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ATR / FTIR and DSC techniques have been used to evaluate the thermal stability of some ageing paint
materials by heat treatment while immersion in natural ester-based electro-insulating oil.  Experimental
determinations have highlighted the fact that the investigated paint materials (epoxy resins) have a high
oxygen affinity and thus, in closed systems (such as power transformers), they oxidize before coming into
contact with the transformer oil. This behavior indicates that the paint layer (suitably chosen) applied on the
inside of the transformer vat functions as an antioxidant and results in increasing the thermal stability of the
oil.
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The continuous and secure supply of electricity to
consumers is a complex interdisciplinary issue with special
economic, social and ecological implications.

Transformers are key  equipment for power transport
and distribution networks.

During the operation of power transformers - under the
influence of thermal, electric, mechanical stress factors,
etc. - afferent materials of the insulating system (usually
mixed  electro-insulating fluid / Kraft paper) undergoes
structural changes, which leads to ageing of the insulation
and lower safety in use.

Traditionally, mineral oils [1] are used as the electro-
insulating fluid in the transformers, a strong biodegradable
petroleum derivative [2], which, although having
acceptable physical and dielectric characteristics and a
relatively low cost, has a number of disadvantages such
as: limited thermal stability [3-8], corrosive aggressivity
due to sulfur content [8-17], reduced compatibility with
the cellulose from Kraft paper - furanic products formation
[18-22], relatively low flammability (below 150oC) and
excessive  flammable gases formation  [30] (high risk of
explosions and devastating fires), etc. To increase thermal
stability and to reduce the corrosive aggressiveness of
electro-insulating oils, manufacturers often use antioxidant
additives and / or corrosion inhibitors [15-17, 31].

In this context, many recent studies address the issue
of replacing mineral oils with vegetable oils (triglycerides
– natural esters), respectively comparing their behavior
under the operating conditions from power transformers
[32-41].

The durability and safety in operation of polymer
materials, including the paint materials is closely related
to their structural changes under the action (usually
synergistic) of stress factors specific to the operating
environment (temperature, ionizing and / or non-ionizing
radiations, chemical stresses etc.) [42-50].

Oxidative applications may induce oxidized groups
formation on the polymer chain, such as carbonyl (C = O),

hydroxyl (O-H), peroxides (-O-O-) or carboxyl (COOH) [51-
53].

These chemical changes are reflected in infrared
spectra and can be used for qualitative and quantitative
analysis of transformations induced by ageing. In electrical
transformers, painting materials used for interior painting
of carbon steel sheet vats, the paint films are in contact
with the electro-insulating fluid (transformer oil).

Under these conditions, the chemical processes in the
complex system made of paint material / electro-insulating
fluid / Kraft paper of insulating / copper [54-56] are largely
determined by the painting material quality, dissolved
oxygen in the electro insulating fluid and its quality.

It is noted that pigments (such as TiO2, ZnO, CaCO3,
etc.) used in the manufacture of paints, as well as magnetic
nanoparticles [57, 58] may favor electro-insulating fluid
degradation processes.

In view of these considerations, the aim of the paper
consist in the study the thermal-oxidative behavior of some
painting materials exposed to the thermal aging at 130oC
in an electro-insulating vegetable ester by the FTIR and
DSC techniques.

Experimental part
Materials

For the purpose of assessing the compatibility of some
paint materials with an electro-insulating fluid (vegetable
oil with high oleic content, over 75 %, MF-UPMEE [59]),
paint films with 90 ± 10 µm thickness were made by
applying the paint material to a Teflon plate and
detachment of the films after polymerization material.

In order to evaluate the electro-insulating fluid influence
on complex processes occurring in the painting materials,
type systems: electro-insulation fluid / paint film / Kraft
paper / Copper,  were exposed to thermal storage ageing
at 130 ± 3 °C in a thermostatic oven, France Etuve Type XL
980 with in closed vessels, to limit oxygen access in the
air.
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To simulate the operating conditions in the transformer,
in parallel and under the same conditions (300 mL oil + 1
dm2 paint film from each analyzed sample as well as with
added  1dm2 Kraft paper + 1dm2 copper foil) were thermally
treated the following materials: PM-1, PM-2 and PM-3.

