
REV.CHIM.(Bucharest)♦ 69♦ No. 8 ♦ 2018 http://www.revistadechimie.ro 2029

Comparative Studies on the Behaviour of Copper in Various
Electrically Insulating Fluids

IOSIF LINGVAY1, GABRIELA OPRINA1, EMILIA SIMONA APOSTOL1, DANIEL LIPCINSKI1, ION PATRU3, VIRGIL MARINESCU1,
ANA MARIA LUCHIAN1, DANUT IONEL VAIREANU3*
1National Institute for Research and Development in Electrical Engineering INCDIE ICPE-CA, 313 Splaiul Unirii, 030138, Bucharest,
Romania
2INCDIE ICMET, 118 A Decebal Blvd., 200746, Craiova, Romania
3University Politehnica of Bucharest, Faculty of Applied Chemistry and Materials Science, 1-7Gh Polizu Str.,  011061, Bucharest,
Romania

This paper presents an exhaustive study regarding the behaviour of copper in various insulating fluids when
exposed to 1100C for 1000 hours in closed systems, with no access to atmospheric oxygen. Following the
analysis carried out, it was found that the variation of oxygen concentration in the investigated oil samples,
during the thermal treatment, may be best described using an exponential decrease versus time. Moreover,
from the gas chromatography determinations with respect to the evolution of the CO and CO2 content in the
oils during the thermal treatment one found out that these fit very well the Richards model, which corroborated
with all the other analysis confirms the fact that the copper films undergo consistent morphological changes
only when exposed to mineral oils, so that it is of paramount importance that, taking into account this
aggressive character, the equipment placed in direct contact with these oils should be carefully inspected
on a periodical basis. This behaviour is thought to be a direct consequence of the sulphur compounds
contents for these oils, the secondary oxidation products of these compounds increasing their corrosive
aggressiveness.
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 In the perspective of the sustainable development, the
problem of safety in operation of electrical equipment,
including those using electrically insulating fluids (oils), is
of great complexity and importance.

The durability in operation of the electrical installations
under voltage is determined, primarily, by the aging of the
insulation systems that during operation, are exposed
simultaneously to electrical, thermal, chemical stress, etc.
[1].

 The electrical insulating fluids used in electrical
equipment (transformers, condensers, etc.) interact during
operation with both atmospheric oxygen (thermal
degradation processes [2 - 9]) and materials they are in
contact with (copper, paper insulation and/or cotton etc.)
that can corrode /degrade [8-11]. Various studies have
highlighted that the corrosive aggressiveness of the electro-
insulating mineral oils is due to their sulphur content [9-
17]. The copper corrosion products, whether they dissolve
in oil or form oil dispersed solids (sulphides) and /or deposit
on paper or cotton insulations, reduce drastically the
dielectric rigidity of the insulation system [9-20], which
can lead to the damage of the transformer [21].

The electrical insulating fluids used in electrical
equipments are traditionally based on mineral oils which,
although they have a relatively low cost and proper
performance (dielectric characteristics, fluidity), have the
disadvantage of an appreciable sulphur content which
makes them corrosive and difficult to biodegrade. On the
other hand, in the case of some incidents (transformer
damages), large amounts of mineral oil spread or ignite
with a major negative impact on the environment [40, 41]
by pollution with persistent organic pollutants [42, 43].

Various comparative studies have been reported to
replace the mineral oils with synthetic esters based oils or

with natural esters (vegetable oils) [2 - 7, 9 - 11, 22 - 27].
From these studies, as well as from [28-31], it results that
the use of the vegetable oils (with or without antioxidant
additives [28]) as an insulating fluid has a number of
advantages as compared with mineral oils: higher thermo-
oxidative stability, flammability point that is higher with
about 100°C, rapid biodegradability, non-toxic-their
production and use has no negative impact on the
environment, etc.

The behaviour of copper in the insulating fluids is
determined by a series of factors such as: temperature -
thermal regime, sulphur and oxygen content of the fluid,
etc.

