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Abstract: Many companies in the power transformer industry are striving to speed up the drying
process of coatings, which is why alternative drying methods are constantly being explored while
maintaining the same coating protection properties. The infrared (IR) drying of protective coatings is
a potential solution for their higher productivity, but has not yet been extensively investigated. In this
paper, two solvent-borne coating systems, with and without zinc in the primer, from two different
manufacturers, dried by infrared radiation and under atmospheric conditions, were studied. The
coating systems consisted of epoxy primer, epoxy intermediate coat, and polyurethane topcoat. Anti-
corrosion performance of the coatings was characterized using a salt spray chamber, pull-off adhesion
testing, electrochemical impedance spectroscopy (EIS) investigation, and open circuit potential (OCP)
measurement. All samples were analyzed using stereo microscope. A scanning electron microscope
(SEM) with energy-dispersive X-ray spectroscopy (EDX) for detailed study and chemical composition
determination was used. The results showed that infrared technology notably reduced coating drying
times while maintaining or improving anticorrosion performance properties compared to the coatings
dried under atmospheric conditions.

Keywords: solvent-borne coatings; corrosion protection; infrared drying; EIS; SEM analysis

1. Introduction

Due to its extensive applications in various industries such as automotive, household
appliances, business machinery, and heavy construction (marine, chemical), steel has
become an important part of our life [1]. General recommendations for mild steel are
that it should be used in an atmospheric rather than acid environment. To slow down the
corrosion rate of mild steel in different environments, preventive measures must be used [2].
In this regard, the most common and useful methods for metal corrosion protection are
cathodic protection [3,4] and application of organic coatings [5,6], corrosion inhibitors [7],
and conversion coatings [8].

Organic coatings stand out as the most applied method whose protective efficiency
consists of high resistance to ionic movement by creating a barrier between the substrate
and the environment. To achieve satisfactory protection via a barrier mechanism, the
recommended coating thickness must be applied. Good adhesion to the metal substrate
and between different layers is also crucial for good performance and durability [9,10].
With increasing concerns over the environment, green and innovative coatings have been
gaining more attention over the last 15–20 years. Solvent-based coatings emit toxic volatile
organic compounds (VOC), which has led the industry into developing new solutions and
technologies such as water-borne, high solids, and UV/IR-curable coatings. Biodegradable
coatings and the addition of non-toxic compounds are also the means to have a positive
impact on the environment [11,12].

A Zn-rich coating has protective mechanisms which can efficiently prevent a mild
steel substrate from corrosion. Zinc provides great cathodic protection and, with the
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formation of nonconductive corrosion products of zinc, provides dominating barrier pro-
tection [13,14]. The corrosion performance of epoxy coatings can be evaluated with various
methods. Zhao et al. [14] studied the degradation of zinc-rich epoxy coating in 3.5% NaCl
solution using electrochemical impedance spectroscopy (EIS) and open circuit potential
measurements (OCP), scanning electron microscope (SEM), Fourier transform infrared
spectroscopy (FTIR), and X-ray diffraction (XRD). Wang et al. [15] investigated the corrosive
electrochemical behaviors of zinc-rich and graphite-filled epoxy coatings in 3.5% NaCl
solution also using EIS and OCP, followed by the accelerated corrosion tests in a salt spray
chamber. Both papers [14,15] showed that epoxy coatings containing zinc particles have
good cathodic protection and barrier properties for the steel substrate.

Application of infrared (IR) drying technology achieves an accelerated and less-
harmful drying process of coatings. Compared to a convection oven, it consumes less
energy and is a more efficient and faster method. Since it has high throughput and mild
conditions, there is no thermal damage caused to the workpiece. IR drying works on the
principle of heat transfer by IR rays straight to the surface of the coating. In this way, the
heat from the IR radiation dries by absorption through a layer of wet paint and reflection
from the metal, whereby the coating dries in two directions—from the outside inwards and
from the inside outwards. Consequently, an extremely fast transfer of residual solvents
and a fast chemical reaction corresponding to the last stage of polymerization are achieved.
Thus, coatings dried in this way achieve a degree of crosslinking that allows the painted
object to be immediately put into operation, i.e., exploitation [16,17]. However, the influ-
ence of the catalytic infrared radiation (CIR) on the coating curing process and comparison
with other drying methods have not been extensively investigated.

