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The failure behavior for two kinds of phenolic-epoxy/tetraglycidyl metaxylediamine composite coatings in
60 �C borax aqueous solution was evaluated using electrochemical methods (EIS) combined with scanning
electron microscopy, confocal laser scanning microscope, water immersion test, and Raman spectrum. The
main focus was on the effect of curing agent on the corrosion protection of coatings. Results revealed that
the coating cured by phenolic modified aromatic amine possessed more compact cross-linked structure,
better wet adhesion, lower water absorption (0.064 mg h21 cm22) and its impedance values was closed to
108X cm2 after immersion for 576 h, while the coating cured by modified aromatic ring aliphatic amine was
lower than 105X cm2. The corrosion mechanism of the two coatings is discussed.

Keywords alkaline corrosion, corrosion protection, EIS, organic
coatings, phenolic modified aromatic amine

1. Introduction

As a vital chemical raw material, borax is widely used in
glass, enamel, chemical engineering, medicine and other
industries, and plays an indispensable role in the fields of
defense and aerospace. However, borax causes serious corro-
sion not only where they are produced, but used. For example,
when LOCA (Loss of coolant accident) happens in nuclear
power plant, a large amount of borax aqueous solution will be
sprayed on the surface of containment, and containment cannot
meet the requirements of corrosion resistance without the
excellent protection. Even though metal or inorganic coatings
possess better anticorrosion performance, high cost of fabri-
cating and constructing restricts their application. By compar-
ison, the application of organic coatings is a cost-effective way
to inhibit the process of corrosion (Ref 1).

In the large family of organic coatings, phenolic-epoxy is
suitable for certain uses in corrosive condition. It combines the
advantages of both phenolic resins and epoxy resins (Ref 2),
and encompasses an array of unique properties such as
excellent heat resistance, chemical resistance and good
mechanical properties (Ref 3-5). However, poor toughness,

low thermal stability (Ref 6), and inherent brittleness (Ref 5)
have greatly limited pervasive application of traditional PR
(phenolic resin). To strike a balance between the thermal
resistance and toughness of PR, tetraglycidyl metaxylediamine
is taken into account. Relevant literature (Ref 7) declares that
when tetraglycidyl metaxylediamine polymer is blended with
this siloxane- or imide-containing tetrafunctional epoxy, the
cured material apparently shows enhanced thermal properties
and toughness, but lower residual stress. To the best of our
knowledge, there are few reports on phenolic-epoxy resin and
tetraglycidyl metaxylediamine polymer used together as the
binder of corrosion-inhibiting coating. Therefore, the research
on phenolic-epoxy resins and tetraglycidyl metaxylediamine
polymer used together in borax aqueous solution is vital to the
field of nuclear power and other alkaline industrial environ-
ment.

In this work, we chose 60 �C as the working temperature
and used 0.1 mol/L borax (Na2B4O7Æ10H2O) aqueous solution
for tests, according to the practical corrosive environment in
conventional island in a nuclear power plant. The performance
of phenolic-epoxy/tetraglycidyl metaxylediamine coatings with
different amine curing agents used in borax aqueous solution
was reported. The electrochemical impedance spectra (EIS),
laser Raman spectroscopy, contact angle analysis and surface
characterization techniques (SEM) were utilized to characterize
the anticorrosive performance of the composite coatings in
borax aqueous solution.

2. Experimental

2.1 Sample Preparation

Tetraglycidyl metaxylediamine (EEW: 95-105 g/eq, viscos-
ity (25 �C): 2200-2600 mPa s, proportion (25 �C): 1.15, and
COC> 220), bisphenol-F phenolic-epoxy (EEW: 172-179 g/
eq, viscosity (51.7 �C): 1100-1700 mPa s, and density (25 �C):
1.21 g/mL), phenolic modified aromatic amine (HN01) (amine
value: 290± 10 KOH mg/g, viscosity (25 �C): 960 mPa s, and
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AHEW: 86), and modified aromatic ring aliphatic amine (FJ02)
(amine value: 390± 410 KOH mg/g, viscosity (25 �C): 300-
380 mPa s, proportion (25 �C): 1, and AHEW: 68).