From recent studies concerning the corrosion of copper
and the influence of copper on the thermal stability of
various electrically insulating fluids subjected to thermal
aging by storage for 700 hat 110°C in open vessels
(unlimited access to atmospheric oxygen), made by
coupled techniques of thermal analysis (TG, DTA, DTG),
XRF, SEM microscopy coupled with EDAX and gravimetric
determinations [9, 10] it resulted, that the rate of the copper
corrosion is largely determined by the sulphur content of
the investigated oil and that the thermal stability of the
investigated oils is significantly reduced in the presence of
copper - which is probably due to the catalytic activity of
the Cu2O film which is able to form on the metal surface
[32, 33]. Similar results have been also observed on electro-
insulating fluids aged by repeated thermal cycles (917
cycles) between -400C and 800C [6, 11, 26].

In this context, the purpose of the present paper is to
study the behaviour of copper in various insulating fluids,
exposed at 1100C for 1000 h in closed vessels (with no
access to atmospheric oxygen).
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Experimental part
The behaviour of cooper in various electrically insulating

fluids exposed to accelerated aging (110°C for 1000 h in
closed vessels - without access to atmospheric oxygen)
was studied experimentally.

The electro-insulating fluids were of 4 commercial types
and a new/experimental product, 100% vegetable oil
developed for electrical applications [34], respectively:

- sample O 1 - MOL TO30, mineral oil [35];
- sample O 2 - BIOTEMP, biodegradable oil (especially

based on vegetable esters) [36];
- sample O3 - LUMINOL TRi, synthetic esters bases oil

[37];
- sample O4 - P1MF-new product, 100% vegetable esters

based oil [34];
- sample O5 - NYNAS-NytroTaurus, Standard-grade,

mineral oil [38]
About 200 grams of investigated oil sample were placed

in a Erlenmeyer flask with a ground glass joint and a glass
stopper together with an electrolytic copper foil of 36 ±
4µm thickness and a surface area of 120 cm2 and were
subjected to thermal aging by storage at 110 ± 3°C for
1000 h, in a France Etuve XL 980 oven.

Before thermal storage and during the thermal
treatment, in the oil samples investigated with a gas
chromatograph Perkin Elmer type Clarus 600, both the
content of oxygen and CO and CO2 was determined. The
initial sulphur content of the oil samples has also been

determined by XRF technique with a Bruker - Germany
(type TIGER S8).

The copper foil surface morphology (both initially and
after exposure to investigated oils), was analyzed by SEM
microscopy using INCA Energy 250 energy dispersive
spectrometer (EDS) - Oxford Instruments belonging Auriga
(Zeiss) field emission scanning electron microscope
(FESEM) and by interferometric microscopy (with a WYKO
NT1100h type device and related processing software
produced by VEECO).

The copper foils were weighed before and after
exposure with an analytical scale type AW220 from
SHIMADZU Corporation (Japan). Degreasing and washing
of the copper foils exposed to the thermal treatment in oil
was performed with acetone, and drying was done at
ambient temperature.

Results and discussions
The results of the XRF determinations indicated that the

O1 and O5 mineral oil types contain 0.02% and 0.03%
sulphur respectively For O2, O3 and O4 samples, the
presence of sulphur was not distinguished because the
content was below the detection limit of the equipment.

The representative SEM images of the initial copper foil
(before exposure to thermal treatment in the investigated
oils) are shown in figure 1. In figure 2, figure 3 and figure 4
the images of copper foils exposed to thermal treatment
in O1, O4 and O5 oils respectively are presented. The

Fig. 1. Representative SEM x5000 images for
the initial cooper foil: a) -matte side;

b) - glossy side

Fig. 2. Representative SEM x5000 images for
the cooper foil exposed to the thermal

treatment in O1: O1 a) - matte side;
b) - glossy side

Fig. 3. Representative SEM x5000 images for
the cooper foil exposed to the thermal

treatment in O4: O4 a)-matte side;
b) - glossy side

Fig. 4. Representative SEM x5000 images for
the cooper foil exposed to the thermal

treatment in O5: O5 a) - matte side;
b) -glossy side
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appearance of copper foils exposed to the thermal
treatment in O2, O3 and O4 does not present
morphological changes from the initial appearance (fig.1).

By comparative analyses of images presented in figure
1 with those in figure 2, figure 3 and figure 4 it is observed
that during the thermal treatment of the copper foil, only
the films exposed in mineral oils O1 and O5 suffer
significant changes in morphology. Correlating this
observation with the result of the XRF determinations
concerning the sulphur content of the investigated oils, it is
confirmed that the corrosive aggressiveness of the oils is
determined by their sulphur content.

