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Abstract Water transport kinetics in the coatings
were markedly enhanced and the coating impedances
decreased exponentially as temperature increased. The
effect of temperature on the coating impedance was
attributed to the change in the defect area fraction
caused by the thermal expansion of the polymers. The
temperature dependence of coating impedance was
reversible in a non-aqueous environment but was
irreversible in an aqueous environment. This is
attributed to the plasticization effect of water on the
polymer chains. The effect of glass transition on
coating impedances during a short period of exposure
to heat source was insignificant.
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Introduction

Pipeline segments near compression stations are
exposed to high-temperature gases whose temperature
may rise to 70�C and above if proper cooling systems
are not installed. Polymer coatings on such pipeline
segments may experience glass transition. Thermody-
namically, the glass transition is a second-order tran-
sition in which there is no discontinuity in the Gibbs
free energy and its first partial derivatives such as the
entropy, volume, or enthalpy at the glass transition
temperature (Tg), but there is discontinuity in the
second partial derivatives of the Gibbs free energy
such as the heat capacitance, compressibility, and
dielectric constant.1,2 On the molecular scale, the glass

transition involves the onset of long-range coordinated
molecular motion, the beginning of reptation.2 On the
macroscopic scale, the mechanical properties, thermal
properties, and electrical properties of the polymers2–4

abruptly change in the glass transition range. These
changes may have profound effects on the corrosion
protection performance of polymer coatings working
above Tg.

The adverse effects of temperature on the corrosion
protection performance of polymer coatings have been
reported in the literature;5–13 however, the effect of
temperature above Tg was only reported in a few
studies.8,11,12,14 One of the studies revealed that the low-
frequency impedance of a polymer coating which
corresponds to the resistance of the coating to ionic
transport sharply decreased at the glass transition
temperature (Tg = 35�C) and was approximately two
orders of magnitude smaller at 75�C compared to the
same coating at 25�C.8 Another study reported that
both coating impedance at 1 Hz and storage modulus
obtained from dynamic mechanical thermal analysis
(DMTA) experienced a sharp decrease as temperatures
exceeded Tg.

14 The sharp decrease of the low-frequency
impedance indicates a significant increase in the ionic
conductivity of the coating above Tg which facilitates
the formation of conductive pathways in the first stage
of coating failure. It is likely that the adverse effect of
temperature is particularly significant above Tg.

Electrochemical impedance spectroscopy (EIS) has
been extensively used to predict the long-term perfor-
mance of polymer coatings onmetal substrates.15–22 The
coating impedance was used as an indication of the
quality of the coatings.16–18,22 The change in the coating
capacitance was related to the amount of water uptake
by the coatings.23,24 In addition, the phase shift in the
EIS data was used to quantify the delaminated areas at
the coating-substrate interface utilizing the breakpoint
frequency value.15,18,19 However, there is controversy
over the sensitivity of this breakpoint frequencymethod
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to the delaminated areas associated with blister.25–28

Recently, EIS was used to study the transport of water
in coatings by monitoring the rise and decay of the
coating capacitance as the electrolyte is switched
between aqueous medium and hydrophilic room tem-
perature ionic liquids (RTIL).29–31 The use of RTIL as a
conducting medium in EIS measurement gives oppor-
tunities to isolate the effect of water on polymer from
other factors such as temperature.

This study investigated the effect of water absorp-
tion, temperature, and glass transition on the perfor-
mance of high-temperature coatings for oil and gas
transmission pipelines. RTIL was used as the conduct-
ing media for EIS experiments to isolate the impacts of
water plasticization29–31 that might complicate the
interpretation of the data. Changes in the corrosion
protection properties of the coatings were interpreted
in terms of structural and compositional changes of the
polymers as well as the changes in the transport
kinetics of electrolyte through the coatings. A link
between temperature, polymer structure, and coatings
performance was established.

Experiment

Materials and electrolytes

Bisphenol A and Novolac coatings provided by Spe-
cialty Polymer Coatings Inc. were used in this study.
Carbon steel substrates (0.2C 0.76Mn 0.2Si 0.03S 0.01P
0.04Mo 0.37Cu 0.11Ni 0.11Cr 0.001Ti and Fe-balanced,
in wt%) were abrasively blasted to achieve a surface
roughness between 62.5 and 125 lm. Coatings of
500 ± 50 lm thick on carbon steel substrates were
performed by spray coating. The coatings were then
cured at 40�C for 3 days in a hot-air oven and then kept
at 25�C in air for 15 days. Substrate-free polymer films
of 500 ± 50 lm thick were prepared by spraying the
coatings on a glass plate and the plate was removed
after the coatings had been cured.

