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This paper presents a comparative study with respect to the behavior of some painting materials, used
mainly for decorative and protective industrial applications, exposed to a controlled accelerated ageing
process by using thermal storage and successive thermal cycles.  The evaluation of the structural changes,
as well as those concerning the dielectric loss were carried out in a comparative manner, on the initial
samples, before any exposure to thermal stresses and during the ongoing process of the thermal treatments
applied. As analysis techniques coupled thermal analysis and dielectric impedance spectroscopy have
been used. It was found that there is a clear correlation between the structural changes of the investigated
materials, particularly in the case of the epoxy materials subjected to the applied thermal treatments and
the evolution of the dielectric losses in the material. As a result of these investigations, one may determine
the characteristic  acceptable zones for the thermal stresses (up to 1300 h of storage and 1500 thermal
cycles), anything above these boundaries leading to strong increases in the dielectric losses and hence the
deterioration of the materials rendered unfit to be used for the intended purpose.

Key words: paints, epoxy-resins, polyurethanes, thermal ageing, thermal cycling

The painting materials are used both for the protection
against corrosion of metallic structures mounts/
assemblies and for the protection against atmospheric
factors of cement-based (concrete, mortar, etc.) and/or
wood constructions, as well as to ensure a pleasant
appearance of the protected surfaces.

Usual, by the painting materials used for surface
protection are based on polymers which, under the action
of stress factors, undergo various degradation / ageing
processes.

In the case of metallic structures exposed to
atmospheric corrosion - such as metallic pillars supporting
overhead power lines or various electro-energetic
equipments - ageing under the influence of environmental
factors of applied paint layers makes their permissivity for
accelerating factors of atmospheric corrosion processes
to increase (diffusivity/ penetrability of humidity and O2,
CO2, NOx, etc.). Thus, conditions are created for the
accelerated corrosion of the metal support, which - in the
absence of expensive re-painting works - can seriously
affect the safety in exploitation of the metal structures [1].

In the case of reinforced concrete structures exposed
to atmospheric (climatic) stress factors, concrete
degradation occurs due to the simultaneous action of
humidity and atmospheric CO2, the degradation processes
being accelerated by aggressive gaseous pollutants such
as SO2, NOx, etc. [2]. Moreover, massive degradation is
recorded due to the synergic action of atmospheric factors
and induced AC stray currents [2-11].

During exploitation, the painting materials suffer
degradation processes due to the action of climatic factors
[12-15] and UV radiation [16-21]. These degradations
create conditions for establishing colonies of
microorganisms - especially filamentous fungi - that
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contribute substantially to the global process of the paint
layers degradation [22-25].

Recent studies have highlighted that electromagnetic
pollution of the environment - especially with disturbing
signals at 50 Hz industrial frequency - activates metabolic
processes and accelerates the reproduction / multiplication
of moulds [26-28] which leads to intensification of fungal
attack on polymers [29 -32], including painting materials
[33].

It is noted that, following degradation of the paint layers
due to the synergic action of environmental factors,
atmospheric noxes, microbiological factors and disturbing
electric fields, the processes of degradation of cement
products and metal corrosion are substantially accelerated
[34-41]. In this context, the issue of the development of
highly resistant polymeric materials [42-46] or controlled
biodegradability [47] is of great practical importance.

The lifetime of constructed structures, including those
protected by paint layers, can be assessed by studies of
predictive intelligent diagnostics [48,49] which involve the
existence of databases regarding both the history of
construction and the mechanisms and kinetics degradation
processes under the actions of stressor factors  of the main
materials used in the construction [50, 51].

Considering the fact that during the exploitation the
painting materials are exposed to both extreme
atmospheric temperatures and temperature diurnal
variations, the purpose of the work consists in  the
comparative study of the behavior of some painting
materials (often used in industrial applications) exposed
to accelerated ageing by thermal storage and by successive
thermal cycles.
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Table 1
THE INVESTIGATED PAINT MATERIALS

Fig.1.  Applied thermal cycles

Fig. 2. The thermograms
obtained on S-1 sample before

thermal treatments

Experimental part
Materials and methods

The behavior under the influence of prolonged thermal
stress and some cyclic and rapid temperature variations
on 2 materials type: epoxy resins and polyurethane resin
paints often used in industrial applications (table 1) was
studied.

