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Abstract: Phenolic-epoxy coatings, which are designed to protect substrates from thermal damage,
are widely applied in many fields. There remains an inadequate understanding of how such coatings
change during their service life after exposure to various temperature conditions. To further elucidate
this issue, this case study investigated the effects of high temperatures on carbon steel panels coated
with phenolic epoxy and exposed to different heating conditions. A general trend of decreasing
barrier performance was observed after exposure to 150 ◦C for 3 d, as evidenced by the appearance
of cracks on the panel surfaces. In contrast, the coating performance improved after exposure to
isothermal conditions (120 ◦C) or thermal cycling from room temperature to 120 ◦C, as indicated by the
increased low-frequency impedance modulus values of the coating. This unexpected improvement
was further examined by characterising the coatings using transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), pull-off adhesion tests,
and time-of-flight secondary ion mass spectrometry (ToF-SIMS). The maximum pull-off adhesion
force (24.9 ± 3.6 MPa) was measured after thermal cycling for 40 d.
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1. Introduction

Corrosion protection of metallic substrates is a traditional application of organic coat-
ings, which remains one of the most cost-effective means of providing practical corrosion
protection. Controlling corrosion by applying coatings is very important, especially for
structures that are subjected to corrosive environments during use. If failure of the protec-
tive coating occurs, the functionality of the coated structure can be threatened. The main
goal of corrosion-protection coatings is to provide long-term protection to increase the prac-
tical service life of the substrate [1]. In certain applications, the coating must be sufficiently
flexible to withstand deformation due to thermal expansion/contraction. Cracks must not
occur during heating after the coating is cured, as this indicates the degradation of the
polymer coating, which may result in eventual adhesive failure [2].

Epoxy coatings are two-component systems consisting of an epoxy compound and a
hardener, which react to form a cured network [3]. Phenolic epoxy coatings are an effective
and inexpensive method for providing protection against thermal damage and corrosion
under insulation (CUI) [4]. To prevent corrosion on metallic structures, epoxy resins (ER),
which are polymeric materials, are widely used in coating preparations [5–7]. Through their
adsorption at the interface between metallic surfaces and the environment, the polymeric
ERs physically form barriers which separate the metallic materials from the unfriendly
environment and try to slow down the metallic corrosion rate [8–10]. The polymer cross-
links to form a network during curing, resulting in a coating with high resistance to
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heat and the diffusion of corrosive substances, which is considered an important factor
governing the physical properties of the cured resin and corrosion resistance, particularly
for amine- or anhydride-cured ERs [11]. However, there is no clear consensus on the effect
of cross-linking on the coating performance, partly because the methods for changing the
cross-linking density introduce problems, such as changes in the chemical structure of
epoxy resin or hardener when exposed to high temperatures [12]. This can damage the
polymer network by chemical bond scission (chain scission), which creates small molecular
fragments [2].

The aim of this case study was to evaluate the behaviour of a phenolic epoxy under
thermal exposure. Many methods were used to characterise the chemical and physical
changes in the phenolic epoxy, such as pull-off adhesion, EIS, TGA, DSC, FTIR, and
ToF-SIMS. These methods provided information about the cross-linked structures after
the degradation of the epoxy coatings and the thermal stability of the coatings under
different conditions.

2. Experimental
2.1. Materials

Carbon steel plates (AS36/Grade 250) with a nominal composition of 0.04 C, 0.2 Si,
5.5 M, 0.005 P, 0.003 S, 0.03 Al, 0.22 Mo, 0.30 Ni, 0.39 Cr, and balance of Fe (wt%) (Bluescope
steel, New South Wells, Australia), and dimensions of 170 mm × 50 mm × 6 mm were
used as substrates. The surface preparation grade of test panels immediately before coating
application complied with ISO 8501-1: 2007, Sa 3. The steel plates were coated with a
commercial amine-cured phenolic-epoxy coating (Dulux coating company, Clayton South,
VIC, Australia). The chemical composition of the coating is shown in Table 1. The supplier
applied one layer of the epoxy coating to the carbon steel substrates using an airless spray
gun. The coating thickness was measured using a digital gauge (PosiTector 6000) with
the appropriate gauge and calibration standards (MP 2527) (AT advance tools, Adelaide,
Australia). Measurements were performed at a minimum of five points on the sample
surface. The maximum operating temperature of the coating is 120 ◦C (dry heat).