The composition of coatings is listed in Table 1. Coating 1
used composite resin (m (bisphenol-F phenolic-epoxy resins):
m (tetraglycidyl metaxylediamine) = 4:1) as the binder and
consisted of layers 1A and 1B. Layer 1A was filled with some
additives and fillers, and 1B was applied for the hole sealing
varnish. Coating 1 used modified aromatic ring aliphatic amine
(FJ02) as curing agent. For coating 2, phenolic modified
aromatic amine (HN01) was used as curing agent, and all other
components were same as coating 1. Layer B for coatings 1 and
2 was mixed and ground for 7 h in a ball mill, and applied to
substrate by spray painting, respectively. The coated plates with
layer B were dried at room temperature for 24 h. Subsequently,
layer A for coatings 1 and 2 was sprayed on them, respectively.
The final samples were dried at room temperature for 24 h and
then dried in an air-circulating oven at 50 �C for 8 h to ensure
that the coatings cured completely without any resident solvent.
Abrasive blasted Q235 steel plates with size of 150 mm9 75
mm9 2 mm were used as substrates for corrosion immersion
test, and the dimension of sample plate for EIS experiment was
50 mm9 50 mm. The final thickness of the coated films was in
the 400± 5 lm for water immersion test and 80± 5 lm for
EIS test.

2.2 Water Immersion and Wet Adhesion Test

Water immersion (static) test of coatings is a conventional
approach to evaluate corrosion resistance of coatings. Before
immersion, the edges of all specimens were sealed to prevent
any possible influence on test results by samples. The
coating-coated carbon steel plates were immersed in 0.1 mol/
L borax (Na2B4O7Æ10H2O) aqueous solution at 60 �C for
25 days, and photographs were taken every 5 days. Six
parallel samples were prepared for a coating, and the samples
before taking photographs were dried at 30 �C for 4 h in a
furnace.

Meanwhile, the samples after immersion and drying process
were used for pull-off test (PosiTest AT-M) to test the wet
adhesion every 5 days. The coating surfaces were ground by
emery paper (#240) to enhance the mechanical anchoring of the
glue (Araldite) which attaches the stud perpendicularly to the
coating surface. After application, the glue was cured at room
temperature for 2 days and 40 �C for 4 h in an air-circulating
oven to ensure that the adhesive was cured completely and
would not fail during the test. At least six measurements were
taken for each sample, and their average value was taken as the
final result.

2.3 Gravimetric Experiment

In order to create free films, the liquid concoction of layer B
for coatings 1 and 2 was transferred to the same plastic mold,
respectively. They were dried at room temperature for 24 h and
then dried in air-circulating oven at 50 �C for 8 h. After wiping
off molds, free films were successively abraded with 240, 400,
and 1000 grit emery papers to remove the parts of coatings
cured incompletely and then cleaned thoroughly with deionized
water, respectively. Finally free films were dried in air-
circulating oven at 30 �C for 24 h to prepare for the next test.
The diameter of free film for each coating was
50.00± 0.50 mm, and the thickness was 8.00± 0.50 mm.

Free films were immersed into 0.1 mol/L borax (Na2-
B4O7Æ10H2O) aqueous solution at 60 �C. During the test, the
specimens were pulled out of the water bath and weighted
periodically at room temperature using an analytical balance
with a precision of 0.0001 g. Excessive surface water was
removed by blot-drying the samples using a filter paper just
prior to any weight measurement. The test solution was
regularly renewed, and a plastic wrap was placed onto the glass
vessel to avoid evaporation. To guarantee the authenticity and
repeatability of the test data, three samples were used for each
test. The water absorption (%) was then calculated using the
equation:

Qt ¼
mt � m0

m0
� 100% ðEq 1Þ

where mt is the mass of free film at time t, and m0 is the
mass before immersion.

2.4 Surface Properties

Water contact angle (WCA) on the coatings was measured
using a JC2000D2 contact angle goniometer at room temper-
ature, and deionized water was used as the test liquid. To obtain
reliable contact angle data, three droplets were dispensed at
different surface parts of the sample and the reported value was
the average.

The surface and cross-section samples were cut out of the
coated plates before and after static immersion test. In the case
of cross section, it was embedded in bakelite by using XQ-2B
mounting press in order to grind with SiC paper up to 2000
grade and then polish. The surface and cross section of the
selected specimens were analyzed by scanning electron
microscopy (SEM, XL30-FEG-ESEM) at 20 kV equipped
with energy-dispersive spectrometer (EDS) to evaluate element
distribution of corrosion products layer, and a gold film was
sprayed atop the surface of specimen to make it electrically
conductive.

