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ABSTRACT The problem of sulfur corrosion has seriously affected the safe and stable operation of the
power transformers. Currently, adding passivators into the transformer oil is the most effective method to
suppress the problem. However, no explicit provisions have been made for the optimum concentration of
the specific passivators. In this paper, the transformer oils with different corrosive sulfurs and different
aging degrees were used to study the protective performance of three different passivators. By comparing
the copper surface, the optimum concentrations for each passivators were acquired. Moreover, by testing
the breakdown voltage, dielectric loss factor, volume resistivity, and moisture content of the insulating oil
after adding passivators with the optimal concentration, the effect of three passivators on the oil quality was
obtained. Results show that the three passivators have different protective performance on different types of
corrosive sulfurs. Irgamet 39 has a better protective effect at lower concentrations than the other two. The
protective effect of all three passivators on dodecyl mercaptan is poor, and a new type of passivator capable of
protecting against dodecyl mercaptan needs to be developed. Moreover, the three passivators have different
protection performance on the transformer oils with different aging degrees. The protective performance is
poor especially for the oils with longer running years or passivators with lower concentrations. Among the
three passivators, Irgamet 39 had the smallest impact on the oil quality, followed by T571 and then TTA.
The above research can provide some references for guiding the passivator addition in actual projects and

preventing the occurrence of sulfur corrosion failures.

INDEX TERMS Insulation oil, corrosive sulphides, passivator, optimum concentration, oil quality.

I. INTRODUCTION

The corrosive sulphides in the transformer oil could react
with the copper wire to generate cuprous sulfide, which is
deposited on the surface of the copper wires, leading to reduce
its electrical properties and cause insulation failure [1], [2].
In recent decades, the corrosive sulfur faults have been sub-
stantially discovered in China, Japan, Europe, and other coun-
tries [3], [4]. Due to the lack of accurate risk assessment on
sulfur corrosion and effective countermeasures, the insulation
failure caused by sulfur corrosion has seriously affected the
safe operation of power transformers.

At present, lots of methods have been done to reduce the
damage of corrosive sulfur. For instance, strengthening the
inspection of new transformer oil, controlling the operating
conditions, oil change or oil mixing, desulfurization, and

addition of metal passivators. However, none of them can
completely eliminate the phenomenon of sulfur corrosions.
Among those methods, adding passivators into the trans-
former oil is the most useful method [5]. Ren et al. [6] have
found that the passivator can produce a protective film on the
copper winding surface, hindering the reaction of corrosive
sulfur and copper windings. Lukic et al. [7] found that TTA
could react with oxygen to suppress the precursor of Cu,S,
and also form the protective film on the surface of copper
windings, which both can protect the copper winding from
corrosion. Wan et al. [8], Sundara et al. [9] and other scholars
have found that the corrosion inhibition of the Irgamet 39 cop-
per winding is also a film-forming type and the protective
film is very strong, which is resistant to high temperatures and
oxygen, thus improving the oxidation stability and dielectric
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loss factor of the sample oil. Martins and Gomes [10] found
that when the concentration of Irgamet 39 in the oil is greater
than 50 ppm, it can have a good corrosion inhibition effect
and also improve the oxidation stability of the oil sample and
reduce the sediment. Wan et al. [11] and Qian et al. [12]
and others found that T551 can effectively reduce the copper
content of transformer oil, which has a significant inhibitory
effect on copper corrosion and oil aging. Yu et al. [13]
found that the small transformers with paper-wrapped copper
winding can impede the copper corrosion and passivate the
metals, weakening their ability to promote oil oxidation and
increasing the antioxidant properties of oil. Ingvild et al. [14]
found that no effect of Irgamet 39 on the corrosion of copper
in systems had started and the effect was found to be very
good on fresh copper surfaces. Moreover, the factors such
as temperature, copper, insulating paper and atmospheric
environment all have effects on the dissipation characteristics
of the passivators. For instance, the presence of oxygen would
lead to a large consumption of passivators [15]. Arvidsson
and Ravnemyhr [16] pointed out that a slight increase of
temperature would lead to the rapid consumption of passiva-
tors. The IEC 60422-2013 stipulates adding passivator with
mass fraction greater than 10~ in the transformer oil and
maintaining the mass fraction greater than 50x 1079 to ensure
the safe operation of the transformer. However, no explicit
regulations are given for the optimum concentration of the
specific passivators. Though adding passivators to the trans-
former oil to retard the sulfur corrosion has been verified,
the exact concentration of passivators, especially the differ-
ence of protection effectiveness between operating oils and
new oils still need to be further explained.

