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The photo-degradation behavior of LMPAR/DGEBA epoxy coatings under UV irradiation and the
influence of the curing-agent molar ratio on water resistance were investigated using electrochemical
impedance spectroscopy. After exposure to UV irradiation for 88 hours, a post-curing process as well
as the formation of carbonyl groups increased the low frequency impedance, in comparison to the as-
prepared sample. By increasing the irradiation time from 208 hours to 399 hours, the modulus values
decreased, probably due to the generation of some micro-defects near the sample surfaces. After 543 h
of irradiation, the lower modulus values and the emergence of a second time constant implied that an
interfacial corrosion reaction occurred. Considering the anti-photodegradation of the epoxy coating,
the optimal LMPAR/ DGEBA molar ratio was approximately 0.415, at which the water uptake and the
porosity of the epoxy coating were relatively low, and the EIS spectra showed the characteristics of a
highly cross-linked structure in the coatings.
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1. INTRODUCTION

Diglycidyl ether of bisphenol-A (DGEBA) epoxy resins have been extensively used in industry,
such as protective coatings, material adhesions, and electronic engineering. [1]. However, epoxy resin
Is prone to degradation under various environmental conditions such as humidity, heat or light, which
profoundly limit their applications [2-5]. Among these conditions, photodegradation is one of the most
principal ageing processes. It was found that the photo-initiating species are essentially derived from
the phenoxy part, whereas the evolution of chemo-physical microstructures of the epoxy resins
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principally relies on both the amine concentration and the electron density of nitrogen atoms in
benzene rings [6-10]. Meanwhile, the moiety of the curing agent also affects the photooxidation
process [11] and the water resistance [12,13]. However, few studies have focused on the influence of
the curing agent ratio on water resistance of epoxy coatings during the photoaging process.

Electrochemical impedance spectroscopy (EIS) is one of the powerful techniques to examine
the water permeation of the insulator coatings [14,15]. The impedance spectroscopy is sensitive to the
porous structure of the polymers [16, 17]. In this work, epoxy coatings with different LMPAR/DGEBA
molar ratios were prepared, and the effect of the curing agent dosage on the water resistance and the
anticorrosion performance of the coatings during the photoaging process were studied systematically
using electrochemical impedance spectroscopy.

2. EXPERIMENTAL

2.1 Materials

The diglycidyl ether of bisphenol-A (DGEBA) epoxy resin E51 was purchased from Jiangsu
San Group Corporation, China, and the low molecular polyamide resin (LMPAR) 651 was provided by
Yueyang Zhongzhan Science & Technology Co., Ltd. The epoxy value of E51 was 0.51 mol/100g. The
mixture of DGEBA and LMPAR was coated on a carbon steel substrate, and was subsequently cured at
80 °C for 3 hours. The mixing molar ratios (LMPAR to DGEBA) were 0.221, 0.318, 0.415, 0.515 and
0.613. The film thickness of dry epoxy was approximately 30 pm.

2.2 Ultraviolet Ageing

The ultraviolet ageing process was conducted using commercial UV-A lamps (340 nm for the
center wavelength of UV light). The treatment temperature was maintained at 60 °C. The film samples
were irradiated by UV light for different times: 0, 88, 303, 399, and 543 hours.

2.3 EIS measurement

EIS measurements were performed with a classic three-electrode cell on an electrochemical
workstation (Corrtest CS310) in a 3.5 wt% NaCl aqueous solution. The epoxy-coated steel was used as
the working electrode with an area of 1.0 cm®. A saturated calomel electrode and a platinum electrode
were applied as the reference electrode and the counter electrode, respectively. Impedance spectra were
taken every 0.17 hours in the frequency ranging from 100 kHz to 0.1 Hz during the first 1.67 hours of
immersion, and then in a range of 100 kHz to 0.01 Hz. The detailed experimental parameters are the
same as those in the previous reference [18].
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3. RESULTS AND DISCUSSION