Table 1 Composition of coatings

Sample Composition

Coating 1
1A 65% composite polymer, 7% Sb2O3, 0.8% carbon black, 0.5% KH550 silane coupling agent,

19.3% 240 mesh flake, 7% 800 mesh SiC, 0.4% BYK106 dispersant, 26.75% FJ02 curing agent
1B 100% composite polymer, 41.15% FJ02 curing agent

Coating 2
2A 65% composite polymer, 7% Sb2O3, 0.8% carbon black, 0.5% KH550 silane coupling agent, 19.3%

240 mesh flake, 7% 800 mesh SiC, 0.4% BYK106 dispersant, 34% HN01 curing agent
2B 100% composite polymer, 52% HN01 curing agent
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The three-dimensional morphology and the surface rough-
ness of coatings were examined by confocal laser scanning
microscope (OLYMPUS 4000). Mean roughness (Ra) was
calculated from three different positions for each sample.

2.5 Electrochemical Studies

Electrochemical properties of the coatings were investigated
in 60 �C using an electrochemical workstation (PAR273A,
USA). Measurements were taken in a three-electrode cell with
0.1 mol/L borax aqueous solution as an electrolyte. The three-
electrode cell included a saturated calomel reference electrode
(SCE) filled with saturated KCl solution which served as a
reference electrode (RE), a platinum auxiliary electrode with an
exposure surface of 13 mm9 13 mm as a counter electrode
(CE), and the sample with an exposure surface of 12.56 cm2 as
working electrode (WC). Prior to the electrochemical measure-
ments, the samples were kept in the solution for 30 min in order
to stabilize the free corrosion potential.

The electrochemical impedance spectroscopy (EIS) mea-
surements were taken at open circuit potential in an applied
frequency ranged from 100 kHz to 10 mHz, and the sinusoidal
perturbation signal with 20-mV amplitude was used. The
obtained data were interpreted on the basis of equivalent
electrical analogs using Zsimpwin to obtain the fitting param-
eters.

2.6 Raman Spectrum

Raman spectrum was obtained in a total reflection pattern in
a wavenumber range of 4000-250 cm�1, using an excitation
wavelength of 532 nm, a laser power of 0.03 mW, and a signal
accumulation time of 0.5 s.

3. Results and Discussion

3.1 Curing Mechanisms of Coatings

The reaction mechanisms for phenolic-epoxy and GA-240
with different curing agents are presented in Schemes 1 and 2,
which involves epoxy group reacting with reducing hydrogen
in amidogen to generate -C-N-. Since HN01 possesses more
reducing hydrogen in one molecule than FJ02, the system cured

by HN01 reacts more thoroughly under room temperature.
Furthermore, the molecular chain for HN01 is much longer
than for FJ02. As a result, the cured products for coating 2
generate a more complicated three-dimensional conformation
easily to obtain more compact cross-linked structure, which
provides relevant support in further work for better corrosion
resistance of coating 2.

3.2 Surface Wettability

Figure 1 shows the evolution of contact angles for the
surface of coating 1 and 2 with immersion time. The same
hydrophilic characteristic is displayed for the two coatings, in
every case, with contact angle values lower than 90� (Ref 8),
which is associated with the density of hydroxyl groups on
the surface of the coating. The results show that contact
angles for coating 1 and coating 2 appear increasing at first
and then decreasing as time prolonged. The peak value is
78.8� for coating 1 obtained on the 20th day, and 82.0� for
coating 2 acquired on the 15th day. After reaching the peak
value, the contact angle of coating 1 decays rapidly, while
coating 2 turns to a slow decay. All these reveal that the
coating structure cured by HN01 curing agent brings better
surface effect than that cured by FJ02 curing agent, which
offers another perspective on the less water sorption for
coating 2 than for coating 1.

3.3 Water Absorption

Since water absorption in organic coatings can lead to loss
of adhesion, formation of osmotic blisters, and establishment of
a pathway for corrosive ions (Ref 9), it is considered to be the
primary cause for initiation of corrosion and can be studied in
detail by gravimetric tests. Figure 2(a) shows the characteristics
of water absorption (Mt/m09 100%) curves for layer B in
coatings 1 and 2. Mt is water mass uptake at time t, and m0 is
mass of free film before immersion. It is obvious that water
absorption increases at initial stage and then reaches saturation
limit for two coatings. During the first stage, layer 1B absorbs
water much faster than layer 2B, resulting in more water
absorption at the same immersion time. It is noticeable that the
saturated water absorption obtained for layer 1B is 2.99%,
while that of layer 2B is only 1.66%, implying that layer 2B
decreases effectively the water absorption.