In this paper, the dibenzyl disulfide (DBDS), dode-
canethiol (DDM) and a combination of the two were added
to the non-corrosive transformer oil, and with addition of
three different concentrations of Irgamet 39, T571 and TTA.
Then the accelerating thermal aging test were conducted at
150 °C temperature. The corrosion degree of the copper
surface was observed to acquire the optimal concentration of
each passivator for different corrosive sulfurs. By testing the
breakdown voltage, dielectric loss factor, volume resistivity
and moisture content of the insulating oil after adding the
optimal concentration of the passivators, the effect of three
passivators on the oil quality was obtained.

Il. OIL-PAPER INSULATION AGING EXPERIMENT

ON MULTIPLE CORROSIVE SULFIDES

The test materials were: non-corrosive new transformer oil,
operating oil of Fujian Shuikou substation, insulation paper
(thickness 0.07 mm, width 25 mm), copper windings, TTA,
Irgamet 39 and T571 passivators. The molecular structure of
TTA is C7H7N3. The molecular structure of Irgamet 39 and
T571 are both Cy4H4yNy, except that T571 is added with
a small amount of antioxidant. The concentration addition
of sulfide and passivators are shown in Table 1. For the
protection mechanism of the above three passivators, what
TTA and Irgamet 39 have in common is that they can be
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TABLE 1. Concentration addition of sulfide and passivators.

Group of sulfide addition Typ e of Cont_ent of
passivators passivator
Oppm
A DBDS(200ppm) Irgamet 39 50ppm
B: DDM(400ppm) TTA 1000pm
C: DBDS+DDM(100+200ppm) 571 pp
D: Shuikou oil 150ppm
200ppm

adsorbed on the copper surface to form a protective film,
which can prevent the corrosive sulfides from reacting with
the copper windings. The differences are as follows. On one
hand, TTA could react with oxygen and Cu™ to inhibit the
precursor required for the formation of Cu;S, which Irgamet
39 does not have. On the other hand, the protective film
formed by Irgamet 39 on the copper windings is very strong
and resistant to high temperatures or oxidization, which TTA
does not have [17]. T571 is a passivator made up of Irgamet
39 and a small amount of antioxidants, therefore its purity is
lower than Irgamet 39 [8].

At present, there are some qualitative test methods and few
quantitative test methods for sulfur corrosion. The qualitative
test of sulfur corrosion can evaluate whether the insulating
oil is corrosive, such as the standards DIN 51353, ASTM
D1275 and ISO 5662. The qualitative test could also judge
the corrosion degrees in a certain quantitative extent, such
as the standard ASTM D 130/IP 154. On the other hand,
there are few studies on the quantitative evaluation of sulfur
corrosion, as it is a difficult point and there always occurs
that the sulfur concentration is lower than the detection line.
On the whole, the method for accurately evaluating the sulfur
corrosion of transformer oil is still based on qualitative tests.
Due to the problem of detection lines, only few immature
quantitative evaluation schemes have been developed. There-
fore, the mature ASTM D 130/IP 154 method was finally
selected to evaluate the corrosive degree of sulfur corrosion
in this paper.

The specific experimental steps are as follows. Firstly, the
copper strip wrapped of insulating paper was cut to the 3 cm
preliminary test sample by the bolt cutter. The outer layer of
the insulation paper was peeled off with tweezers, leaving
only the innermost layer of insulating paper as the test copper
strap wire. Then the 15 mL pre-treated insulating oil samples
(shown in Table 1) were added to the new 20 mL empty
bottle and the prepared 3 cm test copper strap wire was placed
upright into the empty bottle with tweezers. After ensuring
that the test copper strap wire is completely immersed into the
oil sample, the bottleneck of bottles were sealed by a metal
cap made of rubber gasket, as shown in Figure 1. All sample
bottles were put into a thermostat with temperature controlled
at 150 °C £ 2 °C. After aging for 72 h &+ 0.5 h, the sample
bottles were taken out with a cap opener. After cooling to
the ambient temperature, the copper strip was removed from
the bottles and rinsed with petroleum ether to remove the oil
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FIGURE 1. The oil samples with different concentration of sulfides and
passivators.

stains on the insulating paper and copper strips. Then copper
strips were dried for 5 minutes to observe the corrosion degree
of its surface.