Room temperature ionic liquid (1-butyl-1-
methylpyrrolidinium trifluoromethanesulfonate) and
3 wt% NaCl solution were used as the electrolytes in
electrochemical tests. The conductivity of the RTIL
changes from 0.002 to 0.006 S cm�1 when temperature
increases from 20 to 80�C,29 which is about one-tenth of
the conductivity of the 3 wt% NaCl solution at the same
temperature. The ionic liquid was acquired from EDM
Milipore Chemicals. The 3 wt% NaCl solution was
prepared from reagent grade NaCl with deionized water.

Differential scanning calorimetry (DSC)

The glass transition temperatures of the polymers
before and after soaking in water were determined
using a TA Instrument Q1000 differential scanning
calorimeter (DSC). DSC experiments were performed

on coatings that were dry, 3-day water-soaked at 20�C,
and 3-day water-soaked at 80�C. The heat flow was
recorded when the temperature was increased from 25
to 150�C at 4�C/min. Tg was determined from the
sigmoidal step change in the reverse heat capacity
signal following ASTM E2602.32 Three DSC experi-
ments for each material were performed and average
values were reported.

Fourier transform infrared spectroscopy (FTIR)

The effect of temperature and water absorption on the
chemistry of the polymers was examined using an
attenuated total reflectance (ATR)-FTIR (Agilent
Cary 660 FTIR) equipped with a temperature-con-
trolled, hot stage attachment. Freshly prepared sam-
ples and samples soaked in water at 80�C for 20 days
were characterized. The samples were heated at a rate
of 4�C/min and the measurement was performed at
every 10�C increment. The spectrum was scanned from
500 to 4000 cm�1.

Water uptake

The water uptake was determined by the gravimetric
method.33 The weight gain of the substrate-free coating
sheets during immersion in 3 wt% NaCl solution at 20
and 80�C was measured by a Sciencetech ZSA120
analytical scale with an accuracy of 0.1 mg. The water
transport in the polymer coatings was assumed to
follow Fick’s laws of diffusion. The water uptake by
diffusion in a plane sheet of uniform material
immersed in a solution is expressed by the following34:

Mt

M1
¼ 1� 8

p2
X1

m¼0

1

2mþ 1ð Þ2
exp �D 2mþ 1ð Þ2p2t=l2

n o
;

ð1Þ

where Mt is the total amount of water absorbed by the
sheet at time t (g), M¥ is the equilibrium sorption level
attained theoretically after infinite time (g), D is the
water diffusivity in the polymer (cm2/s), l is the
thickness of the polymer sheet (cm), and t is the
immersion time (s). The following equation was used
to determine the water diffusivity in the coatings when
the time to half-saturation, t0.5, is measured34:

D ¼ 0:049 � l2

t0:5
: ð2Þ

Electrochemical impedance spectroscopy (EIS)

A two-electrode double cell was used to perform EIS
experiments on the substrate-free coating films at
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different temperatures between 20 and 80�C (Fig. 1a).
The substrate-free coating sample was sandwiched
between the two identical cylindrical cells filled with
test solution. The sample exposed an area of 38 cm2 to
the test solutions on both sides and separated the
solutions in the two cell compartments. A platinized Ti
mesh acting as either a working electrode or a counter
electrode was used in each compartment. The test
solutions and the coating samples were heated by hot
water running inside glass coils.

Three-electrode cylindrical cells were used to per-
form EIS experiments on the coated steel samples at
temperatures between 20 and 80�C (Fig. 1b). The cells
were constructed by attaching plexiglas cylinders to the
coating surface. The exposed area of the coatings was
32 cm2. The cell also included a high-temperature
silver–silver chloride reference electrode and a pla-
tinized Ti mesh counter electrode. The whole setup
was heated to the desired temperatures using an oven.

The coated samples and substrate-free coatings were
allowed to stabilize at the desired temperature for
approximately 1 h before commencing electrochemical
measurements. Then the temperature was increased
and the same procedure was repeated. When the
temperature reached 80�C, the samples were cooled
down overnight in air to ambient temperature before

the next heating and electrochemical measurement
cycle started. EIS experiments were performed at the
open circuit potentials (OCP) with an alternative
potential perturbation of 100 mV and a frequency scan
from 100 kHz to 10 mHz using a Gamry Reference 600
potentiostat. The OCPs of the coated steel samples
before EIS measurements decreased from ca. �400 to
�600 mV vs saturated calomel electrode (SCE) as the
temperature increased from 20 to 80�C and did not
change more than 20 mV over the period of 15 min.