Scheme 1 Curing mechanism of phenolic-epoxy polymers and two curing agents (aromatic ring aliphatic amine and phenolic modified aro-
matic amine)
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To identify the diffusion type for layers B cured by different
curing agents, gravimetric results are presented by plots of
water mass uptake (Mt) or relative water mass uptake (Mt/M¥)
as a function of square root of time (t1/2), and water absorption

curves are also fitted by y = AxB model. Mt and M¥ are water
mass uptake at time t and after saturation. Previous research
(Ref 10) shows that Fick sorption includes three characteristic
features: (1) an initially linear plot of M as a function of t1/2, (2)

Scheme 2 Curing mechanism of tetraglycidyl metaxylediamine polymer and two curing agents (aromatic ring aliphatic amine and phenolic
modified aromatic amine)
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with increasing t, the water mass curve smoothly levels off to a
saturation level M¥, (3) when Mt/M¥ is plotted as a function of
t1/2/l (where l is the film thickness), a ‘‘reduced’’ plot is

obtained, which is identical for different values of film
thickness. The variations of Mt and Mt/M¥ satisfy the three
features well, as shown in Fig. 2(b) and (c), and should be
classified as Fick diffusion. According to variations of Mt/M¥,
there are no obvious characteristics of two stages absorption,
S shape absorption and II diffusion appearance (Ref 10, 11).
In addition, the fitting results show that the index B for layer
1B (0.50999) is close to 0.5, implying that the diffusion type
is an ideal Fick diffusion, whereas B for layer 2B (0.39987)
deviated from 0.5 to some degree, indicating that the diffusion
type is the non-ideal Fick diffusion (Ref 12). Therefore,
curing agent HN01 changes the diffusion type of water
absorption of coatings from an ideal diffusion to a non-ideal
diffusion.

The average diffusion velocity Va(Mt/St) for the whole
immersion time is also calculated after the division process of
water absorption curve, as shown in Fig. 2(d). Mt is water mass
uptake at time t, S is the area of coatings, and t is the immersion
time. At the beginning, Va for layers 1B and 2B are relatively
fast because water absorption occurs at the free surface of the
material. Later this process slows down because of the
saturation of surface water, and the exterior water tends to
diffuse into the interior (Ref 13). During the subsequent
immersion period, Va decreases gradually with immersion time

Fig. 1 Contact angle measurement for water of coatings 1 and 2
with immersion time
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Fig. 2 Water absorption � t curves and fitting results (a), water mass uptake Mt � t1/2 curves (b), relative water mass uptake Mt/M¥ � t1/2

curves (c), and average water diffusion velocity, Va (d) for layer B in coatings 1 and 2
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(from 1.28 to 0.094 mg h�1 cm�2 for layer 1 and from 1.19 to
0.064 mg h�1 cm�2 for layer 2), and Va for layer 2B is
obviously slower than layer 1B. Therefore, high water diffusion
velocity is responsible for rapid water absorption through
coatings (Ref 12), and layer 2B can slow down effectively the
water absorption and transport.

3.4 Surface Morphology Observation

Figure 3 shows the photographs of coating 1 and 2 before
and after immersed for 25 days. Blistering is the main
phenomena of coating 1 after immersion (Fig. 3b), which
causes a severe coating damage. The most noteworthy reason

(a)

Coating 1

(b)

Coating 1

(d)

Coating 2

(c)

Coating 2

Fig. 3 Photographs of coatings 1 and 2 before (a, c) and after (b, d) immersion for 25 days
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(b)

blister
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crack

(d)

500 m50 m

pinholes

500 m50 m

(c)

Fig. 4 SEM images of the surface morphologies for coatings: coating 1 before (a) and after (b) immersion for 25 days, and coating 2 before
(c) and after (d) immersion for 25 days
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for blistering is that the corrosion reaction between substrate
and corrosive medium continues to produce gas, and the gas
cannot go through the coating successfully because of the high
density of the coating. Discovered through comparative
analysis, only slight variations in color can be detected from
Fig. 3(c) and (d), which implies the corrosion resistance of
coating 2 is superior to coating 1.