Table 1. Composition of the phenolic epoxy coating.

Phenolic Epoxy Proportion

Bisphenol-A epoxy resin 10–30%
Benzyl alcohol 1–10%

Bisphenol-F epoxy resin 1–10%
Methylisobutyl ketone 1–10%

Xylene 1–10%

Amine hardener Proportion

Isophorone diamine >60%

2.2. Exposure Conditions

The coated panels were divided into two groups (six samples each) and exposed to
dry heat in an oven (Binder GmbH, FDL 115, Tuttlingen, Germany). The isothermal group
was dried at a constant temperature (120 ◦C), while for the cyclic group was subjected to
thermal cycling (22 to 120 ◦C) following ISO 19277:2018 (dry thermal cycling) [13]. The
thermal cycling process is illustrated in Figure 1.

The samples for thermal cycling were removed from the oven, cooled at room tem-
perature for 4 h, and then placed into the oven again at 120 ◦C for 20 h (temperature rise
rate was 10 ◦C/min). The isothermal and cycled samples were taken out of the furnace for
examination after 20, 40, and 60 d. Additionally, one coated panel was exposed to 150 ◦C
under isothermal conditions to accelerate the thermal degradation.
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Figure 1. Dry thermal cycling profile (temperature vs. time).

2.3. Characterisation Techniques
2.3.1. Pull-Off Adhesion Strength

During adhesion-strength testing, the force required to pull a specified test diameter
of a coating away from its substrate using a hydraulic pump is measured. Adhesion tests
were conducted using an automatic adhesion tester (PosiTest® AT-A) (DeFelsko company,
Ogdensburg, NY, USA) following ASTM D4541-02 [8,14]. The aluminium dolly was 14 mm
in size. All dollies and the coating surface were abraded with 1200 grit SiC paper to
enhance the mechanical anchoring with the adhesive. The dollies were cleaned with
acetone to remove any contamination before they were affixed to the coating. The adhesion
tests were performed 24 h after the dollies were affixed on the coated panels with epoxy
adhesive (Resinlab EP11 HT) (REsilab adhesive company, New South Wales, Australia).
The measurements were conducted in triplicate. Before attaching the dolly to the coating
surface, the coating around the dolly was cut using a hole saw and removed. Equation (1)
was used to calculate the percentage change in the adhesion strength of the coating, which
compares the strengths before (pre-exposure) and after (post-exposure) the sample was
exposed to dry heating.

Adhesion strength change (%) =
post exposure∗ − pre exposure

post exposure
× 100 (1)

* The pre-exposure adhesion strength was 11.6 ± 1.1 MPa.

2.3.2. Electrochemical Impedance Spectroscopy (EIS)

The performance of the coating before and after thermal exposure was evaluated
using EIS. A glass tube with an exposed area of 14.6 cm2 and 8 cm height was placed on
the coated panel and tightly sealed with a mechanical clamp, as shown in Figure 2. The
electrolyte was 3.5 wt% NaCl solution at 24 ± 1 ◦C and the total volume of electrolyte in
the glass cell was 100 mL. A conventional three-electrode cell was used, consisting of an
ionode probe filled with 3 M of KCl electrolyte as a reference electrode (with its tip placed
1–3 mm from the coating surface), a platinum mesh as a counter electrode, and the coated
carbon steel as the working electrode. EIS measurements were conducted using a Gamry
potentionstat (Interface 1010ETM) (Scientific solution company, South Australia, Australia)
at the OCP. A 20 mV (r.m.s) sinusoidal perturbation was applied in the frequency range
of 100 KHz to 10 mHz, and six points per decade were measured. The EIS curves were
analysed using Gamry Echem AnalystTM software, version 7.8.
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Figure 2. Schematic of the electrochemical cell used for testing the epoxy-coated metal sheets.