To obtain paint samples, the dyeing materials
investigated were applied by brushing on a polyethylene
film support, and after curing (10 days at 25 ± 3 °C) coating
with dry film thickness between 80 and 120mm were
detached [16]. In order to simulate the exploitation climatic
conditions (diurnal variations of temperature), some of the
samples thus obtained were exposed to ageing by applying
successive thermal cycles (up to 2000 cycles, fig.1)
between -38 and 85oC in a climatic room type VC 4018,
VÖTSCH- Industrietechnik GmbH. Another part of the paint
samples was exposed to thermal stress by storing at 100
± 3oC for up to 1968 h in a type MEMMERT UNB 400 oven.

For the evaluation of the structural changes and the
dielectric caracteristics [56], (dielectric loss [16]), both
on the initial samples (before exposure to thermal stresses)
and during the thermal treatments applied, determinations

were made by coupled techniques of thermal analysis and
by impedance dielectric spectroscopy.

The thermal analysis determinations  were performed
by progressively heating samples of 10 - 30 mg, in static
air, from ambient temperature to 600 °C with a heating
rate of 10 K/min using a dedicated data processing
software, STA 409PC Produced by Netzsch (Germany).
Determination of dielectric impedance spectroscopy was
performed at 20 ± 2oC and a 3V voltage, applied to the
paint sample foils fixed between of ϕ25 mm electrodes -
equipment type 1296 Dielectric interface / AMTEK, from
Solartron Analytical.

Results and discussions
The TG, DTA and DTG thermograms recorded by

progressive heating in the presence of oxygen (static air)
of the S-1 sample before thermal treatments are shown in
figure 2.

Analyzing figure 2, it is noted that to the progressive
heating of the initial S-1 epoxide material (unexposed to
thermal treatments) between approx. 50oC and approx.
150°C, a V process occurs with the formation of volatile
products when the material suffers a mass loss of ∆mV =
3.45%. The material shows no endothermic peak
(minimum DTA) characteristic of the melting processes.
These findings suggest that up to approx. 150°C, the
polymerization process continues (curing), and then it is
soaked through vitreous transition (glass transition).

The first exothermic process of oxidation  with the
formation of O1 solid peroxide products is slightly
pronounced (distinguishable only by the DTA curve
inflection at 265 °C) since it is covered by the exothermic
process of oxidation O2 with maximum at TMaxO2 = 355°C
with formation of volatile products (∆mO2 = 7.05 %). The
O2 process is followed by oxidation processes with the
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formation of volatile products O3 and O4 (TMaxO3 = 409.9
°C and TMaxO4 = 468.9 °C and a mass loss of ∆mO3-4 = 24.1
%) respectively O7 with TMaxO7 = 547.8 °C and ÄmO7 =
10.31 %.

During thermal storage at 100 °C, the epoxy material S-
1 undergoes structural changes as a result of which, the
recorded thermograms change accordingly.

Thus, in figure 3 it can be noticed that during the
progressive heating of S-1 material by storing at 100 °C for
720 h until at 200oC, it does not suffer mass losses by
volatilization (as in the initial case  fig.  2). It is also observed
that the main thermooxidation processes are the same as
in figure 2 - but on the DTA curve there is an extra
exothermic peak - corresponding to O5 - which suggests
that after the heat treatment applied the structure of the
material suffers changes that made the thermooxidation
processes more complex.

As a result of these modifications, the characteristic
temperatures TMax of the O1 - O7 thermooxidation
processes and the related ∆m mass losses have changed.

At the extension of the applied thermal treatment, the
structural changes are accentuated and the
thermooxidation processes with the formation of volatile
compounds are complicated and changed accordingly, as
shown in figure 4 in which the thermograms obtained are

presented for sample S-1 after 1392 hours of thermal
storage at 100oC.

In figure  5 shows the thermograms obtained on the
epoxy material S-1 after exposure to 800 thermal cycles
(fig. 1).

By analyzing figure 5 it is observed that during the 800
applied thermal cycles, the material structure is stabilized,
respectively up to 200°C there are no decomposition
processes with formation of volatile products (process V -
fig. 2). It is also noted that, after application of the thermal
cycles, the polymer exhibits a tendency of ordering the
structure, respective increasing the crystallinity of the
material, which leads to the appearance of a DTA
endotherm minimum corresponding to melting at TM =
264oC.

The DTA peak corresponding to the first exothermic
process of formation a solid peroxide products O1, with
TMaxO1 = 284oC is slight by pronounced because it is masked
by the thermooxidation process with  formation O2 volatile
products which begins at approx. 280oC and has TMaxO2 =
368.9oC.