SEM images of the surface morphologies for coating 1 and 2
before and after immersion for 25 days are shown in Fig. 4. As
seen in Fig. 4(a), non-uniform and interconnected network pore
structure appears on the surface of coating 1, and the
mechanism for pore phase formation is due to vapor-induced

phase separation (Ref 14). After immersion for 25 days, many
cracks emerge (Fig. 4b) because of the tensile stress induced
from blistering, and the signs of the presence of blisters can be
captured easily. As a comparison, coating 2 produces a dense
phase with transparent morphology free of defects (Fig. 4c).
After immersion for 25 days, the surface morphologies remain
almost unchanged, and only several pinholes can be detected
(Fig. 4d). We can conclude that suitable curing agent can
provide dense network structure, and make coatings reduce
surface defects and improve the corrosion resistance.

For a better representation of the coating topography
change, 3D confocal images of coating 1 and 2 before and

Fig. 5 3D confocal images of coatings: coating 1 before (a) and after (b) immersion for 25 days at high magnification, the low-magnification
image (c) corresponding to (b) as supplementary, and coating 2 before (d) and after (e) immersion for 25 days at high magnification
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after immersed for 25 days are shown in Fig. 5. It is apparent
that the surface of coating 1 in the initial state is pitted with
subsidence holes, which results in higher surface roughness
(0.634 lm) than that of coating 2 (0.028 lm). The smaller the
surface roughness of the coatings, the smaller the surface area
for the corrosion attack becomes (Ref 15). After immersion for

25 days, an obvious upward bulge can be detected for coating 1
(shown in Fig. 5b), which leads to the increase in surface
roughness (2.394 lm), whereas the surface roughness of
coating 2 remains constant (0.026 lm). Furthermore, supple-
mentary Fig. 5(c) better shows the surface topography of a
complete blister, corresponding to the surface morphology of
coating 1 (Fig. 3b and 4b). Thus, we can conclude that coating
2 cured by phenolic modified aromatic amine has a smaller
surface roughness, which declines effectively the attack of the
corrosive medium.

3.5 Wet Adhesion

As an important mechanical property, once adhesion fails,
all other protective mechanisms will become worthless, so the
effect of different curing agents on the adhesion strength of
coatings should be studied. Figure 6 demonstrates the changes
of wet adhesion of coating 1 and 2 with immersion time. The
dry adhesion value for coating 1 and 2 is 11.0 and 12.3 MPa,
respectively, implying outstanding coating performance. How-
ever, it needs to be mentioned that adhesion tests in the dry
state are of little use for applications in immersed or humid
environments (Ref 14), because the presence of water normally
decreases adhesion between the coating and the substrate (Ref
16). During the immersion process, the wet adhesion for both
coatings 1 and 2 present a decline in a different degree. After
immersion for 25 days, the correspondent wet adhesion has
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declined to a very low level. In spite of this, the wet adhesion
values for coating 2 (4.3 MPa) is always much higher than that
of coating 1 (2.7 MPa), which might be attributed to the fact
that coating 2 cured by phenolic modified aromatic amine can
reduce the destruction of water to wet adhesion by preventing
water absorption through its physical barrier effect.

3.6 Cross Section Morphology Observation

SEM images of the cross section clearly illustrate the
interface state of coatings 1 and 2 after immersion for 25 days.
As seen in Fig. 7(a), obvious variations in color can be
distinguished on the substrate. Subsequently, the EDS analysis
of this area with color change shows the presence of elements

(a) (b)

(c)

Fig. 9 EIS of coating 1 immersed in 0.1 mol/L borax aqueous solution at 60 �C: Nyquist plots (a), impedance modulus Bode plots (b), and
phase angle Bode plots (c)

(a) (b)

(c)

Fig. 10 EIS of coating 2 immersed in 0.1 mol/L borax aqueous solution at 60 �C. Nyquist plots (a), impedance modulus Bode plots (b), and
phase angle Bode plots (c)
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like carbon (4.05%), iron (81.26%) and oxygen (14.68%),
which reveals the formation of corrosion products layer, and
provides the direct evidence for the rapid degradation of
adhesion strength. The typical products formed, such as
Fe(OH)2, Fe(OH)3 or FeOOH, and so on, are dependent on
the local pH (accumulation of OH�) and located in the upper
part of the substrate, according to the following sequence (Ref
17).

Feþ OH� ¼ FeOH�
ad ðEq 2Þ

FeOH�
ad ¼ FeOHad þ e� ðEq 3Þ

FeOHad þ OH� ¼ Fe OHð Þ2sþe� ðEq 4Þ

Fe OHð Þ2sþOH� ! FeOOHs þ H2Oþ e� ðEq 5Þ

With respect to the presence of Fe(OH)3, it is assignable to
the oxidation of Fe(OH)2. This supports that coating 1 has been
damaged to some extent during the immersion process.