2.3.3. Thermal Analysis

A Mettler Toledo AG (Nänikon, Switzerland) system was used for both TGA and DSC.
The measurements were conducted in the temperature range of 35–800 ◦C at the heating
rate of 10 ◦C min−1 under an air flow (0.01 L min−1). First, 5 mg samples scraped from
the top layer of the coating surface were placed in a 40 µL platinum open pan. For TGA
analysis, the sample weight as a function of temperature was measured. At the end of
each run, the experimental data were used to plot the percentage of undegraded sample
(1 − D)% as a function of temperature, where D = (W0 − W)/W0; W0 and W are the masses
of sample at the starting point and during scanning. The experiments were performed in
duplicate to obtain weight loss data. The initial weight loss of the pre-exposed sample was
related to water loss [15]. For DSC analysis, the heat flow of the samples was measured to
evaluate the enthalpy and temperature of the observed phase transitions.

2.3.4. FTIR

FTIR was used to determine the chemical changes in the polymer chains and the
behaviours of all bands that are generated in hydrocarbon chains as a result of thermal
exposure. A Nicolet iS50 (ThermoFisher Scientfic, Waltham, MA, USA) was used to obtain
the FTIR spectra, which is fitted with a dedicated single-bounce diamond ATR purged with
dry nitrogen. Specimens were obtained by scraping several milligrams of material from the
surface of the coating, which was then finely ground in an agate mortar. All samples were
measured using 64-scan data accumulated over the range of 500–4000 cm−1 at a spectral
resolution of 4 cm−1.

2.3.5. ToF-SIMS

ToF-SIMS analyses were performed using an IONTOF M6 ToF-SIMS system operated
with a Bi3+ primary ion source (30 keV) and an electron flood source for charge compensa-
tion. The pulsed primary ion beam current was 1.1 pA and the primary ion dose density
was below the static SIMS limit of 1013 ions cm−2. Positive ion mass spectra were acquired
from 100 µm × 100 µm areas with a cycle time of 100 µs. The spectroscopy analytical mode
was used, resulting in a mass resolution above 7500 at m/z = 29. SurfaceLab software
(IONTOF Gmbh, Münster, Germany; version 7.2) with integrated multivariate statistical
analysis was used to analyse the data. Principle component analysis was used to identify
variations between spectra obtained from different samples.
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Three coated panels were subjected to ToF-SIMS analysis, namely, a fresh sample used
as a control, the sample exposed to 150 ◦C, and a selected sample after thermal exposure to
cycling at 22 to 120 ◦C. Cross-sectional samples were prepared using a sandwich method
(Figure 3) to minimise edge effects, which are deleterious for ToF-SIMS. The surface was
prepared for analysis by wet grinding using SiC paper up to 1200 grit and then rinsing
with deionised water and ethanol, followed by air drying.

Corros. Mater. Degrad. 2024, 5, FOR PEER REVIEW    5 
 

 

software (IONTOF Gmbh, Münster, Germany; version 7.2) with integrated multivariate 

statistical analysis was used to analyse the data. Principle component analysis was used 

to identify variations between spectra obtained from different samples. 

Three coated panels were subjected  to ToF-SIMS analysis, namely, a  fresh sample 

used as a control, the sample exposed to 150 °C, and a selected sample after thermal ex-

posure to cycling at 22 to 120 °C. Cross-sectional samples were prepared using a sandwich 

method (Figure 3) to minimise edge effects, which are deleterious for ToF-SIMS. The sur-

face was prepared for analysis by wet grinding using SiC paper up to 1200 grit and then 

rinsing with deionised water and ethanol, followed by air drying. 

 

Figure 3. Arrangement of the three coated panels used for ToF-SIMS measurements. 

3. Results and Discussion 

3.1. Pull‐Off Adhesion Strength 

The pull-off strength measurements were conducted on the samples before and after 

20, 40, and 60 days of exposure to isothermal or cyclic conditions (maximum temperature 

of 120 °C). Table 2 presents the adhesion strengths of the epoxy coatings as a function of 

time and dry heating condition. All tests were performed on duplicate coating panels with 

three measurements on each panel. As the exposure time  increased from 0 to 60 d, the 

adhesion strength of all specimens  increased. The highest value was ~24.9 MPa  for  the 

sample cycled for 40 d, corresponding to an increase of 53.4% compared to the initial con-

dition. Moreover, the adhesion strength of the isothermal specimen after 40 d was high 

(20.2 MPa) with an increase of 42.6%. Furthermore, phenolic epoxy showed similar adhe-

sion strengths (13.1–14.9 MPa) for all other exposure conditions and times. These results 

confirm that the adhesion properties of the organic coatings on the substrate improved for 

all samples after dry heat exposure. A previous study reported that the pull-off strength 

between the coating and metal substrate increases as the coating thickness decreases [16]. 