The results of the energy dispersive spectrometer (EDS)
carried out in 10 points (catches) on each side of the copper
foil, initially and after exposure to 1000 hours at 110°C in
the investigated oils are summarized in table 1.

The analysis of the data in table 1 shows that the
superficial layer (up to a depth of 0.5-0.9µm) of the initial
copper foil does not contain sulphur in detectable amounts,
but it contains 0.56% weight oxygen on the matte side and
0.49% weight oxygen on the glossy side (probably
superficial oxide film as a result of the contact with air).

After an exposure for 1000 h at 110°C in the investigated
oils, the surface of the copper foil changes and in all cases
increases the oxygen content, and in the O1 and O5
mineral oils, sulphur products are formed (copper sulphide)
- which are partially deposited on copper (more on the
matte side) and partially dispersed in oil (with colour
change to black and sludge formation, as reported for
thermally treated oils [9-11, 26, 39]).

The aspect of the oil samples with copper foil is shown
in figure 5, before and after exposure 1000 h at 110°C in
closed vessels.

The results of the gravimetric determinations,
respectively the initial and final mass of copper foils
exposed in the investigated oils, are presented in table 2.

By analyzing data from table 2 it is found that the mass
of the copper foils decreases in O1 and O5 mineral oils
when exposed to the thermal treatment, which can be
explained by the formation of copper sulphide that remains
on the surface of the foil in small amount (table 1) and the
most (black powder) is dispersed in oil (fig. 5), resulting in
a decrease in the weight of the copper foil. Taking into
account the sulphur content of O1 and O5, 0.02% and 0.03%
respectively, considering the overall copper dissolution
reaction (1):

                                     Cu + S → CuS                                (1)
and performing a stoichiometric calculation for 200 g of oil
samples, it is found that, during the applied thermal
treatment, all the sulphur content of O1 and O2 was
converted practically into copper sulphide.

The results of gas chromatographic determinations
concerning the evolution during the thermal treatment of
the dissolved oxygen content in the investigated oil with
and without copper contact are shown in figure 6.

By analyzing figure 6 it is found that in all investigated oil
samples, during the thermal treatment, the oxygen
concentration decreases exponentially over time. The
analytical equations describing the decrease in time t of
the oxygen concentration C (t) [ppm] in the investigated
oils obtained from figure 6 have the following form:

(2)

in which C(tT)Oi represents the evolution of the oxygen
concentration in i, eg. C(t)O1 in O1 and similarly C(t)O2 in O2,
C(t)O3 in O3 etc.

From table 3 it can be observed that all the oil samples
subjected to the evaluation show a time evolution of the
oxygen concentration that can be modelled by a kinetic
equation of the equation 2 type, the correlation coefficients
of these equations being higher than 0.98 regardless of the
tested sample or of the contact medium, with or without
copper.

Table 1
THE RESULTS OF EDS

DETERMINATIONS

Table 2
THE EVOLUTION OF THE GAS CONTENT IN OIL 3

Fig. 5. The appearance of oil samples
with copper foil, a) before and b) after

exposure to thermal treatment
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By analyzing figure 6 it is found that during the applied
thermal treatment, the oxygen in the oils in contact with
copper is consumed almost entirely and in the absence of
copper the oxygen is consumed only partially. This
ascertainment can be explained by the fact that the oxygen
consumption can be both due to both some oxidation
processes of the investigated oils with the formation of
peroxide products [2, 6, 9, 31] and / or CO2 and CO and due
to the oxidation processes of the cooper foil by the
reactions:

                           4Cu +O2 → 2 Cu2O                                 (3)
                            2 Cu2O  + O2 → 4 CuO                          (4)

The colour of the copper foils did not change during the
thermal treatment in the investigated oils, suggesting that

the probability of the process (4) is small. The formation of
the superficial oxide film on the copper foil is supported by
the increase in oxygen content of the Cu film surface (table
1) and by the increase of the mass of cooper foils immersed
in the O2, O3 and O4 samples (table 3) during the thermal
treatment.