EIS data analysis

EIS data of substrate-free coatings were analyzed using
the equivalent electrical circuit in Fig. 2a. In this
model, Rs was the solution resistance which was
negligible for the particular experiment setup in this
study. A constant phase element CPEc was used to
represent the non-idea capacitance response of the
coating. The resistance to the transport of water and
ionic species from the solution to the steel substrate via
defects and pores in the coatings was represented by a
pore resistance Rp. The equivalent circuit in Fig. 2b is
commonly used to analyze EIS data of coated steel
systems.16–19,21,22,27,28,35–39 In addition to the compo-
nents representing the electrolyte and the coating, a
constant phase element of the double-layer CPEdl in
parallel with a charge transfer resistance Rct are in
series with Rp to account for the corrosion of the steel
substrate at the bottom of the defects and pores. TheWE CE + RE

Polymer film

Pla�nized �tanium meshes

Hea�ng coil

RE

CE

Coated steel sample

Plexiglas 
cylinder

Coa�ng

(a)

(b)

Fig. 1: Schematic of the EIS experiment setup. (a) Double-
cell setup for EIS measurement of substrate-free coating
films. (b) Three-electrode configuration setup for EIS
measurement of coated steel samples. WE working elec-
trode, RE reference electrode, CE counter electrode

(a)

(b)

CPEc

Rp

Rs

CPEc

Rp

Rs

Rct

CPEdl

Fig. 2: Equivalent electrical circuit representing (a) a
substrate-free coating in the double-cell experiment and
(b) a coated steel immersed in a solution. Rs-solution
resistance, Rp-pore resistance of the coating, Rct-charge
transfer resistance of the corrosion reaction of the steel
substrate, CPEc-constant phase element of the coating, and
CPEdl-constant phase element of the double layer at the
steel surface
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pore resistance, charge transfer resistance, and the
double-layer capacitance are related to the defect area
fraction as expressed by equations (3) to (5)16,17,19:

Rp ¼
1

j
fd
Ap

; ð3Þ

Rct ¼ rct �Ap; ð4Þ

Cdl ¼
cdl
Ap

; ð5Þ

where Ap is the pore area fraction, j is the pore
conductivity (S-cm�1), f is the tortuosity factor of the
pore in the coating, d is the coating thickness (cm), and
Rct and Cdl are the area-specific charge transfer
resistance (X-cm2) and the area-specific double-layer
capacitance (F/cm2) associated with the corrosion of
the substrate.

Figures 3a and 3b show the simulated EIS data in
the Bode plot of a substrate-free coating assuming
different defect percentages. The capacitance of the
coating was calculated for a 0.5-mm-thick and 38 cm2

coating film with a relative permittivity of the polymer
of 4. The conductivity of the solution inside the pores
of the coatings was assumed to be 0.04 S/cm which was
the conductivity of 3 wt% NaCl solution. The defect
area in the coating was varied from 10�5 to 10�10%. A
linear relationship between log Z and log f with a slope
of 45� was observed at the high-frequency range from
1 kHz to 1 MHz in Fig. 3a at all defect percentages. In
this linear region, the measured image impedance, Z†,
was related to the frequency, f, and the coating
capacitance by

Z00 ¼ 1

2pfCc
: ð6Þ

In contrast, a plateau was observed at the low-
frequency range in the impedance vs frequency plot
(Fig. 3a). This impedance plateau was equal to the sum
of Rs and Rp and decreased when the defect percentage
increased. This impedance decrease was related to the
decrease of Rp, as more defects are present in the
coating. Therefore, monitoring the change in the
impedance plateau allowed a direct determination of
the change in the pore area fraction in coatings
according to equation (3).

The break point at high-frequency fh where the
phase angle was equal to 45� (Fig. 3b) was used in
many studies to quantify the defect area in coat-
ings.15–19,25–27 At this frequency, the contribution of
the pore resistance and the coating capacitance to the
overall impedance were equal, and therefore, the
following relationship was derived15,17,19,25:

fh ¼
1

2peo

jAp

ef
; ð7Þ

where eo was the permittivity of vacuum (eo = 8.8542
9 10�14 F cm�1) and e was the relative permittivity of
the coating. When j and e were constant, the change of
fh was directly related to the change in the tortuosity
factor and the pore area fraction in the coating.
However, in this study, it was likely that j and e would
change as the temperature changed. Therefore, quan-
titative analysis using fh was difficult.