To confirm this, the coating thickness around the dolly was measured using a digital Pos-

iTector 6000 (DeFelsko company, Ogdensburg, NY, USA), which  indicated that the dis-

tance from the dolly to the edge of the coated panel was 16.0 ± 1 mm. Figure 4 compares 

the pull-off strength with the coating thickness around the dolly for all coated panels. The 

thickness varied between 163 and 320 µm. No obvious correlation between the coating 

thickness and pull-off strength was observed for the various samples, and most of the data 

points were under the fit line. 

   

Figure 3. Arrangement of the three coated panels used for ToF-SIMS measurements.

3. Results and Discussion
3.1. Pull-Off Adhesion Strength

The pull-off strength measurements were conducted on the samples before and after
20, 40, and 60 days of exposure to isothermal or cyclic conditions (maximum temperature of
120 ◦C). Table 2 presents the adhesion strengths of the epoxy coatings as a function of time
and dry heating condition. All tests were performed on duplicate coating panels with three
measurements on each panel. As the exposure time increased from 0 to 60 d, the adhesion
strength of all specimens increased. The highest value was ~24.9 MPa for the sample cycled
for 40 d, corresponding to an increase of 53.4% compared to the initial condition. Moreover,
the adhesion strength of the isothermal specimen after 40 d was high (20.2 MPa) with
an increase of 42.6%. Furthermore, phenolic epoxy showed similar adhesion strengths
(13.1–14.9 MPa) for all other exposure conditions and times. These results confirm that the
adhesion properties of the organic coatings on the substrate improved for all samples after
dry heat exposure. A previous study reported that the pull-off strength between the coating
and metal substrate increases as the coating thickness decreases [16]. To confirm this, the
coating thickness around the dolly was measured using a digital PosiTector 6000 (DeFelsko
company, Ogdensburg, NY, USA), which indicated that the distance from the dolly to the
edge of the coated panel was 16.0 ± 1 mm. Figure 4 compares the pull-off strength with the
coating thickness around the dolly for all coated panels. The thickness varied between 163
and 320 µm. No obvious correlation between the coating thickness and pull-off strength
was observed for the various samples, and most of the data points were under the fit line.

The area fractions of certain failure modes (cohesion, adhesion, and glue) of the de-
tached adhesive surfaces after pull-off tests were calculated using ImageJ software, version
1.52t [17]. Cohesion is defined as the internal strength of an adhesive resulting from the var-
ious interactions within the adhesive (single material), while adhesion refers to the bonding
between the coating and metal substrate (two materials). Furthermore, a mixed failure
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mode describes the case when failure of cohesion and adhesion occurs simultaneously. In
this case, the ratio between adhesive and cohesive areas can be determined. Additionally,
failure can also occur in the adherent (i.e., the glue between the coating and dolly in these
tests) if the adhesive is stronger than the adherent and the adhesive remains intact after test.
Figure 5 shows the area fractions of the three failure modes (glue, cohesion, and adhesion)
expressed as percentages. For the control sample (pre-exposure), adhesive failure is domi-
nant. However, after thermal exposure, loss of cohesion is the major failure mode. As the
pull-off adhesion tests measure the weakest bond among the coating/steel, coating, and
coating/dolly, the results indicated that the bond strength between the coating/substrate
increased after thermal exposure.

Table 2. Pull-off adhesion strengths for all tested samples.