This behavior, respectively V process disappearance and
structural ordering - the increase of crystallinity and the
occurrence of the melting process after applying thermal
cycles is similar to the behavior of epoxy materials exposed

Fig. 4. The thermograms
obtained on S-1 sample after
1392 h of thermal storage at

100oC

Fig. 3. The thermograms
obtained on  S-1 sample

after 720 h of thermal
storage at 100oC
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to ageing by UV, reported in [16]. The thermal analysis
determinations performed on the S-2 epoxy material both
on the initial sample and those heat-treated by storage
were similar to those obtained on S-1 sample, the
differences recorded being the process characteristic
temperatures and the related mass losses.

Table 2 shows the characteristic data obtained on S-1
sample at various thermal storage times at 100 °C and
during thermal cycles. Table 3 shows these data for the S-
2 epoxy material.

By analyzing the values presented in table 2 and table 3,
it is found that the two epoxy materials investigated behave
the similar from a thermal point of view.

At the thermal ageing of two materials - both by exposure
to rapid temperature variations (thermal cycling between
-38  and 85 oC) and by storage at 100oC at the beginning of
the treatment there are processes of decomposition with
volatile products formation, processes that are finalized in
the case of thermal storage after approx. 700 h of treatment
at 100 oC (∆mV tends to zero) respectively after 600-800
thermal cycles (according to fig. 1).

Fig. 5. Heat diagrams
obtained on S-1sample after

exposure to 800 thermal
cycles

Table 2
THE RESULTS
OBTAINED BY

THERMAL ANALYSIS ON
THERMALLY TREATED
EPOXY MATERIALS S-1
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In the case of thermal storage it was found that the
temperature characteristic of the first TMaxO1
thermooxidation process, respectively the formation of solid
peroxide products, up to 1392 h of exposure TMaxO1 is
approximately constant, suggesting that there are no
significant changes in the structure of the material.

Starting with 1392 h of storage, TMaxO1 shows a
decreasing trend indicating that the thermooxidative
stability of the investigated materials decreases due to
structural changes - perhaps shortening polymer chains
and increasing the share of tertiary and quaternary (more
reactive) carbon atoms in the structure. This hypothesis is
supported both by the complication/multiplication of the
thermooxidation processes with volatile products
formation in the temperature range of 380- 530oC (O3 -
O6) and by the increasing trend of the total mass losses at
600oC of the samples stored thermally at 100oC more than
1392 h.

between -38  and 85oC), the degree of structural ordering
of the material (crystallinity) increases which provides a
melting process distinct at TM. When cycles continues, TM
increases and  TMaxO1 decreases, indicating that a cross-
linking process of the material occours. These structural
changes of the epoxy materials investigated following the
thermal treatments applied are also reflected in the
evolution  of dielectric losses in material - as shown in
figure 6 (dielectric loss evolution following thermal storage
at 100 oC) and figure 7 (dielectric loss evolution following
thermal cycles).

For epoxy material S-2 the curves shape of figure 6 and
figure 7 are similar, with the difference that the
systematically recorded values were higher by 5-10% than
for S-1.

From the analysis of figure 6 and figure 7 it is noted that,
at the beginning of the applied thermal treatments (up to
700 hours of storage and 800 thermal cycles respectively)
the dielectric losses in S-1 decrease (more pronounced to
50 Hz), indicating that, following volatile products
elimination processes V, the polar groups weight, especially
of the -OH groups) decreases in the material structure.

Table 3
 THE RESULTS OBTAINED BY THERMAL ANALYSIS ON THERMALLY TREATED EPOXY MATERIALS S-2

Fig. 6. Dielectric loss evolution at S-1 sample during thermal
storage at 100 oC

Fig. 7. Dielectric loss evolution at S-1sample following applied
thermal cycles

In the case of thermal cycles, there is a different behavior
compared to ageing through thermal storage. Thus, after
the completion of the decomposition processes with V
volatile compounds formation (after about 800 fast cycles
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When prolonging the applied thermal treatments - at
over approx. 1300 h of storage and more than 1500 thermal
cycles - tgδ values increase what suggests that the material
suffers degradation processes (as shown in table 2).

Fig. 8. Thermograms obtained on the S-3
polyurethane material before applied the

thermal treatments

Fig. 9. Thermograms obtained on S-3
polyurethane material after storage for

1152  h at 100 oC

Fig. 10.The thermal diagrams obtained on
S-3 sample after exposure to

1000 thermal cycles
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   The TG, DTA and DTG thermograms recorded by the
progressive heating in oxygen  presence (static air) of the
S-3 polyurethane material sample before the thermal
treatments applied are shown in figure 8.