In this paper, the catalytic IR heating technology was used for drying two differ-
ent three-layer solvent-borne coating systems (epoxy primer, epoxy intermediate coat,
polyurethane topcoat), with and without Zn (R) primer, from two different paint man-
ufacturers. The aim of this paper was to compare the performance of differently dried
coating systems for corrosion prevention in the power transformer industry. Protective
properties were evaluated in a chloride environment using a salt spray chamber, followed
by Pull-off adhesion testing. Coating resistance was obtained by electrochemical impedance
spectroscopy (EIS), while electrochemical potential state was determined by open circuit
potential (OCP) measurement. Electrochemical measurements were performed in 3% NaCl
solution at different exposure periods. Microstructural analysis and surface morphology
was performed on the cross-section of the coated samples using stereo microscope, after
which, for detailed examination and chemical composition, a scanning electron microscope
(SEM) with energy-dispersive X-ray spectroscopy (EDX) was conducted. All IR samples
were compared to samples dried under atmospheric conditions.

2. Materials and Methods

Coating systems consisting of two-component (2K) epoxy primers with and without
zinc, epoxy intermediate coat, and a final polyurethane topcoat were tested. Half of the
samples were dried under atmospheric conditions and the other half by infrared radiation.
Sample surface preparation was performed with a steel grit blasting abrasive to the required
cleanliness Sa 2.5, according to ISO 8501-1 [18] and a medium degree of roughness (M),
according to ISO 8503-1 [19]. The samples were mild steel plates with the dimension
150 × 120 × 8 mm. Tables 1 and 2 show the applied coating systems regarding the gloss,
solids by volume, recommended thicknesses, and overcoating times for each coating.
The coatings were applied with spiral applicators with thicknesses recommended in the
manufacturer’s technical specifications. Table 3 shows applied coating systems on steel
samples with respect to the drying method, manufacturer, and primer type.
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Table 1. Manufacturer A (CHING).

Coating Gloss Solids by Volume
[Vol. %]

Recommended Thickness
[µm]

Minimum Overcoating
Interval at 20 ◦C

Primer: Zn (R) Mat 51 ± 3 70–80 6–8 h
Primer: Epoxy Mat 59 60–100 6–8 h
Intermediate: Epoxy Mat 73 ± 3 80–140 2 h
Topcoat: Polyurethane Mat 64 ± 3 80–100 5 h

Table 2. Manufacturer B (Hempel).

Coating Gloss Solids by Volume
[Vol. %]

Recommended Thickness
[µm]

Minimum Overcoating
Interval at 20 ◦C

Primer: Zn (R) Mat 65 ± 2 40–100 45 min
Primer/Intermediate:
Epoxy Mat 85 ± 2 100–250 3 h

Topcoat: Polyurethane Glossy 67 ± 2 50–125 6 h

Table 3. Steel samples with respect to the drying method, manufacturer, and primer type.

Manufacturer Sample Applicated Coating Systems
(Primer–Intermediate–Topcoat) Drying Method

A

1.1 Zn(R) EP-EP-PUR Atm.
1.2 Zn(R) EP-EP-PUR IR
2.1 EP-EP-PUR Atm.
2.2 EP-EP-PUR IR

B

3.1 Zn(R) EP-EP-PUR Atm.
3.2 Zn(R) EP-EP-PUR IR
4.1 EP-EP–PUR Atm.
4.2 EP-EP-PUR IR

A catalytic infrared radiation (CIR) gas emitter with wavelengths between 2 and 10 µm
was used. Gas catalytic IR drying is a flameless catalytic process in which gas is converted
into IR energy [16]. The emitter has dimensions of 60 × 60 cm and a power of 6 kW.
The completion of IR drying is carried out by the contact method with a light stroke of a
pencil. When the pencil no longer leaves a trace, the drying process is complete, and the
coating is sufficiently crosslinked. A fully crosslinked coating is a coating that has achieved
its final hardness, fully adheres to the surface, has maximum strength, and is ready for
exploitation [20].