Compared with coating 1, the structure of coating 2 is more
compact, and no corrosion products are detected (visualized in
Fig. 7b). In this case, coating 2 remains morphologically
unaltered after 25 days of continuous immersion in the
electrolyte, which shows good interfacial adhesion and remark-
able anticorrosion property.

3.7 Structure Characteristic of Coatings by Raman
Spectrum

Raman spectrums of coatings 1 and 2 can be seen in Fig. 8,
where the Raman spectrum of coatings for the initial state is
compared to that for immersion for 25 days. The peaks at
1610þ2

�3 (marked with arrows in the figure) are assigned as the
aromatic ring (Ref 18, 19). Symmetric stretching of NH4

+

occurred at 2909þ5 cm�1 and the corresponding asymmetric
stretching seen at 3063þ4

�1 cm�1 indicate the existence of NH4
+

(Ref 20).
After immersion for 25 days, obvious spectral changes can

be detected for coating 1 (Fig. 8a), and intensity of several
strong bands declines significantly. Clearly, the intensity of
symmetric stretching of NH4

+ at 2909 cm�1 and asymmetric
stretching of NH4

+ at 3063 cm�1 decreases, but not so much as
for the aromatic ring band. These changes are mainly attributed
to the dissolution of some components containing benzene ring
and NH3

+ during the process of immersion. Conversely, the
Raman spectrum of coating 2 after 25 days of immersion is
very similar in the whole region to the spectrum of coatings in
the initial state (see Fig. 8b). No obvious decay in the Raman
signal is observed, which indicates that the cross-linked
structure of coating 2 is very stable.

3.8 EIS Analysis

EIS diagrams measured for coating 1 after 24-, 48-, 96-,
192-, and 576-h tests are presented in Fig. 9. It is observed that
all of the Nyquist plots (Fig. 9a) show a depressed semicircle at
high-frequency region, followed by a diffusion tail at low-
frequency region [Warburg impedance (W)]. The presence of
Warburg impedance indicates that the electrochemical reactions
become diffusion-controlled (Ref 21). Additionally, the diam-
eters of the semicircles at high-frequency region increase firstly
and then decrease with immersion time, while the diffusion tails
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at low frequency enlarge. The variations of the typical
impedance modulus Bode diagrams with immersion time are
shown in Fig. 9(b). The low-frequency impedance modulus,
|Z|LF (e.g., |Z|0.01Hz), is commonly used to roughly estimate the
coating resistance (Ref 22). The |Z|0.01Hz tends to increase in the
first 48 h and then decreases steadily, exhibiting the corrosion
resistance is strengthened and then weakened. After immersion
for 576 h, the modulus at 0.01 Hz decreases below 105X cm2,
and a horizontal line section appears at middle frequency,
which is the characteristic of delamination of coating (Ref 23,
24). This is ascribed to the bad barrier properties of surface
which cannot suppress the penetration of electrolyte solution.
Besides, there exist two time constants at different immersion
times by observing Fig. 9(c), one at high frequencies that can
be associated with the coating and the other at low frequencies
related to the underneath corrosive process (Ref 25-28). The
time constant at high frequency moves to lower frequency
firstly and then to higher frequency, demonstrating the area of
coated substrate exposed to the corrosive environment declines
firstly and then increases (Ref 29), in accordance with the
variation of |Z|0.01Hz and the Nyquist plots.

The typical EIS spectra of coating 2 with different
immersion times are shown in Fig. 10. Being distinct from
that of coating 1, only semicircles are presented in the Nyquist
spectra of coating 2, which shows that the electrochemical
process is under charge transfer control (Ref 30). It is
interesting to note that the impedances at low frequency of

the two coatings appear increasing at first and then decreasing
gradually, however, with different peak and at different time,
which keeps consistent in the variation of the Bode diagrams.
The peak which refers to the impedance at which the low
frequency reaches a maximum value for coating 1 appearing at
48 h, whereas higher peak value for coating 2 appears at 96 h.
Furthermore, even after immersion for 576 h, the |Z|0.01Hz is
still higher than 108X cm2, suggesting remarkably enhanced
impedance compared to that of coating 1.