The copper foil used was electric used [60] and had a
thickness of 30 ± 3 µm. The electro-insulating paper used
was of type 22 HCC, manufactured by Weidmann.

Infrared spectra were recorded with ATR (Attenuated
Total Reflectance) technique. A JASCO FTIR-4200
spectrophotometer coupled with the ATR module of JASCO
Pro 470-H type with diamond crystal was used for this
purpose.

FTIR spectra have been corrected by ATR, CO2, H2O and
processed for identification of characteristic bands using
the software of the equipment.

Carbonyl and hydroxyl indices values were calculated
with the formula:

(1)

(2)

where:
- AC=O is the total area of the bands corresponding to the

groups, measured between 1700-1760 cm-1,
- AO-H is the band area of O-H, measured between 3300

and 3600 cm-1

- ACH2 is the band area of 1453 cm-1 corresponding to the
stretching vibration -CH2.

Differential Scanning Calorimetry (DSC) measurements
were performed using a Setaram 131 EVO (Setaram
Instrumentation, France), in the following conditions:

temperature range, 30-350 C; heating rate, 10 K min-1,
atmosphere, air (gas flow, 50 mL min-1). Samples of about
2–3 mg were measured in aluminium pans of 30µL.
Specific SETARAM software has been used for data
acquisition and processing. Different parameters
characterizing the observed effects (peaks), such as the
oxidation onset temperatures (OOT) were calculated from
the DSC curves.

Results and discussions
The infrared spectroscopy and Differential Scanning

Calorimetry (DSC) were used to characterize the aging
effects by observing the optical absorptions corresponding
to the formation of oxidized groups (e.g. carbonyl, carboxyl,
hydroxyl), respectively the analysis of thermal effects
occurred in the material as a result of thermosetting
stability evaluation and ageing of the analysed materials.

The ATR / FTIR spectra recorded on the samples
according to table 1 are shown in figure1, figure 2 and
figure 3. Table 2 shows the spectral characteristics of the
investigated samples.

The obtained FTIR results show bands characteristic to
epoxy resins. The different composition of the three
investigated resin samples involves different crosslinking
mechanisms, the positions at which the maxima of these
bands appear are influenced by the intermolecular
interactions caused by the epoxy-hardener resin system.

The spectra exhibit the following main bands [64-66]:
wide bands of low intensity due to O-H stretching vibration
(3100-3500 cm-1); bands at approx. 3030-3060 cm-1 due to
the aromatic C-H stretch; multiple bands in the 2830-2980
cm-1 region due to the aliphatic C-H stretch; bands of
different intensities in the 1500-1600 cm-1 region due to
the C=C stretching vibration and the C-O stretching

Fig. 1. FTIR spectra recorded on PM-1 samples: initially and
thermally exposed Fig. 2. FTIR spectra recorded on PM-2 samples: initially and

thermally exposed

Table 1
INVESTIGATED PAINT MATERIALS - ANALYZED FTIR SAMPLES
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vibrations observed at approx. 1244 cm-1 and 1027 cm-1

[64, 65].
In the FTIR spectra, the influence of the exposure to

temperature of the oil paint samples have highlighted a
significant increase (following the oxidation processes due
to the dissolved oxygen in the oil [55, 56] of the appropriate
bands carbonyl groups in the range 1700-1760 cm-1.

According to the thermoxidation mechanism [67], the
primary free radicals formed in the initiation reaction
participate in several subsequent reactions such as β-
cleavage depolimerisation, intramolecular hydrogen
transfer, and intermolecular hydrogen transfer.

 Thus, the formed organic radical reacts with the
polymeric substrate resulting in a peroxy radical and further
to a hydroperoxide radical accompanied by a macro-
molecular radical, thus propagating the chain reaction
process.

Thermal treatment applied to PM-1, PM-2 and PM-3
material samples (table 1) resulted in increased
concentrations of C=O type oxidized groups, compared to
unexposed samples (table 3). Accumulation of carbonyl
groups occurs through the reaction of free radicals with
the oxygen. Under the experimental conditions (closed
system - with limited access to oxygen from the
atmosphere) the thermooxidation processes take place
only with dissolved oxygen in oil.

