
Thurlby-Thandar Instruments, UK). The use of a coaxial cable is extremely
important since this will improve accuracy of the measurements by minimising the
effect of stray capacitance.

4) The LCR400 precision LCR bridge was switched on.

5) A Fluke 971 temperature humidity meter was used to monitor the ambient
temperature. The ambient temperature was within a range of 21 + 1 °C. This step is
vital because variations in temperature will affect the oil capacitance measurements.
In addition, the optimum operating temperature range for the Eppendorf Multipette®
Stream pipette is 540 °C [122].

6) Gently, 10 mL of new oil was pipetted into a clean headspace vial (15 mL) using
Eppendorf Multipette® Stream pipette equipped with 25 mL Combi-tips® Plus with
adapter.

7) The sample was left for ~10 min. It shall be noted that the time taken varied
depending on the presence of bubbles. It was important to ensure that the sample is
completely free of bubbles.

8) The IDCs were placed into the vial containing the insulating oil as indicated in Step 7
and the vial was sealed tightly with the plastic cap.

9) The capacitance of the new insulating oil C1 was measured.

10) The IDCs were cleaned gently using soft tissues saturated with acetone. The IDCs
were left to dry at room temperature for ~10 min.

11) Steps 1-8 were repeated by replacing the new insulating oil in Step 6 with the
corrosive insulating oil as presented in Table 4-5.

12) The capacitance of each corrosive insulating oil C2> was measured.

13) The changes in the capacitance values of the corrosive insulating oil compared to the
new insulating oil was calculated using the following formula: AC = C, — C;.

14) The IDCs were cleaned gently using soft tissues saturated with acetone. The IDCs

were left to dry at room temperature for ~10 min.

The measurement procedure was repeated three times for each sample to determine the

repeatability of the results.
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Table 4-5. The details of oil samples used for capacitance measurements.

Ageing time | DBDS concentration (ppm)
Day 1 100, 200, and 300
Day 2 100, 200, and 300
Day 3 100, 200, and 300

4.4.4 RESULTS AND DISCUSSION

As the presence of water in the insulating oil will significantly affect the oil capacitance
measurements, several tests were conducted to ensure that the water content was the same
for all the insulating oil samples in this study. It was found that the water content of the
insulating oils was 13 + 1 ppm. Through several experimental works, the optimum time
taken to degas and dry the oil samples in the vacuum oven without any heating process was

six days.

In general, the presence of contaminants such as cellulose fibres or metallic particles (due to
sulphur corrosion) in the insulating oils can lead to oil and paper degradation, as well as
internal discharge which results in catastrophic power transformer failures. For this reason,
it is essential to monitor the health index of insulating oils to implement countermeasures.
One of the possible monitoring tools that can be used to monitor the progression of sulphur
corrosion in insulating oils is by measuring the oil capacitance values using IDCs. It is
hypothesised that either copper ions or corrosive by-products due to the breakdown of DBDS
in the insulating oil (as a result of sulphur corrosion) will increase the oil capacitance values.
This hypothesis is validated by the results shown in Table 4-6 and Table 4-7, respectively.

The results presented in this section suggest a potential relationship between corrosive by-
products due to the breakdown of DBDS and changes in oil capacitance values. It can be
seen that the increase in oil capacitance values, AC (pF) measured using the IDCs, is
proportional to the increase in the amount of copper in per cent by weight, ACW (%), which
was obtained from the SEM-EDX analysis. The increase in weight percent of the bare
copper samples suggests that a dissolution of copper ion occurred due to sulphur corrosion
in the insulating oils. These results are comparable with one of the empirical theories
proposed by CIGRE through their Working Group A2.40 [9], which suggests that the

formation of copper sulphide begins with dissolution of copper in an insulating oil.
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On Day 1, there was an increase in AC with the range of 0.02-0.03 pF as the DBDS
concentrations were increased from 100 ppm to 200 ppm, and from 200 ppm to 300 ppm.
The same pattern could be observed in Table 4-7, whereby the ACW increased by
approximately 0.40 % for both cases. However, it could be observed that the increment of
AC for Day 2 and 3, was not linear compared with the ACW shown in Table 4-7.
Interestingly, an increase in AC was still noted when the DBDS concentration was increased
from 200 ppm to 300 ppm on Day 3 although the amount of copper on the surface of copper
sample increased by only 0.12 %. It is believed that the moisture present in the oil can be a
contributing factor for the observed increase in the AC. As the variations in AC were
extremely low (0.01-0.13 pF), there is a great possibility that the results obtained via this
method can be misinterpreted because some external effects (i.e. temperature and water

content) might vary during the measurements.

Table 4-6. Variation in AC of insulating oil with respect to the ageing time for three DBDS

concentrations.

Day 1 Day 2 Day 3
DBDS . Standard Standard Standard
concentration AC . . AC .. AC . L.
(ppm) (0F) deviation (0F) deviation (0F) deviation
(pF) (pF) (pF)
100 0.01 0.0058 0.05 0.0058 0.06 0.0100
200 0.04 0.0058 0.06 0.0115 0.08 0.0100
300 0.06 0.0173 0.08 0.0100 0.11 0.0100

Table 4-7. Changes in copper weight (%) of the copper strips with respect to the ageing

time for three DBDS concentrations.

Day 1 Day 2 Day 3
DBDS . Standard Standard Standard
concentration | ACW . . ACW L. ACW . .
(ppm) (%) deviation (%) deviation (%) deviation
(%) (%) (%)
100 1.64 0.23 3.17 0.41 6.34 0.24
200 2.01 0.15 4.96 0.27 8.71 0.42
300 2.46 0.04 5.64 0.48 8.83 0.23
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The increase in AC was exceptionally small as the samples were aged under accelerated
ageing conditions within a very short period of time. Besides the DBDS concentrations used
in this research were very low which contributes to the slow sulphur corrosion process.
Therefore, the feasibility of this method in detecting the presence of corrosive sulphur in
insulating oils could be enhanced by increasing the ageing time and DBDS concentrations,
respectively.

Practically, it is expect that the changes in AC of the corrosive oils could be due to three
reasons: (1) the presence of copper ions as a results of sulphur corrosion, (2) the effect of
water content in the insulating oils, and (3) the presence of other compounds resulting from
higher oil acidity. The difficulty in distinguishing between these effects leads to the

conclusion that IDCs is not a practical to be implemented as sulphur corrosion sensors.

45 SUMMARY

This chapter presents the effect of corrosive oil that contains the corrosive by-products due
to the breakdown of DBDS on both DC conductivity measurements and capacitance
measurements (via IDCs). The results of DC conductivity measurements show that the graph
overlaps each other and therefore it was not feasible to characterise the corrosivity level of
oil by means of this method. On the other hand, the changes in the oil capacitance values
due to the presence of different corrosive by-product of DBDS were remarkably small which
leads to a high possibility of misinterpretation of the results. As a consequence from both
studies, a better indication of non-practicality of both methods was obtained. Because these
techniques are greatly influenced by moisture and water, it is evident that this technique is
unfeasible to be implemented either on-site or in real-time. To summarise, in future
experimental work, it would be essential to find a feasible and reliable technique that could
monitor the progression of sulphur corrosion in insulating oil without the influence of other
external disturbances such as the variations in water and temperature during the
measurement activity. It is noteworthy to look into the effect of sulphur corrosion by
investigating the changes in the solid (copper) rather than liquid (insulating oil) via electrical

techniques.
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5 THIN FILM SACRIFICIAL COPPER STRIPS FOR
SULPHUR CORROSION SENSING

5.1 INTRODUCTION

The findings presented in this chapter are of significance for online condition monitoring of
sulphur corrosion because the developed approach allows quantitative measurement using a
thin film sacrificial copper strip to detect the progression of sulphur corrosion in transformer
insulating oils. The fabrication of the thin film sacrificial copper strips is first described
(Section 5.2), followed by the principle of low-resistance measurements (Section 5.3). The
fabrication process, experimental set-up, data collection, and data analysis of these sensors
were conducted entirely by the author using the facilities available in the Integrated
Photonics Cleanroom, Optoelectronics Research Centre, University of Southampton, and
The Tony Davies High Voltage Laboratory, University of Southampton. With access to the
Nanofabrication Centre, University of Southampton, the pre-cleaning and cutting processes
of Sensors Type C were carried out by Dr Kian Kiang from the Optoelectronics Research
Centre, University of Southampton. The development of the thin film sacrificial copper strips
based on the 22 factorial design is described in this Chapter, along with the development of
a regression model used to predict the transformed resistance of the sensors as a function of
their area and thickness. The feasibility of these sensors in tracking the progression of
sulphur corrosion due to the presence of corrosive by-products of DBDS and elemental
sulphur is presented in Section 5.5 and Section 5.6. A novel online method was proposed for
quantification of elemental sulphur in transformer insulating oils using the thin film
sacrificial copper strip sensors, which is elaborated in Section 5.7. A journal paper
summarising the findings of this work has been accepted for publication in Measurement
[123].
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5.2 FABRICATION OF SENSORS

The sensors (thickness: 50-200 nm) were fabricated by evaporating pure copper
(purity: 99.99 %) onto a glass substrate/wafer, depending on the application. Solely
evaporating a layer of copper onto the glass substrate/wafer leads to the “easily peeling off”
issue. To improve the thin film copper adhesion, a titanium layer (thickness: 5 nm) was
evaporated prior to copper evaporation. The evaporation of copper and titanium were
conducted by using BOC Edwards E500a e-beam evaporator with a vacuum pressure of 107

mbar in nitrogen atmosphere.

It is essential to clean the surface of the glass substrate/wafer to obtain consistent resistance
values for each sensor. Hence, the glass substrates/wafers was pre-cleaned using an
ultrasonic bath with acetone (~10 min) and isopropanol (~10 min). After ultrasonic cleaning,
the glass substrates/wafers were rinsed with deionised water, blow-dried with nitrogen, and
lastly, heated using a hot plate (~5min). The evaporation process was conducted
immediately after the pre-cleaning process to reduce surface contamination of the glass
substrates/wafers. The fabricated sensors were stored in a desiccator (whose lower

compartment was filled with silica gel) to prevent surface oxidation of the sensors.

Table 5-1 shows the details of the thin film sacrificial copper strips fabricated in this
research, namely, the sensor type, substrate type, fabrication type, the method used to obtain
the desired area, and the copper and titanium area. Unlike Sensors Type A and Type B (where
each sensor was fabricated individually), Sensors Type C could be fabricated simultaneously
in bulk (34 sensors at a time), which would significantly reduce fabrication time and cost.
Nevertheless, the surfaces of Sensors Type C required special coating to protect them from
any scratches resulting from the debris produced by the glass wafer during the cutting
process. Hence, Sensors Type C were coated with ~1.3 pm MICROPOSIT™S1813™ G2
photoresist before they were cut into individual units, as shown in Figure 5-1(b). For the
coating process, the photoresist was poured onto the glass wafer, which was placed inside
the sample holder of a spin coater (SCS G3P-8, Specialty Coating Systems, Inc., USA). The
sensors were spun at a rotation speed of 4500 rpm for ~3 min. Finally, the sensors were soft-
baked at 115 °C for ~1 min using a precision hot plate (Model: 1000-1, Electronic Micro
Systems Ltd., UK).
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As presented in Table 5-1, three type of sensors were used for this research, namely Sensor
Type A, Type B, and Type C. Sensor Type A was firstly used in this research mainly for proof
of concept. Sensor Type B was then used to improve the sensitivity of measurement and the
quality of the sensors. Sensor Type C was the final sensor employed to establish the principle
of using a shadow mask approach to allow simultaneous fabrication of single sensors in bulk.

Table 5-1. Details of the thin film sacrificial copper strips fabricated in this research.

Method used Copper and S
ans:r to obtain the | titanium area Sutb streate Fabtr |caet|on
yp desired area (mm?) P P
Individual
Rectangular glass fabrication
A (PE?)FE;OQ dtaeps(; 1375 substrate (area: 1875 mm?, | (one sensor on
g thickness: 0.8-1.0 mm) each glass
substrate)
Individual
Shadow Rectangular glass fabrication
B mask 100-800 substrate (area: 1875 mm?, | (one sensor on
thickness: 0.8-1.0 mm) each glass
substrate)
Shadow 6-in glass wafer —
C mask 100 (thickness: 0.7 mm) Zﬂi;ﬁggﬁfg
(Figures 5-1 * Each sensor has an area :
and 5-2) of 350 mm2 6-in glass wafer)
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Figure 5-1. Bulk fabrication of Sensors Type C. In (a), 34 sensors were fabricated on a 6-
in glass wafer. In (b), the sensors were adhered onto a tape before they were cut into
individual units. The actual size of the sensors was compared to the size of a five pence
(5p) coin (inset).

Figure 5-2. Shadow mask used for bulk fabrication of Sensors Type C. The size of a cut-
out in the shadow mask was compared to the size of a five pence (5p) coin (inset).
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5.3 PRINCIPLE OF THE LOW-RESISTANCE MEASUREMENTS

Several experiments have been carried out to investigate the effect of ambient temperature
(20 £ 1 °C) towards the resistance measurements of copper samples. As compared to a long
and thin copper wire, the resistance of a short and thick copper wire was greatly affected by
the variation of ambient temperature (20 £ 1 °C). To overcome this issue, the thin film

sacrificial copper strips sensors have been proposed.

The resistance of the thin film sacrificial copper strips was measured based on low-resistance
measurements using the four-wire measurement method. Figure 5-3 shows the schematic of
the experimental set-up used for the low-resistance measurement. The test cell presented in
Figure 5-3 is designed to ensure that all of the probes are at the same position while the

resistance measurements are carried out.

The details of each component in the experimental set-up are presented in Table 5-2. The
low-resistance measurements were performed in a temperature and humidity-controlled
environmental room, where the temperature and relative humidity were set at 20 £ 1 °C and
20 + 10 %. A digital micro-ohmmeter (Megger Ducter™ DLRO-10X, Megger Ltd., UK)

was used to measure the resistance of the sensors.
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Figure 5-3. Schematic of the experimental set-up used to measure the resistance of the thin
film sacrificial copper strips using the four-wire measurement method.
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Table 5-2. Structural details of the test cell.

Label Description
1 Measurement copper needles
2 Thin film sacrificial copper strip sensor
3 Electrode holder made from polyethylene terephthalate (thickness: 6.4 mm)
4 Sensor holder made from aluminium (thickness: 6 mm)

In the four-wire measurement method, the resistance values of the sensors were obtained by
measuring the voltage when four collinear probes came into contact with the sensor surface.
Because the measured resistance is relatively low, this method eliminates cable and contact
resistance. Forward current and reverse current were applied to eliminate thermo-
electromotive forces, which would manifest as offset voltage (parasitic voltage). The
resistance measurement was repeated at least five times for each experimental condition to
ensure that the results were consistent. As shown in Figure 5-3, the potential difference
between Probes B and C (Vz.) was measured when there was a current of 1, between
Probes A and D. The resistance of each thin film sacrificial copper strip was calculated using

the following equation:
R = VBC/IAD 5.1

Table 5-3 shows the separation distance between the probes (i.e. Probes A-B, B-C, and
C-D) and the applied current used in this research. The separation distances for Sensors
Type A were larger compared with those Sensors Type B and Type C because these sensors
had the largest copper area (Table 5-1). For Sensors Type B and Type C, 100 pA of current
was applied to obtain the change in resistance (AR) in ohms Q. Theoretically, the reaction
between the corrosive by-products due to the breakdown of DBDS and copper is relatively
slow compared with the reaction between elemental sulphur and copper. For this reason, the
applied current for the low-resistance measurements was increased to 100 mA so that AR
can be measured in milliohms (mQ).
The change in resistance (AR) of the thin film sacrificial copper strips as a result of sulphur
corrosion caused by the corrosive by-products of DBDS or elemental sulphur was calculated
using the following equation:

AR = R, — R, 5.2
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where R,, is the measured resistance after a certain ageing period and R; is the measured
initial resistance prior to ageing. It shall be noted that the variations in the initial resistance
of the sensors will not have a significant influence on the low-resistance measurements,

considering that the effect of sulphur corrosion on the sensors is represented by AR.

Table 5-3. Details of the probe separation distances and applied current used in this

research.
Sensor type Separation dls(tre:]nr:)e of the probes Applied current (A)
A A-B: 6, B-C: 18, C-D: 6 100 x 102
B A-B:5 B-C:5 C-D:5 100 x 10°®
C A-B:5 B-C:5 C-D:5 100 x 10°®

54 DEVELOPMENT OF THE SENSORS BASED ON THE 22 FACTORIAL
DESIGN

The OFAT method is a conventional method to design experiments, which involves
determining the response variable by varying one input variable while the other input
variables are fixed. Despite its ease of implementation [124], the OFAT method is not
suitable to determine the effects of multiple input variables simultaneously because it is
difficult to define the interactions between the input variables. In this regard, design of
experiments (DoE) is suitable to determine the effects of multiple input variables on the
response variable. This method significantly reduces the number of test runs, which in turn,
reduces production time and cost. For these reasons, the DoE method has been used
extensively in the manufacturing industry. Figure 5-4 shows the advantage of using the DoE
method compared with the OFAT method for a three-factor experimental design. It can be
seen that the DoE method only requires eight test runs whereas OFAT method requires
16 test runs, which is twice the number of runs for the DoE method [125].

In general, there are various DoE methods that can be used to examine the relationship
between the main factors and interaction factors in multi-factor experiments such as the 2
factorial design, Box-Behnken design [124], Taguchi method [126], and response surface

methodology [127]. In this research, the 22 factorial design was selected to develop a
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regression model that is capable in predicting the transformed resistance of the thin film
sacrificial copper strips as a function of their area and thickness. Analysis of variance
(ANOVA) was performed to access the adequacy of the regression model. For this analysis,

Sensors Type B were fabricated according to the procedure described in Section 5.2.
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Figure 5-4. Advantage of using the DoE method (left) compared with the OFAT method
(right) for a three-factor experimental design [125].

5.4.1 SCREENING EXPERIMENT

The 22 factorial design was performed using Design-Expert® software version 10.0 (Stat-
Ease, Inc., USA). A screening experiment was carried out to analyse the effects of two
independent variables (area and thickness) on the resistance of the sensors, with three
repetitions for each test run. The 22 factorial design matrix (consisting of 12 test runs) was
used to screen the variables, as shown in Table 5-4. Table 5-5 presents the coded levels of
each factor, where the minimum and maximum levels were coded as —1 and +1, respectively.
The resistance measurements of the sensors were conducted based on the 22 factorial design
matrix. The effects of area and thickness on the transformed resistance of the thin film
sacrificial copper strips were examined based on the half-normal and effect list. Next, a
regression model was developed to predict the transformed resistance of the thin film
sacrificial copper strips as a function of their area and thickness. The statistical significance
and adequacy of the regression model were assessed using ANOVA. The outcomes retrieved
from 22 factorial design will determine the fit of the regression model, which consists of

coefficients multiplied by their respective factor levels. The regression equation is given by:
Y = Bo+ Bixy + Baxz + Brax1x; 5.3
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Here, Y is the response variable, S, represents the coefficient associated with Factor n,
whereas x; and x, are the variables that represent Factors A and B, respectively. The
product x,x, denotes the interaction between Factors A and B, ;x; and S,x, denote the
individual effects of x, and x,, respectively. ;,x;x, denotes the two-factor interaction
between x;and x,, and S, is the model intercept. Next, regression analysis was performed
in units that were coded, while coefficients had been based on the coded units. Following
this, ANOV A was carried out to obtain the means squares (MS), coefficient of determination
(R?), sum of squares (SS), as well as p-values, and F-values. The response surface plot was
employed to visually identify the interaction between the factors that affected the
transformed resistance the thin film sacrificial copper strips. Experiments were then carried
out to validate the linear regression model that describes the effects of the independent
variables (area and thickness) on the dependent variable.