Results

Determination of Tg

The results of DSC measurements on bisphenol A and
Novolac coatings showing the dependence of the
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Fig. 3: EIS simulation results of the electrical equivalent
circuit in Fig. 2a assuming different defect percentages in
the coating. The total coating area was 38 cm2, the coating
thickness was 0.5 mm, the permittivity of the coating was 4,
and the conductivity of the solution in the pores was
0.04 S cm21
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reversing heat capacity (Cp) on temperature are
presented in Fig. 4. In both coatings before and after
water soaking (Figs. 4a and 4b), Cp increased as the
temperature increased. Sigmoidal step increases in Cp

indicating the glass transition event32 were observed in
all spectra. For instance, the sigmoidal step increase
was observed between 40 and 60�C in the bisphenol A
coating before soaking (Fig. 4a). Similarly, the sig-
moidal step increase was observed between 70 and
90�C in the Novolac coating before soaking (Fig. 4a).
The glass transition temperatures of the bisphenol A

and the Novolac coatings before soaking were deter-
mined to be 52 ± 1 and 79 ± 1�C, respectively, using
ASTM 2602 standard.32 After soaking in water for
3 days at 20�C, the glass transition temperature of
bisphenol A and Novolac coatings decreased to 42 ± 1
and 54 ± 1�C, respectively. The decrease in Tg of the
bisphenol A coating could be attributed to the plasti-
cization effect of water in the polymer which increased
the mobility of the polymer segments. This behavior is
well known in many polymer systems40–42 and has been
modeled by Kelley and Beuche43 and extended by
Zhou and Lucas.44,45 After soaking in water for 3 days
at 80�C, the glass transition temperature of bisphenol
A and Novolac coatings increased to 56 ± 1 and
80 ± 1�C, respectively. The increase in Tg as the
soaked temperature increased could be partially
attributed to the effect of high activation energy bound
waters which form a secondary crosslink network and
therefore reduce the polymer chain mobility.44,45

Water absorption, desorption, and transport

Weight gains due to water absorption in bisphenol A
and Novolac coatings during immersion in water at
20�C for 6 months and at 80�C for 9 days are plotted in
Fig. 5. The amount of absorbed water in the coatings
increased with time and gradually approached a
plateau, indicating water saturation of the polymers
(Fig. 5). After a 6-month immersion at 20�C, both
bisphenol A and Novolac coatings gained ca. 3% and
ca. 1.7% in weight, respectively (Fig. 5a). In contrast,
at 80�C, both coatings quickly reached the level of
saturation (i.e., ca. 3% for coating A and ca. 1.7% for
coating B) in less than 4 h (Fig. 5b). After that the
coatings continued absorbing more water but at a
much slower rate. After baking the samples at 80�C in
an oven for 7 days, the weights of all samples were
reversed to the initial values prior to immersion,
indicating all absorbed water was removed.

Water diffusivities in the coatings at 20 and 80�C
were determined from the weight gain experiments.
Assuming the driving force for water molecules pen-
etrating the coatings was mainly due to concentration
gradient, the rate of water transport in the polymer
structure could be determined using equation (2).
Figure 6b shows the water uptake fraction as a func-
tion of t1/2. The data are not significantly deviated from
the theoretical diffusion curves for different water
diffusivities. This indicates a single-diffusion process
dominated the water transport through the coatings. It
should be noted that two or more diffusion processes
were reported in other coating systems.46,47 The time
for the coatings to reach 50% saturation was deter-
mined from this plot. Using equation (2), the water
diffusivities in the bisphenol A coating and the
Novolac coating at 20�C were determined to be
2.7 9 10�10 and 4.1 9 10�10 cm2/s, respectively. The
water diffusivities in the bisphenol A coating and the
Novolac coating at 80�C increased 2 orders of magni-
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Fig. 4: Dependence of the reversing heat capacity of
bisphenol A and Novolac coatings on temperature. The
tests were performed on dry coating powders and coating
powders after soaking in water for 3 days at 20 and 80�C.
The glass transition temperatures were determined from
the sigmoidal step in the plot following ASTM E2602.32 ± is
the standard deviation of measured Tg obtained from 3
measurements
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tude to 3.0 9 10�8 and 4.9 9 10�8 cm2/s, respectively.
The theoretical water uptake curves described in
equation (1) assuming different values of D were also
plotted in Fig. 6b to show the agreement between
experiment and theoretical analysis.

Effect of water absorption and temperature on
polymer chemistry

Figure 7 shows the FTIR spectra of samples before and
after immersion in water at 80�C for 18 days. The bands
at 1100, 1150, and 1715 cm�1 observed in the spectra of
both coatings before immersion are assigned to C–O–C,
C–O, and C=O bonds, respectively.48 Other bands at
2853, 2925, and 2953 cm�1 were identified as C–H and
H–C–H stretching bands.49 The broad band at ca.
3330 cm�1 was the stretching band of O–H due to
absorbed water molecules. More details about the

chemistry of the polymer are out of the scope of this
study. After immersion in water at 80�C for 18 days, the
spectra of both coatings are similar to those before
immersion. This indicates that there was an insignificant
change in the polymer chemistry after water immersion.