According to ASTM B117 standard test protocol, the
service life of a coating is the time taken by the coating to show
a drop in the impedance value to 106X cm2. Usually, the
service life of the coating can be expressed as 750 h of ASTM
B117 with Z0.1HZ> 106X cm2 = 1 year of service life. There-
fore, the expected service life for coating 2 is at least 280 days,
however, only 93 days for coating 1, which demonstrates that
phenolic modified aromatic amine can significantly increase the
expected service life of coatings.

To quantify the relevant parameters for the corrosion
performance, EIS data are fitted by means of equivalent circuits
using Z plot for Windows (Ref 31). Since a certain frequency
dispersion, as distinct to a pure capacitance, appears in the low-
frequency tail of the diffusive response (Ref 32), the electric
double layer is gradually deviating from the pure capacitance,
and model employed substitutes constant phase elements (CPE)
for capacitances. The impedance function of a CPE complies
with the following equation (Ref 33-35):

CPE dl

R dl

Rsol

CPE coat

(a)
Rpo

Zw

R po

Rsol

CPE coat

CPE dl

(b)
R dl

Fig. 11 Equivalent circuit models for coatings 1 (a) and 2 (b)

(b)

Borax solution

Coating 2

Carbon steel

Uncorroded section

Borax solution

(a)

Coating 1

Uncorroded section

Carbon steel

Void

Void

Fig. 12 The corresponding corrosion mechanisms of coatings 1 (a) and 2 (b)
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ZCPE ¼ 1
Q jxð Þa ðEq 6Þ

where Q and a are the CPE constant, x is the angular fre-

quency (in rad/s), j ¼ �1ð Þ
1
2, and a is a CPE exponent associ-

ated with surface heterogeneity or roughness (Ref 36). When
a< 1, the CPE parameter cannot represent the capacitance,
and the effective capacitance (Ceff) of the coating associated
with the CPE can therefore be expressed as (Ref 37):

Ceffcoat ¼ Q
1

acoat
coat

Rsol � Rpo

Rsol þ Rpo

� �1�acoat
acoat

ðEq 7Þ

Similarly, Ceffdl describes the effective capacitance of the
inner layer between the bottom of pores and the metal substrate:

Ceffdl ¼ Q
1
adl
dl

Rpo � Rdl

Rpo þ Rdl

� �1�adl
adl

ðEq 8Þ

In the above equations, Rsol is the solution or medium
resistance, Qcoat is the CPE of a coating, Rpo is the resistance of
the electrolyte in the coating pores, Qdl is the CPE of the
electrical double layer, and Rdl is the charge transfer resistance.
Table 2 summarizes the fitted element values extracted from the
EIS spectra by using the equivalent circuit shown in Fig. 11.

The equivalent circuit model Rsol(Qcoat(Rpo(Qdl(RdlW))))
(Fig. 11a) represents the electrochemical corrosion process of
coating 1. Since a diffusion process never comes for coating 2,
Rsol(Qcoat(Rpo(QdlRdl))) is proposed in Fig. 11(b).

To understand the corrosion mechanisms of coatings 1 and
2, and better handle the data in Table 2, further interpretation
has been schematically depicted in Fig. 12(a) and (b). There is
no doubt that the denser a coating, the better anticorrosion
property of the coating is, which can separate substrate from a
corrosive medium completely. As shown in Fig. 12(a), the
coating 1 has abundant voids and defects, which are
preferential diffusion paths for corrosive species of H2O,
Na+, H+, OH�, B4O7

2+, etc., in borax aqueous solution. By
contrast, choosing phenolic modified aromatic amine as the
curing agent, coating 2 has less voids and defects than coating
1 (Fig. 12b). Therefore, it is inevitable that there must be
some pinholes microstructurally existing in the coating, which
connect with each other to form sub-channels after a long
time of immersion, allowing only small molecules of corro-
sive medium to penetrate through and corrode the inner
substrate (Ref 38). Evidently, coating 2 behaves better on
anticorrosion property.