Figure 1 shows the impedance spectra of the epoxy coatings (a LMPAR/ DGEBA molar ratio
of is 0.415) that were UV-treated for different amounts of time after being immersed in a NaCl solution
for 24 hours or 168 hours. The impedance modulus in the low-frequency region at the early stage (88
hours) was obviously higher than that of the sample without UV-treatment, indicating that a post-
curing process exists at the initial stage of UV-irradiation. Similar results of the post-curing of epoxy
induced by UV treatment were also reported by previous studies [18,19]. It was also found that the
impedance modulus at low frequencies decreased with increasing time of ageing. The value of the
modulus at 0.01 Hz decreased from 5.5x10° Q cm? (for 88 hours UV-aging) to 6.4x10° Q cm? (for 208
hours) and 3.6x10° Q cm? (for 303 hours) or from 3.3x10° Q2 cm? (for 88 hours) to 1.0 x10° Q cm? (for
208 hours) and 3.5x10° Q cm? (for 303 hours) for the samples immersed in a 3.5% NaCl solution for
24 hours and 168 hours, respectively.

s Oh
5 o 88h
[ 4 208h
] s 1 L 5 303 h

] r——— "
e * 399h

L B e TR o o L e e L e e R

10 107 10 10' 10° 10 10 10
Frequency / Hz
(a)
= 0Oh
1074 88 h

o * A 208h

10° 10" 10° 10’ 10° 10° 10° 10°
Frequency / Hz

Figure 1. Impedance diagrams (Bode plots) of the LMPAR/DGEBA epoxy coating with a molar ratio
of 0.415 irradiated by UV light for 0 hours, 88 hours, 208 hours, 303 hours, 399 hours and 543
hours. The test sample was immersed in a 3.5% NaCl solution for 24 hours (a) and 168 hours

(b).
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It is likely that some micro-defects formed near the surface of the film sample after UV-
treatment for 208 hours because of molecular chain scission, which resulted in a drastic decrease in the
barrier property. The EIS results are in agreement with the results probed by positrons [20].

For the sample UV-treated for 303h, the low-frequency impedance value after 24 h (Figure-1a)
of immersion was much higher than that of the sample treated for 303 hours, while the impedance
curve of the sample irradiated for 543 hours coincided with that of the one irradiated for 303 hours.
After immersion for 168 hours (Figue-1b), the impedance modulus in the low frequency region was
still higher than that of the sample irradiated for 303 hours. However, for the sample irradiated for 543
hours, the low frequency impedance decreased significantly. This value was much lower than that of
the sample irradiated for 303 hours and that of the second time constant relevant to the interfacial
reaction in the coatings appeared. Zheng’s work suggested that free radicals may form in a polymer
due to UV irradiation and that these free radicals may induce the formation of a dense layer on the
surface [21]. Thus, the results shown above in Figure 1 may be contributed to the formation of a dense
layer on the sample surface. The free radicals generated upon UV-irradiation for 303 hours might have
recombined and formed novel dense structures, which effectively encloses some relatively small
defects in a much deeper sub-layer. As the irradiation time increased to 543 hours, a long-term
protection for the steel substrate could not be achieved using the epoxy coating.
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Figure 2. Impedance diagrams (Bode plots) of the epoxy coatings (a LMPAR/DGEBA ratio of 0.318)
irradiated by UV light for 543 hours after different immersion times (0 hours, 0.5 hours, 2.5
hours, 7.5 hours and 10 hours) in a 3.5% NacCl solution.
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According to the discussion above, the electrochemical performances of the epoxy coatings
treated by UV-irradiation for 543 hours were investigated to understand the effect of the curing agent
dosage on the water resistance and the anticorrosion properties. Figure 2 presents the impedance
spectra for the UV-treated epoxy coatings with a LMPAR/ DGEBA molar ratio of 0.318 after being
immersed in a 3.5% NacCl solution for different amounts of time. It can be observed from the phase
angle that an overlap in the time constants occurs at high frequencies (50 ~ 3000 Hz) at the initial stage
of immersion. This phenomenon is ascribed to the increasing density and cross-sectional area of the
surface micropores. However, the water resistance performance related to micropores is not observed.
Addtionally, the time constant at high frequencies associated with microporous structures also
disappeared completely after 2.5 hours of immersion, which means the coating surface lost its blocking
effect on the electrolyte solution. At low frequencies, the Bode modulus was approximately 1.0x10° O
cm? at the initial stage of immersion; then, it decreased to 3.0x10* Q3 cm? after 10h of immersion.