Duration
(Days)

Adhesion Force
(MPa)

at Constant
Temperature

Adhesion
Increase (%)

Average
Thickness (µm)

Adhesion Force
(MPa)

at Cycling
Temperature

Adhesion
Increase (%)

Average
Thickness (µm)

20 13.7 ± 0.75 15.3 265 ± 73 14.3 ± 1.61 18.9 215 ± 40.87
40 20.2 ± 2.9 42.6 210 ± 54 24.9 ± 3.6 53.4 195 ± 73.08
60 14.2 ± 2.4 18.3 220 ± 20.82 13.1 ± 2.2 11.5 168 ± 13.65
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Figure 4. Pull-off adhesive strength as a function of the coating thickness for isothermal (C) and
cycled (T) samples.

In conclusion, it was found that the adhesive strength increased after thermal exposure
and the failure mode changed from failure mainly at the metal/adhesive interface to
failure mainly within the coating, indicating that the interfacial bond strength between
the substrate and coating improved after heating. The water-induced weakening of the
adhesive could induce a reduction in adhesive energy at the metal interface [18]. After the
coating was exposed to heat, the moisture content within the coating system decreases,
thereby driving a shift in the dominant failure mode from adhesion to cohesion.
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Figure 5. Area fractions of the failure modes of (a) isothermal and (b) cycled samples after pull-off
adhesion tests.

3.2. Electrochemical Properties

The Nyquist plots of the electrochemical impedance of the coated panels show three
distinct features, representing three different mechanisms (Figure 6). The pre-exposure
sample showed low resistance. The EIS plots show semi-circles as capacitive loops that
differ at high frequency and an oblique line at low frequency. These findings imply that
a corrosive medium diffused into the coating–metal interface. The plot for the 120 ◦C
isothermal sample is characterised by a single semi-circle with high impedance, suggesting
that water penetrated the coating but did not reach the coating–metal interface. In contrast,
the plot for the 150 ◦C isothermal sample shows double capacitive loops, indicating that
the coating delaminated from the substrate (Figure 3).
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Figure 6. Nyquist plots of phenolic-epoxy-coated steel samples after immersion in 3.5 wt% NaCl
solution: (a) cycled and (b) isothermal heat treatment (120 ◦C maximum temperature).

Figure 7 shows the evolution of Bode plots over time for the various thermal treatments.
All coatings exhibited capacitive behaviour, with a single time constant covering a wide
range of frequencies and a high impedance modulus at low frequency (indicating the
resistance of the system) between 108 Ω·cm2 for the pre-exposed samples and almost
1010 Ω·cm2 for the coated samples after thermal treatment. The higher impedance of the
coating after thermal treatment implies that exposing the coated panels to 120 ◦C forms a
more durable barrier to the penetration of electrolytes. A simple equivalent circuit used
for fitting the EIS data is shown in Figure 8a, comprising Rs, coating resistance Rcoat,
and CPE of the coating Qcoat. This circuit is commonly used for systems with a single
time constant [19,20]. After 3 d of isothermal exposure to 150 ◦C, large cracks appeared
on the coating (as shown in Figure 3), which may have resulted in the corrosion of the
metal surface under the cracks due to electrolyte penetration before EIS was conducted. To
account for the coating degradation, the EIS curves for this sample were fit using the
modified equivalent electrical circuit presented in Figure 8b [21]. The shape of the plots for
a coated metal, with two minima for the phase plot. The one at high frequency reflects the
physical behaviour of the coating (Qcoat, Rcoat), while the one at intermediate frequencies
corresponds to the corrosion reactions at the coating–substrate interface (Qdl, Rct). The low
Rcoat and Rct values indicate a low resistance to electrolyte diffusion through the coating
and a significant corrosion reaction at the interface, respectively. The reactive impedance is
equal to the sum of Rct and Rs, i.e., 2.51 × 104 Ω·cm2.

The data in Tables 3 and 4 summarise the resistance and capacitance values. The
Rcoat value increases from 108 Ω·cm2 for the pre-exposure sample to 1010 Ω·cm2 after
thermal treatment. The maximum value of Rcoat after 40 d of isothermal treatment
was 3.18 × 1010 Ω·cm2, while the highest equivalent value after thermal cycling was
3.38 × 1010 Ω·cm2. Progressive improvement in the dielectric properties over time is also
indicated by the Qcoat data. The Qcoat values for the coatings (10−10 F·cm−2) exposed to
isothermal treatment at 120 ◦C are much lower than that of the control (10−9 F·cm−2). In
addition, the Qcoat and Qdl values for the coating exposed to isothermal heating at 150 ◦C
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for 3 d increased compared to the control, implying the diffusion of corrosive species
through the coating and contact with the metal substrate (Table 5).