" (a) Irgamet 39 () TS7T1 () TTA

FIGURE 2. Specimen copper surface color of Group A (DBDS).
(a) Irgamet 39. (b) T571. (c) TTA.

TABLE 2. Specimen copper corrosive degrees of Group A (DBDS).

Passivator concentration (mg/L)

Passivator 0 50 100 150 200
Irgamet 39 3a 2e-3a 2e 2d
571 3b-da 3a 3a 2d 2d
TTA 3b 3a 2 2d

The surface color of copper strips in group A is shown
in Figure 2. The passivators shown in Figure 2 (a), (b), and (c)
are Irgamet 39, T571 and TTA, respectively. The concentra-
tions of the passivators from left to right in each figure were
0 mg/L, 50 mg/L, 100 mg/L, 150 mg/L and 200 mg/L. The
copper corrosive degrees of group A is shown in Table 2.
According to the corrosive degrees of the copper surface,
it can be judged that full protection of DBDS can be achieved
at 200 mg/L for the three passivators. After reaching a certain
concentration, the protective effect no longer becomes better
with the increase of concentration. The concentration at this
time is defined as the best concentration. In addition, the best
concentration for Irgamet 39 is 200 mg/L, the best concentra-
tion for T571 is 150 mg/L and the best concentration for TTA
is 200 mg/L. On the whole, Irgamet 39 has the best protective
effect at low concentrations, followed by T571 and TTA.

The surface color of copper strips in group B is shown
in Figure 3. The passivators shown in Figure 3 (a), (b) and (c)
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(a) Irgamet 39 (b) T571 (O TTA

FIGURE 3. Specimen copper surface color of Group B (DDM).
(a) Irgamet 39. (b) T571. (c) TTA.

TABLE 3. Specimen copper corrosive degrees of Group B (DDM).

Passivator concentration (mg/L)

Passivator 0 50 100 150 200
Irgamet 39 3a-3b 2e 2e 2e
T571 3a-3b 3a 3a 3a 2e
TTA 3a-3b 3a-3b 3a 3a

are also Irgamet 39, T571 and TTA, respectively. The con-
centrations of passivators from left to right were 0 mg/L,
50 mg/L, 100 mg/L, 150 mg/L, and 200 mg/L. The copper
corrosive degrees of group B is shown in Table 3. As can be
seen from the table, though the corrosion degree in the DDM
group is lower than the DBDS group, the three passivators
cannot completely protect the mercaptan. Briefly, the Irgamet
39 group has relatively good protective effect. The best con-
centration for Irgamet 39 is 100 mg/L, the best concentration
for T571 is 200 mg/L, and the best concentration for TTA is
150 mg/L.

T @) Irgamet39 (b)T571 ) TTA

FIGURE 4. Specimen copper surface color of Group C (DBDS+DDM).
(a) Irgamet 39. (b) T571. (c) TTA.

The surface color of copper strips in group C is
shown in Figure 4, and the passivators shown in
Figures 4 (a), (b) and (c) are Irgamet 39, T571 and TTA,
respectively. The concentrations of passivators added from
left to right were 0 mg/L, 50 mg/L, 100 mg/L, 150 mg/L,
and 200 mg/L. The copper corrosive degrees of group C is
shown in Table 4. According to the corrosion degree of the
copper surface, it can be judged that the three passivators
cannot fully protect DBDS and DDM at the same sulfur con-
centration, which may be due to the presence of mercaptan.
The corrosion effect of two sulfide superposition is greater
than that of any single corrosion action. The protective effect
of T571 is relatively better. After the two kinds of corrosive
sulfur are mixed, the protective effect of the passivators at a
low concentration are all reduced. Moreover, the reduction
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TABLE 4. Specimen copper corrosive degrees of Group C (DBDS+DDM).