Table 5-4. 22 factorial design matrix used to screen the factors.

Test run 112 |34 |5 |6 |78 |9 ]|10|11]12
A:
Area +1 | +1|(+1 |1 (+1|-1|-1|-1 |+ |-1]+1|-1
Coded (mm?)
level B:
Thickness | -1 | -1 | -1 | +1 | +1 [ +1 | -1 |-1|+1 | +1 | +1 | -1
(nm)

Table 5-5. Uncoded and coded levels of the factors.

Factor 1 (A: Area (mm?)) | Factor 2 (B: Thickness (nm))
Type: Numeric Type: Numeric
100 (-1) 50 (-1)
800 (+1) 70 (+1)

5.4.2 RESULTS OF THE SCREENING EXPERIMENT

Figure 5-5 and Table 5-6 illustrate the half-normal plot and effect list, respectively, obtained
from the screening experiment. It can be seen from Figure 5-5 that Factor A (area), Factor B
(thickness), and Interaction AB (interaction between area and thickness) are located away

from the straight line. In other words, none of these variables are coincident with the straight
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line. Factor A, Factor B, and Interaction AB were found to be significant model terms. These
outputs were supported by the effect list Table 5-6, where it is evident that Factor A was the
most significant factor with a percentage contribution and sum of squares of 90.19 % and
2.78, respectively. This was followed by Factor B with a percentage contribution and sum
of squares of 7.98 % and 0.25, respectively. On the contrary, the Interaction AB displayed a
contribution of 0.14 %, which signified the least contribution of this particular factor
amongst the rest. The sum of squares for Interaction AB was 0.004. From the outcomes,
Factor A significantly contributes higher to the transformed resistance of the sensors, when

compared to Factor B and Interaction AB. It shall be noted that 1.69 % of the percentage

contribution was due to error.
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Figure 5-5. Half-normal plot for the screening factors.

Table 5-6. Effect list of all model terms obtained from for the screening experiment.

Model Standardised Sum of Percentage contribution
term effects squares, SS (%)
A 0.96 2.78 90.19
B 0.29 0.25 7.98
AB 0.038 0.004 0.14
Error 0.052 1.69

82



5.4.3 REGRESSION MODEL

The regression model developed based on the 22 factorial design, which describes the
transformed resistance the thin film sacrificial copper strips as a function of their area and
thickness, is expressed as:

1
— =1.38+ 0.48x; + 0.14x, + 0.019x,x 5.4
\/E 1 2 142

The response plot was plotted to visualise how the factors influence the transformed
resistance of the sensors, as shown in Figure 5-6. It can be observed that the transformed
resistance increased gradually when the area decreased from 800 mm? to 100 mm? and when
the thickness decreased from 70 nm to 50 nm. The predicted transformed resistance
values (Y") presented in Table 5-7 were obtained from the regression model (Equation 5.4).
The residuals appeared to be reasonably small (below 0.10 Q), although two of them were
found to be slightly higher (0.16 Q and 0.13 Q, respectively). These values suggest that
while fabricating the thin film sacrificial copper strips, it is necessary to avoid having a large
area and higher thickness of copper at the same time. Increasing these two parameters at the
same time results in a higher chances of either surface contamination or non-uniform
deposition to be occurred.

The ANOVA results for 22 factorial design are summarised in Table 5-8. It can be seen that
the overall regression model was statistically significant because the p-value was less than
0.0001, which was below the significance level of 0.05. In addition, the p-values of the
individual factors were less than 0.05 (<0.0001, 0.0003, and 0.4341 for Factor A, Factor B,
and Interaction AB, respectively). The R? value was determined to be 0.9831, indicating that
the model can describe 98.31 % of the total variation of the transformed resistance of the
thin film sacrificial copper strips due to variations in their area and thickness. Based on the
results, it can be deduced that the regression model developed in this research was

reasonable.
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Figure 5-6. Response surface plot of the transformed resistance as a function of the area

Table 5-7. Measured and predicted transformed resistance values of the thin film sacrificial
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and thickness of the thin film sacrificial copper strip sensor.

copper strip sensor obtained from the regression analysis.

Measured transformed Predicted transformed | Residual,
Test resistance value, Y resistance value, Y’ Y—Y'
run 1 1 1
(Q22) (Q2) (Q 2)
1 1.69 1.70 -0.01
2 1.74 1.70 0.04
3 1.67 1.70 —-0.03
4 1.01 1.02 -0.01
5 2.18 2.02 0.16
6 0.98 1.02 —-0.04
7 0.76 0.77 —-0.02
8 0.79 0.77 0.01
9 2.00 2.02 —-0.02
10 1.08 1.02 0.06
11 1.89 2.02 -0.13
12 0.78 0.77 0.01
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Table 5-8. ANOVA results obtained from the 22 factorial design.

Sumof | Degreesof | Mean Coefficient of
Source squares, freedom, | square, | F-value | p-value determination,
SS Df MS R?
Model 3.030 3 1.010 | 155.30 | <0.0001 0.9831
FactorA: | 5 2g9 1 2780 | 427.38 | <0.0001
Area
Factor B 1 55 1 0.250 | 37.83 | 0.0003
Thickness
'”teLa;“o” 0.004 1 0.004 | 068 | 04341
Pure error 0.052 8 0.007
Corrected
total sum 3.080 11
of squares

5.44 VALIDATION OF THE REGRESSION MODEL

Three additional thin film sacrificial copper strips (area: 300-800 mm?, thickness: 60—
70 nm) were fabricated in order to validate the regression model (Equation 5.4) developed
in this research. The measured transformed resistance values were obtained by measuring
the resistance values of the sensors while the predicted transformed resistance values of the
sensors were determined using Equation 5.4. The predicted values were compared with the
measured values, as shown in Table 5-9. The mean percentage difference between the
measured and predicted values was determined to be 5.80 %. The root mean square error
(RMSE) between the measured values () and the predicted values (y) was calculated

using the following equation:

n
1
RMSE = 52@- —y)? 5.5
i=1

The RMSE was found to be 0.1079 for the three sensors, which was higher than the
regression model because the values was determined based on three samples. The RMSE

can be further decreased by increasing the number of samples in the validation experiment.
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Table 5-9. Comparison between the measured and predicted 1/+/R values of the three new

sensors used to validate the regression model.

Measured Predicted
Area | Thickness |  transformed transformed Percentage
Sensor mm?) | (nm) resistance value | resistance value dlffeO;ence
(@) @) v
1 300 70 1.43 1.31 8.39
2 450 70 1.49 1.52 2.01
3 800 60 2.00 1.86 7.00

55 CHARACTERISTICS OF THE SENSORS IN THE PRESENCE OF
CORROSIVE BY-PRODUCTS DUE TO THE BREAKDOWN OF DBDS
Theoretically, an increase in material loss from a metal leads to an increase in electrical
resistance [128]. To understand this relationship, the calculated resistance of the thin film
sacrificial copper strip was plotted against its thickness, as shown in Figure 5-7. It can be
observed that the resistance of the sensor increased by more than one order of magnitude
when the thickness of the sensor was decreased from 200 nm to 20 nm for uniform corrosion

at a constant rate. Therefore, AR is inversely proportional to the thickness of the sensor.
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Figure 5-7. Variation of the calculated resistance with respect to the thickness of the thin
film sacrificial copper strip sensor.
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5.5.1 EXPERIMENTAL SET-UP

Sensors Type A (area: 1375 mm?, thickness: 200 nm) were fabricated to examine their
characteristics in the presence of corrosive by-products due to the breakdown of DBDS. The
sensors were immersed in glass Petri dishes containing 40 mL of insulating oil with different
DBDS concentrations: (1) 100 ppm, (2) 250 ppm, and (3) 1000 ppm. Each Petri dish was
covered with another Petri dish to prevent oil evaporation during the thermal ageing process.
According to Facciotti et al. [43], the ageing time and ageing temperature are the parameters
that can significantly influence the chemical reactions between the corrosive by-products
and copper immersed in the mineral insulating oil. It is crucial to select the appropriate
ageing temperature for the experiments owing to the flash point of the insulating oil. The
BS EN 62535 standard is the standard test method typically used to detect potentially
corrosive sulphur in insulating oils. According to this standard, a high temperature of 150 °C
should be used for the accelerated thermal ageing tests. However, it shall be noted that
sulphur corrosion may occur at a temperature of 80 °C and reducing the ageing temperature
to 80 °C may prolong the occurrence of sulphur corrosion. Hence, in this research, the
thermal ageing experiments were conducted at 120 and 130 °C because these temperatures
were found to be a good compromise between the above criteria. The sensors were aged in
a fan oven for 25 h, where the sensors were taken out from the oven every 5 h to measure
their resistance. The sensors were cleaned by soaking them in a beaker filled with acetone,
followed by gentle shaking. This step was performed at least three times, where fresh acetone
was used each time to remove oil residue from the surface of each sensor. The sensors were
handled using a clean pair of tweezers and a clean pair of nitrile gloves was worn at all times

to prevent unnecessary contact, which could cause contamination to the sensor surface.

5.5.2 SURFACE MORPHOLOGIES OF THE SENSORS

Before accessing the feasibility of thin film sacrificial copper strips as sulphur corrosion
sensors, it is first necessary to provide evidence on the importance of the low-resistance
measurements. Table 5-10 shows the optical photographs of 200-nm thin film copper strips
aged in insulating oils with different DBDS concentrations (0,100, 250, and 1000 ppm) at

130 °C. The colour changes of the sensors were due to the presence of corrosive by-products
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in the insulating oil samples resulting from the breakdown of DBDS. The breakdown of
DBDS resulted in a loss of copper from the surfaces of the glass substrate. After 5 h of
ageing, the colour of the sensors changed in proportion to the DBDS concentration. It can
be clearly observed that the colour of the sensor aged in the non-corrosive oil (DBDS
concentration: 0 ppm) was orange and the colour changed into gold with a slight tinge of
orange for higher DBDS concentrations (100 and 250 ppm). The colour of the sensor
changed completely into gold for the highest DBDS concentration (1000 ppm). The same
trend was observed for longer ageing periods. After 10 h of ageing, the colour of the sensor
changed from partially gold (DBDS concentrations: 100 and 250 ppm) to entirely purple
(DBDS concentration: 1000 ppm). There were no significant changes in the colour of the
sensors aged in the insulating oils with a DBDS concentration of 100 and 250 ppm for 15
and 20 h. However, the colour of the sensor aged in the insulating oil with a DBDS
concentration of 1000 ppm changed from purple to light green after 15 h of ageing. For the
longest ageing time (20 h), the sensors changed colour from green to a mix of green, gold,
and red. Interestingly, the colour of the sensor aged in the non-corrosive oil changed from
orange to darker orange with some tarnish. This suggests that thermal ageing can affect the
surface morphology of the thin film sacrificial copper strips. Hence, it is difficult to
distinguish between the effects of thermal ageing and sulphur corrosion by merely observing
the surface morphological changes of the sensors. Blotch-type corrosion can also occur
(Figure 5-8) and thus, it was not possible to assess the feasibility of the sensors based on
their thickness. For this reason, low-resistance measurements should be used to assess the
feasibility of the sensors in tracking the progression of sulphur corrosion in transformer

insulating oils.

scale: S00 pm scale: 500 pm

Figure 5-8. Changes in the surface morphology of the sensor surface due to the corrosive

by-products of DBDS: (a) new sensor and (b) sensor aged in corrosive oil.
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Table 5-10. Optical photographs of 200-nm thin film copper strips aged in insulating oils with different DBDS concentrations at
130 °C as compared to ASTM D130-12.

?Sfilc?o? con?eiﬁjtion ASTMD conlc::)e?\E::tion ASTMD concDe?llt:::tion ASTMD con?e?mgastion ASTMD

) (0 ppm) 130-12 (100 ppm) 130-12 (250 ppm) 130-12 (1000 ppm) 130-12
Fresh Moderate Moderate n Moderate

5h oIishe){j tarnish Tarnish | tarnish
P (Level 2¢) (Level 2¢) l (Level 2¢)
Slight Moderate Dark Moderate

10 h tarnish tarnish tarnish tarnish
(Level 1a) (Level 2e) (Level 3a) (Level 2b)
Slight Moderate Dark Moderate

15h tarnish tarnish tarnish Tarnish
(Level 1a) (Level 2e) (Level 3a) (Level 2e)

Slight Dark Dark Dark

20 h tarnish tarnish tarnish tarnish
(Level 1b) (Level 3a) (Level 3a) (Level 3a)
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5.5.3 CHANGES INTHE RESISTANCE OF THE SENSORS FOR INSULATING

OILSWITH DIFFERENT DBDS CONCENTRATIONS
Dissolution of copper occurs at 135 °C and it has been reported that the weight of the copper
strip is inversely proportional to the heating time [52]. Hence, the weight of the copper strip
decreases because the dissolution of DBDS-Cu complex is more pronounced than the
formation of copper sulphide on the copper strip. Experiments were carried out to test this
hypothesis and the results showed that at 130 °C, the AR of the thin film sacrificial copper
strip increased linearly with an increase in the DBDS concentration and ageing time, as
shown in Figure 5-9. These results are in good agreement with those of [52], where the
degradation of DBDS resulted in corrosion of the sensors at 130 °C. In addition, the increase
in AR is likely because of the dissolution of DBDS-Cu complex in the insulating oils after
the DBDS-Cu complex forms on the sensor surface owing to the reaction between the copper
and corrosive by-products of DBDS.

It can be observed from Figure 5-9 that there was a steady increase in AR as the DBDS
concentration increased. The increase in AR was most pronounced at the highest DBDS
concentration (1000 ppm), as indicated by the steepness of the red line. The AR increased at
a relatively slow rate for the lowest DBDS concentration (100 ppm) compared with those
for higher DBDS concentrations (250 and 1000 ppm). Based on the results, it is believed that
the corrosive by-products of DBDS chemically interact with the copper surface, even for the
lowest DBDS concentration (100 ppm). It can be deduced from Figure 5-9 that the corrosive
by-products of DBDS begin to attack the copper surface after 5 h of ageing. This process
occurs only for the sensor aged in the insulating oils with a DBDS concentration of 250 and
1000 ppm. However, the sensor aged in the insulating oil with a DBDS concentration of
100 ppm showed a slightly different characteristic. It is can be deduced that the sulphur
corrosion process begins after 5 h of ageing because there are no significant changes in AR

within the first 5 h of the thermal ageing experiment.

In general, AR of the thin film sacrificial copper strip increased with an increase in the DBDS
concentration and ageing period. Increasing the DBDS concentration and ageing time will
increase the sulphur corrosion rate, as indicated by the higher AR, which implies that there

is a significant amount of copper loss from the glass substrate.
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Figure 5-9. Variation of the AR of the thin film sacrificial copper strips with respect to the
ageing period. The sensors were aged in the insulating oils with different DBDS
concentrations at 130 °C.

5.5.4 EFFECT OF AGEING TEMPERATURE ON THE CHARACTERISTICS
OF THE SENSORS
Interestingly, there were differences in the AR of the thin film sacrificial copper strips when
the sensors were aged at different temperatures, shown in Figure 5-10-Figure 5-12. It can be
deduced that there is a non-linear relationship between AR of the sensors and thermal
stresses in the presence of oxygen. The results indicate that temperature plays a vital role in
increasing the corrosiveness of the insulating oils, regardless of the DBDS concentration.
This suggests that the degradation of insulating oils containing DBDS due to the thermal

ageing will accelerate the progression of sulphur corrosion in oil-filled power transformers.

It can be seen from Figure 5-10 that the effect of thermal stresses was only apparent after
10 h of ageing for the sensor aged in the insulating oil with a DBDS concentration of
100 ppm. However, the time taken for the corrosive by-products of DBDS to thermally react
with the sensor surface was faster for the sensors aged in the insulating oils with a DBDS
concentration of 250 and 1000 ppm (Figure 5-11 and Figure 5-12, respectively), where there
were significant changes in the AR after only 5 h of ageing. It can be seen from Figure 5-10
and Figure 5-12 that the effects of thermal stresses on the AR of the thin film sacrificial

copper strips were more pronounced at higher ageing periods even though the DBDS
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concentration was the same. However, it can be observed from Figure 5-11 that there were
no significant differences between the AR of the sensors aged at 120 and 130 °C, where the
data markers were almost coincident, which was unexpected. The reason for this is not clear
but it may be associated with the variation in the oxygen level of the oils during the thermal
ageing process. It has been reported in [40] that the sulphur corrosion can be significantly
affected by the oxygen level of the insulating oils. The reaction between an unstable sulphur
compound such as DBDS and the copper strip tends to decrease with an increase in the
oxygen level. Therefore, the unexpected trend observed in Figure 5-11 may be attributed to
the improperly covered Petri dishes used during the thermal ageing experiment, which can
affect the oxygen level of the insulating oils.

200 T - T - T
--%--100 ppm (120°C) 1
180\ 4 100 ppm (130°C) ]
160 | -
140 | ]
~ 120 B 1
G
E 100} -
% sof ]
60 - .
40 | | | Ageing Standard Standard
period | deviation (mQ): | deviation (mQ):
20k 4 (h) 120 °C 130 °C
1 5 0.07 0.36
Ot . 10 0.15 0.05
15 0.05 0.03
20 0.06 0.01
Ageing period (h) 25 0.11 0.03

Figure 5-10. Effects of ageing temperature (120 and 130 °C) on the AR of the thin film
sacrificial copper strips aged in the insulating oils with a DBDS concentration of 100 ppm.
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Figure 5-11. Effects of ageing temperature (120 and 130 °C) on the AR of the thin film
sacrificial copper strips aged in the insulating oils with a DBDS concentration of 250 ppm.
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Figure 5-12. Effects of ageing temperature (120 and 130 °C) on the AR of the thin film
sacrificial copper strips aged in the insulating oils with a DBDS concentration of
1000 ppm.
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5.6 CHARACTERISTICS OF THE SENSORS IN THE PRESENCE OF
ELEMENTAL SULPHUR

The feasibility of the thin film sacrificial copper strips in sensing and monitoring the

progression of sulphur corrosion was further accessed by investigating their characteristics

in the presence of elemental sulphur, which is the most corrosive sulphur compound.

Chemical analysis based on UHPSFC-MS was carried out to examine the relationship

between AR of the sensors and the change in elemental sulphur concentration (ASg).

5.6.1 EXPERIMENTAL SET-UP

Sensors Type B (area: 800 mm?, thickness: 50 nm) were fabricated to evaluate the feasibility
of the sensors in monitoring the progression of sulphur corrosion in the insulating oils due
to the presence of elemental sulphur. The sensors were immersed in glass Petri dishes
containing 30 mL of insulating oil with different elemental sulphur concentrations (0, 15,
20, and 25 ppm). Each Petri dish was covered with another Petri dish to prevent oil
evaporation during the thermal ageing experiment. The sensors were aged in a fan oven at
90 °C for 1 h. Prior to the resistance measurements, a clean pair of tweezers was used to
remove the sensors from the glass Petri dishes. The sensors were cleaned by soaking them
in a beaker filled with acetone, followed by gentle shaking. This step was performed at least
three times, where fresh acetone was used each time to remove oil residue from the surface

of each sensor.