Table 3. EIS fitting parameters for the 120 ◦C isothermal samples.

Duration
(Days)

Rcoat
(Ω·cm2) Ycoat S·secn·cm−2 ncoat X2

Pre-exposure 8.12 × 108 1.8 × 10−9 0.84 5.55 × 10−3

20 d 1.03 × 1010 3.90 × 10−10 0.965 8.05 × 10−4

40 d 3.18 × 1010 5.23 × 10−10 0.994 3.63 × 10−3

60 d 1.48 × 1010 4.66 × 10−10 0.977 1.46 × 10−4

Table 4. EIS fitting parameters for the 120 ◦C cycled samples.

Duration
(Days)

Rcoat
(Ω·cm2) Ycoat S·secn·cm−2 ncoat X2

Pre-exposure 8.12 × 108 1.8 × 10−9 0.84 5.55 × 10−3

20 d 2.36 × 1010 4.36 × 10−10 0.991 1.46 × 10−4

40 d 3.38 × 1010 5.73 × 10−10 0.998 9.48 × 10−4

60 d 3.29 × 1010 5.03 × 10−10 0.968 1.51 × 10−4

Table 5. EIS fitting parameters for the 150 ◦C isothermal samples after 3 d of exposure.

Rcoat
(Ω·cm2)

Rct
(Ω·cm2) Ycoat

(
S·secn·cm−2) ncoat Ydl

(
S·secn·cm−2) ndl X2

1.1 × 104 1.35 × 104 4.62 × 10−4 0.98 2.14 × 10−7 0.71 2.37 × 10−4
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Figure 7. Bode plots of phenolic-epoxy-coated steel samples after immersion in 3.5 wt% NaCl solution:
(a,b) cycled and (c,d) isothermal heat treatment (120 ◦C maximum temperature).
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Figure 8. Equivalent circuits used to fit the impedance curves obtained for (a) all coated metal samples
other than (b) the 150 ◦C isothermal sample (to account for cracks in the coating).
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3.3. Thermal Behaviour

TGA and differential TGA (DTGA) results are shown in Figure 9. The major reactions
are the dehydration of the coating with the formation of a double bond in the polymer
chain, double bond isomerisation, and allyl-oxygen bond scission [22]. The DTGA curves
in Figure 9b,d show a single endothermal peak at the same temperature region, close to
350 ◦C, for all coated panels. After heat treatment, two endothermic peaks are observed
at 121 and 348 ◦C. This is due to the different temperature ranges of reactions of this
sample. The peak at 121 ◦C could be due to the phase separation of the epoxy mixture
during dehydration [23]. The second peak of the pre-exposure phenolic epoxy (at 348 ◦C)
is considered the highest endothermic peak of all samples. This indicates that material
decomposition accelerates at 348 ◦C [24]. Thermal damage during heating leads to a
considerable loss of compounds, which in turn causes rapid degradation of the coating [23].
Subsequently, all coated panels show low endothermic peaks because of the formation
of highly cross-linked structures and reduced reaction rates related to diminished chain
mobility, which minimises the decomposition of compounds in the coating [23].
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The Tg is an important parameter for identifying changes in the physical properties
of polymers in their transition from a rigid glassy state to a softer rubbery state. The DSC
curves used to determine the Tg values of the coated samples are shown in Figure 10. The
lower Tg indicates the easier movement of molecules due to a less dense epoxy cross-linked
network (lower MW) [25]. The Tg values of the phenolic-epoxy coating increased after
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different periods of exposure to 120 ◦C. The initial Tg of 43.5 ◦C increased to 49.35 ± 1 ◦C
after thermal cycling and 49.55 ± 1 ◦C after isothermal treatment for different durations.
This emphasises that epoxy molecules have a high molecular chain strength and high MW
after exposure to heating at 120 ◦C [25]. The pre-exposure coating shows two heat-flow
peaks, corresponding to a melting process and the presence of organic solvents. Low-
MW solvents have a large effect on the results of DSC purity determinations. The volatile
impurities of substances with melting points above approximately 80 ◦C can evaporate [26].
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3.4. Chemical Properties