Passivator concentration (mg/L)

Passivator 50 100 150 200
Irgamet 39 3a 3a 2d 2d
T571 4a-4b 3b 3a 3a 2d
TTA 3a 3a 2e 2d

degree of T571 is small and the protective effect is better.
By comparison, the best concentration for Irgamet 39 is
150 mg/L, the best concentration for T571 is 200 mg/L and
the best concentration for TTA is 200 mg/L.

For the above three groups, the protective effect of TTA
is worse than the previous two. On one hand, TTA reacts
with oxygen and Cu™ to inhibit the lead material required
for the formation of Cu;S. The chemical reaction needs to be
carried out at a suitable temperature, and the high temperature
of 150 °C used in the experiment may inhibit the chemi-
cal reaction. The protective film produced by Irgamet 39 is
resistant to high temperatures, so TTA is not as protective as
Irgamet 39. On the other hand, as TTA is less soluble in the
insulating oils, the actual concentration dissolved in the oil is
much lower than the added concentration.

The surface color of the copper strips in group D is
shown in Table 5. It can be seen that at the same temper-
ature and aging time, the copper strips with Irgamet 39 of

TABLE 5. Specimen copper surface color and corrosive degrees of
Group D.

Blank group

W Irgamet39  T571 TTA
Concentratio

@

50 mg/L

100 mg/L

3b

150 mg/L

200 mg/L

50 mg/L or 100 mg/L. have appeared corrosion, though
the corrosion degree is lower than the blank group. In the
T571 group, there are different corrosion degrees in the four
concentrations, and the corrosion degree is also lower than
the blank group. However, TTA has the best protection effect.
Under the four concentrations, the copper sheet shows a pale
yellow color with no corrosion.

The reason for the above difference in protective effect
is that Irgamet 39, T571, and TTA are all nitrogen-based
passivators. In the insulating oil, there are lone pair electrons
existed in the heteroatom N atoms of the passivator, which
are easily combined with the d-orbitals of the metal to form
a coordination bond. Then the metal d-orbitals will provide
electrons to the heteroatoms to form a feedback coordination
bond, thereby forming a polymer-like protective film on the
metal surface. As can be seen from the above experiment,
the protective effect of Irgamet 39 and T571 is not much
different in several sets of oil samples. The protective effect
of TTA is better than the previous two. This may be due
to the produced acid during the long-term operation of the
oil samples, which leads to an increase on the acid number
and a decrease on the pH value of the oil samples [18]. The
effect of Irgamet 39 and T571 is closely related to the pH
values. When they are in a strong acidic environment, Irgamet
39 and T571 produce the protective film faster, which results
that the film has a lower compactness and adsorption with
copper [17]. Hence, for the operating oil samples, Irgamet
39 and T571 are not as protective as TTA. The best pro-
tection concentration for Irgamet 39 is 150 mg/L, the best
protection concentration for T571 is 150 mg/L, and the best
protection concentration for TTA is 50 mg/L.

Ill. EFFECT ON THE OIL QUALITY WITH PASSIVATORS

AT THE OPTIMAL CONCENTRATION

Based on the above studies, the optimal concentrations for
three passivators were obtained. Then each group of samples
were added with the optimal concentration (shown in Table 6)
and fully stirred at 40 °C to ensure that the passivators were
fully dissolved in the oil. The characteristic parameters of
the insulating oil were tested as follows. The breakdown
voltage was referred to GB/T 507-2002 standard “‘Insulating
liquids-Determination of the breakdown voltage at power
frequency”. The oil moisture content was refer to GB/T

TABLE 6. Optimal concentration for different passivators with different
sulfides.

Type of sulfide ~ Irgamet 39 (mg/L)  T571 (mg/L) TTA (mg/L)
DBDS(200ppm) 200 150 200
DDM(400ppm) 100 150 200
DBDS+DDM
(100+200ppm) 150 200 200
Shuikou oil 150 150 50
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26793-2011 standard ‘““Coulometry micro water teller”” and
ASTM D1533-2000 standard ‘““Standard Test Method for
Water in Insulating Liquids by Coulometric Karl Fischer
Titration”. The volume resistivity and dielectric loss factor
was referred to GB/T 5654-1985 standard ‘“Measurement
of relative permittivity, dielectric dissipation factor at power
frequency and volume resistivity of insulating liquids™.