5.6.2 SURFACE MORPHOLOGIES OF THE SENSORS

The addition of elemental sulphur into the insulating oils at different concentrations resulted
in different sulphur corrosion levels, as indicated by the surface morphologies of the 50-nm
thin film sacrificial copper strips shown in Figure 5-13. It is evident that increasing the
elemental sulphur concentration increases the amount of copper loss from the glass substrate,
which modifies the surface morphology of the sensors. After 1 h of ageing at 90 °C, the

surface of the sensor aged in the non-corrosive oil (elemental sulphur concentration: 0 ppm)
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remained relatively invariant as that before the ageing process. This indicates that sulphur
corrosion did not occur owing to the absence of elemental sulphur in the insulating oil. The
amount of copper loss was most pronounced for the highest elemental sulphur concentration
(25 ppm), as indicated by the severely corroded copper surface in Figure 5-13(d). However,
it was not possible to distinguish between the sulphur corrosion levels for the sensors aged
in insulating oils with an elemental sulphur concentration of 15 and 20 ppm. Therefore, low-
resistance measurements were carried out to determine the characteristics of the sensors for

different elemental sulphur concentrations, which will be described in Section 5.6.3.

Figure 5-13. Surface morphologies of 50-nm thin film sacrificial copper strips aged in
insulating oils with different elemental sulphur concentrations: (a) 0 ppm, (b) 15 ppm,
(c) 20 ppm, and (d) 25 ppm. The sensors were aged at 90 °C for 1 h.

5.6.3 CHANGES IN THE RESISTANCE OF THE SENSORS FOR INSULATING

OILSWITHDIFFERENT ELEMENTAL SULPHUR CONCENTRATIONS
Figure 5-14 displays the AR of the thin film sacrificial copper strips aged in insulating oils
with different elemental sulphur concentrations (0, 15, 20, and 25 ppm). The AR was found
to increase from 0.00 Q to 8.08 Q when the elemental sulphur concentration was increased
from 0 ppm to 25 ppm, which suggests that there was an increase in the amount of copper
loss from the glass substrate (Figure 5-13). The results indicate that increasing the elemental
sulphur concentration promotes sulphur corrosion in the insulating oil. In general, the AR of

the sensor aged in the non-corrosive oil (elemental sulphur concentration: 0 ppm) remained
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constant at 0 Q after the thermal ageing experiment. It can be deduced that the elemental
sulphur begins attacking the copper surface at a low concentration (15 ppm), as indicated by
the increase in AR from 0.00 Q to 0.48 Q (Figure 5-14). In addition, the amount of copper
loss from the glass substrate increased when the elemental sulphur concentration increased
to 20 ppm, as indicated by the slight increase in AR. However, it is apparent that the AR
increased drastically to 8.08 Q when the sensor was aged in the insulating oil with the highest
elemental sulphur concentration (25 ppm), which conforms well with the severely corroded
copper surface observed in Figure 5-13(d). Based on the results, it can be inferred that
elemental sulphur plays a vital role in creating a corrosive environment, which can cause

detriment to copper components in oil-filled power transformers.
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Figure 5-14. The AR of the thin film sacrificial copper strips aged in the insulating oils
with different elemental sulphur concentrations: (a) 0 ppm, (b) 15 ppm, (c) 20 ppm, and
(c) 25 ppm.

5.6.4 VALIDATION OF THE SENSORS BY ULTRA HIGH PERFORMANCE
SUPERCRITICAL FLUID CHROMATOGRAPHY-MASS
SPECTROMETRY

Chemical analysis based on UHPSFC-MS was performed to validate the feasibility of the

thin film sacrificial copper strips in sensing the presence of elemental sulphur in transformer

insulating oils. This chemical analysis was carried out in in collaboration with Sergio Garcia,
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a doctoral student from the School of Chemistry, University of Southampton. The
experimental procedures of this novel elemental sulphur detection method is described
in [129].

Chromatographic separation was carried out using a convergence chromatography system
(Acquity UPC? system, Waters Corporation, USA). This system was fitted with a binary
solvent manager, a heated column manager, and an internal autosampler with a cooled
sample tray. Acquity HSS C18 SB column (Waters Corporation, USA, particle size: 1.8 um,
inner diameter: 3.0 mm, length: 100 mm) was chosen as the column for chromatographic
separation. The abbreviations HSS and SB indicate ‘high-strength silica’ and ‘electivity for
bases’, respectively. The column was pre-heated in a column oven at 40 °C before 2.0 uL of
an insulating oil sample was introduced into the column. The chromatographic separation
prcess was performed for 3 min. Mass spectrometry was performed using a triple quadrupole

mass spectrometer (TQ Detector 2, Waters Corporation, USA).

Elemental sulphur is usually present as Sg ring structures at room temperature. The novelty
of the elemental sulphur detection method in this research is based on the principle that
different sulphur allotropes will react with triphenylphosphine (TPP) to form a single

compound known as triphenylphosphine sulphide (TPPS), as shown in Figure 5-15.

S/S_S\S reaction time I
1 |S S| + 8 30 mi P=8
[ :l/ \[ ] min
\S_S/ i)

Figure 5-15. Derivatisation between elemental sulphur and TTP.

The resultant TPPS has a higher boiling point and retention time, which makes it easier to
distinguish elemental sulphur from other components in the aged insulating oil based on the
peaks in the chromatogram. TTP was chosen because further investigation revealed that TPP
did not react with other orgonosulphur compounds such as disulphide, thiophene and
dithiophene. This makes it possible to quantify the amount of elemental sulphur in aged

insulating oils. The main advantage of this method is that the limit of detection (i.e. the
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smallest concentration of elemental sulphur in the insulating oil sample that can be
distinguished with confidence) is less than 20 parts per billion (ppb) of TPPS, which
corresponds to less than 2.18 ppb of elemental sulphur. It shall be noted that 1 ppm of
elemental sulphur contains 9.18 ppm of derivative TPPS.

It is crucial to determine the TPPS concentration calibration curve before quantifying the
amount of elemental sulphur in the aged transformer insulating oils using this method.
Hence, experiments were performed for this purpose, where three insulating oil samples with
the same elemental sulphur concentration were prepared for each calibration point. The mean
concentrations range for TPPS were from 0 ppb to 15000 ppb, as shown in Table 5-11. The
details of the sample preparation procedure are provided in [129]. Origin software package
(OriginLab Corporation, USA) was used to plot the TPPS concentration calibration curve,
as shown in Figure 5-16. The data points were fitted using the least squares method.

Table 5-11. Mean TPPS concentrations.

Compound Mean concentration (ppb)
TPPS 0, 50, 100, 250, 500, 1000, 2500, 5000, 10000, 15000

Linear fit R? = 0.993

175000 -
150000-

2 125000
) 100000-
75000-

50000

Peak Area (Arb. Units)

25000

0 -

T T T T T T
0 2500 5000 7500 10000 12500 15000
TPPS concentration (ppb)

Figure 5-16. Calibration curve for the TPPS concentration. For each calibration point, the
mean TPPS concentration was determined from three insulating oil samples with the same
elemental sulphur concentration. The error bars indicate the standard deviations of the
measured values.
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A regression model was developed based on the least squares method, which describes the

TPPS concentration in ppb (y) as a function of the area (x), as follows:
y = 11.57x + 349.44 5.6

The molecular weights of elemental sulphur and TPP are 32.07 and 262.29 g/mol,
respectively which gives 294.36 g/mol of TPPS. Therefore, an insulating oil sample
containing 1 ppm of elemental sulphur will contain 9.18 ppm of TPPS. Based on this
information, the unknown elemental sulphur concentration can be estimated using

Equation 5.6.

Following this, the presence of elemental sulphur in the insulating oils was detected using
the thin film sacrificial copper strips developed in this research. Four sensors (each with the
same characteristics described in Section 5.6.1) were aged in insulating oils with different
elemental sulphur concentrations (0, 10, 20, and 40 ppm) at 100 °C. After 1 h of ageing,
5 mL of each insulating oil sample was collected to measure its final elemental sulphur
concentration using UHPSFC-MS. The thermal ageing experiment was conducted in
triplicate for each elemental sulphur concentration. The mean and standard deviation of the
final elemental sulphur concentration for all insulating oil samples are summarised in
Table 5-12.

The results proved that the thin film sacrificial copper strips can be implemented as sulphur
corrosion sensors because these sensors are highly sensitive in detecting the corrosivity of
insulating oils in the presence of various corrosive sulphur compounds (i.e. corrosive by-
product of DBDS and elemental sulphur). The results shown in Figure 5-9 and Table 5-12
were comparable with the theory presented in Section 2.5. Unlike DBDS, elemental sulphur
begins to attack the sensor at a very low concentration of 10 ppm, which is 10 times lower
than the DBDS concentration (100 ppm). Even at a very low elemental sulphur concentration
of 10 ppm, the AR of the sensor increased by a factor of 6 from 0.03 Q despite the fact that
the experimental conditions were lower (ageing temperature: 100 °C, ageing period: 1 h)
compared with those for the insulating oil with a DBDS concentration of 100 ppm (ageing

temperature: 130 °C, ageing period: 25 h).
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It can be seen from Table 5-12 that the AR of the thin film sacrificial copper strip increased
as the concentration of ASg increased, indicating an increase in the oil corrosivity level. The
AR of the sensor aged in the non-corrosive oil (elemental sulphur concentration: 0 ppm) was
0 Q, as expected. Interestingly, the UHPSFC-MS detected 0.22 ppm of elemental sulphur
in this oil sample even though elemental sulphur was not added, indicating the high
sensitivity of the UHPSFC—MS. This indicates that the mineral insulating oil used in this
research contains a trace amount of elemental sulphur, which is not sufficient to cause

detectable sulphur corrosion.

Table 5-12. Relationship between the AR of the thin film sacrificial copper strips and the
ASg of the insulating oils after 1 h of ageing at 100 °C.

Final elemental Change in
Initial elemental sulohur Standard elemental Change in
sulphur concentration concentrgtion after deviation sulphur resistance,
before ageing ageing (ppm) | concentration, AR
(ppm) * (ppm)** ASS (Q)
(ppm)
New oil without any
addition of elemental 0.22 0.07 - 0
sulphur
10 0.44 0.01 9.56 0.18
20 1.62 0.40 18.38 3.30
40 2.05 0.13 37.95 Not
measureable
* Prepared according to the procedure described in Section 3.2

** Measured using UHPSFC-MS

Based on the results in Table 5-12, the rate of sulphur corrosion was highest for the insulating
oil with an elemental sulphur concentration of 40 ppm. The results showed that 37.95 ppm
of elemental sulphur was sufficient to remove off almost all of the copper from the glass
substrate and therefore, the AR was infinite for the sensor aged in this insulating oil. In
contrast, a small AR (0.18 Q) was obtained for the insulating oil with an elemental sulphur
concentration of 10 ppm, indicating that 9.56 ppm of elemental sulphur was not sufficient to
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create a highly corrosive environment, resulting in a slow progression of sulphur corrosion.
However, the AR significantly increased to 3.30 Q for the sensor aged in the insulating oil
with an elemental sulphur concentration of 20 ppm, indicating that 18.38 ppm of elemental

sulphur could create a corrosive environment, resulting in a higher rate of sulphur corrosion.

5.7 A NOVEL ONLINE METHOD FOR QUANTIFICATION OF CORROSIVE
SULPHUR IN INSULATING OILS
There is a critical need to develop a method that is capable of quantifying the amount of
elemental sulphur in transformer because elemental sulphur results in the fastest progression
of sulphur corrosion in oil-filled power transformers compared with other corrosive sulphur
species. According to Lewand et al. [40], elemental sulphur can react with copper in the
absence of heat unlike DBDS, which reacts only at temperatures above 80 °C. In addition, a
trace amount of elemental sulphur (1 ppm) in the transformer insulating oil can corrode the

silver material of tap changers [129].

In general, a new condition monitoring tool for sulphur corrosion should fulfil the following
criteria: (1) robust, (2) low cost, (3) non-destructive, (4) capable of detecting and quantifying
various corrosive sulphur compounds, and (5) the tool is simple such that it can be used as
an online assessment tool without the need for expert personnel. At present, there are a few
common standard corrosion tests (Table 2-3) and other laboratory-based methods
(Section 2.7) available to detect and monitor corrosive sulphur compounds in transformer
insulating oils. The thin film sacrificial copper strips developed in this research offer the
following advantages over existing methods: (1) the oil corrosivity levels can be monitored
quantitatively unlike common standard corrosion tests, which are based on visual
observations and (2) the corrosive sulphur species present in the transformer insulating oils
can be quantified on-site in real-time. From a financial perspective, the cost to fabricate the
thin film sacrificial copper strips and the corrosive sulphur detection system is estimated to
be less than GBP 1000, which is at least 10 times cheaper compared with existing equipment
(i.e. XRF and UHPSFC-MS).
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In order to implement the new thin film sacrificial copper strips as sulphur corrosion sensors,
it is first necessary to establish a procedure that will yield accurate, repeatable, and
reproducible results. Hence, a non-standard procedure is established to ensure that the
sensors are reliable for online condition monitoring of sulphur corrosion. The results
presented in Section 5.6 indicate that the thin film sacrificial copper strips are feasible to
detect and monitor the progression of elemental sulphur in transformer insulating oils. In this
section, a novel online method for quantification of elemental sulphur in transformer
insulating oils using the thin film sacrificial copper strips (which is the main aim of this
research) is presented.

5.7.1 EXPERIMENTAL SET-UP

To use the thin film sacrificial copper strips for quantification of elemental sulphur in
transformer insulating oils, the sensors must have a criteria of having a good repeatability
with an accurate results. In addition, the sensors must be highly sensitive to detect the
presence of elemental sulphur in ppm. Hence, five sensors were aged in the same ageing
conditions (ageing temperature and elemental sulphur concentration) and the standard

deviation of AR between these sensors was kept within ~ = 1 standard deviation.

Sensors Type C (thickness: 200 nm) were chosen for this experiment. The sensors were
fabricated in bulk according to the procedure described in Section 5.2. The sensors were first
cleaned by soaking them in 8-mL vials containing 7 mL of acetone until the purple
photoresist layer was removed from the surface of each sensor. This step was performed at
least three times, where fresh acetone was used each time to minimise contamination of the
sensor surface. The sensors were placed in a fume cupboard at room temperature (20 £ 5 °C)
for ~15 min to ensure that the acetone residue had completely evaporated from the sensors

prior to the initial resistance measurements.

A set of sensors was placed in five 25-mL vials, where each vial contained 20 mL of

insulating oil with a different elemental sulphur concentration. Each vial was covered with

two layers of aluminium foil to prevent oil evaporation during the thermal ageing process.

The samples were aged in air atmosphere using a fan oven set at different ageing
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temperatures (80-110 °C) for a maximum period of 16 h. During the course of the thermal
ageing experiment, the resistance of the sensors was frequently measured and the AR values
were recorded because the reaction between the sensors and elemental sulphur would vary
during the thermal ageing process. A clean pair of tweezers was used to remove the sensors
from the vials. For each resistance measurement, the sensors were cleaned by soaking them
in 8-mL vials filled with 7 mL of acetone, followed by gentle shaking. This step was
performed at least three times, where fresh acetone was used each time to remove oil residue

from the surface of each sensor.

In this research, the effects of two variables (ageing temperature and elemental sulphur
concentration) on the AR of the thin film sacrificial copper strips were investigated and the
experimental conditions are presented in Table 5-13 and Table 5-14, respectively.

Table 5-13. Experimental conditions used to investigate the effect of elemental sulphur
concentration on the AR of the thin film sacrificial copper strips.
Experiment 1|23 |4[5|6]7|8]09

Ageing temperature (°C) 80 90 110

Elemental sulphur
concentration (ppm)

201 30| 5 |10 |20 | 30| 3 5 | 10

Table 5-14. Experimental conditions used to investigate the effect of ageing temperature on
the AR of the thin film sacrificial copper strips.

Experiment 12 [3|4]5[6]7]38

Elemental sulphur

concentration (ppm)
Ageing temperature (°C) | 90 | 100 | 105|110 | 80 [ 90 | 80 | 90

10 20 30

5.7.2 RESULTS AND DISCUSSION

In general, there was a positive relationship between the elemental sulphur concentration
and AR, which confirmed the feasibility of this detection approach. For all the cases
investigated in this research, the AR showed significant variations with respect to the ageing

temperature and elemental sulphur concentration, indicating the feasibility of these sensors
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in investigating the effects of these parameters on the progression of sulphur corrosion in
power transformers. To analyse the repeatability of the sensors in tracking the progression
of elemental sulphur aged under the same experimental conditions (elemental sulphur
concentration, ageing temperature, and ageing period), the AR values were measured
independently for a set of sensors and the mean AR was determined. For each set of sensors,
the AR values were analysed in this manner and the variability in the measured values
(standard deviation) in the plots was indicated using error bars.

Table 5-15 shows the AR values measured for five sets of thin film sacrificial copper strips.
The differences in the AR value between the sensors appeared to be reasonably small.
However, there was a slight increase in the standard deviation of AR with an increase in the
ageing period, which is likely because of the non-linearity of the sulphur corrosion rate
during the course of the thermal ageing experiment. In the first hour of ageing, the reaction
between elemental sulphur and copper surface was relatively uniform. Based on the initial
colour of the sensor prior to ageing (orange), it can be deduced from Figure 5-17(a) that the
amount of copper remaining on each sensor was approximately the same. It shall be noted
that the slight red tinge on the surface of the sensors (especially sensor 4) is due to thermal
ageing at high temperature of 110 °C. However, the presence of this red tinge does not reflect

the differences in the AR values between the sensors.

In contrast, the increase in the standard deviation of AR suggests that the sulphur corrosion
process is non-uniform during the course of the thermal ageing experiment. It can be seen
from Figure 5-17(b) that the presence of copper was only evident on the surface of Sensors 3
and 5, whereas small amounts of copper were observed for the other sensors which are
reminiscent of non-uniform sulphur corrosion. Taking the non-uniformity of the sulphur
corrosion process into consideration, the maximum AR (i.e. the break-through condition of
the sensor) was set as less than 0.35 Q in order to minimise the differences in the AR values

between the sensors.
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Table 5-15. The AR for five sets of thin film sacrificial copper strips aged in insulating oils

with an elemental sulphur concentration of 10 ppm at 110 °C.

?g;lc:\g Change in resistance, AR (QQ) S_taq dard
) Sensor 1 | Sensor 2 | Sensor 3 | Sensor 4 | Sensor 5 | Mean deviation (Q)
0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.00 0.02 0.02 0.01 0.01 0.03 0.02 0.01
1.50 0.09 0.08 0.09 0.07 0.08 0.08 0.01
2.00 0.20 0.18 0.21 0.16 0.21 0.19 0.02
2.25 0.34 0.29 0.31 0.25 0.34 0.31 0.04

a b
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Figure 5-17. Surface morphologies of five thin film sacrificial copper strips aged in
insulating oils with an elemental sulphur concentration of 10 ppm at 110 °C after (a) 1 h
and (b) 2.25 h of ageing. The high-definition quality images of these sensors are presented
in Appendixes D1 and D2.