Figure 8 shows the ATR-FTIR spectra of the
bisphenol A and the Novolac coatings at temperatures
from 20 to 80�C. At elevated temperatures, the spectra
of each coating had similar features to the one
obtained from the same coating at 20�C (Fig. 8). For
example, all of the characteristic bands of bisphenol A
at 40, 50, 60, 70, and 80�C were at the same positions as
those of the coating at 20�C. This indicates that
temperature has insignificant effects on the chemistry
of the coatings during short-term exposure to heat
sources. A uniform increase in the intensity of the
FTIR signals over the entire spectrum as the temper-
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ature increases is observed in Fig. 8. It is unlikely that
changes in the dipole moment of the functional groups
at elevated temperatures would cause this uniform
signal increase because such dipole moment changes
are frequency dependent.50 Therefore, this uniform
signal increase is attributed to an increase in the
contact area between the samples and the ATR crystal
as a result of the material deformation at elevated
temperatures.

Effect of temperature on coating resistance and
capacitance

Substrate-free coating films in 3 wt% NaCl solution

Bode plots of the EIS spectra of bisphenol A and
Novolac coatings in 3 wt% NaCl solution at temper-

atures from 20 to 80�C are presented in Figs. 9 and 10,
respectively. At 20�C, both coatings exhibited capac-
itance behavior dominating all frequencies from
10 mHz to 100 kHz as indicated by the 45� slope in
the log Z vs log f plot and the phase angle of near �90�.
The resistances of the coatings obtained by fitting the
data to the equivalent circuit in Fig. 2a were in the
order of 1 TX-cm2. The capacitances of the coatings
determined by fitting were in the order of 10�11 F/cm2.
The high ohmic resistance and low capacitance indicate
the good corrosion protection performance of both
coatings.

When the temperature increased, the impedance of
both coatings decreased (Figs. 9 and 10). A plateau
was observed in the impedance vs frequency plot of
both coatings at temperatures above 30�C. In addition,
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the plateau impedance decreased dramatically as the
temperature increased. At 80�C, the impedance of the
bisphenol A coating was 2 MX-cm2 and the impedance
of the Novolac coating was 70 MX-cm2. A shift in the
break point frequency to the high-frequency range
when the temperature increased was also observed in
Figs. 9 and 10. The change in the impedance and the
break point frequency as temperature increased is
similar to the behavior of the coating as more defects
are introduced, as shown in Fig. 3.

Pore resistances and coating capacitances of the
coatings at different temperatures were determined by
fitting the EIS data to the equivalent circuit in Fig. 2a
using an automated least square regression analysis

procedure. The EIS fitting results are plotted in solid
lines in Figs. 9 and 10 along with experimental data
showing good fit. The pore resistances and coating
capacitances of the substrate-free coatings are plotted
in Fig. 11. The pore resistance decreased exponentially
when temperature increased. At 80�C, the pore resis-
tance of bisphenol A and Novolac coatings decreased
by 6 and 4 orders of magnitude, respectively, compared
to the pore resistance of the same coating at 20�C
(Fig. 11a). In contrast, the coating capacitances of both
bisphenol A and Novolac coatings increased 6 and 12
times, respectively, when the temperature increased
from 20 to 80�C (Fig. 11b). No sudden change in either
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Experimental results are plotted in symbols and fitting
results using the equivalent circuit in Fig. 2a are plotted in
solid lines
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Fig. 10: Bode plot of EIS measurements on the substrate-
free Novolac coating in 3 wt% NaCl solution using the
experiment setup in Fig. 1a. The temperature of the sample
was increased from 20 to 80�C and was allowed to stabilize
for approximately 1 h before each EIS measurement.
Experimental results are plotted in symbols and fitting
results using the equivalent circuit in Fig. 2a are plotted in
solid lines
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Rp or Cc was observed around the dry and wet glass
transition temperatures of the two coatings.

Coated carbon steel in 3 wt% NaCl solution

Bode plots of the EIS spectra of bisphenol A and
Novolac coatings on steel substrates in 3 wt% NaCl
solution are presented in Figs. 12 and 13, respectively.
At 20�C, both coated steel samples exhibited similar
behavior to substrate-free films. Capacitance behavior
dominated the spectra at all frequencies from 10 mHz
to 100 kHz as indicated by the 45� slope in the log Z vs
log f plot and the phase angle of near �90�. The
coating impedance at 10 mHz and the capacitances of

the coatings were in the order of 1 TX-cm2 and
10�11 F/cm2, respectively.