The test results on the breakdown voltage of each group oil
samples are shown in Figure 5. As can be seen from the figure,
the breakdown voltage is slightly increased except for the
TTA group. It is due to that the adding passivator of Irgamet
39 and T571 will be adsorbed on the surface of the copper
electrode to form a multilayer protective film, blocking the
emission of electrons and the formation of streamers. How-
ever, as TTA is hardly soluble in oil, it is equivalent to an
impurity after addition, resulting in easier breakdown.

[_1no passivator
[ Irgamet 39
S CIT571
r I COTTA

Breakdown Voltage at Power frequency(kv)
—_ 3] (7] Py W [*} -~
L Lo Lo el = et L=

DBDS DDM DBDS+DDM Shuikou Oil

FIGURE 5. The breakdown voltage of oil samples at power frequency.

0 L [_Ino passivator
L[] [ Irgamet 39
40 1571
]TTA

W
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I

—_
[=]
|

Moisture Content in Tansformer Oil(mg/kg)

DBDS DDM DBDS+DDM Shuikou Oil

FIGURE 6. The moisture test results of oil samples.

The moisture test results of the sample oils are shown
in Figure 6. From the figure, it can be seen that the oil
contents of the oil samples are different. This is related to
the respective water absorption of the different sulfides. How-
ever, after the addition of passivators, the moisture content did
not change much.

The volume resistivity test results of the insulating oil
samples are shown in Figure 7. As can be seen from the
Figure, after the addition of TTA, it will cause decrease on
the volume resistivity of the oil sample. However, when the

VOLUME 7, 2019

volume resistivity of the oil sample is high, Irgamet 39 and
T571 will lead to a decrease on the volume resistivity. On the
contrary, when the volume resistivity of the oil sample is
low, the addition of Irgamet 39 and T571 may lead to an
increase on the volume resistivity. Among them, the addition
of T571 is the most obvious phenomenon. However, TTA
will always cause a decrease on the volume resistivity. This
is because the poor solubility of TTA leads to an increase
of impurities in the oil and then a decrease on the volume
resistivity.

200 4 =
- [ Ino passivator
[ Jlrgamet 39

=) - CITTA

2

E

2100+

[

&

[}

=]

S 504

g

0 ri‘ﬂj ] ol

DBDS DDM DBDS+DDM Shuikou Oil

FIGURE 7. The volume resistivity test results of oil samples.

The dielectric loss factor test results of insulating samples
are shown in Figure 8. From the figure, it can be seen that
the addition of TTA will cause a significant increase on
the dielectric loss factor of the oil sample. The addition of
Irgamet 39 will also result in dielectric loss factor of the oil
sample, while the addition of T571 could reduce the dielectric
loss factor. As is known, the dielectric loss of insulating
oil includes the conductance loss and the polarization loss.
Under the action of the electric field, the polar substances
will change with the change of the electric field direction. The
above process would cause part of the electrical energy con-
verted into thermal energy loss, thus increasing the dielectric
loss factor. Because of the poor solubility of TTA, its addition
is equivalent to more polar impurities, leading to a significant
increase on dielectric loss. According to the previous analy-
sis, the addition of T571 may lead to an increase on volume
resistivity, causing a decrease on conductance and dielectric
loss.

IV. PROTECTION EFFECT OF PASSIVATOR ON
INSULATING OIL WITH DIFFERENT

AGING DEGREE

The test materials include new transformer oil without corro-
sive sulfur, DBDS, DDM, Irgamet 39, T571, TTA and flat
copper wire wrapped of insulating paper. The 200 mg/kg
DDM and 100 mg/kg DBDS were added into the new
transformer oil, which was then degassed and dehydrated at
40 °C /50 Pa for 24 hours. The pre-treated oil sample was
placed in an aging chamber at 130 °C for accelerated ther-
mal aging, and aged oil samples with aging time of 4 days,
8 days, and 12 days were obtained. According to the 6 °C
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FIGURE 8. The dielectric loss factor test results of oil samples.

principle proposed by the international electrotechnical com-
mission (IEC), the above-mentioned insulation oil samples
aged for 4 days, 8 days, and 12 days are corresponding to
the insulation oil samples for 3.52 years, 7.04 years, and
10.56 years under normal conditions, as shown in Figure 9.