Figure 5-18-Figure 5-20 illustrate the characteristics of the thin film sacrificial copper strips
(i.e. AR as a function of the ageing period) when the sensors were aged in insulating oils
with different elemental sulphur concentrations and ageing temperature. These results
illustrate how copper corrosion is influenced by the presence of elemental sulphur in the
insulating oil at different concentrations. It can be observed from Figure 5-19 that at an
ageing temperature of 90 °C, increasing the elemental sulphur concentration did not result
in severe corrosion of the sensors. It is apparent that a very low elemental sulphur
concentration of 5 ppm was indeed insufficient to create a corrosion environment, where the
AR values were relatively constant at 0 € throughout the thermal ageing experiment. In this
case, it is expected that sulphur corrosion will occur after 16 h of ageing. In addition, it can
be observed that the variation of AR changed from an exponential curve to a rather steep
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almost linear curve when the oil corrosivity level increased from mildly corrosive (elemental
sulphur  concentration: 10 ppm) to highly corrosive (elemental sulphur
concentration: 30 ppm). It is apparent from Figure 5-18—Figure 5-20 that sulphur corrosion
is a time-dependent process. The trends observed for all cases indicate that the break-through
condition occurs rapidly for the highly corrosive insulating oil samples, which is indicated
by the steepness of the AR- ageing period curves. Interestingly, the AR remained constant at
0 Q in the first hour of ageing, which indicates that this is the minimum time for the elemental
sulphur to react with copper.
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Figure 5-18. Effect of elemental sulphur concentration (20 and 30 ppm) on the AR of the
thin film sacrificial copper strips aged in the insulating oils at temperature of 80 °C.
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Figure 5-19. Effect of elemental sulphur concentration (5, 10, 20 and 30 ppm) on the AR of
the thin film sacrificial copper strips aged in the insulating oils at temperature of 90 °C.
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Figure 5-20. Effect of elemental sulphur concentration (3, 5, and 10 ppm) on the AR of the
thin film sacrificial copper strips aged in the insulating oils at temperature of 110 °C.
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Temperature has the most significant effect on sulphur corrosion in transformer insulating
oils. This is evident from Figure 5-21, where the AR-ageing period curve shifted towards
shorter ageing periods as the ageing temperature increased, which indicates that the onset of
sulphur corrosion occurs earlier at higher temperature. It can also be observed from
Figure 5-22 and Figure 5-23 that the ageing temperature (80 and 90 °C) had a significant
effect on the characteristics of the thin film sacrificial copper strips even though the
elemental sulphur concentration of the insulating oil samples was the same (20 and 30 ppm,
respectively). It is apparent from the results that increasing the ageing temperature promotes
the rate of sulphur corrosion, particularly at higher elemental sulphur concentrations. This
indicates the feasibility of the thin film sacrificial copper strips in investigating the effect of
thermal ageing on the progression of elemental sulphur in the insulating oil. It can be
observed from Figure 5-21 that the AR was 0.05 Q after 2.75 h of ageing at 100 °C. At the
same AR value, increasing the ageing temperature to 110 °C shortened the ageing period by
a factor of ~2.2. Conversely, decreasing the ageing temperature from 100 °C to 90 °C
prolonged the ageing period by a factor of ~3.45. This highlights the detrimental effects of
the formation of hotspots in power transformers (which can occur at temperatures above
100 °C), which can promote the rate of sulphur corrosion. It shall be noted that in normal
operating conditions, the operating temperature of the power transformer is ~60 °C, which
is 30 °C lower compared with the lowest ageing temperature investigated in this research.
Owing to the capability of the thin film sacrificial copper strips in detecting corrosive sulphur

compounds, it is possible to describe why sulphur corrosion requires a long period to occur.
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Figure 5-21. Effect of ageing temperature on the AR of the sensors aged in the insulating
oils with an elemental sulphur concentration of 10 ppm.
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Figure 5-22. Effect of ageing temperature on the AR of the sensors aged in the insulating
oils with an elemental sulphur concentration of 20 ppm.
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Figure 5-23. Effect of ageing temperature on the AR of the sensors aged in the insulating
oils with an elemental sulphur concentration of 30 ppm.

Based on the results, each of the thin film sacrificial copper strips exhibited unique
characteristics (variations of AR with respect to the ageing time, ageing temperature, and
elemental sulphur concentration). However, care should be taken when using these sensors
for online condition monitoring of sulphur corrosion because of their relatively thin
thickness, particularly when AR is more than 0.35 Q, because there will be large differences
in the resistance characteristics from one sensor to another (for the same set of sensors).
Therefore, the AR was set within a range of 0.05-0.25 Q with an interval of 0.05 Q in order
to ensure the reliability of the sensors. The lookup table block available in MATLAB
software (The MathWorks, Inc., USA) was used for this purpose because there are no
analytical expressions available for these sensors and the relationships between the AR,
ageing temperature, ageing period, and elemental sulphur concentration were determined
empirically. The lookup table block involves using a data array to map the input values to
the output values in order to approximate a mathematical function. The lookup table block
can linearly interpolate or extrapolate the nearest adjacent data points (i.e. (x;y;) and

(xi+1,Vi+1)) to obtain the value of y if it comes across an input that does not match any
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x-values in the lookup table. The data sets obtained empirically were processed using the
lookup table block and the results are presented in Section 5.7.3.

5.7.3 LIMITATIONS OF THE SENSORS

Application-wise, it is also important to highlight the limitations of the thin film sacrificial
copper strips before these sensors are used as online condition monitoring tools for sulphur
corrosion. First, the quantification of corrosive sulphur is limited only to the quantification
of elemental sulphur in transformer insulating oils and therefore, other corrosive sulphur
compounds were not considered in the sensor development. Second, the maximum limit of
detection of the sensors is 30 ppm for a temperature range of 80—90 °C while the maximum
detection is up to 10 ppm for a temperature of 110 °C. Beyond the limits of detection, the
response time of the thin film sacrificial copper strips is extremely fast, which makes it
difficult to determine the elemental sulphur concentration in the insulating oils, as shown in
Figure 5-24—Figure 5-26. Conversely, if the limit of detection is further reduced, it is possible
to quantify the amount of elemental sulphur concentration in the insulating oils; however,

the process will be time-consuming.

The sensitivity of the thin film sacrificial copper strips appeared to be reasonably good,
where the difference in sensitivity was 10 ppm when the sensors were used at a temperature
of 80 and 90 °C. However, when the sensors were used at temperature of 110 °C, the
difference in sensitivity was reduced to 2 ppm. It may be possible to predict the AR with
respect to time at the same temperature by interpolating the AR values between two
elemental sulphur concentrations, which is reserved for future work. This is because the
standard deviations of the AR between two elemental concentrations appeared to be

acceptable, as indicated by the error bars in Figure 5-24—Figure 5-26.

111



0.3 -
el 80°C (20 ppm)
.= 80°C (30 ppm)
0.25 Y Ll b
1
1
0.2F 8 H i
; I
1
a 1
1
o 0.15+ ] »‘-,-c i
q !
i
i 1
01F a T 1
i 1
H 1
!
1
0.05 - A Hh 8
7 8 9 10 11 12 13 14 15

0o 1 2 3 4 5 6
Ageing period (h)

Figure 5-24. The AR of the sensors as a function of the ageing period obtained from the
lookup table block. The ageing temperature was 80 °C and the elemental sulphur
concentrations were 20 and 30 ppm.
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Figure 5-25. The AR of the sensors as a function of the ageing period obtained from the
lookup table block. The ageing temperature was 90 °C and the elemental sulphur
concentrations were 10, 20 and 30 ppm.
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Figure 5-26. The AR of the sensors as a function of the ageing period obtained from the
lookup table block. The ageing temperature was 110 °C and the elemental sulphur
concentrations were 3, 5, and 10 ppm.

574 PROPOSED ONLINE METHOD FOR QUANTIFICATION OF
ELEMENTAL SULPHUR IN INSULATING OILS

An online sulphur corrosion sensors should be low-cost, portable, fool proof, reliable, and

provide instantaneously response in detecting the corrosive sulphur compounds present in

transformer insulating oils. Based on the results presented in this chapter, thin film sacrificial

copper strips are capable of quantifying the amount of elemental sulphur in transformer

insulating oils and therefore, they can be used as online sulphur corrosion sensors.

For practical applications, the complete elemental sulphur detection system will comprise a
set of thin film sacrificial copper strips, a timer, temperature sensor, and a data logger (to
record, display, and store the mean temperature values over time). The data logger and timer
will be connected in parallel and both of these devices will be connected in series with a
built-in comparator circuit (to determine the AR of the sensors by comparing the initial and
final resistance values of the sensors based on Equation 5.2). Figure 5-27 highlights the
steps involved to implement the thin film sacrificial copper strips as an online tool for

quantification of elemental sulphur in the transformer insulating oil.
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The first step involves setting the initial value of AR within a range of 0.05-0.25 Q with an
interval of 0.05 Q. As soon as the sensors are inserted into the oil-filled power transformer,
the START buttons of the timer and data logger are pressed immediately to count up the
time and record the temperature of the power transformer, respectively. The comparator
circuit continuously measures the AR of the sensors with respect to time. The STOP buttons
of the timer and data logger are pressed once AR reaches the set value. Following this, the
parameters (AR, mean temperature of the power transformer, and time) are compared with
the master data (Table 5-16) to determine the elemental sulphur concentration of the

insulating oil in ppm.
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Set the desired value for AR (e.g. AR = 0.05 Q). <—
N4

Insert a new set of thin film sacrificial copper strips into the oil-filled
power transformer.

v

Immediately, START counting the time and
START logging the temperature of the oil-filled power transformer.

v
Once AR = 0.05 Q, immediately STOP counting the time and
STOP logging the temperature of the oil-filled power transformer.
v
Calculate the mean temperature of the oil-filled power transformer (6,,,4)
and RECORD the time.
v

Compare AR, ageing time, and 6,,,,with the master data.

—

Yes

Figure 5-27. Steps involved in implementing the thin film sacrificial copper strips as online
sulphur corrosion sensors for quantification of elemental sulphur in transformer insulating
oils.
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Table 5-16. Master data: The AR of the thin film sacrificial copper strips for different

elemental sulphur concentrations, ageing period, and ageing temperature.

Elemental . . Elemental . .
sulphur Age_lng Ageing sulphur Age_lng Ageing
. period | temperature . period | temperature
concentration (h) °C) concentration (h) C)
(ppm) (ppm)
20 5.01 80 20 5.66 80
AR = 30 3.55 80 AR = 30 3.78 80
0.05Q 10 9.80 90 0.10Q 10 11.00 90
20 4.08 90 20 4.73 90
30 1.57 90 30 1.74 90
3 5.50 110 3 7.85 110
5 3.33 110 5 4.22 110
10 1.26 110 10 1.59 110
20 6.11 80 20 6.36 80
30 4.00 80 30 4.11 80
10 11.77 90 10 12.38 90
AR = 20 5.20 90 AR = 20 5.66 90
0.15Q 30 1.85 90 0.20Q 30 1.94 90
3 10.03 110 3 12.28 110
5 4.85 110 5 5.49 110
10 1.83 110 10 2.03 110
Elemental sulphur Ageing temperature
concentration Ageing period (h) geing (oc)p
(Ppm)
20 6.60 80
30 4.22 80
AR =0.25Q 10 12.88 90
20 6.13 90
30 2.00 90
3 13.56 110
5 5.99 110
10 2.15 110

5.8 SUMMARY

This chapter presents three significant contributions of this research: (1) the development of
a regression model based on the 22 factorial design to predict the transformed resistance of
the thin film sacrificial copper strips as a function of their area and thickness, (2) the
assessment of the feasibility of the thin film sacrificial copper strips in tracking the
progression of sulphur corrosion in insulating oils due to the breakdown of DBDS as well as
elemental sulphur, and (3) the proposal of an online method for quantification of elemental
sulphur in transformer insulating oils using the thin film sacrificial copper strips. Based on

the outcomes of the 22 factorial design, the sensor area had the most significant effect on the
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transformed resistance, with a percentage contribution of 90.19 %. The regression model
developed in this research describes the relationship between the transformed resistance
(response variable) and area and thickness (independent variables) of the thin film sacrificial
copper strips. The regression model was verified using ANOVA and the results showed that
the regression model was adequate to predict the transformed resistance of the sensors as a
function of their area and thickness, where the R? value and p-value of the model were
0.9831 and <0.0001, respectively. The RMSE was determined to be 0.1079, indicating the
reliability of the regression model.

The resistance characteristics of thin film sacrificial copper strips varied in response to the
oil corrosivity levels, and the results showed that these sensors were feasible to track the
progression of sulphur corrosion in transformer insulating oils due to the breakdown of
DBDS as well as elemental sulphur. The effects of DBDS/elemental sulphur concentration
and ageing temperature on the characteristics of the sensors were also investigated and the
results showed that the increase in the corrosive sulphur compounds (corrosive by-products
of DBDS and elemental sulphur) or ageing temperature had a pronounced effect on the rate
of sulphur corrosion in the insulating oil. It is evident from the results that the presence of
elemental sulphur was more detrimental to oil-filled power transformers compared with the
presence of corrosive by-products due to the breakdown of DBDS. Lastly, a novel online
method was proposed to quantify the amount of elemental sulphur in transformer insulating

oils, which is summarised in the form of a flow chart, as shown in Figure 5-27.
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6 CONCLUSIONS

6.1 CONCLUSIONS

It has been proven that insulation failures due to sulphur corrosion are one of the factors that
lead to transformer breakdowns. Following this, the main aim of this thesis was to develop
a feasible method that can identify if the transformer is at risk of catastrophic failure due to

the presence of corrosive compounds in the insulating oils.

In terms of tracking the progression of sulphur corrosion in oil-filled power transformer, the
existing standard test methods are very limited. The oil’s characterisation based on the
BS EN 62535 and ASTM copper strip corrosion standard are imprecise due to visual-based
observations as people see colour in their way and therefore different operators might give
diverse ratings of the same strip. Interestingly, SEM-EDX proved to be a useful lab-based
method to distinguish the oil corrosivity level by detecting a reducing amount of copper in
per cent by weight (wt %) of bare copper samples, which indicates the occurrence of sulphur
corrosion. However, this technique is costly, requires skilled operators to perform the tests,
and could not be performed instantly either online or on-site. Moreover, the corrosivity level
of transformer insulating oils in bulk may not be determined as these tools only require a

small sample volume compared to the total oil volume of the transformer.

It was found that UV-vis spectroscopy is not a suitable tool to track the progression of
sulphur corrosion in insulating oils because it was difficult to distinguish the UV-vis spectra
of the aged oil samples, particularly at low DBDS concentrations. In addition, obtained UV—
vis spectra indicated that there was no significant shift of bands for the insulating oils aged
in 100 ppm of DBDS compared to non-corrosive insulating oils — a result that contradicts

the outcomes of SEM-EDX analysis.

It was difficult to characterise the insulating oils based on its corrosivity level through DC
conductivity measurements owing to either the uncertainties around the amount of copper
ions dissolved in the insulating oil due to its low solubility or the influence of a very low
concentration of water content. Meanwhile, remarkably small changes in oil capacitance

values were obtained by implementing IDCs as sulphur corrosion sensors. It was assumed
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that the changes were due to the presence of corrosive by-products due to the breakdown of
DBDS. However, the presence of water and moisture also contributes to changes in oil
capacitance values, which complicates the interpretation of results.

Replacement of the existing method (i.e. ASTM D 1275A, ASTM D 1275B, BS EN 62535,
ASTM copper strip corrosion standard, and SEM-EDX analysis) with the thin film
sacrificial copper strip sensors has the benefit of minimising the possibility of
misinterpretation of results because this sensor allows quantitative analysis. This technique
is economical and does not require skilled personnel to conduct the tests. In addition, the
results provided in Section 5.7 indicate that this technique may be useful in continuously
quantifying the elemental sulphur concentrations in transformer insulating oils instantly on-
site and has great potential to be implemented online. As a consequence of the use of thin
film sacrificial copper strips sensors, it was possible to deduce that: (1) sulphur corrosion is
atime-dependent process, (2) the sulphur corrosion rate is accelerated by an increase in either
corrosive sulphur compounds (elemental sulphur or corrosive by-products of DBDS) or
ageing temperature, (3) elemental sulphur is exceptionally corrosive compared to the
corrosive by-products due to the breakdown of DBDS, (4) sulphur corrosion requires a long

period to occur in detectable amounts.

6.2 FUTURE WORK

In this research, the quantification of elemental sulphur was based on the AR values of the
thin film sacrificial copper strips sensors which were obtained randomly without depending
on a specific time manner. In addition, the AR values were measured at a specific
temperature and relative humidity after the thin film sacrificial copper strips sensors were
cleaned with acetone. By following this process, the quantification of elemental sulphur
concentrations was feasible and could be implemented instantly on-site and has great
potential to be implemented online. Therefore, future work could possibly focus on
designing a better experimental set-up which allows the quantification of elemental sulphur

concentrations based on a continuous measurement of AR aged within the range of operating
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temperature of power transformers that can ultimately improve the feasibility of the thin film
sacrificial copper strips to be applied as an online sulphur corrosion sensor.

From completed work to date, the quantification of elemental sulphur via thin film sacrificial
copper strips sensors has been proven (Chapter 5). To completely cover the sulphur corrosion
paradigm, further experiments are necessary associated with the quantification of the other
corrosive sulphur compounds (i.e. mercaptans and corrosive by-products of DBDS).

In this research, the sulphur corrosion monitoring process was carried out without the
influence of metal passivators. However, in a typical field environment, numerous
transformer units have been passivated to eliminate the corrosive sulphur-related faults. For
further investigation, the technique that have been proposed in this thesis may be tested under
the influence of metal passivator because the presence of passivators prevents sulphur attacks
on the copper surfaces (explained in Section 2.8), which may influence the quantification of

elemental sulphur in the transformer insulating oils.

The other degradation by-products presence in the transformer insulating oils may affect the
characteristics of the thin film sacrificial copper strips sensors. In the context of investigating
the practicality of this sensor as an online tool for quantification of elemental sulphur
concentrations in transformer insulating oils, it is recommended in the future that the
technique that has been proposed in this thesis may be further investigated using insulating

oil samples obtained from various in-service power transformers.
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Abstract- Monitoring sulfur corrosion in insulation oils is
essential since sulfur corrosion can result in  catastrophic
transformer failore when left unchecked. The objective of this
study is to anmalyze the performance of an interdigitated
capacitive sensor (1D0C) utilizing printed circuit board technology
as a potential tool to detect and monitor the progression of salfur
corrosion in mineral insulation oils. The sulfur corrosion is
simmlated by adding dibenzyvl disulfide imto 200 ml vials containing
15 ml of vacuum dried and degassed insulation oils at three
concentrations: (1) 104, (Z) 200, and (3) 300 ppm. Bare copper
samples are then added into the oil samples and aged in a forced
convection laboratory oven at 150°C for three days. The 1DOC
sensor developed in this study is used to determine the variation
in the oil capacitance due to the presence of dibenzyl disulfide.
The surface of the bare copper samples is analyvzed wsing
scanning electron microscopy-energy  dispersive spectroscopy
equipped with AZtecEnergy software in order to guantify the
wvariations of the copper and sulfur content. Based on the results,
there is a strong positive correlation between the electrical
capacitance of the insulatiom oil and DBDS concentration,
whereby the coefficient of determination is within a range of
D9643-0.9868. In conclusion, the IDC sensor is a simple amd
inexpensive way of characterizing the quality of insulation oils
due to sulfur corrosion and therefore, it has great potential for
industrial applications.

I INTRODUCTION

Degradation in the quality of insulation oils due to sulfur
corrosion is one of the main problems of oil-immersed power
transformers since the beginning of the 21% century [1] and the
problem underlying sulfur corrosion remains unclear to this
day. Dibenzyl disulfide (DBDS) is ome of the sulfur
compounds that play a major role in the sulfur corrosion
process, depending on the oil temperature. DBDS is an active
sulfur species present in the insulation oil which will react
with copper, resulting in the formation of copper sulfide [2].
For this reason, many scientists and researchers use DBDS as
the sulfur compound of choice in order to simulate a corrosive
environment for non-corrosive oil matrices.

The formation of conductive copper sulfide in transformer
insulation oils is a critical issue since the quality of the
insulation oil or paper will deteriorate significantly if the

At present, there are three measures that can be implemented
o mitigate this issue: (1) replacing the insulation woil,
(2) reating the insulation oil using an oil passivator, and
(3) adding metal passivators into the insulation oil. Replacing
insulation oils during periodic maimenance is not a feasible
solution since disposing the aged oils into the landfill is
detrimental to the enviromment and moreover, it is costly to
replace aged oils with new ones. For these reasons, oil
passivation (which is a preventive measure) was introduced in
2005 by oil refiners, and this technique was adopied by
transformer manufacturers [3] due to its economic value.
Much effort has also been made to mitigate sulfur corrosion
using  triazole-based  passivator  [4], Irgamet® 39
passivator [5], as well as blending the insulation oil with
mrmerone extract, which is a sulfur corrosion retardant [6].
Mevertheless, there is still a lack of understanding on the
effects of sulfur corrosion on the quality of insulation oils and
the duration of these effects. In general, it is crucial to monitor
the progression of sulfur corrosion in insulation oils before
implementing any preventive measures.