By analyzing the thermograms in figure  8, it is observed
that on progressive heating of sample S-3 up to approx.
180oC a V decomposition process occurs by the volatile
products formation  (∆mV = 1.98 %) followed by the
endothermic process M, when the material melts with TM
= 270.1 oC.

Upon the progressive heating of the material over TM up
to 600 oC several complex oxidation processes occur

(some of them to overlap on the DTA curve), the first
pronounced endothermic peak being recorded at TMaxO1 =
407.4 oC. The total loss of recorded mass up to 600 oC was
∆mT = 69.69 %.

Thermograms recorded on S-3 material exposed to
thermal treatments - as shown in figure 9 and figure 10 are
similar to those of figure 8.

Table 4
THE MAIN CHARACTERISTIC

DATA, TG AND DTG  OBTAINED
ON SAMPLES S-3 AND S-4

Fig. 11. Dielectric loss evolution at S-3 sample during
thermal storage at 100oC

Fig. 12. Dielectric loss evolution at S-4sample
following applied thermal cycles

Table 4  shows synthetically the main characteristic data
of the results obtained by thermal analysis of  S-3 and S-4
material samples exposed to applied thermal treatments.

The analysis of the data in table 4 shows that the two
investigated epoxy materials exhibit slightly different
thermal behavior - respectively at the beginning of the
thermal treatments applied, volatile product formation V
process being more pronounced in the case of  S-3 sample
than for S-4 sample.

It is also noted that, in the case of S-3 sample, the
temperature characteristic of the first TMaxO1 thermo-
oxidation process and the total mass losses ∆mT at 600oC
are systematically higher than at S-4 sample. These findings
indicate that S-4 material has a higher thermal stability
than S-3.

For both materials it is noted that in the beginning of the
applied thermal treatments (up to 1392 h of storage at
100oC or 1000 applied thermal cycles) the material structure
stabilizes. Continuing the treatments applied on both
materials, there is a decrease in TM and TMaxO1, respectively
an increase of ∆mT, which suggests that the material
degrades by breaking the polymer chains. This explanation
is also supported by the evolution of dielectric loss tgδ
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during applied thermal treatments (fig. 11 for S-3 sample
and  fig.12 for S-4 sample).

Dielectric loss evolutions during thermal treatments
applied to S-4 sample was similar to that for S-3 sample,
with the difference that values recorded at S-4 sample were
systematically lower by 10-15 % as compare to S-3 sample,
indicating a higher thermal stability and sustainability in
case of S-4 sample.

Considering the thermal behavior of the materials
investigated above as well as the results of the
investigations on the evolution of the thermal and dielectric
characteristics following exposure to various doses of UV
[16], it is considered appropriate to continue the research
in order to show the synergistic effects at UV action
simultaneous exposure and repeated thermal cycles (more
accurate simulation of the actual operating conditions) of
epoxy and polyurethane paint materials.

Conclusions
The thermal analysis of the unexposed materials to

thermal treatments subjected to a progressive heating
process between 50  and 150 °C has shown that there is a
stage of volatile products formation of less than 3.5 %, but
the material has no endothermic characteristic point,
(minimum DTA) associated with the melting processes,
suggesting in fact that up to 150°C, the curing process
continues up to a glass transition phase.

The investigated epoxy materials, stored at 100°C, suffer
structural changes, reflected in the associated
thermograms. However, if these materials are further
subjected to a progressive heating, after storing them at
100°C for 720 h, they will suffer little or no mass loss, which
suggests that after the applied heat treatment the material
structure is somehow stabilized making it less prone to
further thermooxidation processes, within the material
destruction limits. It has been found that there is a clear
correlation between the structural changes of the
investigated materials subjected to the applied thermal
treatments and the evolution of the dielectric losses in the
material.

Dielectric losses have a minimum zone between 600
and around 1300 h, for the thermal storage at 100°C, and a
similar minimum zone for the thermal cycling, between
600 and 1500 cycles, regardless of the applied frequency,
suggesting that the investigated materials can cope with
thermal stresses within these limits and may be used
safely in industrial applications. If one extends the applied
thermal treatments above 1300 h of storage and more than
1500 thermal cycles - tgδ increases sharply (a strong
increase in dielectric losses), indicating clearly that the
materials undergo various degradation processes, and,
consequently they are no longer fit to be used for the
intended purpose.
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