= =g N

= J« = -

==

FIGURE 9. The insulation oils with different aging time.

The 3 cm test samples were cut by bolt cutter from a flat
copper wire wrapped with insulating paper. Then the differ-
ent concentrations of Irgamet 39, T571 and TTA (0 mg/kg,
50 mg/kg, 100 mg/kg, 150 mg/kg and 200 mg/kg) were added
to each group of samples. The metal caps with the rubber seal
were sealed at the head with a capping pliers. All the prepared
sample bottle were put into a thermostatic chamber where
temperature were controlled at 150 °C+2 °C. The aging time
is 72 h. The best concentration of passivator was judged
according to the degree of copper corrosion by reference to
the standard ASTM D 130/1P 154.

The protective effect of Irgamet 39 on insulation oil
samples with different degrees of aging time is shown

1 —

(a)aged forddays  (b)aged for 8 days  (c) aged for 12 days

FIGURE 10. Protective effect of Irgamet 39 with different concentrations.
(a) Aged for 4 days. (b) Aged for 8 days. (c) Aged for 12 days.
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TABLE 7. Copper corrosive degrees of Irgamet 39 with different
concentration.

Passivator concentration of Irgamet 39 (mg/L)

Aging time 50 100 150 200
4 days 3a-3b 2e 2d 2d 2d
8 days 3b 2e-3a 2d 2d 2d
12 days 3b-4a 3a-3b 3a-3b 3a 2e

in Figure 10. The insulating oil samples aged for 4 days,
8 days and 12 days are shown in Fig. 10 (a), (b) and (c),
respectively. The copper sheets from left to right were
with passivator concentrations of 0 mg/kg, 50 mg/kg,
100 mg/kg, 150 mg/kg and 200 mg/kg. By Comparing
Fig. 10(a), (b) and (c), it can be seen that when the sulfide
concentration is same, the higher the aging degree of the
insulation oil sample, then the higher corrosion degree of the
copper sheet. In addition, the protective effect at the same
passivator concentration is also decreased with the aging time
increases. The decline of this protective effect is especially
obvious for low concentration passivator. It can be seen that
as the aging time of the sample increases, a higher concentra-
tion of passivator is required to achieve complete protection
against corrosion, which may be related to the acid value
in the oil. As the aging time of the oil sample increases,
the acid value in the oil increases [10], and the generated
acid may destroy the protective film formed on the surface of
the copper windings by the passivator. Therefore, for samples
with a longer aging time, a higher concentration of passivator
is required to achieve complete protection against corrosion.
According to Fig. 10(a), samples added 100 mg/kg of passi-
vator show the best protective effect among samples aged for
4 days. According to Fig. 10(b), samples added 100 mg/kg
of passivator show the best protective effect among samples
aged for 8 days. According to Fig. 10(c), samples added
200 mg/kg of passivator show the best protective effect
among samples aged for 12 days.

The protective effect of T571 on insulation oil samples with
different degrees of aging time is shown in Figure 11. The
insulating oil samples aged for 4 days, 8 days and 12 days
are shown in Fig. 11 (a), (b) and (c). The copper sheets from
left to right were with passivator concentrations of 0 mg/kg,
50 mg/kg, 100 mg/kg, 150 mg/kg and 200 mg/kg. Comparing
with Figure 6, it can be seen that the protective effects of the
T571 are similar to Irgamet 39, as the ingredients are roughly
the same. Also, the protective effect at the same passivator
concentration is also decreased with the aging time increases.
According to Fig. 11(a), samples added 50 mg/kg of passiva-
tor show the best protective effect among samples aged for
4 days. According to Fig. 11(b), samples added 100 mg/kg
of passivator show the best protective effect among samples
aged for 8 days. According to Fig. 11(c), samples added
50 mg/kg of passivator show the best protective effect among
samples aged for 12 days.
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e ; —

8days  (c) aged for 12 days

(a) agéd for 4 daysb

FIGURE 11. Protective effect of T571 with different concentrations.
(a) Aged for 4 days. (b) Aged for 8 days. (c) Aged for 12 days.

TABLE 8. Copper corrosive degrees of T571 with different concentration.