To date, various techniques have been developed to detect
the presence of DBDS in insulation oils. One of these
techniques involve using a gas chromatograph interfaced to
suitable detectors such as atomic emission detector (AED) or
mass spectrometer (MS), which is capable of quantifyving the
amount of DBDS for concentrations up to 5 mgkg' [7].
According to Tovama et al. [7], the presence of DBDS in
msulation oils can be detected using alumina-based solid
phase extraction (SPE), followed by gas chromatography-mass
specirometry (GC-MS), for concenirations wp to 0.1 ppm.
More recently, a reliable test procedure using X-ray
fluorescence (XEF) spectrometry was developed to determine
the corfosion levels of insulation oils [1]. This technique
permits guantitative analysis of sulfur and copper in insulation
oils up w 405 and 1.95 ppm, respectively. In general, all of
the aforementioned techniques involve relatively expensive
piece of equipment and these techniques require skilled
personnel to conduct the tests. In addition, the techniques are
time-consurming since the oil samples need to be sent to an
external laboratory. On the other hand, common condition
monitoring ools such as sweep frequency response analysis

amount of copper sulfide reaches the critical wvalue, (SFRA), return voltage measurement (RVM), partial discharge
culminating in catastrophic transformer failure. (PD), wrns-ratio, and dissolved gas analysis (DGA) are
proven o be imappropriate to moniior the presence and
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progression of sulfur corrosion in insulation oils [1]. Thus,
there is a critical need to develop a simple, reliable, and
inexpensive detection system which will greatly facilitate
operators in evaluating the quality of insulation oils due to
sulfur corrosion.

For years, interdigitated capacitive sensors (IDCs) have been
exploited for a wide range of applications including capacitive
pressure  semsors, capacitive fingerprint sensors, humidity
sensors, and biosensors. A number of studies have been
cammied out on complex mathematical calculations and
simulations of IDCs as well as complex chemical surface
treatment of IDCs. However, there are no studies concerning
the application of IDCs in detecting the changes in electrical
capacitance due to the progression of sulfur corrosion in
insulation oils, which forms the motivation of this study.
Hence, in this study, the progression of sulfur corrosion is
motitored based on the variations of electrical capacitance of
the insulation oils. The variations in electrical capacitance are
detected using an IDC fabricated onto a printed circuit board
(PCE).

Il SAMPLE PREPARATION AND EXPERIMENTAL SETUP

Nytro Gemini X mineral oil (courtesy of Nynas AB, Sweden)
was chosen for the insulation oil. Based on the specifications
of insulation oils given in the BS EN 62535 standard test
method [8], this mineral oil is classified as an inhibited oil
since it is free from both DBDS (maximum total sulfur
content: 0.05%) and metal passivators.

The oil samples were first treated by vacuum drving and
degassing at 85°C in a vacuum oven for 48 h. Next, DBDS
(purity: = 98%, Sigma-Aldrich, USA) was added into glass
bottles containing the treated oil samples at different
concentrations: (1) 100, (2) 200, and {3) 300 ppm in order to
simulate  different corrosion levels. The solutions were
prepared based on dilution by weight. Each of the glass bottle
was cleaned with acetone and then dried at 105°C for 2 h in
order to eliminate moisture. The glass bottles were then cooled
to room temperature for 20 min. A hot plate magnetic stirrer
was used to thoroughly mix the oil with DBDS (for ~1 h) in
order o attain a homogeneous mixture. The temperature of the
hot plate was set between 71 and 72°C based on the melting
point of the DBDS [9]. The oil samples were stirred in tightly
sealed glass bottles in order to prevent the samples from
moisture ingression.

The copper samples were prepared by polishing copper
sheets (area: 200 mm’, thickness: 0.5 mm) with abrasive
paper. The copper sheets were cleaned three times with
cyclohexane (purity: = 99%, Fisher Scientific UK Lid, UK).
This process is essential to remove oxide layers that formed on
the surface of the copper sheets.

The treated copper samples were placed carefully into
headspace glass vials, whereby each vial contains 15 ml of o1l
sample mixed with DBDS at a different concentration. The
glass vials were sealed with sulfur-free
polytettafluoroethylene (PTFE)-faced silicone septum and
aluminum caps, and the vials were placed in a digital forced
convection laboratory oven with air atmosphere at 150 & 1°C
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for three days. Once the aging process was complete, the
copper samples were taken out from the vials using a clean
pait of tweezers. The copper samples were degreased by
rinsing the samples with cyclohexane three times. The copper
samples were analyzed using scanning electron microscopy-
energy dispersive spectroscopy (SEM-EDX) in accordance
with the BS EN 62535 standard test method [8]. This
quantitative analysis is essential to determine the elemental
chemical deposition (particularly, copper sulfide) on the
surface of the bare copper samples. Three different areas on
the same surface were chosen for analysis for the aged copper
samples in order to determine the repeatability and
reproducibility of the results.

In addition, the oil samples were degassed in the vacuum
oven without heating for six days in order to reduce the
moisture content of the oil samples. Since the variations in the
moisture content results in significant varations in the oil
capacitance measurements, the moisture content of the oil
samples was kept within 13 & 1 ppm. The IDC sensor was
then used to characterize the corrosion level of the insulation
oils.

The IDC sensor was connected to the LCRA00 precision
LCR bridge (Aim and Thurlby-Thandar Instruments, UK)
with a frequency: 10 kHz via a co-axial cable. The co-axial
cable was used to minimize the effect of stray capacitance,
which will influence the accuracy of the measured values. The
oil capacitance measurements were performed at ambient
temperature. The measurement procedure was repeated three
times for each sample to ensure that the results were
consistent.

M1 DESIGN AND FABRICATION OF THE INTERDIGITATED
CAPACITIVE SENSOR

The IDC used in this study consists of a pair of coplanar
interdigitated electrodes, as shown in Fig. 1. The sensors were
fabricated vsing a photolithographic process on a copper clad
flame retardant FR-<4 PCB laminate. First, the pattern was
designed using EAGLE PCE design and schematic software.
Next, the mask for the sensor pattern was prepared by
transferring the EAGLE drawing onto a polyester drafting film
using a high-resolution laser printer. The sensor pattern was
transferred onto a photoresist-coated copper clad PCE by
ultraviolet (UV) photolithography. The sensor pattern was
inspected for any defects and then dried. The sensor pattern
was formed by exposing the FR-4 PCB to ferric chloride
solution, agitated, and then mmed for ~20 min © remove
unwanted copper. The process time depends on the amount of
copper to be removed. It shall be noted that this process needs
to be carried out with painstaking detail since there is a high
possibility for the tracks to be over-etched.

The operating principle of the [DC sensor is identical to that
for a conventional parallel plate capacitor. As shown in Fig. 2,
the electric field lines of the coplanar capacitor are initiated by
the parallel plate capacitor. The capacitance of a conventional
parallel plate capacitor is determined from the following
equation:
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C = oy (Ald) (1)
where g, is the permittivity of the free space, which is equal
to B.854 pF/m, & is the dielectric permuttivity of material, 4 is
the area of the sensor, and o is the gap between two parallel
electrodes. For an IDC, (1) can be written as:
= sy ({wnld) (2)
where [ is the finger length, w is the finger width, » is the
number of fingers, and o is the gap between two parallel
fingers, having a value of 8, 0.5, 16, and 0.5 mm, respectively.
According to [10], (2) is suitable only if the finger gap and
finger width values are the same. For this reason, the sensor
was designed with the finger gap and finger width equal to
0.5 mm.
The total capacitance is given by [10]:
Cooa ™ Coup + Cip (3)
where (o 15 the total capacitance of the substrate and O, is
the change in capacitance resulting from the exposure of the
sensor to air or liquid having a different dielectric constant. In
this study, FR-<4 PCB (g = 4.9) was used as the substrate. For
calibration purposes, acetone (g = 21.01) was used whereby
the measured capacitance values were compared with the
theoretical values determined using (3).

d

Fig. 1. Schematic diagram of the IDC
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Fig. 2. Elewiric field lines of the IDC evaluated from the (a) parallel plate
electrode to the (b) intermediate shape, resulting in () coplanar interdigitated
electrode [10]
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IV. RESULTS AND DISCUSSION

A, SEM-EDX Spectroscopy

The quantified sulfur and copper deposits on the bare copper
samples obtained using SEM-EDX are shown in Fig. 3 and
Fig. 4, respectively. It is evident from Fig. 3 that the amount
of sulfur on the bare copper surface increases with an increase
in DBDS concentration in the insulation oil. On Day 1, the
amount of sulfur on the bare copper samples increases to 1.64,
201, and 2.46 wi%% for a DBDS concentration of 100, 200,
and 300 ppm, respectively. On Day 2, the amount of sulfur

1

increases further to 3.17, 496, and 5.64%. Likewise, the
amount of sulfur deposits on the surface of the bare coppet
samples increases further on Day 3, with a value of 6.34, 8.71,
and 8.83% when the DBDS concentration 15 100, 200, and
300 pm, respectively.

However, a different trend is observed for the copper
deposits, as shown in Fig. 4. It can be seen that the amount of
copper on the surface of the bare copper samples decreases
with an increase in the DBDS concentration. This indicates
that the sulfur cotrosion process in an actual oil-immersed
power transformer is accelerated at higher concentrations of
DBDS. This leads to higher dissolution of copper in the
insulation oil. It can be observed from Fig. 4 that on Day 1,
the amount of copper decreases to 9836, 9799, and
97.54 wi% for a DBDS concentration of 100, 200, and
300 ppm, respectively. On Day 2, the amount of copper
decreases further to 96.83, 95.04, and 94 36%. Likewise,
amount of copper decreases gradually to 93.66, 91.29, and
§1.17% on Day 3 when the DBDS concentration is 100, 200,
and 300 ppm, respectively. After 3 days of ageng, there is
only 0.12% decrease in the amount of copper present on the
surface of the bare copper samples when the concentration of
DBDS is 200 and 300 ppm. This suggests that the corrosive
by-products resulting from the breakdown of DBEDS may not
be linear over time.

Fig. 3. Amount of sulfur iraced on the surface of the bare copper samples
using SEM-EDX
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Fig. 4. Amount of copper iraced on the surface of the bare copper samples
using SEM-EDX



B Od Capacitance Measurements Obtained from IDC

The oil capacitance measurements were analyzed to assess
the degradation of the insulation oil quality due to the
presence of DBDS. Table I shows the relationship between the
oil capacitance values measured using [DCs and DBDS
concentrations for 3 different days. In general, there 1s a strong
positive correlation between the oil capacitance and DBEDS
concentration, whereby the coefficient of determination (R
value is 09643, 0.9643, and 0.9868 for Day 1, 2, and 3,
respectively.

TABLE I Relationship between the oil capacitance values measured nsing
IDCs and DEDS concentrations for 3 different days

Time Fitting Equations R

Day | y = 0.0003x + 6.1133 0.9643
Day 2 y = 0.0002x + 6.1733 0.9643
Day 3 y = 0.0002x + 6.1733 0.9868

It can be observed from Fig. 5 that on Day 1, the oil
capacitance increases to 6.14, 6.18, and 6.20 pF for a DBDS
concentration of 100, 200, and 300 ppm, respectively. On
Day 2, the oil capacitance increases further o 6.19, 6.20, and
6.22 pF. Likewise, on Day 3, the oil capacitance increases to
6.20, 6.22, and 6.25 pF. After 3 days of ageing, there is still an
increase in oil capacitance when the DBDS concentration is
mcreased from 200 to 300 ppm although there are no
significant differences in the amount of copper on the surface
of the copper samples. It 1s believed that the moisture present
in the oil can be a contributing factor to the increase in oil
capacitance observed in this study. Based on the results, it can
be deduced that the DBDS concentration increases the polar
materials in the insulation oil. This in turmn, increases the
dipole density and electric susceptibility of the insulation oil,
which is evidenced from the higher oil capacitance values.
The ncrease in o1l capacitance values is extremely small
because the tests were conducted under accelerated ageing
conditions within a very short period. It is anticipated that a
significant changes in oil capacitance valpes could be
achieved if the tests are cartied out under long-terim ageing
conditions.

6.26
6.24 $
..-.m ] *
8620 } i ¢
Y6.18 I
B.16
6.14 L
6.12
Day 1 Day 2 Day 3
+ 100 ppm + 200 ppm » 300 ppm

Fig. . Variation of odl capacitance with respect to aging time for three DBDS
concentrations measured using the [DC sensor
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V. CONCLUSION

A low-cost sensor with a highly stable sensing capability for
detection and condition monitoring of corrosive sulfur in
insulating oils has been developed successfully in this study.
The preliminary results presented in this paper indicate that
there is a potential relationship between corrosive sulfur and
changes in oil capacitance values. In future studies, the
sensing capability of the IDC sensor will be further enhanced
by considering the use of thin film gold electrode with nano-
sized finger gaps.
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Abstraci—In this work, thin film sacrificial copper strips are
introduced as sensors to provide a direct indication on the
corrosiveness of insulating oils. The progression of sulfur
corrosion in transformer insulating oils was simulated by adding
different concentrations of dibenzyl disulfide into glass Petri
dishes, each containing 40 mL of non-corrosive oil. The resistive
thin film copper strips were deposited onto a glass substrate
using an eleciron beam evaporator and the strips were then
immersed into the corrosive oil samples. The samples were aged
in a forced convection laboratory oven at 130 °C for 20 h. The
material loss due to the presence of corrosive compounds was
manitored by measuring the resistance of the thin film copper
strips using four-wire resistance measurements. The preliminary
results reveal that the corrosive by-products (due to the
breakdown of dibenzyl disulfide) accelerates the corrosion of the
thin film copper strips, as evidenced from the amount of copper
loss on the surface of the strips. This increases the resistance
values of the thin film copper strips. Based on the variations in
the resistance of the thin film copper strips, one can infer the
level of sulfur corrosion in transformer insulating oils.

Keywords—DEDS; 4-wire resistance measurement; low resistance;
sulfur corrosion sensor; thin film copper

I INTRODLUCTION

The deposition of copper sulfide on the cellulose insulation
contributes to turn-to-turn breakdowns that lead to transformer
catastrophic failure. The presence of copper and corrosive
sulfur compounds in insulating oils are identified as the main
contributing factor. Hundreds of different sulfur compounds
exist in mineral oil [1], nevertheless only a few of them are
COMTDSIVE.

The most reactive sulfur compounds are elemental sulfur
and mercaptans, followed by sulfides [2]. Thiophenes are
identified as the most stable sultfur compounds. Disulfide such
as dibenzyl disulfide (DBDS) is expected to be stable. DBDS
15 commonly used as secondary oil antioxidants [3] that
provide a protection against the oxygen ingested durimg
transformer operation. However, DBDS could degrade from a
stable into a reactive sulfur compound as shown in Fig. 1
Benzyl mercaptan due to the breakdown of DBDS is
extremely reactive to copper that will ultimately cause a

978-1-5386-6389-9/18/531.00 ©2018 IEEE

COPper Corrosion.
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Fig. 1. Degradation of a stable DEDS into a reactive benzyl mercaptan [1)

Consequently, much research has been made on
investigating the threshold of DBDS concentration which will
result in corrosive oil, and one of them revealed that the
minimum concentration of DBDS which will make the oil
potentially corrosive according to the BS EN 62535 standard
is~10 mg kg [4].

Varous techmiques have been developed to detect the
presence of DBDS. The most sensitive technigue (= 0.1 ppm)
proposed the use of alumina-based solid phase extraction and
gas chromatography-mass spectrometry [5]. Nevertheless, this
technique involves relatively expensive equipment and
requires skilled personnel to conduct the tests. Besides, there
are several standard corrosion tests have been proposed.
ASTM DI1275B  standard test method [6] describes a
technique that compares the discoloration of the copper
surface with standard reference color scale (ASTM DI130-12
standard test method |7]). However, this qualitative test will
likely lead to misinterpretation of the results since the analysis
of sulfur corrosion depends on visual observations, which may
vary from one operator to another.

On the other hand, a preventive measure by means of
common oil passivators such as benzotriazole (BTA) and
Irgamet®39 are wsed to protect the copper surface from
corrosive sulfur attack [B). However, the addition of these
passivators will not eliminate any corrosive sulfur species and
thus, the restoration of insulating oil properties is impossible.
Besides, the duration taken for these passivators to be long last
15 still vague.
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To overcome the aforementioned issues, a quantitative
method is proposed in this paper whereby we had investigated
the practicality of the use of thin film sacrificial copper strip as
a direct indicator for monitoring the level of transformer oil
corrosiveness. The material loss due to the presence of
corrosive  compounds was monitored by measuring  the
resistance of the thin film copper strips using 4-wire resistance
measurement.

II. SAMPLE PREFARATION AND EXPERIMENTAL SETUP

A Sensor Design and Fabrication

The thin film sacrificial copper strips were fabricated on a
25 = 75 mm rectangular Schott® Borofloat glass substrate
with a thickness of 1 mm. This type of glass substrate was
chosen due to several advantages such as the extremely good
scratch resistance with a very good surface homogeneity. This
characteristic is essential to ensure a homogenous copper
could be evaporated on it.

Besides, the thermal stability of the substrate is crucial to
be considered. Borofloat was chosen as a substrate as it could
operate at a maximum temperature of 450 °C with a very low
thermal expansion effect. Furthermore, Borofloat is resistant
to water, alkalis, acids amd organic substances and thus,
minimizes any effects of acids resulting from the accelerated
aging process on the experimental results.

A pure {99.99%) copper wire was used for the evaporation
process. The thin copper films with a thickness of 200 am
were deposited using BOC Edwards E500a e-beam evaporator
with a base pressure of ~5 = 10 mBar. To improve the
adhesion of the thin film copper layer on the glass substrate,
5 nm titanium layer was firstly deposited. The sensors were
then stored in a desiceator equipped with silica-gel under
vacuum atmosphere.

B Oil Samples Preparalion

Nytro Gemini X mineral oil (courtesy of Nynas AB,
Sweden) was used to prepare the corrosive oil samples. This
non-corrosive oil meets the requirement of BS EN 62535
standard test method specifications [6). The properties
(stability) of this non-corrosive oil is presented in Table 1.
DBDS normally originates in certain insulating oils between
100 and 1,000 ppm [1]. Due to this reason, DBDS at three
concentrations of 100, 230, and 1,000 ppm were chosen to
simulate the different corrosion levels.

The solutions were prepared based on dilution by weight.
Each glass bottle was cleaned with solvent and then dried for
~2h at 105 °C to eliminate moisture. The glass bottles were
then cooled to room temperature for ~10 min Next, the
solutions (insulating oils mixed with DBDS) were stirred for
~1 h using a hot plate magnetic stirrer to attain homogeneous
mixtures. The temperature of the hot plate was set between 71
and 72 °C based on the melting point of DBDS [9]. A sealed
tight plass bottles were wsed during the mixing process to
prevent contaminations.