When the temperature increased, the impedance of
both coatings decreased (Figs. 12a and 13a). A plateau
is observed in the impedance vs frequency plot of both
coatings at temperatures above 50�C. In addition, the
plateau impedance decreased dramatically as the
temperature increased; however, it remained above
100 MX-cm2 at 80�C. A shift in the break point
frequency to the high-frequency range when the
temperature increased was also observed in Figs. 12b
and 13b.

Fitting the EIS results to the equivalent circuit in
Fig. 2b resulted in a high level of uncertainty in the
fitting parameters. Therefore, the coating impedances
at 10 mHz were used to compare with the behavior of
the substrate-free films (Fig. 14). The plot shows the
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temperature. The values were determined by fitting the EIS
results to the equivalent circuit in Fig. 2a. (a) pore
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deviation of the impedance–temperature relationship
from the Arrhenius behavior. The impedances of the
coated steel samples decreased approximately 4 orders
of magnitude when the temperature increased from 20
to 80�C. At the same temperature, the impedance of
the coated samples was several times higher than the
impedance of the substrate-free films. For instance, the
impedance of the bisphenol A-coated steel sample at
80�C was 100 MX-cm2, compared to 2 MX-cm2 of the
bisphenol A free film at the same temperature. The
difference in the extent of the impedance decrease
upon rising temperature between substrate-free films
and coated steel samples is associated with the differ-
ence in the level of defects created in the free films and
the coated samples, which will be discussed in more
detail later.

Coated carbon steel in RTIL

Bode plots of the EIS spectra of coated steel samples in
ionic liquid are presented in Figs. 15 and 16, respec-
tively. At 20�C, the spectra of both coatings in RTIL
were similar to those in 3 wt% NaCl. However, at
elevated temperatures, the impedances of the coatings
in RTIL decreased slower than those in 3 wt% NaCl.
Figure 17 shows the coating impedance at 10 mHz in
RTIL and in 3 wt% NaCl solution at different
temperatures. For instance, the impedance at 10 mHz
of bisphenol A-coated sample in 3 wt% NaCl at 78�C
decreased to 100 MX-cm2 while the impedance at
10 mHz of the same coating in RTIL at 75�C was 7
GX-cm2. In addition, the break point frequencies in
RTIL also increased slower than in 3 wt% NaCl. The
break point frequency of bisphenol A-coated sample in
3 wt% NaCl at 78�C was ca. 200 Hz compared to 6 Hz
in RTIL. This marked difference in the coating
behavior tested in 3 wt% NaCl and in RTIL indicates
the effect of the nature of the electrolyte in the EIS
measurement of polymer coatings. The worst perfor-
mance of the coatings in 3 wt% NaCl solution was
associated with the plasticization of the polymer upon
contact with water.

Effect of repeated heating and cooling on coating
performance

The pore resistance of bisphenol A- and Novolac-
coating films in consecutive heating and cooling cycles
in 3 wt% NaCl solution was determined by fitting the
EIS spectra to the equivalent circuit in Fig. 2a. Only
the data measured during rising temperature are shown
in Fig. 18. Both coatings exhibited similar behavior
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ment setup in Fig. 1b. The temperature of the sample was
increased from 20 to 80�C and was allowed to stabilize for
approximately 1 h before each EIS measurement
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upon repeated heating and cooling. In the first cycle,
when the temperature increased from 20 to 80�C, the
pore resistances of the coatings dramatically decreased
by more than 4 orders of magnitude at the end of the
heating cycle. After cooling down to the room tem-
perature, the pore resistances increased to ca. 10 GX-
cm2, which was 2 orders of magnitude smaller than the
initial pore resistance of the coatings at the beginning
of the first heating cycle. In the second heating cycle,
the pore resistance of both bisphenol A and Novolac
decreased slower than in the first cycle and reached
similar values, as in the first cycle at 80�C. The
dependence of the pore resistance of the coatings on
temperature in the third cycle traced that in the second
cycle.

The impedances at 10 mHz of coated steel samples
in 3 wt% NaCl solution in three consecutive heat-
ing/cooling cycles are shown in Fig. 19. In the first
cycle, when the temperature increased from 20 to 80�C,
the pore resistances of the coatings dramatically
decreased by 4 orders of magnitude from ca. 1 TX-
cm2 at the beginning of the cycle to 100 MX-cm2 at the
end of the cycle. However, after cooling down to room
temperature, the impedance of the coated steel sam-
ples increased to 100 GX-cm2, which was 10 times
higher than the impedance of the substrate-free films.
In the second heating cycle, the impedance decreased
in the same manner as in the first heating cycle. Similar
behavior was observed in the third cycle. A shift of
about 1 order of magnitude to the lower impedance
was observed in the impedance vs temperature curves
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Fig. 15: Bode plot of EIS measurements on the bisphenol
A-coated steel sample in room temperature ionic liquid
using experiment setup in Fig. 1b. The temperature of the
sample was increased from 20 to 80�C and was allowed to
stabilize for approximately 1 h before each EIS measure-
ment
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mately 1 h before each EIS measurement
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after each heating/cooling cycle. This is different from
the behavior of the pore resistance of the free films in
which a large shift to lower resistance occurred in the
resistance vs temperature curves after the first heating
cycle and only a small shift occurred between the
second and the third heating cycles (Fig. 18).