The results of gas chromatographic determinations on
the evolution of the CO and CO2 content in the investigated
oils during the thermal treatment were processed by
modelling with both a predefined relation f1 (x) (5) in
MATLAB and a relation f2 (x ) - Richards model (6):

                      (5)

                                        (6)

Fig. 6. Evolution of the dissolved oxygen
content in the investigated oils with and without

copper contact

Table 3
THE VALUES ai AND bi FOR

O1 – O5

Table 4
THE MODELLING OF THE EVOLUTION OF CO FORMATION IN THE INVESTIGATED OILS

Table 5
 THE MODELLING OF THE EVOLUTION OF CO FORMATION IN THE INVESTIGATED OILS
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The results of the modelling for the evolution of CO and
CO2 formation during the applied thermal treatment are
summarized in table 4 and table 5 respectively.

From the analysis of the data in table 4 and table 5, it is
observed that in the case of the evolution of carbon
monoxide and carbon dioxide formation, the best results
are obtained using the equations (5) and (6). If in the case
of carbon monoxide the experimental data satisfy both
equation (5) and (6), in the case of carbon dioxide, only
equation (6), the Richards model, represents satisfactory
from mathematical point of view the modelling of the
evolution of CO2 formation in the investigated oils.

Figure 7 and figure 8 are representative images obtained
by interferometric microscopy on the initial copper foil,
respectively the exposed foil to the thermal treatment in
O5 in figure 9 and figure 10.

In table 6 the average results obtained from the
interferometric microscopy measurement of five unitary
areas are presented.

By analyzing the data in table 6, it is noted that the
average roughness of Ra (the arithmetic mean of the
deviation from the average profile over the entire measured
area) suffers remarkable increases on the glossy face of
the treated copper foils in O1 of 0.078 ìm and in O5 of

0.414µm , changes that can also be observed by comparing
the image in figure 1. with those in figure 2 and figure 4
respectively. This roughening of the glossy surface of the
copper foil suggests that as CuS particles grow, the copper
corrosion below them is blocked (fig. 2 - O1b), and after
the CuS particles reach a critical dimension, they detach
from the surface making possible the dissolution of a new
amount of copper (fig. 4 - O5b), the process being carried
out with a certain cyclicality. This mechanism is also
applicable to the processes occurring on the matte surface
of the copper foils and explains the decrease in roughness
on the matte surface of the copper foils exposed in O1 and
O5. The growth and detachment of CuS occurs faster on
peaks and as a result the peaks corrode more rapidly,
becoming smooth. The low corrosion rate is also a direct
consequence of the non-ionic nature of the medium (oil).

Conclusions
After testing the copper behaviour in various electrically

insulating fluids exposed at 110°C for 1000 h in closed
vessels (without access to atmospheric oxygen) there is a
strong evidence that copper films undergo consistent
morphological changes only when exposed to mineral oils
O1 and O5, which may be considered with a more

Fig. 10. The roughness profile of the copper foil exposed to
treatment in O 5, matte side

Fig.7. The roughness profile of the initial copper foil, the
glossy side

Fig.8. The roughness profile of the initial copper foil, the
matte side

Fig.9. The roughness profile of the copper foil exposed to the
thermal treatment in O5, the glossy side

Table 6
THE AVERAGE RESULTS OF THE INTERFEROMETRIC MICROSCOPY DETERMINATIONS
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aggressive character, and equipment in direct contact with
these oils should be inspected more often. This
phenomenon is a direct consequence of the sulphur
compounds contents for these oils, the secondary
oxidation products of these compounds increasing their
corrosive aggressiveness.

The evolution of carbon monoxide and carbon dioxide
formation in time can be modelled satisfactory from
mathematical point of view, the Richards model showing
the best results both for modelling the evolution of CO2 and
CO in the investigated oils.

Acknowledgments: This work was financially supported by the
UEFISCDI of Romania, under the scientific Programme PN II-PCCA,
Contract 100/2014 - UPMEE.