The FTIR spectra of the phenolic epoxy coatings exposed to different thermal con-
ditions are shown in Figure 11. The absorption bands at 1650 and 1725 cm−1 increased
with increasing exposure time, which could be due to the effect of the high temperature
on the fresh coating, i.e., the formation of carbonyl groups [27]. In the hydroxyl domain
(~3800–2500 cm−1) [28], only minor changes were observed after 40 d of heat treatment.
The C=C stretching vibration is normally observed at 1665–1675 cm−1 for the trans configu-
ration and at 1635–1665 cm−1 for the cis configuration [28]. Consequently, the prominent
band at 1730 cm−1 is assigned to the characteristic C=O stretching frequency [29].

The molecular-level changes in the structure that can occur in the phenolic epoxy-
coating during thermal treatment are illustrated below. A representative molecular struc-
ture of epoxy resins (diglycidyl ether of bisphenol A; DGEBA) is shown in Figure 12. To
interpret the thermal behaviour of the epoxy resin, the simplest DGEBA resin with n = 0
is considered. Moreover, the curing of epoxy resin systems is strongly dependent on the
type of hardener. To explain the structure of the heat-treated resins as simply as possible,
an aliphatic amine curing agent, ethylene diamine (EDA), is considered. A stoichiomet-
ric mixture contains two molecules of EDA bonded with two molecules of DGEBA. The
structure of the resultant product is shown in Figure 13a. The carbonyl group formed in an
epoxy resin is surrounded by adjacent –CH2–groups. The bands at 1725 cm−1 are assigned
to the characteristic C=O stretch frequency, which is expected to result in absorption in
the region for alkyl-substituted carbonyls [27]. The presence of double bonds in the amine
linkages is indicated by the C=C stretching vibration. These peaks at 1650 cm−1 are the
result of shifting alkane frequencies arising from adjacent amine groups [28]. The changes
in the structure of the carbonyl groups form pendant –OH groups, and double bonds form
in the amine linkages of the epoxy resin. Reactions involving the evolved hydrogen, such
as the formation of carbonyl groups and double bonds in the amine linkage, and possibly
cross-linking between molecules, are shown in Figure 13b. These reactions tend to make
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the molecular network more rigid, thus affecting the mechanical properties, as shown in
Table 2 and Figure 5.
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3.5. Molecular Structure of the Coatings

The molecular composition of the coatings was studied by ToF-SIMS. Figure 14 shows
a variation in the intensity of the secondary ion peaks of positive ions for the coatings used
in this study (exposed to three different thermal treatment conditions). The assignments of
the peaks were initially based on reference libraries and the literature for DGEBA [28–31].
The CxHyO+ ions were identified as the single-ring ions in the resin, while the nitrogen-
containing hydrocarbon ions (CxHyN+) are related to the epoxy hardener, and the aliphatic
hydrocarbon ions (CxH+) indicate structural density [30]. The MW of the hydrocarbon
ions provides significant information about the cross-linking to the hydrocarbon structure
in the phenolic epoxy coatings. The ToF-SIMS analysis focused on the sample with the
highest adhesion strength, which was subjected to thermal cycling between 22 ◦C and
120 ◦C for 40 d. Cracks were present on the coating of the similar sample cycled to 150 ◦C.
To investigate the differences between these samples, ToF-SIMS was used to investigate
the molecular composition of the coating to identify the changes in the epoxy structure at
high temperatures.
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Figure 14. Positive ion ToF-SIMS spectra (field of view 0.1 mm × 0.1 mm, indicated in the inset
optical microscopy images of cross-sections of single-layer coatings). The highest MW ions (CxHyO+,
CxHyN+, and CxH+) with intensities above 10 counts are labelled. (a,b) Pre-exposure, (c,d) cyclic
treatment up to 120 ◦C for 40 d, and (e,f) isothermal treatment at 150 ◦C for 3 d. The red boxes are
ToF-SIMS scan locations on a coating film.
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Measurements were taken at two locations for each coating, as indicated by the red
squares in the inset microscopy images in Figure 14. The mass range of 400–640 m/z
shows contributions from three high-MW components. The highest aliphatic hydrocarbon
weight was identified for C33H+, C39H+, C42H+, C52H+, and C38H+ for all three thermal
conditions. The results for the unexposed control sample were compared with those for
the heat-treated samples (thermal cycling to 120 ◦C or isothermal treatment at 150 ◦C).
The cycled sample had the highest MW and the aliphatic hydrocarbon was C52H+, which
indicates enhanced cross-linking between the epoxy resin and curing agent (hardener)
during thermal exposure [31]. At the higher temperature of 150 ◦C, epoxy chain scission
occurred, resulting in a reduction in C–C bonding. A reduction in aliphatic hydrocarbon
indicates a network rupture and a reduction in network density, which is due to the low MW
aliphatic hydrocarbon C38H+. Other explanations might be a heat-induced condensation
reaction or the formation of polyaromatic structures at the surface [30,31].