An Elcometer 456 instrument (Elcometer Limited, Manchester, UK) with its non-destructive
magnetic induction method was used to measure dry film thickness (DFT), according to
ISO 2808 [21]. Measurements were performed on ten different locations per sample with
accuracy ± 2.5 µm. The coating adhesion was determined using Elcometer 108 Hydraulic
Adhesion Tester (Elcometer Limited, Manchester, UK) with accuracy ± 0.4 MPa, according
to ISO 4624 [22]. Three pull-off tests were done after the neutral salt spray test and the
average value was noted in the table.

For corrosion performance prediction, an accelerated laboratory test in salt spray
chamber was performed [1,13,23]. According to ISO 9227 [24], the temperature in the salt
chamber was 35 ± 2 ◦C, the compressed air pressure was 0.7–1.4 bar, and the concentration
of NaCl solution was 5%. The test was performed in an Ascott S450 salt chamber, model
S450 (Ascott Analytical Equipment Limited, Staffordshire, UK). Samples were exposed
for 720 h and periodically examined to evaluate the degradation of coatings according to
ISO 4628 [25]. Three samples of each coating system were tested in the salt chamber.

Open circuit potential (OCP) measurement was used to assess the corrosion/stability
tendency in the NaCl solution [14]. The open circuit potential of the coated samples was
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measured against the saturated calomel electrode (SCE) as the reference electrode [14] in
3% NaCl solution, at room temperature 23 ± 2 ◦C. The duration of OCP measurement was
16 ± 1 min in order to achieve steady state conditions.

The protective properties of the coating systems with and without zinc in the primer
were evaluated by electrochemical impedance spectroscopy [5,13], with a VersaSTAT
3 Potentiostat/Galvanostat (AMETEK Scientific 131 Instruments, Princeton applied re-
search, Berwyn, PA, USA). The measurements were carried out after 24, 250, and 500 h of
immersion in 3% NaCl solution at room temperature (23 ± 2) ◦C. The impedance spectra
were performed at open circuit potential with a 100 mV RMS sinusoidal amplitude, using
10 points. The frequency range was from 105 Hz to 10−1 Hz. A three-electrode cell includ-
ing a coated steel sample as the working electrode, a saturated calomel electrode (SCE)
as the reference electrode and two graphite sticks as the auxiliary electrodes were used
in the experiments [10]. Auxiliary electrodes are usually made of inert materials such as
graphite or platinum [26]. The surface of the working electrode was 19.6 cm2, while the
surface of the counter electrodes was 25.5 cm2. Data was interpreted with the AMETEK
ZSimpWin software. Each measurement was implemented in two replications for checking
the repeatability of the data.

The surface morphology and microstructure of the differently dried epoxy coating
systems with or without zinc in the primer were observed by an Olympus GX51 (Olympus
Corporation, Tokyo, Japan) inverted metallurgical microscope and FEI Quanta 250 FE
Scanning Electron Microscope equipped with an Oxford PENTAFET detector (Oxford
Instruments, Belfast, UK). The energy used for the analysis was 20 keV. The surface mor-
phology observations with Olympus GX51 were carried out on three different cross-sections
and the representative micrograph was utilized.

A flowchart of the previously described methods and procedures is given in Figure 1.
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3. Results and Discussion
3.1. IR Drying

As explained in the introduction, with IR gas catalytic technology, a two-way drying
is achieved, and coatings are fully cured in the minimum amount of time. After cooling to
room temperature, there is practically no intercoating interval before the next application,
meaning that a three-layer coating system can be applied within one working day. Figure 2
shows total drying times of IR-dried coating systems, which are significantly lower than
total minimum overcoating intervals at 20 ◦C from Tables 1 and 2. Although, according
to the manufacturer’s technical specifications, the coatings are fully cured and ready for
exploitation after 7 days at 20 ◦C. Infrared drying not only has a positive impact on the
environment through less gas consumption and burning VOCs but it also speeds up the
production process with no drop in quality.
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Figure 2. Total drying times of IR-dried coating systems.