TABLE 1. THE PROPERTIES OF MINERAL DIL USED IN THIS EXPERIMENT

Property Test Method Typical Data
Toital sulfur eontent (%) 150 14596 L
Comosive sulfiar DIM 51353 Non-comosive
Potentially carrogive IEC 62535 Non-comasive
sulfur
Corrosive sulfur ASTM D 1275B Non-comosive
DBDS (mgkg) IEC 62657-1 Won-detectable
Antioxidant (wita) [EC 0666 038
Metal passivator additives [EC 60666 Noa-detectsbla
img/kg)
Acidity (mg KOH'g) IEC 62021 <001

. Experimental Setup

The sensors surfaces were gently cleaned using soft tissue
prior the immersing process. The sensors were placed
carefully into glass Petri dishes. Fach Perri dish contained
40 mL of mineral oil with (100, 250, and 1,000 ppm) and
without DBDS (0 ppm). [t was crucial to cover all Petri dishes
with plate glass to prevent any excessive evaporation during
the aging process. The sensors were aged in a fan oven at
130°C for 20 h. During the test period, the samples were taken
out every 5 h for measuring their resistance. Prior the
resistance measurements, the sensors were taken out from the
Petri dishes using a clean tweezer and were gently degreased
by rinsing with solvent three times to prevent any scratch on
the sensor surface.

0. Low Reststance Measurement

The low resistance measurements were performed at
ambient temperature (21 = 1°C) using Megger DLRO-10X
Ducter digital low resistance ohmmeter. The d-wire
measurement technique determined the resistance of the
sensors by measuring the voltage when contacting the four
collinear probes on a sensor surface. As the measured
resistance is relatively low, this method eliminates the cable
and contact resistance. A 100 mA forward and reverse current
was applied to eliminate the thermo-EMF and offset voltage.
The measurement was repeated seven times for each condition
to ensure the consistency of the results. As shown in Fig. 2,
100 mA current Lan flows between probes A and D while
measuring the potential different Ve between probes B and C.
The resistance of the thin film copper is calculated as:

R= Vel Lip ()
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Fig. 2. Measuring resistance of the sensors using 4-wire measurement
technique

III. RESULTS AND DISCUSSION

Theoretically, the increasing material loss from metal
results in the increase of electrical resistance [10]. To help
understand this relationship, the calculated resistance of the
proposed sensor versus its thickness is shown in Fig. 3. The
resistance of the sensors increases by more than one order of
magnitude when the sensors thickness reduces from 200 nm to
20 nm. Due to this reason, the sulfur corrosion phenomenon is
possible to be monitored by measuring the resistance of the
sensors. However, this method is only applicable for the case
of the occurrence of the uniform corrosion at a constant rate.
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Fig. 3. Calculated thin film copper resistance against thickness

A. Surface Morphology of Sensors

The results presented in Table 2 indicate that the color
changes of the sensors were due to the presence of corrosive
by-product from the breakdown of DBDS that resulted in
copper losses from the surface of the glass substrate. After 5 h
of aging, the color of the sensors changed linearly with DBDS
concentrations. It can be clearly observed that the sensor
without DBDS (0 ppm) was orange and changed to gold with
partial orange (100 and 250 ppm) and entirely gold
(1,000 ppm). The same pattern could be observed for the
longer period of aging. In addition, after 10 h of aging, the
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sensors changed its color from partially gold (100 and
250 ppm) to entirely purple (1,000 ppm). There are no
significant changes in the color of the sensor aged in 100 and
250 ppm of DBDS, for 15 and 20 h, respectively. However,
the color of the sensor that was aged in 1,000 ppm of DBDS
changed from entirely purple to entirely light green after 15 h
of aging. For the longer aging time (20 h), the sensors changed
its color from entirely green to a mix of green, gold, and red.
Interestingly, the color of the sensor that was aged without the
presence of DBDS changed from orange to tarnished orange.
It is assumed that the thermal aging could possibly affect the
surface morphology of the sensors. Therefore, it is difficult to
distinguish the effect between aging and sulfur corrosion by
visual observation on the changes in surface morphology of
the sensors. Due to this reason, a low resistance measurement
is suggested to further investigate the practicality of this
method in tracking the progression of sulfur corrosion in
transformer oils.

TABLE 1L OFFICAL PHOTOGRAPHS OF 200 NM THIN FILM COPPER STRIPS
AGED AT 130 °C IN DIFFERENT DBDS CONCENTRATIONS
Time DBDS Concentrations
0 ppm 100 ppm 250 ppm
Sh
10h
15h
20h




B. Resistance Changes of Sensors

Fig. 4 shows the electrical resistance of the sensor as a
function of aging time with respect to four different DBDS
concentrations. The initial resistance of the sensors were
experimentally obtained to be 141 = 1 m€}. The sulfur
corrosion was not occurred in the sensor without DBDS
(Oppm) as evidenced by Fig. 4 where the measured
resistances for all interval aging times were slightly less or
approximately the same as the initial resistance.

In general, the low resistance measurement data shown in
Fig. 4 demonstrate that increasing DBDS concentration
accelerated the sulfur corrosion process. It is evidenced by
Fig. 4 that the amount of copper losses from the glass
substrate was more pronounced at higher DBDS concentration
(1,000 ppm) which caused the thin film copper sirips to
corrode faster. This significantly increased the resistance
values of the sensor. This indicates that the presence of DBDS
in an actual oil-immersed power transformer plays an
important role towards the sulfur corrosion process.

As illustrated in Fig. 4, the sulfur corrosion process started
as early as 3 h afier the aging took place with the presence of
only 100 ppm of DBDS. After 5 h of aging, the resistance of
the sensors increased to 143.20, 14908, and 151.59 mi) for
the DBDS concentrations of 100, 250, and 1,000 ppm,
respectively. It can be observed from Fig. 4 that aging time is
one of the factors that expedited the sulfur corrosion process.
After 10 h of aging, the resistance of the sensors increased
further to 149,62, 165.73, and 184.91 m), respectively. The
electrical resistance of the sensors increased further after 15 h
of aging o 15759, 184.64, and 229.70 m} for the DBDS
concentrations of 100, 250, and 1,000 ppm, respectively. The
corrosive sulfur compounds due to the breakdown of 1,000
ppm of DBDS aged for 20 h increased significantly by 17%
compared to 15 h of aging,

2850 {—e— Without DBDS (0 ppmi)
| With DBOS (100 pgen) y
260 Hde— Wit DROS (250 pgen)
|—v— Wfth DBDS (1,000 pprmi /
g0 7
Eomy /]
gm // —
En‘sﬂ A =
= 1m /:"J/ _.-r'""-‘
T
140 = -
13:' ad i i i
0 5 10 15 20

Aging Time ()

Fig. 4. The electrical resistance of the sensors as a function of aging time for
four DBDS concentrations

IV. CONCLUSION

A sensor utilizing the thin film sacrificial copper strip for
tracking the progression of sulfur corrosion due to the
breakdown of DBDS has been proposed in this research. The
results presented in this paper show that there is a potential
relationship between the corrosive sulfur and the changes in
the thin film resistance values. In future studies, the sensing
capability of the thin film sacrificial copper strip as a sensor
will be further evaluated under different temperatures as well
as the thickness.
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Abstraci- This paper presents the characteristics of thin film
copper strips due (o sulfur corrosion at different emperaiores.
Thin film copper with a laver thickness of 200 nm was deposited
onty @ glass substrate wsing an dectron beam evaporator. In
order o enhance the adhesion of thin flm copper on the glass
substrate, titanium with a laver thickness of 5 nm was deposited
prior to copper evaporation. Three dibenzyl diswlfide (DBIS)
concentrations were chosen to simulate the different levels of oil
corresiveness: (1) 100, (2) 250, and (3) 1000 ppom. The thin Glm
copper strips were immersed in the corrosive oll samples and
then aged in a forced convection laboratory oven at 120 and
130 °C for 25 h. The copper loss due to sulfur corrosion was
monitored by measuring the resistance of the thin film copper
sirips wsing the d-wire mesurement methed. Based on the
preliminary results, sulfur corrosbon is aceelerated by increasing
the temperatore feom 120 to 130 5C, The amount of copper losses
from the glass substrate cansed by the corrosive by -prodocts due
o the breakdown of DEDS s more pronounced ai higher
temperatre, as evidenced from the measored resistance values.

L. INTRODUCTION

Power transformer fallures directly or indirectly related to
sulfur corrosion are of great interest among rescarchers for
many decades. Sulfur commosion causes the deposition of
copper sulfide onto the insulating paper, resulting in turn-to-
turn breakdowns and eventually leads to catastrophic falures
of transformers. Periodic replacement of transformer
insulating oils such as mincral oils 15 not a cost-cffective
solution [1]. In addition, mineral oils are non-biodegradable
and toxic, rendering these oils hazardous toward aguatic life in
onshore and offshore environments.

A number of mitigation techniques were used to overcome
the aforementioned issucs. The most common mitigation
technique is to use common metal passivators such as
benzotrazole (BTA) and Irgamet® 39 because of their cost-
effectiveness [2]. However, passivation is not a reliable
technique to overcome sulfur corrosion because metal
passivators only provide a protective layer on the copper
surface and they do not remove any cormosive sulfur species
present in the msulating oils [3]. Thos, 1t 15 cruoal to develop
a sulfor comosion sensing technology that is capable of
detecting and tracking the presence of corrosive sulfur
compounds in mineral insulating oils.

Many researchers have used dibenzyl disulfide (DBDS) as
the main sulfur compound in order to simulate a cormosive
environment in a non-corrosive ol matrix. This 15 due to the
fact that at a high temperature (i.e, 120 *C), the stable DBDS

OTR-1-5386-6192-5/ 1 8/53 100 ©2018 [EEE

will degrade into an exceptionally reactive sulfur compound,
benzyl mercaptan or DBDS-copper complex, which will cause
copper corrosion [4].

A number of standard corrosion test methods have been
propased n order to assess the degree of oil corrosiveness, as
shown in Table 1. All of these methods involve immersing the
copper or silver strip in the insulating oil. It shall be noted that
all of the standard corrosion test methods are camed out by
visually comparing the discoloration of the copper surface
(non-corrosive'suspected  cormosive/corrosive surface) with a
standard reference color scale (e, ASTM DI130-12 [5]), as
shown in Fig. 1. Since the analysis of sulfur cormosion is
subjected to visual obscrvations, it is possible that onc will
misinierpret the results obtained from these methods.

TABLE |
STANDARD TEST METH(HDS USED TO DETERMINE CORROSIVITY OF (LS [§]
Descraption
Method (il Mvietal/ L -] L& Remarks
Paper)

D 1{MmA’ ] 600 Silver plate
51353 mm® Agle o 1E A ! COrmasian
ASTM 250mi300 Copper
DI2T5A mm® (s 142 13 A ! COrnsan
ASTM 220ml300 Copper
DI27T5E mam’ Cul 150 48 A ! COrmasEn

- Carrassan
. 1 3ml/540 .
E%_E.N r® Caf 150 | 72 Lirmited af paper-
62535 540 rmm? exposure wrapped
conductors

Based on the existing hiterature, the degree of cormosivity of
insulating oils on a copper surface is dependent on the

following factors: (1) concentration  of the cormosive
compounds, particularly DBDS, (2) aging time, and

(3) temperature [6]. Our previous work revealed that thin film
sacrificial copper stnps have great potential as sensors o
monitor the progression of sulfur corrosion at different DBDS
concentrations as well as aging tme [7]. Hence, it is
imperative to investigate the characteristics of these sensors
due to sulfur corresion at different temperatures.
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The thin film sacrificial copper stnps (cach with an area of
1,375 mm”) were fabricated on a rectangular microscope glass
substrate with an area of 1.875 mm®, Kapton tape was used to
cover both edges of the microscope glass in order to obiam the
desired area for copper. Thin film copper with a thickness of
200 nm and purity of 99.9%% was evaporated using BOC
Edwards E3({a e-beam evaporator. In order to enhance the
adhesion of thin film copper on the glass substrate, titanium
with a layer thickness of 5 nm was deposited prior to copper
evaporation. It is essential to keep the sensors in a desiccator
with silica-gel in order to reduce surface oxidation of the
sensors. We nsed the same procedure to prepare the comosive
oil samples in order to ensure consistency with our previous
work [7].

The tests were conducted in the laboratory, where the
sensors were immersed in glass Petn dishes containing 40 mL
of comosive ol with different DBDS  concentrations:
(1) 100 ppm, (2) 250 ppm, and (3) 1,000 ppm. Each Petri dish
was covered with another Petr dish to reduce oil evaporation
during the aging process. According io Faccioiit et al. [8], the
aging time and temperature are the crucial parameters, which
will influence the chemical reactions between the comosive
by-products and copper immersed i mineral msulating oils.
Selecting the appropriate aging temperature is essential due to
the flash point of the msulaing oils. The BS EN 62535
standard 15 the common standard test method used to detect
the presence of cormosive sulfur in insulating oils [9].
Accordimg fo this standard test method, a high temperature
(150 “C) should be used to accelerate aging. It is worth noting
that sulfur comosion may occur a1 an elevated temperature of
80 “C. However, reducing the aging temperature to 80 *C may
prolong the occurrence of sulfur corrosion. Hence, in this
work, the tests were conducted at 120 and 130 °C because
these temperatures have been shown to be a good compromise
between the above criteria. The sensors were aged in a forced
convection laboratory oven for 25 h. The sensors were taken
out from the oven every 3 h in order to measure ther
resistance. A clean pair of tweezers was used to remove the
sensors from the glass Petnt dishes. The sensors were cleaned
with a solvent and they were gently rubbed with & soft tissue
in order to remove o1l residue on the sensor surface.

SENSORS: PREPARATION AND TEST PROCEDURE

491

IL Low RESETANCE MEASUREMENNTS

A sketch of the low resistance measurement equipment is
shown in Fig. 2, while the description of each component is
given in Table 2. The low resistance measurements were
performed in the Temperature and Humidity Controlled
Environmental Room where the temperature was set at
20+ 1°C. Megger Ducter DLRO-10X digntal low resistance
ohmmeter was used to measure the resistance of the sensors.
The advantages of this technique for low  resistance
measurements have been descnbed in our previous work [7].

2
k|

e DI

. N

Fig. 2. Sketch of the eguipment used to measure the resistance of the sensars
using the 4-wire measurement technique

TABLEI
STRUCTURAL DETAILS {3 THE TEST CELL

Deescription

Measurement copper needle

Sensor

Electrode holder made from polvethylene terephthalate with a
theckness of .4 mm

Zensar holder made from alumenum with a thickmess of & mm

The Megger Ducter DLRO-10X digiial low resistance
ohmmeter enables current to flow TJn'mlgh the outer [n'abc pair
(A and D) while the voltage drop is measured across the inner
pair probe (B and C). The resistance of the sensor can be
determined from the following equation:

R=Fgri lap 1

The change in resistance due to sulfur cormsion is given by:

AR =R,— Ry 2)

where AR 15 the change in the resistance values of the sensors,
fiis the measured resistance value after aging takes place
{5-h intervals), and K15 the measured imtial resistance of the
unaged sensors. The measurement procedure was repeated
seven times for cach s=nsor to determine the repeatability of
the results.
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IV. RESULTS AND DISCUSSION

Theoretically, the increase in resistance change of the
sensors (AR) 1s due to the copper loss from the glass substrate.
For any uniform corrosion at a constant rate, AR is inversely
proportional to the sensor thickness, as described n our
previous work [7]. However, a “blotch™ type of corrosion can
also occur, as shown in Fig. 3(b).
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A. Changes in Resistance of the Sensors due to Different
DBDS Concentrations

Dissolution of copper occurs at 135 °C and it has been
reported that the weight of the copper strip is mversely
proportional to the heating time [10]. Hence, dissolution of
DBDS-Cu complex 15 more pronounced than the formation of
copper sulfide. To test this hypothesis, our experimental
results provide evidence that AR increases lincarly with an
increase in the DBDS concentration and aging time, as shown
mn Fig. 4. These findings arc in agreement with the results in
[10] where at 130 °C, degradation of DBDS causes the sensors
to be corroded. It is belicved that this phenomenon promotes
the dissolution of the DBDS-Cu complex in the msulating oils.

180[—=- 100 ppm | : ;
« 250 ppm
160 1,000 pprm)
140+ 1
120 q
g 1001
g 80} :
60 1
40 1
......... .
- 1 A R e Y
. S i s !
5 10 15 20 25
Aging Time (h)
Fig. 4 Vamationof ARasa & of the agmg time when the sensors are

aged at 130 °C with three different DBDS concentrations

Fig. 4 shows the low resistance measurement data and it can
be observed that there is a steady increase in the AR with
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respect to the DBDS concentration. The increase in AR 1s most
pronounced when the DBDS concentration is 1,000 ppm,

Judging from the steepness of the line. The AR values increase

at a relatively slow rate for a DBDS concentration of 100 ppm
compared with those for DBDS concentrations of 250 and
1,000 ppm. Therefore, 1t is assumed that the DBDS chemically
interacts with the copper surface even at a small concentration
of DBDS (100 ppm).

It can be nferred from Fig. 4 that the corrosive by-products
(as a result of the breakdown of DBDS) begin to attack the
copper surface after 5 h of aging. This process occurs only for
the sensor aged m mineral insulating oils containing 250 and
1,000 ppm of DBDS. However, the sensor aged in mincral
insulating oil containing 100 ppm of DBDS shows a slightly
different charactenstic. It 1s assumed that the sulfur corrosion
process takes place until 10 h of aging because there are no
significant changes in the AR within the first 5 h of the aging
test

Based on the results presented in Fig. 4, 1t can be deduced
that the AR increases with an increase in the DBDS
concentration and aging time. Both of these parameters
increase the sulfur corrosion rate, which 1s evidenced from the
higher copper losses from the glass substrate.

B. Effect of Temperature Change on the Sensors

Interestingly, the AR varics when the sensors are aged at
different temperatures. In general, the results presented m
Figs. 5-7 show that there is a lincar relationship between the
AR and thermal stresses in the presence of oxygen. It 1s likely
that temperature plays a vital role in increasing the
corrosivencss of the mineral insulating oils, as indicated by the
measured resistance values in Figs. 5-7. These results indicate
that the increase in thermal degradation of the insulating oils
containing DBDS in the presence of oxygen will accelerate the
progression of sulfur comosion in oil-immersed power
transformers.
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Fig 5 Varation of AR as a function of aging time for the copper surfaces
aged m mineral oils contaming 100 ppm of DBDS at 120 and 130 °C
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As shown in Fig. 3, the effect of thermal stresses on the A8
aged in 100 ppm of DBDS is only apparent after 10 h of
aging. However, the time taken for the comosive by-products
of DBDS to thermally react with the sensor surface is faster
for the sensors aged in the mineral oils contaming 250 and
1,000 ppm of DBDS (Fig. 6 and Fig. 7), where there are
significant changes in the AR after only 5 h of aging. The
results presented in Fig. 5 and Fig. 7 indicate that, the thermal
stresses have a pronounced effect on the AR as the aging time
15 increased at the same DBDS concentration. However, as
illustrated in Fig. 6, the sulfur corrosion aging time does not
necessarily increase linearly with temperature due to surface
effects dunng the sulfur corrosion process. Therefore, 1t 15
imperative that the sensor surface is treated afier the resistance
measurements because the contaminated surface can be a
source of measurement errors.
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Fig. 6. Variation of AR as a functhon of aging time for the copper surfaces
aged m mineral cals contaiming 250 ppen of DRDS at 120 and 130 °C
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Fig. 7. Variation of AR as a functhon of aging time for the copper surfaces
aged im maneral oils comaining 1,000 ppm of DEDE at 120 and 130 7C

V. CONCLUSION

The characteristics of thin film sacrificial copper strips in
detecting the presence of cormosive by-products resulting from
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the breakdown of DBDS at different temperatures have been
investigated in this research. The results confirmed that sulfur
cOmosion is @ lemperature-dependent process. At the same
aging time and DBDS concentration, the amount of copper
loss from the glass substrate is more pronounced at higher
temperature, based on the measured resistance values. By
using the proposed sensors, it is possible o understand how
the rate of chemical reaction between cormosive-by products
from the degradation of DBDS changes with temperature.
Hence, it can be concluded that the proposed thin film
sacrificial copper sirips can be used as potential sensors w
indicate the progression of sulfur comosion in oll-immersed
power transformers.
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Existing protomls (e.g, ASTM D 1275-B standard test method) applied to detect and monitor sul fur
corrosion in transformer insulating oils are imprecise as itdepends on visual observation. As a solution,
thin-film sacrificial copper strips are proposed as a corrosive sulfur sensor. A two-level factorial design is
utilized w investigate the significant effect of area and thidiness upon the sensor's transformation resis-
tance values. Next, a regression model is developed to estimate the sensor's transformation resistance
values as functions of area and thickness The resultant outputs from the two-level factorial design
reviealed that area, as a variable, exhibibed higher significance at 90.19%, compared to either thickness
or interacion between area and thickness, The proposed regression model obtained from two-level
factorial design is significant in describing the trend displayed by the sensor's transformaton resistance
values, Finally, this paper details the clear correlation between the sensor's transformation resistance

Thin-film copper

values amd elemental sulfur concentraton.