References
1.COTESCU, S.  L., MEREANU, A., BUNEA M., PREDUT, C., POPESCU,
C., NOTHINGER, P., DUMITRAN, L., TANASESCU, G., CIOLACU, F.,
Electrotehnica, Electronica, Automatizari  (EEA), 55, no. 1, 2007, pp.
19 -24
2.LINGVAY, I., BUDRUGEAC, P., VOINA, A., CUCOS, A., MOSCALIUC,
H., Rev. Chim. (Bucharest), 67, no. 11, 2016. p. 2202 -2206
3.LINGVAY, I., BUDRUGEAC, P., UDREA, O., RADU, E., MARINESCU, V.,
Electrotehnicã, Electronica, Automatica (EEA), 63, no.1, 2015, pp. 64 –
70
4.CIURIUC A., VIHACENCU M. S., DUMITRAN L. M., NOÞINGHER P. V.,
Anals of the University of Craiova, no. 36, 2012. pp. 46-51,
5.DUMITRAN L. M., CIURIUC A.,  NOÞINGHER P. V., Advanced Topics
in Electrical Engineering, May 23-25, Bucharest, Romania, 2013, pp. 1-
6 (DOI 10.1109/ATEE.2013.6563459)
6. BUDRUGEAC P., LINGVAY I., PICA A., SBARCEA B. C., Study regarding
the behaviour of an insulating vegetable oil exposed to accelerated
thermal aging.  Rev. Chim. (Bucharest), 68, no. 11, 2017, p. 2514
7.DEGERATU S., ROTARU P., RIZESCU S., DANOIU S., BIZDOACA N. G.,
ALBOTEANU L. I., MANOLEA H. O., J. Therm. Anal. Calorim., 119, no.
3, 2015, pp. 1679 - 1692
8.KAMISHIMA S., IEEE Transactions on Dielectrics and Electrical
Insulation, DOI: 10.1109/TDEI.2012.6180244, 19 , no. 2 , 2012, pp. 505-
509
9.VOINA A., RADU E., MITREA S., OPRINA G., LINGVAY I., ªERBAN F.,
PICA A., IEEExplore, DOI: 10.1109/DEMISEE.2016.7530462   DEMISEE
2016, pp. 44-47
10.MITREA S., OPRINA G., RADU E., MARINESCU V., VOINA A., LINGVAY
I., Rev. Chim.(Bucharest), 67, no. 9, 2016, pp. 1707 - 1712
11.LINGVAY I., OPRINA G., MARINESCU V., MITREA S., Electrotehnicã,
Electronicã, Automaticã (EEA), 64, no.4, 2016, pp. 5 - 10
12.TAMURA R., ANETAI H., YOSHIDOME A., ISHII T., Journal of The
Japan Petroleum Institute, 24, no. 3, 1981, pp. 167-172
13.BRUZZONITI M. C., DE CARLO R. M., SARZANINI C., TUMIATTI V.,
Industrial & Engineering Chemistry Research, 53, no. 21, 2014 pp.
8675-8684 
14.DE CARLO R. M., SARZANINI C., BRUZZONITI M. C., TUMIATTI V.,
IEEE Transactions on Dielectrics and Electrical Insulation, 21, no. 2,
2014. pp. 666-673
15.MAINA R., SCATIGGIO F., KAPILA S., TUMIATTI M., Conference
Record of the 2006 IEEE International Symposium on Electrical
Insulation, CIGRE A2 documents
16.SMITH J. R., SEN P. K., Industry Applications Society Annual Meeting
(IAS), 2010 IEEE,  3-7 Oct. 2010, Houston, TX,   DOI: 10.1109/
IAS.2010.5616912
17.HUANG J., YANG L., XU J., HU E., LIAO R., High Voltage Engineering
and Application (ICHVE), 2014 International Conference on Houston,
TX Date 8-11 Sept. 2014, DOI: 10.1109/IAS.2010.5616912