The change in the impedance at 10 mHz of coated
steel samples in RTIL with temperature in three
consecutive heating/cooling cycles is shown in Fig. 20.
The coating impedance of both bisphenol A and
Novolac coatings decreased approximately 3 orders
of magnitude as the temperature increased from 20 to
80�C in all three heating/cooling cycles. Only a small
shift of the impedance vs temperature curves after each
heating/cooling cycle was observed. This behavior was
markedly different from the behavior of the coatings in
3 wt% NaCl solution in which the impedance vs
temperature curves were shifted several orders of
magnitude after repeated heating/cooling.

Discussion

The operation temperature of pipelines is an important
parameter that may dramatically change the perfor-
mance of polymer coatings. Temperature may have
significant effects on the structure and chemistry of
polymers.1,2 The coatings in this study experience glass
transition at temperatures from 42 to 80�C, depending
on the hygrothermal aging condition (Fig. 4). Chemical
analysis by ATR-FTIR did not reveal any chemical
change in the polymers when heated from 20 to 80�C.
However, EIS results indicated that the pore resistance
and the impedance of the coatings dramatically
decreased when temperature increased. In addition,
the coating capacitances also increased with tempera-

ture. The decrease in the coating impedance and the
increase in the coating capacitance were indicative of
coating degradation and the reduction of corrosion
protection performance.

The decrease in the pore resistance with increasing
temperature (Figs. 11a and 18) could be explained by
either an increase in the solution conductivity inside
the pore, a decrease in the tortuosity factor, or an
increase in the pore area fraction, as described math-
ematically in equation (3). As temperature increased
from 20 to 80�C, the conductivity of the NaCl solution
increased about 2 times,51 which could not be
accounted for the reduction in the pore resistance of
more than 4 orders of magnitude. Therefore, this
points to the possibility that the creation of a shorter
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diffusion path and higher pore area fraction in the
polymer during heating made a major contribution to
the reduction of the pore resistance.

The pore area fraction in the coatings can be
calculated from the pore resistance using the relation-
ship in equation (8):

Ap ¼
1

j
fd
Rp

: ð8Þ

Assume that the conductivity of the electrolyte
inside pores was similar to the reported conductivity of
3 wt% NaCl solutions at the same temperature.51

Further assume that the tortuosity of the coatings
was 10 and did not change as temperature increased.

The pore area fractions of the bisphenol A and
Novolac are plotted in Fig. 21. The pore fractions of
both coatings at 20�C in the first cycle were in the order
of 10�12. At 80�C, the pore fraction of the bisphenol A
coating increased to 10�6 and that of the Novolac
coating increased to 10�7. The smaller pore fraction of
the Novolac coating compared to bisphenol A was in
agreement with the lower water saturation level in the
former compared to the latter.

The two coatings in this study exhibited a large
difference in the glass transition temperatures (Fig. 4).
The glass transition temperature of bisphenol A varied
from 42 to 56�C and the glass transition temperature of
Novolac varied from 54 to 80�C, depending on the
aging condition. Nevertheless, the impedance behavior
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ture in 3 consecutive heating cycles. The impedance was
determined from EIS data of coated steel samples in 3 wt%
NaCl solution using experiment setup in Fig. 1b
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of both coatings was similar when the temperature was
increased from 20 to 80�C. No sudden change in the
coating impedance or pore fraction around the dry and
wet glass transition temperatures of these coatings was
observed (Figs. 18, 19, 20, and 21). Therefore, glass
transition was unlikely to play an important role in
decreasing the pore resistances of these coatings as the
temperature increased.

The increase in the pore fraction in polymer coatings
as the temperature increases could be attributed to the
thermal expansion of the polymers. The increase in the
volume due to thermal expansion might increase the
size of the existed pores and create new pores and
defects in the polymers. Moreover, the difference in
the thermal expansion coefficients between different
phases in the coatings might also create pores and

defects at the interfaces and interphases. This was in
agreement with the increase by 2 orders of magnitude
in the water diffusivity of the coatings at 80�C
compared to at 20�C. When the coatings experience
heating and cooling cycles, the size of the pores and
defects changed according to temperature ups and
downs, and therefore, the pore resistance and the
overall impedance of the coatings decreased and
increased, respectively (Figs. 18, 19, 20, and 21).