3.2. Coating Thickness Measurement

Greater variations in thickness were not determined for each of the coated samples.
According to ISO 12944-5 [27], the required DFT for coating systems with zinc in the primer
is 200 µm and without zinc is 240 µm. The sample thicknesses exceeded the required values
and within one system were approximately the same.

3.3. Salt Spray Test Result

After 30 days (720 h) of accelerated corrosion test in the salt spray chamber (ISO 9227),
coated samples did not show any signs of rusting, cracking, flaking, and blistering, ac-
cording to ISO 4628 [25]. Corrosion appeared only on the edges of the sample but that
was not taken into consideration. Coated samples showed excellent adhesion even after
corrosion test in salt spray chamber with values over 8.5 MPa, according to ISO 4624 [22].
Pull-off values for coating systems 1 and 4 were higher on IR dried samples, unlike on
systems 2 and 3 where atmospherically dried ones showed better adhesion properties.
Prior to the corrosion test, all samples had shown even better adhesion (no flaking). The IR
drying method did not have any negative influence on the coating adhesion in a marine
environment. The results of coating dry-film thickness and corrosion testing after 720 h
in the salt spray chamber, as well as the following adhesion tests, are shown in Table 4.
Since all samples tested in the salt spray chamber displayed similar corrosion properties,
representative samples were chosen and showed in the table.
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Table 4. Evaluation of coating protection properties after 720 h in the salt spray chamber.

Samples DFTmean σDFT
Rusting Cracking Flaking Blistering Pull off

[MPa][µm] ISO 4628-3 ISO 4628-4 ISO 4628-5 ISO 4628-2

1.1 256 (±2.5) 24.8 Ri 0 0(S0) 0(S0) 0(S0) 8.7 (±0.4)

1.2 249 (±2.5) 21.3 Ri 0 0(S0) 0(S0) 0(S0) 10.4 (±0.4)

2.1 305 (±2.5) 11.3 Ri 0 0(S0) 0(S0) 0(S0) 11.4 (±0.4)

2.2 286 (±2.5) 22.2 Ri 0 0(S0) 0(S0) 0(S0) 9.6 (±0.4)

3.1 207 (±2.5) 11.8 Ri 0 0(S0) 0(S0) 0(S0) 11.8 (±0.4)

3.2 210 (±2.5) 11.4 Ri 0 0(S0) 0(S0) 0(S0) 10.7 (±0.4)

4.1 248 (±2.5) 5.64 Ri 0 0(S0) 0(S0) 0(S0) 9.7 (±0.4)

4.2 251 (±2.5) 9.11 Ri 0 0(S0) 0(S0) 0(S0) 11.3 (±0.4)

3.4. OCP and EIS Study

The results for open circuit potential after stabilization in 3% NaCl solution are shown
in Table 5. Most coating systems exhibit stable corrosion potential over time, which indicates
very good protective properties. Sample 3.2. showed instability over time when exposed to
the saline solution but after 500 h, the value was similar to the other samples.

Table 5. The results of the open circuit potential after stabilization in 3% NaCl solution.

Sample DFTmean
[µm]

σDFT
Ecorr vs. SCE (V)

24 h 250 h 500 h

1.1 248 (±2.5) 21.2 −0.405 −0.408 −0.411
1.2 244 (±2.5) 12.9 −0.252 −0.250 −0.243
2.1 272 (±2.5) 15.3 −0.217 −0.149 −0.110
2.2 281 (±2.5) 24.1 −0.115 −0.160 −0.139
3.1 189 (±2.5) 2.67 −0.230 −0.296 −0.548
3.2 188 (±2.5) 5.38 +0.889 +0.584 −0.432
4.1 226 (±2.5) 4.52 −0.235 −0.164 −0.181
4.2 228 (±2.5) 7.6 −0.352 −0.151 −0.053