The change of equivalent circuit parameters with the
immersion time is used to reflect the change of electrochemical
properties of the coated system (Ref 39). Ceffcoat is related to
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the intrinsic dielectric properties of the coating (Ref 22), which
reflects the water uptake of the coating (Ref 1). Ceffcoat (keA/d)
increases with increasing water uptake (Ref 40, 41), where k is
the dielectric constant of free space, e is the dielectric constant
of the polymer, A is the exposed surface area, and d is the
thickness of the coating. Ceffcoat is quite sensitive to water
uptake since the dielectric constant of water is about 20 times
larger than that of the coating (Ref 28). The histograms in
Fig. 13(a) show the variation trend of Ceffcoat for coatings 1
and 2 with immersion time. The variation of Ceffcoat for coating
1 presents a clear tendency to increase along the immersion
time, while that for coating 2 is basically seen to be invariable.
Meanwhile, the values of Ceffcoat for coating 2 are significantly
lower than that for coating 1. Lower Ceffcoat indicates better
water resistance for coating 2, which signifies that the barrier
property of the coating can be improved effectively by selecting
HN01 as curing agent.

It has been pointed out that Rpo is inversely proportional to
the defects (pores) in a film, which reflects porosity of coatings
and the anti-penetrating ability of the coating to the electrolyte
solution (Ref 22, 29, 42). As shown in Fig. 13(b), the values of
Rpo for both coatings 1 and 2 increase and then decrease, but
with different peak occurring at different time. This may result
from the passivation and accumulation of insoluble corrosion
products of coating which could seal the pore channels of the
polymer, further inhibiting the diffusion of the corrosive
species at the early stage of immersion (Ref 43). Besides, the
Rpo value of coating 2 is comparatively larger, especially after
immersion for 576 h. It is by more than 3 orders of magnitude
larger than that of coating 1, which demonstrates that the
porosity of coating 2 is relatively lower and degradation
phenomenon is more difficult to happen.

Double-layer capacitance Cdl and polarization resistance Rdl

are two parameters used to specify the delamination of the top
coat and the onset of corrosion at the interface (Ref 44), of
which Ceffdl obtained is proportional to the exposed metal
surface area in contact with the electrolyte (Ref 45). Also, Rdl is
a measure of the resistance to the electron transfer across the
metal surface and is inversely proportional to corrosion rate
(Ref 46). The corrosion has taken place at the bottom of the
pores as evidenced from the increase in Ceffdl value for both
coatings 1 and 2 with a decrease in Rdl value (Fig. 13c and d).
The developments of pathways inside the coating account for a
prominent increase in the Ceffdl value. Though coating 2
presents higher Ceffdl value in the earlier stage of immersion,
the magnitude of its increase is much lower than that of coating
1. In the later stage, low Ceffdl value observed on coating 2
demonstrates low extent of detachment between the coating and
substrate. It can be detected that Rdl possesses the similar
varying tendency with Rpo for both coatings 1 and 2. And
coating 2 presents higher Rdl value compared with coating 1,
which means lower corrosion rate for coating 2. In addition, it
is worth noting that Warburg resistance keeps increasing for
coating 1 (Fig. 13e), which indicates that the ability of
diffusion controlled in electrochemical reactions becomes
stronger for coating 1, as stated before.

In general, a coated metal system which performs well in
corrosion is characterized by high resistances Rpo and Rdl, and
lower capacitances Ceffcoat and Ceffdl, as well as high Warburg
impedance W, as compared with poor systems (Ref 47).
Consequently, coating 2 performs best in the resistance to
corrosion, and it inhibits effectively transport of electrolyte in
the coating.

4. Conclusions

The development of two new anticorrosive coatings used in
60 �C borax aqueous solution has been studied in the work. As
compared with coating cured by aromatic ring aliphatic amine,
the water absorption and contact angle of the phenolic-epoxy/
tetraglycidyl metaxylediamine composite coating were reduced
significantly by selecting phenolic modified aromatic amine.
Illustrated by 3D confocal images, the surface roughness of the
coating cured by phenolic modified aromatic amine was smaller;
hence, the surface area for the corrosion attack becomes smaller.
Observed from the cross section of coatings, the obvious
corrosive products appeared for coating cured with modified
aromatic ring aliphatic amine, while it remained intact for
coating cured with phenolic modified aromatic amine, which
showed remarkable corrosion resistance and difficult accessi-
bility of water to the coating/substrate interface. No obvious
decay in the Raman signal was observed, which indicated that
the cross-linked structure of coating cured by phenolic modified
aromatic amine was very stable during the corrosive immersion.
As compared with coating cured by aromatic ring aliphatic
amine, the coating cured by phenolic modified aromatic amine
performed well in corrosion resistance and was characterized by
high resistances (Rpo and Rdl), lower capacitances (Ceffcoat and
Ceffdl) as well as no Warburg impedance (W), which effectively
inhibit the transport of water in the coating.
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