Passivator concentration of T571 (mg/L)

Aging time 50 100 150 200
4 days 3a-3b 2d 2d 2d 2d
8 days 3b 3a 2e 2e 2e
12 days 4a 2e-3a 2e-3a 2e-3a 2e-3a

(c) aged for 12 days

(a) aged for 4 days

(b) aged for 8 days

FIGURE 12. Protective effect of TTA with different concentrations.
(a) Aged for 4 days. (b) Aged for 8 days. (c) Aged for 12 days.

TABLE 9. Copper corrosive degrees of TTA with different concentration.

Passivator concentration of TTA (mg/L)

Aging time

0 50 100 150 200
4 days 3a-3b 2e 2e 2e 2d
8 days 3b 2e-3a 2d 2d 2d
12 days 4a 3b-4a 2e 2d 2d

The protective effect of TTA on insulation oil samples with
different degrees of aging time is shown in Figure 12. The
insulating oil samples aged for 4 days, 8 days and 12 days
are shown in Fig. 12(a), (b) and (c). The copper sheets from
left to right were with passivator concentrations of 0 mg/kg,
50 mg/kg, 100 mg/kg, 150 mg/kg and 200 mg/kg. As can
be seen from the figure, the protective effect at the same
passivator concentration is also decreased with the aging time
increases. According to Fig. 12 (a), samples added 200 mg/kg
of passivator show the best protective effect among sam-
ples aged for 4 days. According to Fig. 12(b), samples
added 100 mg/kg of passivator show the best protective effect
among samples aged for 8 days. According to Fig. 12(c), sam-
ples added 150 mg/kg of passivator show the best protective
effect among samples aged for 12 days.

Combining the above research on the oil quality of the
passivators, it is known that TTA has the greatest influ-
ence on the oil quality, as it is hardly soluble in the
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insulating oil. Therefore, for the insulation oil with running
time of about 3.5 years, it is recommended to add 100 mg/kg
Irgamet 39 or 50 mg/kg T571. For the insulation oil with
running time of about 7 years, it is recommended to add
100 mg/kg Irgamet 39 or 100 mg/kg T571. For the insulation
oil with running time of about 10 years, it is recommended
to add 200 mg/kg Irgamet 39 or 50 mg/kg T571. For the
insulation oil with longer operating years, the passivators
have poor protection effect at low concentration, thus it is
necessary to pay attention to the content of passivators and
maintain it at a relatively high level in the insulation oil.

V. CONCLUSION

The corrosive sulfurs of DBDS, DDM and the combination of
two were added to the non-corrosive transformer oil, and with
different passivator concentrations of Irgamet 39, T571 and
TTA. The accelerated thermal aging test was carried out with
different sulfurs and different aging degree. The corrosive
extent of copper surface were observed to obtain the best
concentration of passivators for different sulfurs, the main
results are as follows.

(1) The passivators have different protection on different
corrosive sulfur. For the protection against DBDS, all three
kinds of passivator have good effect. However, the TTA is
hardly soluble in the insulating oil, while the effect of Irgamet
39 and T571 on the quality of oil is small. The protection of
Irgamet 39 is best when reducing the passivator concentration
to a lower level, and Irgamet 39 of 200 mg/kg is considered
to be the best choice. For the protection of DDM, the effect
of the three passivator is general, and the protection effect of
Irgamet 39 is relatively better. Considering the effect on the
quality of the oil, choosing the T571 of 200 mg/kg is more
appropriate. For the protection against of DBDS and DDM,
T571 is the best of the three passivators, Irgamet 39 is the
second, and TTA is the worst. Considering the impact on oil
quality, it is more appropriate to choose 200 mg/kg T571.

(2) The passivators have different protection effect on insu-
lation oil samples with different degrees of aging time. For
the transformer oil with a running time of about 3.5 years,
it is recommended to add 100 mg/kg Irgamet 39 or 50 mg/kg
T571. For transformer oil with a running time of about
7 years, it is recommended to add 100 mg/kg Irgamet
39 or 100 mg/kg T571. For transformer oil with a running
time of about 10 years, it is recommended to add 200 mg/kg
Irgamet 39 or 50 mg/kg T571. For transformer oil with longer
running time (or higher aging degree), the protective effect on
oil is poor at low concentration. Therefore, attention should
be paid to the content of the passivator and maintain the
content of passivator in the oil in a high level.
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