EIS plots of the coated samples were fitted with different equivalent circuit models
(Figure 3) depending on the immersion period. Rs represents the electrolyte resistance,
Rc is the coating resistance, Cc coating capacitance, and Qc is the constant phase element,
which describes coatings nonideal capacitance behavior. Cdl and Rct are the double-layer
capacitance and charge transfer resistance at the steel–electrolyte interface, respectively [14].
Model A was used when the coatings exhibited very good barrier properties, at the early
stage of exposure, after 24 h. After 250 and 500 h in 3% NaCl, Model B was used because it
was likely that aggressive media like water and oxygen penetrated into the coating. CPE is
a constant phase element, which depends on the empirical constant n. The constant n is
in the range from 0 to 1. If n = 0, the CPE acts as a resistor, and if n = 1, the CPE acts as a
capacitor [10].
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A CNLS (complex non-linear least squares) simulation was performed in order to
analyze equivalent circuits and compare experimented and simulated data. Tables 6 and 7
contain fitted values of equivalent circuit elements (Rs, Rc, Rct, Qc, and Cdl) and the
corresponding χ2 modeling errors after 24 and 500 h of immersion in 3% NaCl. Replicated
values were in the same range so only the first measurement is shown. The quality of
fitting to equivalent circuit was evaluated by the chi-square value (χ2), that is, the sum
of the square of the differences between theoretical and experimental points [28]. The
lower the chi-square value is, the better fitting results are achieved. Comparison between
the experimental data and CNLS simulations in Nyquist representation are shown in
Figure 4. Initially, coatings acted as a pure capacitor with very high resistance and very
low capacitance. Gradually, water penetrated through the coating causing it to increase its
capacitance (Cc/Qc) and drop its resistance (Rc). It was observed that the charge transfer
resistance (Rct) predominated over the coating resistance (Rc) in the corrosion mechanism,
that is Rct was higher than Rc. These parameters are associated with the dissolution of
the metal substrate and the corrosion product formation and the resistance through the
porous coating layer [29]. When the electrolyte penetrates into the coating pores, it affects
its electrochemical behavior [30]. Double layer capacitance (Cdl) was still very low after
20 days of immersion, indicating that serious delamination under the coating had not
happened yet.

Table 6. Fitted values of equivalent circuit elements (Rs, Rc, Cc) and the corresponding chi-square
value (χ2) after 24 h of immersion in 3% NaCl.

Sample RS,
(102 Ωcm2) nc

CC,
(10−10 Fcm2)

RC,
(109 Ωcm2) χ2

1.1. 7.631 - 9.309 1.622 5.67 × 10−2

1.2. 6.527 - 9.107 1.947 5.01 × 10−2

2.1. 7.377 - 6.113 1.905 4.64 × 10−2

2.2. 9.532 - 5.778 2.706 6.74 × 10−2

3.1. 5.762 - 7.689 2.259 7.99 × 10−2

3.2. 5.468 - 6.597 2.513 4.52 × 10−2

4.1. 7.044 - 7.214 2.607 9.97 × 10−2

4.2. 1.254 - 8.096 3.862 7.17 × 10−2

Table 7. Fitted values of equivalent circuit elements (Rs, Rc, Rct, Cc/Qc, and Cdl) and the correspond-
ing chi-square value (χ2) after 500 h of immersion in 3% NaCl.

Sample RS,
(102 Ωcm2) nc

CC/CPEC,
(10−10 Fcm2)

RC,
(105 Ωcm2) ndl

Cdl,
(10−10 Fcm2)

Rct,
(109 Ωcm2) χ2

1.1. 4.494 - 7.390 0.504 - 3.012 1.678 6.764 × 10−2

1.2. 4.186 - 8.590 0.499 - 3.131 1.377 4.693 × 10−2

2.1. 7.989 0.96 0.108 4452 - 0.109 0.889 5.169 × 10−2

2.2. 8.754 - 5.436 9598 - 5.497 0.906 1.374 × 10−2

3.1. 0.475 - 6.750 2446 - 0.114 1.130 7.98 × 10−2

3.2. 3.324 - 5.912 1.535 - 1.120 2.723 5.38 × 10−2

4.1. 4.984 0.9655 6.144 3.105 - 2.469 0.413 5.26 × 10−2

4.2. 4.807 - 5.545 6423 - 9.448 1.244 6.04 × 10−2
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Bode diagrams of examined samples show that coating resistance of all coating systems
at the beginning of the exposure (Figure 5) had excellent average values (>109 Ωcm2) for
protective coatings [31]. After 250 (Figure 6) and 500 h (Figure 7) in 3% NaCl, average values
decreased for most tested coatings, but still displayed very good protective properties
(>108 Ωcm2). The coating system with zinc in the epoxy primer (3.1. and 3.2.) even
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showed an increase in coating resistance after 500 h of exposure, which may be due to
the self-healing properties of zinc. Since duplicate experiments were carried out for each
sample, Figure 8 represents the average coating resistances of samples at 0.1 Hz for different
immersion times.
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3.5. Metallurgical Analysis