Table 3 shows the values of carbonyl and hydroxyl
indices obtained from ATR / FTIR analysis.

The analysis of the data in table 3 shows that the
accumulation of carbonyl groups depends on the
compositional structure of the epoxy resin system as well
as on the presence of other factors such as Kraft paper and
Cu foil.

Fig. 3. FTIR spectra recorded on PM-3 samples: initially and
thermally exposed

Table 2
SPECTRAL CHARACTERISTICS OF THE

INVESTIGATED SAMPLES

Table 3
 CARBONYL AND HYDROXYL INDICES DETERMINED
FROM THE ATR / FTIR SPECTRA AND OOT VALUES

OBTAINED FROM DSC CUBES
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Fig. 5. DSC curves recorded on PM-2 samples: initial and thermally
exposed

In the case of PM-1 and PM-2 samples, carbonyl indices
decrease slightly when the paper and the Cu foil are
introduced in the medium, compared to samples exposed
only in natural ester oil.

This is due to the fact that oxygen dissolved in oil also
reacts with copper foil (oxidation catalyst [68]) forming
Cu2O and CuO [14].

Thus, the oxygen available for reaction with the free
radicals of the epoxy substrate becomes limited. Initial
state of samples (without thermal treatment in oil) show
a low concentration of C=O groups.

These may be associated with an oxidative degradation
occurring during the process of obtaining these materials.
Also, very high values of the hydroxyl indices at the initial
samples compared with the aged ones can be observed.

These may be due to the presence of water in the
structure of epoxy materials (they have a high water
retention capacity [66]), but also of the content of intrinsic
OH groups in the material. The results obtained by ATR /
FTIR spectroscopy are confirmed by thermal stability
investigations performed by DSC analysis of paint samples
(figs. 4-6).

The main parameter used to describe and compare the
ageing of the studied materials was the Onset Oxidation
Temperature (OOT), its values being proportional to the
stability of the material under exposure conditions.

In figures 4-6 the DSC curves recorded on the three types
of samples are compared, and in Table 3 the OOT values
obtained are shown.

The OOT values in table 3 are higher for the initial
samples, decreasing to thermal exposure and are
consistent with the effects of the increase in carbonyl
indices observed in FTIR spectroscopy.

Oxidative stability is lower in PM-1 and PM-2 samples,
indicating a higher oxidation susceptibility to PM-3 samples.

Fig. 4. DSC curves recorded on PM-1 samples: initial and thermally
exposed

Fig. 6. DSC curves recorded on PM-3 samples: initial and thermally
exposed

In the DSC curves before the oxidation peak some
exothermic effects between 80-150 °C that can be
attributed to decomposition of hydroperoxides [69, 70].

These effects were stronger for thermally exposed
copper samples (fig. 6 - PM-3.3) than for PM-3.1 initial
sample.

Conclusions
Combined ATR / FTIR and DSC techniques have been

used to diagnose degradation and evaluate differences
between different types of epoxy materials and changes
in their chemical structure as a result of exposure to
temperature under different conditions.

The exposed samples show an increase in carbonyl
indices values due to free radicals with dissolved oxygen
in the environment, compared to unexposed samples.

Concomitant with the increase in carbonyl indices there
is a decrease in the oxidation stability of the analyzed
materials, which is evidenced by the decrease of the OOT
values for the aged samples.

Introducing the Kraft paper / copper system into the
ageing (oil) environment leads to a decrease in carbonyl
index values compared to samples without copper values.

This indicates a lower amount of oxygen for reaction
with free radicals and the epoxy substrate, a portion being
consumed for Cu oxidation, but also for oxidation of oil,
copper having a catalytic role in the oxidation reaction.

In a closed environment (with restricted access to
atmospheric oxygen), the high oxidation susceptibility of
the epoxy materials studied can lead to the consumption
of oxygen dissolved in the natural oil, acting as an
antioxidant for it.
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