The decrease of Tg by 10�C in the bisphenol A
coating and by 25�C in the Novolac coating after
soaking in water for 3 days was associated with the
plasticization effect of water on the polymer. This
decrease in Tg could be explained by the interaction
between absorbed water molecules and polymer
molecules that disrupt the initial H bonds and Van
der Waals forces between polymer chains and, hence,
increase the mobility of the chains.23,24 This water–
polymer interaction created more defects and pores in
the coatings that caused a larger decrease in the
coating impedance when measured in 3 wt% NaCl
solution (Figs. 18 and 19) compared to that in RTIL
(Fig. 20). In addition, these water-induced pores were
non-reversible. In repeated heating/cooling cycles, the
impedance of the coatings tested in 3 wt% NaCl
solution was shifted to lower values after each cycle
(Figs. 18 and 19). Such shifting was not observed in
RTIL (Fig. 20).

Summary

The effect of water, temperature, and glass transition
on the corrosion protection behavior of two high-
temperature polymer coatings for pipelines was inves-
tigated in this study. Differential scanning calorimetry
(DSC) and Fourier transform infrared spectroscopy
(FTIR) were used to characterize the effect of
temperature and water on the structure and the
chemistry of the polymer. The corrosion protection
performance of the polymer was evaluated by electro-
chemical impedance spectroscopy. The findings are
summarized as follows:

– Dried bisphenol A and Novolac coatings experi-
enced glass transition at 52 ± 1 and 79 ± 1�C,
respectively. The glass transition temperature of
bisphenol A and Novolac coatings decreased to
42 ± 1 and 54 ± 1�C, respectively, after soaking in
water at 20�C for 3 days but increased to 56 ± 1 and
80 ± 1�C after soaking in water at 80�C for 3 days.

– No chemical change in the polymers was detected
with either dried samples or water soaked at 80�C
samples when the temperature was increased from
20 to 80�C.

– Water diffusivity in bisphenol A and Novolac
increased from 2.7 9 10�10 and 4.91 10�10 cm2/s
at 20�C, respectively, to 3.0 9 10�8 and
4.1 9 10�8 cm2/s at 80�C, respectively.
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– At room temperature, both coatings exhibited good
corrosion protection performance with the coating
impedance in the order of 1012 X-cm2 and the
coating capacitance in the order of 10�11 F/cm2.

– The pore resistance of the coatings decreased several
orders of magnitude and the coating capacitance
increased several times when the temperature
increased from 20 to 80�C.

– During the heating and cooling cycles, the pore
resistance decreased and increased correspondingly
to temperature ups and downs.

– The pore resistance vs temperature curve measured
in 3 wt% NaCl solution shifted to the lower
impedance after each cycle. However, no significant
shift in the curves was observed in RTIL.

– The effects of temperature on the impedance of the
coatings were attributed to the change in the pore
area fraction and the tortuosity factor of the coating
associated with the thermal expansion of the poly-
mer. The effects of temperature on the coating
performance were reversible in heating/cooling
cycles.

– The effects of water on the impedance of the
coatings were attributed to the plasticization of the
polymer. These effects were non-reversible in heat-
ing/cooling cycles in aqueous environments.

– The effects of the glass transition per se on the ohmic
resistance of the coatings during a short period of
exposure to heat source were insignificant.
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51. Bešter-Rogač, M, Neueder, R, Barthel, J, ‘‘Conductivity of
Sodium Chloride in Water + 1,4-Dioxane Mixtures from 5 to
35�C II. Concentrated Solution.’’ J. Solut. Chem., 29 (1) 51–
61 (2000)

J. Coat. Technol. Res., 12 (6) 1095–1110, 2015

1110


	On the role of water, temperature, and glass transition in the corrosion protection behavior of epoxy coatings for underground pipelines
	Abstract
	Introduction
	Experiment
	Materials and electrolytes
	Differential scanning calorimetry (DSC)
	Fourier transform infrared spectroscopy (FTIR)
	Water uptake
	Electrochemical impedance spectroscopy (EIS)
	EIS data analysis

	Results
	Determination of Tg
	Water absorption, desorption, and transport
	Effect of water absorption and temperature on polymer chemistry
	Effect of temperature on coating resistance and capacitance
	Substrate-free coating films in 3 wt% NaCl solution
	Coated carbon steel in 3 wt% NaCl solution
	Coated carbon steel in RTIL

	Effect of repeated heating and cooling on coating performance

	Discussion
	Summary
	Acknowledgments
	References