18.ZHOU Q., RAO J. X., XIE H. L, WANG S. Z. , High Voltage Engineering
and Application (ICHVE), 2014 International Conference on , DOI:
10.1109/ICHVE.2014.7035480 2014, pp. 1- 4
19.MAINA R., TUMIATTI V., IEEE Transactions dielectrics and Electrical
Insulation, 16, no. 6, 2009, pp. 1655 – 1663
20.WIKLUND P., LEVIN M., PAHLAVANPOUR B., IEEE Electrical
Insulation Magazine, DOI: 10.1109/MEI.2007.386479, 23, no. 4, 2007,
pp. 6 – 14
21.SCATIGGIO F., TUMIATTI V., MAINA R., TUMIATTI M., POMPILI M.,
BARTNIKAS R., IEEE Transactions on Power Delivery, DOI: 10.1109/
TPWRD.2008.2005369 , 24, no. 3, 2009, pp. 1240 – 1248
22.PERRIER C., BEROUAL A., IEEE Electrical Insulation Magazine, 25,
no.6, 2009, pp. 6-13
23.OOMMEN T.V., IEEE Electrical Insulation Magazine, 1, no.1, 2002,
pp. 6-11
24.RADU E., UDREA O., MITREA S., PATROI D., LINGVAY I.,
Electrotehnicã, Electronica, Automatica (EEA), 63, no. 4, 2015, pp 84 –
92
25.LIAO R., HAO J., CHEN G., MA Z., YANG L., IEEE Transactions on
Dielectrics and Electrical Insulation, 18, no.5, 2011, pp. 1626-1637
26. LINGVAY I., OPRINA G., CUCOS A., RADU E., VOINA A., JSE, 7, no.
3, 2016, pp. 65-7
27.LINGVAY, I., RADU, E., UDREA, O., JSE, 6, no. 2, 2015, pp. 58-61
28.BOGATU, L., DRAGOMIR, R. E., ROSCA P., Rev. Chim. (Bucharest),
67, no.1, 2016, pp. 157-161
29.BOGATU, L., CIUPARU, D., TANASESCU, C., Rev. Chim. (Bucharest),
61, no.10, 2010, pp. 1003 - 1007
30.DUTESCU, C., BORCEA, A., MATEI, V., POPA, I., RÃDULESCU, I. G.,
Diesel Biofuels - Preparation, Characterization and Testing, Rev. Chim.
(Bucharest), 59, no.11, 2008, pp. 1271 - 1275
31.PICA A., DUMITRU F., Rev.Chim.(Bucharest), 67, no.4,  2016, pp.
716-719
32.PRIMO A ., ESTEVE-ADELL I., BLANDEZ J. F.,  A .
DHAKSHINAMOORTHY, ÁLVARO M., CANDU N., COMAN S. M.,
PARVULESCU V. I., GARCÍA H., NATURE COMMUNICATIONS, DOI:
10.1038/NCOMMS9561, 2015
33.HONG C.,  JIN X.,  TOTLEBEN J.,  LOHRMAN J.,  HARAK
E.,  SUBRAMANIAM B.,   CHAUDHARI R.V., REN S.,  2, 2014, pp. 7147-
7151
34. *** http://www.icpe-ca.ro/proiecte/proiecte-nationale/pn-2014/
uvpmee.pdf
35. *** Tehnical specification MOL – TO 30 Transformer Oil,   http://
www.antosgrup.ro/media/wysiwyg/_MOL_TO_30.pdf
36.*** BIOTEMP® - Biodegradable Dielectric Insulating Fluid, http://
www.nttworldwide.com/docs/BIOTEMP-ABB.pdf
37.***http://lubricants.petro-canada.ca/resource/download.aspx?type
=TechData&iproduct=1780&language=en
38.*** N ynas Naphthenics AB Transformatorenöl Handbuch
www.nynas.com/naphthenics   http://www.nynas.com/Segment/
Transformer-oils/Our-transformer-oil-products/Nytro-Taurus-Standard-
grade/
39. LINGVAY I., UNGUREANU L. C., OPRINA G., STANOI V., VOINA A.,
PICA A., SERBAN F., Electrotehnicã, Electronica, Automatica (EEA),
65, no.1, 2017, pp. 62- 66
40. STERE E.A., POPA I., Electrotehnica, Electronica, Automatica (EEA),
65, no. 1, 2017.  pp. 97-102
41. STERE E.A., POPA I., Electrotehnica, Electronica, Automatica (EEA),
65, no. 2, 2017. pp. 163-170
42. NEAMTU, S., BORS ,A. M., STEFAN, S., Rev. Chim. (Bucharest), 58,
no. 9, 2007, p. 938-942
43. BORS, A. M., MEGHEA, A., NEAMTU, S., et al., Rev. Chim.
(Bucharest), 58, no. 8, 2007, p. 776-781

Manuscript received: 15.06.2017