& 2019 Elsevier Lid. All rights reserved.

1. Introduction

Insulating oil serves as a coolant and electrical insulator to
ensure reliable operation of high voltage equipment under normal
operating conditions. In oil-filled power transformers, mineral oil-
based dielectric liquids are used as insulating media and are pro-
cessed from refined crude petroleum. Petroleum refinement is par-
ticularly important because it transforms crude oil into oil-based
products with desired physicochemical properties. These oil-
based products are carefully refined to fulfil the requirements of
specific applications. Although crude oil predominantly comprises
of saturated hydrocarbon molecules, it contains a wide range of
impurity species; in particular molecules that contain sulfur
(hydrogen sulfide, elemental sulfur, mercaptans, alkyl sulfides,
thiophenes), oxygen (naphthenic acids), and nitrogen (frequenthy
encountered in asphaltenes), as well as metal species and aromat ic
compounds. Hence, the oil refinement process should completely
remove of minimize these impurities, particularly sulfur, because
corrosive elemental sulfur can react with copper and cause a speci-

* Corresponding author.
E-mail addresses msaklglS@sotoracuk, mohdshahhl@utemednmy (MS.
Ahmad Khiar), pll@eczsotonacuk (P.L Lewin)

https:{/dolorg/1 0.1016 [j.measuremnent.2 019.1 DEEET
0263-2241 [© 2019 Elsevier Ltd. All rights reserved.

fic comrosion phenomena that left unchecked will significantly
reduce the operational lifetime of the transformer.

Various types of sulfur compounds exist in mineral oil; some
originating from virgin oil, while others are unintentionally intro-
duced during the manufacturing process [1]. Sulfur introduced
via manufacturing processes is usually due to unsophisticated oil
manufacturing technology and refining processes, as well as
replenishment of additives, such as antioxidants to prolong the
oxidation stability [2] of mineral oils. Sulfur can be found in the
mineral oil in elemental form or in organosulfur molecules, namely
thiophenes, disulfides, polysulfides, dialkyl sulfides (thioethers),
and mercaptans (thiols). Each compound has its own unique reac-
tion rate with copper, which ultimately forms copper sulfide spe-
cies, as solid corrosion products or complexes, depending upon
the concentration of the compounds, copper surface condition,
temperature, and aging time [3]. The comrosive levels of sulfur
are ranked from elemental sulfur > mercaptans > sulfides > disul-
fides = thiophenes [3,4]. Hence, elemental sulfur is considered as
the most reactive compound with copper, followed by reactive
mercaptans. Meanwhile, thiophenes are non-reactive sulfur com-
pounds, whereas disulfides are relatively stable. Nevertheless,
disulfides can degrade into benzyl mercaptans, resulting in more
corrosive species [5,6].
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In oil-filled power transformers, sulfur corrosion occurs primar-
ily due to the reaction of existing corrosive sulfur compounds. This
particular corrosive sulfur is known as elemental sulfur in insulat-
ing oils and copper conductors, which leads to the formation of
copper sulfide [4] For the case of insulating oil, sulfur corrosion
is a function of cormosive by-products because of breakdown in
stable compounds, namely dibenzyl disulfide (DBDS), which is
partly responsible for copper sulfide formation [7-9]. Upon forma-
tion, itis likely that copper sulfide will deposit onto the copper sur-
face or insulation paper that is impregnated with insulating oil,
thus resulting in turn-to-turn transformer breakdown [2,10]

Although the breakdown of DEDS is believed to be the main
cause of copper sulfide formation, insulating oils are still found
to be corrosive in the absence of DBDS 9], hence indicating that
other sulfur species have the ability to induce a corrosive environ-
ment. This phenomenon is reported to be on the increase and
worldwide substantial number of transformer units have failed
since the beginning of this decade [11]. Passivation techniques
and additives have been developed and employed to passivate
the corrosive sulfur species in the insulating cils. However, these
techniques lead to the generation of passivator-induced stray gas-
sing (due to hydrogen, carbon monoxide, and carbon dioxide
release) [12]. The released hydrogen in the insulating oils causes
difficulties in interpreting the gases results such as dissolved gas
analysis because the presence of hydrogen in the insulating oils
is not only due tothe effect of passivators (i.e. Irgamet™38) but also
depends on other mechanisms such as partial discharge. Therefore,
reliable condition monitoring tools are absolutely vital to monitor
the continuous presence of corrosive sulfur species in transformer
oils to avoid catastrophic transformer failure.

Initially, the detection of cormosive sulfur species is carried out
by the manufacturers of insulating oils to ensure that the cils com-
ply with the relevant international standards. Thereafter, corrosive
sulfur species are detected by transformer system operators, who
regularly undertake oil quality monitoring processes. To date, there
are four commeon standard corrosion tests, as presented in Table 1.
These tests rely on comparing the color of a silver or copper strip
with the ASTM copper strip corrosion standard [13] (see Fig. 1)
to deduce the corrosivity levels of the insulating oils under assess-
ment, Unfortunately, this method is imprecise due to visual-based
observations and the fact that it is an off-line test dependent on a
small sample volume compared with the total oil volume of the
transformer.

In order to realize a highly precise corrosion test method, we
proposed the use of a quantitative-based thin-film technology
|14]. The thin-film copper strips generate resistance values relative
to the level of il corrosiveness. These thin-film technology-based
sacrificial copper strips serve as a reliable sensor to track the pro-
gression of sulfur corrosion, especially the corrosive by-products
that are generated due to degradation in DBDS. The features of
the semsors in relation to corrosion of sulfur at varying tempera-
tures were investigated in [15] and further reported that the
chemical reaction rate between the corrosive by-products due to
degradation of DBDS and thin-flm copper was dependent on tem-
perature. However, solely detecting DBDS does not solve issues
linked with sulfur corrosion due to presence of other sulfur com-
pounds (ie, mercaptans, elemental sulfur, and organic sulfides)

ASTM COPFER STRI? CORROSION STANDARDS
ASTM TEST METHOD D I2D/IP 154
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Fig. 1. Copper strip cormsion standand based on ASTM D 130/1P 154,
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that induce sulfur corrosion. In order to completely cover the sulfur
corrosion paradigm, the proposed method enables two-fold contri-
butions; first, the development of a new test to track one of the
corrosive sulfur species, namely elemental sulfur and second, a
regression model that estimates the transformation resistance val-
ues of the sensors as a function of area and thickness, which has
been formulated and verified via two-level (2¢) factorial experi-
mental design.

2. Materials and methods
2.1. Sensors fabrication process

The schematic diagram of the sensors (i.e. area: 800 mm?) is
illustrated in Fig. 2. The thin-film copper strip was prepared by
evaporating pure copper {purity: 99.99%) onto a rectangular micro-
scope glass substrate with an area of 1875 mm®. Pre-cleaning of
the glass substrate was first carried out wsing acetone and iso-
propyl alcohol, followed by deionized water rinse, and finally,
blow-dried with nitrogen. The evaporation was conducted by using
a BOC Edwards E500a e-beam evaporator at a vacuum of 10-% -
mBar in nitrogen condition. In improving thin-film copper adhe-
sion on glass substrate, a 5-nm thick titanium layer was
evaporated prior to copper evaporation. Additionally, an aluminum
shadow mask was used to obtain a constant desired area of the
sensors, as detailed in Tables 2 and 3, respectively.

2.2 Two-level (%) factorial design of experiment for screening purpose

One-factor-at-a-time (OFAT) refers to a conventional method
for designing experiments that involve testing of variables by
changing one variable while retaining the rest at fived condition
Despite of its ease in implementation, this technique appears to
be ineffective in running multiple variables simultaneously. Due
to this reason, design of experiments (DoE) has been weighed in
as a suitable approach for multi-variable experiments as it signifi-
cantly eases the number of test runs and ultimately saves manu-

Table 1

Standard test methods to determine comosivity levels of ol
Met hod Materlal Description (0] Metal/Paper) Temperature (*C) Time (h)
DIN 51353 Az 100 mLj 1600 mm? - 100 18
ASTM D1275A Cu 250 mi {300 mm'- 140 19
ASTM D1ZT5E Cu 250 mi 300 mm‘_l'- 150 48
ES EN 62335 Cu 15 mif540 mm? /540 mm? 150 T2
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scale: 20 mm

glass

substrate copper

Hg. . Schematic diagram of the sensors (top view). The thicknesses of copper are
presented in Table 2.

Table 2
Levels of mixng process parameters.

Factor 1 (A: Area {mm”]) Factor 2 (B: Thickness ()

Type: Humerc Type: Numeric
1000 -1) 30(-1)
BOO(+1) T0(1)

Table 3

Factarial design matrix used for factors screening
Test run Varlable code

A Area (mi) B Thickness { nm)

1 +1 -1
2 +1 -1
3 +1 -1
4 -1 +1
5 +1 +1
1] -1 +1
7 -1 -1
B -1 -1
L] +1 +1
o -1 +1
11 +1 +1
12 -1 -1

facturing time and cost. There are the main reasons for DoE to be
applied extensively in the fabricating and manufacturing domains.

A number of technigues are available to assess the comrelations
between a primary aspect and other interaction factors in experi-
ments that embed multiple factors, for instance, response surface
methodology (RSM) [16] and factorial design, as well as Taguchi
method [17] and mixture design. In this study, the 2* factorial
design of experiment had been selected due to its capability in for-
mulating the regression model that predicts transformation resis-
tance values of the sensors as a function of area and thickness.
This regression model can be verified statistically via analysis of
variance (ANOVA).

The 2* factorial design of experiment had been performed using
Design Expert software version 1000 (Stat-Ease, Inc., Minneapaolis,
USA). A screening process was carried out to analyze the significant
effect of two independent variables with three repetitions for each
test run on the resistance values of the sensors. The 2¢ factorial
design matrix was used to screen the variables that consisted of
12 test runs (see Table 3). Table 2 presents the level of factors,
whereby minimum and maximum are designated as —1 and +1,
respectively. The measurements of resistance values of the sensors
were conducted by adhering to the 22 factorial design matrix. The
electrical resistance exhibited by the sensors was measured via 4-
wire measurement method in a Temperature and Humidity Con-
trolled Environmental Room with temperature fixed at
20 £0.5*C. The advantages of this methoed in low resistance mea-
surement have been listed in a prior study [ 14| The effects of area

and thickness (variables 1 and 2) on the sensor’s transformation
resistance values were determined by using a half-normal graph
and an effect list, respectively.

Next, a regression model was built to estimate transformation
resistance values exerted by sensors as function of thickness and
area. Both statistical significance and sufficiency of the regression
model were assessed using ANOVA. The outcomes retrieved from
2% factorial design of experiments determined the fit of the regres-
sion model, which contained coefficients (multiplied by related
factor levels), as follows:

Y= fia+ fidn + B 4 fraaz (1}

where Y is response, fi, represents coefficient associated with factor
n, whereas x; and %, are variables that represent facdors A and B,
respectively. Product x, % refers to interaction between individual
factors. fiy is model intercept, while f.x; and fia; are individual
effects of X7 and x:. fi,20% reflecs two-facor interaction between
¥y and x;. Next, regression analysis had been performed in units that
were coded, while coefficients had been based on the mded units,
After that, ANOVA was applied to obtain means squares (MS), meffi-
cient of determination (B°), sum of squares (55), as well as p-values
and F-values. Response surface plot was employed to visually identify
the interaction between the factors that affected the sensor’s transfor-
mation values. The linear regression model that described the corre-
lations between the effect of both variables (area and thickness) and
the transformation resistance values of the sensors were verified.

23, Preparation of corrosive oil and experimental procedures

The corrosive oil samples were prepared using Nytro Gemini X
mineral oil (courtesy of Nynas AB, Sweden). Elemental sulfur {purity:
909 998%, Sigma Aldrich) at three concentrations (15,20, and 25 ppm)
had been selected for simulation of varving levels of corrosion. Oil
samples without elemental sulfur were prepared as well to distin-
guish between corrosive and non-corrosive settings. Dilution based
on weight had been used to prepare the solutions, Solvent was used
to clean every beaker and later the beakers were dried at 105 °C for
about 30 min to ensure that no moisture is re@ined. Next, the glass
bottles were left to cool for about 10 min to room temperature, After
that, the solutions (insulating oils mixed with elemental sulfur) had
been stirred for ~.30 mins until the vellowish elemental sulfur solid
homogenously dissolved in the insulating oils using a hot plate mag-
netic stirrer. The temperature of the hot plate was fixed to 115+ 1°C
based on elemental sulfur melting point. The beaker was covered
with aluminium foil during the mixing process to avoid excessive
evaporation and contamination

In the attempt of accessing feasibility of sensors in monitoring
the progression of corrosive sulfur in insulating oil, a set of sensors
with similar area of 800 mm* and thickness of 50 nm was selected.
The initial resistance displayed by the semsors had been
0.34 #0.01 . The laboratory experimental tests were conducted
by immersing the sensors into glass Petri dishes that contained
30 mL of corrosive and non-corrosive oils. The Petri dishes were
covered with another Petri dish in order to minimize evaporation
of oil over the aging process time. [n this study, the samples were
aged in a fan-oven for 1 h at 90 =C. Prior to measuring resistance,
sensors were removed from the glass Petri dishes with clean pair
of tweezers and further cleansing with solvent to discard oil resi-
due on the surface of the sensors. Alteration in resistance because
of sulfur corrosion caused by elemental sulfur was calculated as
given in the following:

AR=R,-K 2)
where AR refers to change sensor resistance values, R, stands for

measured resistance values after 1 h of aging and K is the mea-
sured initial resistance prior to aging.
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3. Results and discussion
3.1. Screening factor experiment

The 2* factorial design, which was applied to screen the factor
experiment outcomes in effect list and half-mormal plot, is por-
trayed in Fig. 3 and Table 4, respectively. Fig. 3 illustrates that fac-
tors A (area), B(thickness), and A-B interaction {area and thickness)
are located away from the straight line, Besides, none of the vari-
ables coincide with the straight line. The plot that shows variables
A and E, as well as A-B interaction, refers to significant model
terms. These outputs are supported by the effect list, which
pointed out that variable A emerged as the most essential factor
with 90.19% of contribution. The 55 of the variable is 2.78. This is
followed by factor B with 7.98% contribution and 55 of 0.25. On
the contrary, the A-B interaction displayed a contribution of
0.14%, which signified the least contribution of this particular fac-
tor amongst the rest. The 55 for A-B interaction is 0.004. From the
outcomes, factor A significantly contributes higher to transforma-
tion resistance values of the sensors, when compared to factor B
and A-B interaction. [t shall be noted that 1.69% of the contribution
had been due to error.

32, Regression model
A regression model based on the 2° factorial design, which

described the transformation resistance values of the sensors as a
function of area and thickness, is presented in Eq. (3.

= 1.38 + 0.48x; + 0.1y + 0,015, {3)

Sl-

In order to easily visualize the factors that affected the transfor-
mation resistance values of the sensars, the response surface plot
was generated (see Fig. 4 ). As observed from Fig. 4, the transforma-
tion resistance values of the sensors increased gradually as the area
was decreased from 800 mm? to 100 mm?, while the thickness was
reduced from 70 nm to 50 nm. The prediction of transformation
resistance values of the sensors presented in Table 5 have been
hased on the regression modeling using the regression equation
(see Eq. (3)). Table 5 shows that the highest residual between the

measured and predicted value is 0.16 o,

Half-Normal Plot
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Fig. 3. Half-normal plot for the screening factors.

Table 4
Effect list of all model terms for the screendng factor estpenment.
Mode| term Standard|zed Sum of Percent age
effects Squares, 85 contribution (%)
A 09 278 o AL
B 029 0325 To8
A-B interaction 00538 0.004 LIAE]
Error 0.052 168
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Fig 4. Response surface plot of transformation mesistance values of the sensors vs.
area and vi. thickness.

Table 5

Measured and predicted trandormation redstance values of the sensors.
Testrun  Measured 1/yR value,  Predicted 1//f value,  Residual

yur}] i [!1'}:1 ¥ t!l'!‘:l

1 169 1.70 =00
2 1.74 1.70 004
3 187 1.70 —0.03
4 1 1 =001
5 218 m 016
[ 098 1. —0.04
7 076e o7 —0.02
B o orr o1
9 200 m —0.02
L] 1.08 1. [T
11 1.89 m =013
12 078 orr o1

The details of ANOV A outcomes for the factorial model are sum-
marized in Table 6. The overall regression model seems to be sta-
tistically significant since the p-value is <0.0001 (below 0.05). In
addition, the p-values for individual facrtors are below 005
(«0.0001, 0.0003, and 04341 for Factors A and B, as well as A-B
interaction, respectively). Hence, the regression model built in this
research appears adequate as the value of B is 09831, signifying
that the model can explain 98.31% of the total variation of the sen-
sor's transformation resistance values because of variation in the
independent variables (area and thickness).

3.3 Model verification

In order to validate the regression model presented in Eq. (3},
three additional sensors (area: 300 mm®-800 mm?; thickness:
60 nm-70 nm) were fabricated. The measured 1,/+R values of the
sensors were obtained by measuring their resistance, while the

predicted 1/+/R values of the sensors were calculated using Eq.
(3), The predicted values were compared with the measured val-
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Table 6
ANOVA results for the factorial model
Source Sum of squares, S5 Degrees of freedom,Df ~ Mean square, MS  F-value  p-value Coefficient of determination, &
Model 3.030 3 1.010 15530 < 0.0001 0.9831
A Area 2780 1 2.780 42738 < 0.0001
B: Thickness 0.250 1 0.250 3783 0.0003
A-B Interaction 0.004 1 0.004 0.68 04341
Pure error 0.052 8 0.007
Comected total sum of squares ~ 3.080 11
Table 7
Comparison between the measured and predicted1 /v/R of 3 new sensors for verification.
Sample Area (mm?) Thickness (nm) Measured1 /R value (@F) Predicted 1/VR value (%) Percentage difference (%)
1 300 70 143 131 839
2 450 70 149 1.52 2m
3 800 80 200 1.86 700

ues, as tabulated in Table 7. The average percentage variance
between the measured and predicted values is 580%. The root
mean square error (RMSE) between the actual value, ¥, and the pre-
dicted value, y, was obtained using:

1o 2
RMSE=\'E§U.'—.V-') @)

The RMSE for the three sensor samples is 0.1079. This value is
higher than the regression model as it was determined from only
three samples. The accuracy of the RMSE can be increased by hav-
ing larger sample population.