Figure 9 shows all samples analyzed by Olympus GX51 (Olympus Corporation, Tokyo,
Japan) inverted metallurgical microscope with 100× magnification. On each cross-section,
the layer thickness was measured. It is evident that the applied coatings have uniform thick-
ness and appear adequately cured with no defects. There are no signs of crack and pores,
and the coating thickness corresponds with the ones measured with the magnetic method.
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3.6. Morphology and EDX Spectra

Samples 1.1. and 1.2. were chosen for scanning electron microscope (SEM) with energy-
dispersive X-ray spectroscopy to examine the surface morphology, pigment distribution,
and chemical composition. The SEM micrograph for Sample 1.1. in Figure 10a shows that
Zn-rich primer firmly adheres to the steel substrate and that there is also good adhesion
between layers. The elemental mapping by EDX spectroscopy in Figure 10b shows the
presence of various elements depending on the coating layer. Further analysis provided
in Figure 11 shows that Zn is evenly distributed in the primer, C and O can be found in
all layers, and Ti as a pigment is dominant in the topcoat where it gives PUR its specific
properties. Mapping of epoxy intermediate shows Ca distribution across all layers, except
in Mg-Si-O inclusions.
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Figure 9. Analyzed samples by Olympus GX51 (Olympus Corporation, Tokyo, Japan) inverted
metallurgical microscope, 100× magnification.
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Figure 11. Elemental mapping by EDX spectroscopy for Sample 1.1. with distribution for
each element.

Sample 1.2. showed similar distribution to Sample 1.1. when mapped by EDX spec-
troscopy, with elements present in layers as in Sample 1.1. Coating adhesion to the steel
substrate is strong with no visible defects. Figure 12 shows SEM micrograph and EDX
mapping obtained from Sample 1.2, while Figure 13 displays distribution for each element
in the sample done with EDX spectroscopy.
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Figure 12. The SEM micrograph and EDX mapping obtained from Sample 1.2: (a) no visible defects,
coating adhere good to the substrate, (b) Zn is evenly distributed in the primer, intermediate layer
demonstrates Ca distribution with Mg-Si-O inclusions, Ti pigment dominant in the topcoat.
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4. Conclusions

Since there is a small number of studies on catalytic IR curing technology, this research
will provide a foundation for future studies. The following conclusions can be drawn from
the experimental results:

• Catalytic IR curing technology drastically reduces the intercoating interval between
layers and speeds up the anti-corrosive protection process.

• Coatings displayed good adhesion to the steel substrate even after accelerated corro-
sion test, regardless of the drying method.

• Morphology analysis showed both drying methods provide the coatings uniform
thicknesses and evenly distributed elements within layers with no defects.

• The EIS results show that coatings acted as a pure capacitor at the early stages of im-
mersion with very high resistances. Coating capacitance and pore resistance dropped
after 10 days of immersion with the formation of a new liquid–metal interface under
the coating. Double-layer capacitance was still significantly low for all samples in
the observed time, indicating no significant delamination. Bode diagrams showed all
coatings had very good resistance even after 500 h of immersion in 3% NaCl, with
values exceeding 108 Ωcm2.

Generally, all coatings showed good protective properties and the results of the per-
formed tests did not show a significant difference between differently dried coating systems,
IR, or in atmospheric conditions. Catalytic infrared heating/curing technology has so far
proven to be a reliable and fast method of drying with no negative effect on coating
protection quality.

Author Contributions: L.J. and I.C. performed the experiments, analyzed the data and wrote the
paper. I.S. designed the experiments and revised and edited the paper. V.Š. analyzed surface
morphology using SEM and EDX spectroscopy. H.F. provided resources and drying experimental
setup. All authors have read and agreed to the published version of the manuscript.
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