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Existing protocols (e.g., ASTM D 1275-B standard test method) applied to detect and monitor sulfur
corrosion in transformer insulating oils are imprecise as it depends 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 to investigate the significant effect of area and thickness 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

:?(:{::r)ir:lsélesi N revealed that area, as a variable, exhibited higher significance at 90.19%, compared to either thickness
Sulfur & or interaction 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 transformation resistance
values. Finally, this paper details the clear correlation between the sensor’s transformation resistance

4-Wire measurement
Corrosion sensor

Thin-film copper

values and elemental sulfur concentration.
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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 (frequently
encountered in asphaltenes), as well as metal species and aromatic
compounds. Hence, the oil refinement process should completely
remove or minimize these impurities, particularly sulfur, because
corrosive elemental sulfur can react with copper and cause a speci-
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fic corrosion 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 corrosive 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 corrosive 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, it is 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 DBDS 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 oils. 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 to the effect of passivators (i.e. Irgamet®39) 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 corrosive sulfur species is carried out
by the manufacturers of insulating oils to ensure that the oils 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 common 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 oil 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 sensors 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-film 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 (i.e., mercaptans, elemental sulfur, and organic sulfides)
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Fig. 1. Copper strip corrosion standard based on ASTM D 130/IP 154.

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 (22) 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 using 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 1076 -
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 (2?) 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 fixed 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 corrosivity levels of oils.
Method Material Description (Oil/Metal/Paper) Temperature (°C) Time (h)
DIN 51353 Ag 100 mL/1600 mm?/- 100 18
ASTM D1275A Cu 250 mL/300 mm?/- 140 19
ASTM D1275B Cu 250 mL/300 mm?/- 150 48
BS EN 62535 Cu 15 mL/540 mm?/540 mm? 150 72
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scale: 20 mm

glass

substrate copper

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

Table 2
Levels of mixing process parameters.

Factor 1 (A: Area (mm?))
Type: Numeric

Factor 2 (B: Thickness (nm))
Type: Numeric

100 (-1) 50 (-1)
800 (+1) 70 (+1)
Table 3

Factorial design matrix used for factors screening.

Test run Variable code
A: Area (mm?) B: Thickness (nm)

1 +1 -1
2 +1 -1
3 +1 -1
4 -1 +1
5 +1 +1
6 -1 +1
7 -1 -1
8 -1 -1
9 +1 +1
10 -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 techniques are available to assess the correlations
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 22 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 22 factorial design of experiment had been performed using
Design Expert software version 10.0 (Stat-Ease, Inc., Minneapolis,
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 22 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 method 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
22 factorial design of experiments determined the fit of the regres-
sion model, which contained coefficients (multiplied by related
factor levels), as follows:

Y = Bo + B1X1 + PaXa + PraXiXa (1)

where Y is response, f, represents coefficient associated with factor
n, whereas x; and x, are variables that represent factors A and B,
respectively. Product x;x, refers to interaction between individual
factors. B, is model intercept, while g,x; and p,x, are individual
effects of x; and x,. ,,X1X, reflects two-factor interaction between
x; and x,. Next, regression analysis had been performed in units that
were coded, while coefficients had been based on the coded units.
After that, ANOVA was applied to obtain means squares (MS), coeffi-
cient of determination (R?), sum of squares (SS), 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.

2.3. 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:
99.998%, Sigma Aldrich) at three concentrations (15, 20, and 25 ppm)
had been selected for simulation of varying 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 retained. 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 yellowish 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 sensors had been
0.34 +0.01 Q. 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. In 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; —R; (2)
where AR refers to change sensor resistance values, R; stands for

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

The 22 factorial design, which was applied to screen the factor
experiment outcomes in effect list and half-normal 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 B, 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 SS of the variable is 2.78. This is
followed by factor B with 7.98% contribution and SS 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 SS 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. It shall be noted that 1.69% of the contribution
had been due to error.

3.2. Regression model

A regression model based on the 22 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; + 0.14x, + 0.019x;x, (3)

In order to easily visualize the factors that affected the transfor-
mation resistance values of the sensors, 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
based 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 Q.
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Fig. 3. Half-normal plot for the screening factors.

Table 4
Effect list of all model terms for the screening factor experiment.
Model term Standardized Sum of Percentage
effects squares, SS contribution (%)
A 0.96 2.78 90.19
B 0.29 0.25 7.98
A-B interaction 0.038 0.004 0.14
Error 0.052 1.69

5
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Fig. 4. Response surface plot of transformation resistance values of the sensors vs.
area and vs. thickness.

Table 5
Measured and predicted transformation resistance values of the sensors.
Test run Measured 1/vR value, Predicted 1/vR value, Residual,
R Y (@} Y-y (@)
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

The details of ANOVA 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 factors are below 0.05
(<0.0001, 0.0003, and 0.4341 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 R? is 0.9831, 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/v/R values of the
sensors were obtained by measuring their resistance, while the
predicted 1/+v/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, SS Degrees of freedom, Df Mean square, MS F-value p-value Coefficient of determination, R’
Model 3.030 3 1.010 155.30 < 0.0001 0.9831

A: Area 2.780 1 2.780 427.38 < 0.0001

B: Thickness 0.250 1 0.250 37.83 0.0003

A-B Interaction 0.004 1 0.004 0.68 0.4341

Pure error 0.052 8 0.007

Corrected 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/vR value (Q%) Predicted 1/v/R value (Q%) Percentage difference (%)
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

ues, as tabulated in Table 7. The average percentage variance
between the measured and predicted values is 5.80%. The root
mean square error (RMSE) between the actual value, ¥, and the pre-
dicted value, y, was obtained using:

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
(0 ppm) 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

@

Fig. 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.

(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 Q to 8.08 Q, with increment in elemental sulfur concentra-
tions from O 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 Q to 0.48 Q. 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
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Fig. 6. AR of the sensors aged in (a) 0 ppm, (b) 15 ppm, (c) 20 ppm, and (c¢) 25 ppm
of elemental sulfur.

of elemental sulfur increased rapidly to 8.08 Q 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 two inde-
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 22 factorial design revealed that the sensor
area has greatest impact on the sensor’s transformation resistance
values gave 90.19% 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 R? and p-value of
the model are 0.9831 and <0.0001, respectively. The regression
model generated in this study is remarkably exceptional with an
RMSE of 0.1079. The experimental outcomes 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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