The other significant polymer group is resin molecules, which is indicated by the
oxygen-containing hydrocarbon molecules revealed by the ToF-SIMS positive ion spectra
(Figure 14). C32H47O+, C39H55O+, C43H67O+, C43H65O+, C32H60O+, and C36H73O+ were
observed for the resin material. No differences attributable to the network density were
observed in the spectra of the sample treated at 150 ◦C and the unexposed control sample.
The increased development of hydrocarbon molecules during thermal cycling increased
the MW of the resin material to C43H67O+. This indicates that the cross-linking of the resin
enhanced the oligomer bonds and distributions in the resin. This chain length provides
better-balanced mechanical and thermal properties [28].

Another contribution appears in the CxHyN+ ion fragments, such as C40H29N+,
C39H29N+, C47H35N+, C39H22N+, and C36H76N+. Figure 14 show significant changes in
long-chain hydrocarbon ions that contain nitrogen. The structural density and cross-linking
reactions in the hardener component increased when the coating was exposed to thermal
cycling for 40 days, reaching C47H35N+. This indicates a discrete physical phenomenon in
which the concentrations of ions produced during thermal cycling increase in the hardener
and resin. The structural changes at the interfaces of adhesive joints provide valuable
information regarding the adhesive/coating surface and interfaces (adhesion chemistry).

In the case of the sample treated at 150 ◦C, the hydrocarbon ions containing nitrogen
(C40H29N+ to C36H76N+) had lower MW than those identified for the control sample.
The hardener component suffered chain scission as a result of thermomechanical stresses,
resulting in structural damage [31]. Thermal stress generates mechanical pressure at the
surface and in the bulk resulting in crack initiation and propagation. Organics coatings can
be damaged at elevated temperatures due to the outgassing of volatiles, dehydration, and
shrinkage, where the latter results in the generation of cracks [29].

The ToF-SIMS results provide information about structural changes at the interfaces
in adhesive joints, in addition to the interfacial chemistry of the adhesive/coating surface.
The results indicated that the molecular composition of the sample changed after heating,
observed as changes in the intensities of ions reported to be related to the chain structure of
epoxy components, which are consistent with the mechanical testing results.

4. Conclusions

This study investigated the chemical and physical changes of phenolic–epoxy coatings
after exposure to elevated temperatures. The following conclusions were drawn:

• Phenolic-epoxy coatings underwent post-curing when exposed to 120 ◦C for up to
40 d, resulting in enhanced coating performance, as demonstrated by the increased
adhesion strengths and high impedance of the coatings.

• After further exposure for 60 d, the opposite results were obtained; i.e., coating
degradation was evidenced by lower adhesion strengths.

• The ToF-SIMS results demonstrated enhanced cross-linking after thermal exposure
due to the generation of larger hydrocarbon fragments.
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• In contrast, increasing the dry temperature from 120 to 150 ◦C led to a loss of hydro-
carbon weight, resulting in cracking of the coating surface.

• Optimised dry-film thickness of phenolic-epoxy coating after heat treatment to provide
maximum substrate protection.
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