3.4. Thin-film sacrificial copper strips as sulfur corrosion sensors

The addition of elemental sulfur into insulating oils at varied
concentrations produced varying corrosion settings. Fig. 5 shows
that incremental change in elemental sulfur concentrations leads
to increased loss of copper from glass substrate, hence modified
the sensor surface morphology. After 1 h of aging at 90 °C in the
presence of oxygen, the sensor surface aged in non-corrosive
(Oppm) oil remained unchanged. This indicates that the occur-
rence of sulfur corrosion is impossible due to absence of elemental
sulfur in the insulating oil. Fig. 5 shows that the quantity of copper
loss is higher with increased concentration of elemental sulfur

(25 ppm), thus causing corrosion of almost all of the copper. It is
relatively challenging to distinguish between the sensors aged in
15 ppm and 20 ppm of elemental sulfur. Therefore, a low resis-
tance measurement method is proposed in this study to assess
the feasibility of this method in measuring resistance values of
the sensors.

Based on theory, the escalating changes in sensor resistance
(AR) is linked with the decreasing amount of copper from glass
substrate. In order to verify this theory, resistance was measured
with a digital micro-ohmmeter (Megger Ducter™ DLRO-10X, Meg-
ger Ltd., UK). Fig. 6 displays the variation in AR, which serves as a
function of elemental sulfur concentrations. The AR increases from
0.00 2 to 8.08 2, with increment in elemental sulfur concentra-
tions from 0 ppm to 25 ppm. This increase suggests a decreasing
amount of copper from the glass substrate, as observed from
Fig. 5. This finding demonstrates that increments in elemental sul-
fur concentration enhances the process of sulfur corrosion. In gen-
eral, the value of AR aged in non-corrosive oil (0 ppm of elemental
sulfur) remained unchanged. The elemental sulfur began attacking
the surface of copper at low concentration (15 ppm), whereby AR
increased from 0.00 Q2 to 0481, Fig. 6 illustrates that loss of copper
from glass substrate had been higher with increased concentration
of elemental sulfur (20 ppm), when compared to 15 ppm that led
to rapid corrosion of thin-film copper strip and slight increment
in the value of AR. Meanwhile, the value of AR aged in 25 ppm

Hg. 5. Surface morphology of 50 nm thin film copper strips aged at 90 °C In different elemental sulfur concentrations: (a) 0 ppm, (b) 15 ppm, (c) 20 ppm. and (d) 25 ppm.
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of elemental sulfur increased rapidly to 8.08 €2 as almost all the
copper had corroded. Hence, it can be deduced that the experimen-
tal results offer evidence that the elemental sulfur plays a vital role
in creating a corrosive environment on the copper surface in power
transformers.

4. Conclusion

This paper presents evidence that the 22 factorial design is
indeed a useful method to assess the significant effect of twoinde-
pendent variables on transformation resistance values of sacrificial
copper strip sensors. This technique decreases sensor fabricating
time and costs as it only requires a small number of test runs, in
comparison to those demanded in the OFAT method. Besides, the
outputs retrieved from 2° factorial design revealed that the sensor
area has greatest impact on the sensor’s transformation resistance
values gave 90.1 9% contribution, A regression model that describes
the correlation between two independent variables (area and
thickness) and transformation resistance values of the sensors
has been developed. It can be concluded that the model is accept-
able in predicting the transformation resistance values of the sen-
sors as a function of area and thickness, whereby B and p-value of
the model are 0.9831 and <0.0001, respectively, The regression
madel generated in this study is remarkably exceptional with an
RMSE of 0.1079. The experimental cutcomes revealed that the pro-
posed thin-film sacrificial copper strips are indeed feasible in mon-
itoring progress of sulfur corrosion in oil-immersed power
transformers via 4-wire measurement technique,
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Executive Summary
Previous project on the aging behaviouwr of dedecylbenzene in the presence of copper and dibenzyl
disulphide (DBDS) funded by the National Gnd plc revealed that the absorption edge of ultraviolet-
visible (UV-Vis) specttum shifted fo a longer wavelength for a relatively large concentration of DBDS
(2000 ppm). For this reason, the comosive cils with different DBDS concentrations were monitored
using the same methed In addition, UV-Vis spectroscopy was used to charactense the sulphur-
comrosive oils based on the spectral response parameters of the oils. Based on the results, 1t can be
deduced that this techmique 1s not feasible for detection and condiion monitoning of comrosive sulphur
for the following reasons. Firstly, this method is not sufficiently sensitive to detect the presence of
DEBDS at lower concentrations (=100 ppm). Secondly, there is a possibility that one will misinterpret
the results obtained from UV-Vis spectroscopy becanse this method alse detects the presence of other
compounds in the msulating oils.
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1 Introduction

Within the last ten years (2008-2017), research has been made on the application of ultraviclet-wisible
{UWV-V13) spectroscopy for: (1) measunng the transformer oil mterfacial tension [1], (2) on-site analysis
of transformer paper insulation [2], and (3} Furan estimation in transformer oil insulation [3]. Eecently,
the use of UV-Vis is further applied to investigating the aging behaviowr of dodecylbenzene in the
presence of copper and dibenzyl disulphide (DBDS) [4]. The results presented in [4] provide evidence
that the absorption edge shifted to a longer wavelength in accordance with the aging time. The same
pattern could be observed when companng two different oil samples: (1) without DBDS, and (2) with
the presence of relatively large amount of DEDS (2000 ppm). De to these reasons, 1f 1s hypothesised
that the semi-conductive copper sulphide results from sulphur-corrosion (due to the breakdown of
DEDS) dissolved in insulating oils may influence the spectroscopic performance.

UV-Vis spectroscopy 1s a powerful non-destructive test that 1s based on the absorption or reflectance
speciroscopy in the uliraviolet visible spectral region. Theoretically, the variations m UV-Vis spectral
response are due to the changes in oil colour [5]. This equipment consists of a light source with a
wavelength of 200 nm to 1100 nm. This light source 15 penefrates through any hiqud such as transformer
o1l which is placed in a cuvette. The light is penetrates via input fiber when the sample interacts with
the oil, and the passed light is fired to the spectrophotometer by the output fiber. This spectrophotometer
13 connected to a computer for displaying and analysing the spectral response of the oil sample.

Light transmutted through the o1l sample contaiming various contaminations 1s decreased by that fraction
being absorbed and is detected as a function of wavelength. According to Beer-Lambert Law, the
amount of light absorbed or transmitted by a selution can be calculated as:

1, 1 )
Ay = logyg [T] = log 4o {F) = el (1)

Where:

A; - light absorbance

I: light intensity transmitted through the reference blank

I: ight intensity transmitted through the sample

T: light transmittance

£: absorbance coefficient of the substance (umique for each substance)

¢: concentration of the absorbing species (gram/litre)

1: path length traversed by the light (sample path length measured in centimetres (width of the cuvette
almost always lem))
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2 Preparation of Corrosive Oil and Bare Copper Samples

Nytroe Gemini X mineral oil was used to prepare the cil samples. This type of oil was used as a base
because it was claimed by manufacturer that it was free from detectable DEDS (maximum total sulplur
content: 0.05%) and metal passivators, respectively. To reduce the effect of water towards the
expenimental results, the oil samples were degassed at 85 £ 1 °C in a vacuum oven for 48 h. Next, the
simulation of different corrosion levels is accomplished by adding DBDS with a punty of = 98% into
glass bottles contaiming the dred oil samples at two different concentrations: (1) 100 ppm. and
{2) 1000 ppm. Each glass bottle was cleaned with acetone, followed by distilled water and then dred
for ~ 30 nun at 105 °C in order to elimmate both moisture and impurities. The glass bottles were then
cooled to room temperature for -~ 20 min. Subsequently, the solutions (insulating ocils mixed with
DEDS) were stirred for ~ 1 h using a hot plate magnetic stirrer until all DBDS crystals have dissolved
in order to attain homogeneous mixtures. The temperature of the hot plate was set between 70.5 £ 1.5 °C
based on the melting point of the DBDS. The bottles were covered with alummium foil during the
mixing process to prevent moisture and impurity ingression.

In contrast, the copper samples with an area of 200 mm’ and thickness of 300 = 10 pm were preparsd
by polishing copper sheets with abrasive paper. The copper sheets were cleaned three fimes with
cyclehexane (purity: = 99%, Fisher Scientific UK Ltd, UK). This process is crucial to remove oxide
layers that have formed on the surface of the copper sheets. The treated copper samples were placed
carefully into headspace glass vials that contained 15 mT of mineral oil {(with and without DBDS). The
glass vials were sealed with sulphur-free polytetraflucreethylene (PTFE)-faced silicone septum and
aluminivm caps. The samples were aged in an air atmoesphere using a digital forced comvection
laboratory oven set at 130+ 1 °C for 72 h. Once the ageing process was complete, the copper samples
were taken out from the vials using a clean pair of tweezers. The copper samples were degreased by
rinsing the samples with cyclohexane three times. The oil samples were placed in a sealed glass wals
before been stored under vacuum condifions mside a desiccator to prevent the samples from moisture

Ingression.

3 Experimental Set-Up of UV-Vis Spectroscopy

Three oil samples were characterised as: (1) non-comosive oil (0 ppm), (2) mldly comosive o1l
(100 ppm), and (3) highly comosive o1l (1000 ppm). Perkin Elmer Lambda 33 UV-Vis
spectrophotometer were used for spectroscopy measurements of the oil samples once the ageing process
was completed. This instrument 15 equipped with quartz cells, with a path length of 10 mm and a
wavelength range of 200 - 1100 nm. In order to examine the effect of the cuvettes filled with oil samples
on the spectroscopy measurements, an empty cuvette was scanned and its spectrum was stored as

reference (auto-zero mode). Next, each cuwvette was filled with 3.5 ml of o sample using

6
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Eppendorf Multipette® Stream pipette and the samples were scanned using a spectrophotometer. The
spectral absorbance characteristics of the oil samples were determined by identifying the difference
between the spectral response of each o1l sample and the reference speciral response. The UV-Vis
spectroscopy measurements were repeated three times for each oil sample using a new cuvette to ensure
consistency of the results. It shall be noted that it is crucial to mimmise the presence of water bubbles
in the msulating o1l samples because the bubbles will affect the measurement results. For this reason,
the insulating o1l samples were left for ~ 10 min until there were no water bubbles present after each oil

sample was poured into a cuvette.

4 Results

Figure 1 shows the UUV-Vis spectra of the msulating oils aged with the copper samples at 150+ 1 °C
for 72 h. It can be observed that there 1s no significant difference in the percentage of hight transmission
between the non-corrosive ol (0 ppm) and mildly corrosive oil (100 ppm), since the UWV-Vis spectra
for both o1l are almost coincidental. However, the percentage of light transmission i1s lowest for the o1l
sample with the highest DBDS concentration (1000 ppm). This indicates that the presence of relatively
highly comosive by-products in the insulating oil resulting from breakdown of DBDS reducing the
percentage of light transmission. The results conform with the Beer-Lambert Law given in Section 1.
According to the Beer-Lambert Law, the light absorbance increases in proportion with the increase m
conceniration of the absorbance species. Hence, 1t 15 expected that the percentage of hight transmission
decreases with an increase in the DBDS concentration, as evidenced from the results shown in Figure 1.
In addition, the UWV-Vis spectra of the mmsulating oils are also influenced by the agemng condition
{Le. aged in air or mitrogen) and the ageing time [6]. This is due to the fact that the presence of other
compounds resulting from higher oil acidity contmibutes to changes in the light absorbance
charactenistics and thus, UV-Vis spectra. Therefore, it 15 difficult to distimngmish between the effect of

corrosive ol and ageing using this method.
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Figure 1. UV-Vis spectra of insulating oils aged in (a) 0 ppm, (b) 100 ppm, and () 1000 ppm of
DBDS.

5 Conclusion

In conclusion, UV-Vis spectroscopy 1s mmpractical for the detection and condition monitoring of
comosive sulphur. The results presented in this repert clearly show that the significant changes in
UW-Vis spectra only occwrred if the DEDS concentration 15 more than 100 ppm. Besides, it is evident
here that the presence of commosive sulphur species (due to the breakdown of DBDS) in the msulating
o1l cannot be detected wsing this method sinece UV-Vis spectroscopy also detects the presence of other
compounds m the oil Hence, further mvestigation is essential to amalyse the performance of an
electrical-based methed. n the form of DC conductivity to detect and momnitor the progression of sulphur

corrosion In insulating cils.
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Executive Summary

Previous studies have shown that the peak current and saturation current are higher for insulating cils
containing dibenzyl disulphide (DBEDS) compared with those without DBDS. For this reason. it is
hypothesised that the increasing amount of copper in the insulating oils due to sulphur-comesion (cansed
by the breakdown of DBDS) affects the charge movement in the oils, resulting in higher ol
conductivity. In this research. DC conductivity measurements were carmried out using Keithley 6317
plcoammeter to monitor the progression of sulphur comresion in insulating oils. Based on the
preliminary results presented in this report, the graphs overlap each other and therefore, it 1s difficult to
distingiush the trends of dissolved copper in the corrosive insulating oils using this methed. In addition,
the increase in oil conductivity is assumed to be due to the presence of other impunties, particularly
moisture. Hence, this method 1s not suitable to be used as a potential tool for detection and condition
monitering of corresive sulphur since the small interferences by moisture may lead to misinterpretation
of the results.
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1 Introduction

Impurities present in the insulating oils effect the charge movement in the oil (resistance), resulting in
changes to the oil conductivity. Due to this, it is hypothesised that DC conductivity measurements
are feasible in detecting and momitoring the semi-conductive copper sulphide existing in mineral
insulating oils. In addifion, higher DBDS concentrations will result in higher DC conductivity values.
To date, various international standards have been proposed to provide guidance for DC conductivity

measurements as shown in Table 1 [1]-[3].

Table 1. Summary of international standards for DC conductivity measurements of nsulating liquids
[173]. (* Used m thas research work)

Standard Method Description Electrical | Electmification
Stress time
IEC Current measurement, | Conductivity is related to an =01 =5sg
61620 trapezoidal voltage initial current density EVmm™?
IEC Current measurement Conductivity is read at a 0.05- 60 3
60247 with DC voltage steady state current density 0.25
EVmm™?
*ASTM Current measurement Conductivity is read at a 0.2-12 60 s
D 1169 with DC voltage given instant of time EVmm™?

There i5 also a research [4] applying Polansation and Depolansation Current (PDC) measurements to
monitor the conductivity and moeisture content in mineral insulating oils. According to the results
presented in [4], the polanisation current is divided imto two: (1) polanisation curent occurred initially
{approximately = 100 s) — due to conductivity of insulating cils, and (2) polarisation current occurred
after a longer period of time (t = 10 000 s) — due to moisture content in msulating oil. Considenng the
suggestions given by ASTM D 1169 and the author in [4], the initial current at 60 s is taken into account
in order to analyse the pattem of 0il conductivity due te cormosive sulphur.

2 Experimental Set-Up of DC Conductivity
Measurements

The DEDS concentrations used in this study were 0, 100, and 200 ppm. Three oil samples (each with
the same DBDS concentration) are required to make sure the il sample was fully discharged before
the following DC conductivity measurement was started. Hence, each sample consists of 40 mL of o1l
aleng with a copper stiip in a 30 ml headspace vial. The dimensions of the copper smp are described
in Section 2 (The Effect of Comrosive Oil on UV-Vis Spectroscopy). The samples were aged in an air
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atmosphere using a digital forced convection laboratory oven set at 130 = 1 °C for 10 days. It is crucial
to cover all headspace vials with a glass Petn dish to prevent excessive evaporation during the ageing
process.

The expenimental set-up used for DC conductivity measurements of the o1l samples is illustrated in
Figure 1. The DC power supply was comnected in series with a 5 mlL cylindrieal test cell and

picoammeter. A 10 MQ protection resistor was connected in series between the DC power supply and

5 mL cylndrical test cell to prevent damage to the picoammeter.

A0 M

Figure 1. Experimental ;et-up for DC conductivity measurements.

Table 2 shows the measured test cell geometry used in this experiment. These parameters are used to

calenlate &, which is a constant based on the test cell geometry.

Table 2. Measured test cell geometry

Parameters Measured values (m)
Onater radius, 1y 0.0120
Inmer radius., 0.0100
Height I, 0.0364

Since the test cell is cylindrical. & can be written as [2]:

1 2megi08,1,

T
Eg in2
L5

where ry and ry, represent the outer and inner radius of the test cell, respectively, I, is the height of the

test cell, £ 1s the vacuum permittivity, and £ 15 the relative permittivity of air (=1).
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In this expeniment, the cument flowing through the oil samples was measured and the DC conductivity

of the cil samples was determined from the following equation [2]:
I
g=— 2
kV
Here, & is the DC conductivity of the oil sample, I'is the measured current, and I”is the electric potential

across the sample.

3 Results

Since the presence of water in the msulating ocils will significantly affect the DC conductivity
measurements, several tests were conducted to ensure that the water content is approximately the same
for all cal samples in this study. Through several expenmental works, the optimum time taken to degas
and dry the cil samples in the vacuum oven without any heating procedures 15 four days. It is found that
the water content of the insulating oils 15 15+ 1 ppm_

Figure 2 shows the DC o1l conductivity values for a DBEDS concentration of ' ppm, measured at three
different times. It 1s found that the relative difference between each curve is less than 32% based on the
average conductivity values determined every 12 s. Since the temperature and water measured
thronghout the experiments are relatively constant, it is considered that the repeatability of this test is
acceptable.

Figure 3 and Figure 4 show the DC conductivity results of non-commosive (0 ppm) and comosive
(100 ppm, and 200 ppm) oil samples under 1 kV/mm at 25 °C measured at three different times for
steady-state conductivity and imtial conductivity, respectively. It is evident from the results that the
graphs overlap each other and therefore, it is difficult to distinguish the trends of dissolved copper and
sulphur in the corrosive msulating oils using this methed. These findings are contradictory with the
results presented mm [5] whereby the authors claimed that the msulating oil contamung DBDS has a
higher peak cument and saturation curmrent compared with the o1l without DBEDS. In addition, the
increase in o1l conductivity is assumed to be due to the presence of other impunties, particularly

molshure.
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Figure 2. DC conductivity results of non-corrosive (0 ppm) o1l samples nnder 1 kV/mm at 25 °C
measured at three different times.
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Figure 3. DC conductivity results of non-comosive (0 ppm) and commosive (100 ppm and 200 ppm) o1l
samples under 1 kV/mm at 25 °C measured at three different fimes — steady state conductivity.
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Figure 4. DC conductivity results of non-commosive (0 ppm) and comosive (100 ppm and 200 ppm) o1l
samples under 1 kVimm at 25 °C measured at three different times — imitial conductivity.

4 Conclusion

It 1s proven that this method 15 not feasible for detection and condition monitoning of commosive sulphur
since the small mterferences by moisture could lead to the mismterpretation of the results. For this
reason, we are investigating a new method ufilising the use of a thin film sacrificial copper stop to
detect the changes in electncal resistance due to the progression of sulphur corrosion in insulating oils.
The varations of comosive by-products resulting from the breakdown of DBEDS are detected and
monitored using thin film copper fabnicated onto a glass substrate. The summary of this work has been
presented at the 74 TEEE Intemational Conference on Dielectrics (ICD 2018).

10
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APPENDIX C: UHPSFC-MS DATA SETS
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APPENDIX D: SURFACE MORPHOLOGIES OF
THE SENSORS

D.1 HIGH-DEFINITION QUALITY IMAGES OF SENSORS AGED AFTER 1 H

(10 PPM OF Sg AT 110 °C)

Sensor 1 Sensor 2 Sensor 3 Sensor 4 Sensor 5
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D.2 HIGH-DEFINITION QUALITY IMAGES OF SENSORS AGED AFTER 2.25H

(10 PPM OF Sg AT 110 °C)
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