Figure 3 shows the impedance spectra of the epoxy coatings with a LMPAR/DGEBA molar
ratio of 0.613 after being exposed to UV light for 543 hours. It is demonstrated that only the
impedance modulus in the low-frequency region changed during in 10 hours of immersion, which
means the corrosion behavior occurs at the interface between the coating and the substrate. The
impedance characteristics associated with a microporous structure and a high-density structure were
not observed. The Bode modulus in the low frequency region stayed close to 10* Q cm?, indicating that
the water resistance of the coating was weakened due to UV irradiation for longer than 543 hours.
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Figure 3. Impedance diagrams (Bode plots) of the epoxy coatings (a LMPAR/DGEBA ratio of 0.613)
treated with UV-irradiation for 543 hours after different immersion times in a 3.5% NaCl
solution.
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Figure 4. Evolution of coating resistances and capacitances of the UV-treated epoxy coatings (543
hours of irradiation) with different LMPAR/DGEBA molar ratios: a) 0.221, b) 0.318, c) 0.415,
d) 0.515, ) 0.613.

The variation in the coating resistances and capacitances of the different epoxy samples with
UV treatment for 543 hours is shown in Figure 4. It was found that all the coating resistances
decreased dramatically after a very short immersion time and then maintained relatively stable values,
which varied with the LMPAR/DGEBA molar ratio. As the ratio increased from 0.221 to 0.613, the
coating resistances first increased and then decreased. The maximum resistance of the initial coating
was observed in the sample, with a molar ratio of 0.415. As shown in Figure-4b, it is obvious that the
constant capacitances of the coatings also varied with the LMPAR/DGEBA molar ratio. First, this
constant decreased and reached a minimum for the molar ratio of 0.415, and then increased sharply
with increasing irradiation time. In general, the coating capacitances were mainly related to the water
uptakes. The sample with a LMPAR/DGEBA molar ratio of 0.415 exhibited better barrier properties.
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Figure 5. Variations in the coating porosity and water uptake at the saturation state during immersion
as a function of the LMPAR/DGEBA molar ratio after 543 hours of UV irradiation.

To understand the water resistance of the epoxy resin, the coating porosity and water uptake

were calculated from the EIS results. The porosity can be calculated as follows[22,23]:
dy

P=—0 (1)
where, d is the thickness of the sample, A is the electrode area, « is the conductivity of the electrolyte,
and R is the resistance of the coating.

The water uptake can be evaluated from the capacitance of the membrane by the following
equation [24]:

I8(C,/Cy)
o) =F 1= ©)

where, Coy, and C; are the capacitance of the dry coating and the coating immersed for a period of t,
respectively, while the constant 80 is the relative permittivity of water at 25 °C.

Therefore the water uptake and the porosity of the epoxy coatings can be calculated from
equation(1) and (2). As shown in Figure 5, with the increasing LMPAR/DGEBA molar ratio, the
variations in the water uptake and the porosity of the epoxy coatings with 543 hours of UV-treatment
were very similar, suggesting that the results obtained from the two different methods are consistent.
As the molar ratio increased from 0.221 to 0.415, the water uptake decreased from 32.90% to 23.12%,
and the apparent coating porosity also decreased from 2.07 x10°° to 1.24 x10™*. Then, the water uptake
and the coating porosity increased to 80.14% and 8.38 x1072, respectively, as the dosage ratio increased
rapidly to 0.613. Hence, considering the fact that the low water uptake was due to less degradation of
the coatings, the optimal LMPAR/DGEBA molar ratio was approximately 0.415. These results were
also consistent with the impedance modulus values (Figures 1-3). In addition, when the curing agent
ratio was lower than 0.415, the water uptake and the porosity of the UV-treated epoxy coatings were
relatively high, and the EIS spectra showed the characteristics of microporous structures. While the
molar ratio was higher than 0.415, the water uptake and the coating porosity increased rapidly, and the
EIS data revealed an interfacial corrosion feature.
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4. CONCLUSION

The photodegradation behaviors were investigated for various epoxy-polyamide coatings upon
UV irradiation. During the early stage of UV irradiation (88 hours), the low frequency impedance of
the irradiated coating was higher than that of the as-prepared one without UV treatment, which
confirms the existence of a post-curing process. With increasing irradiation time, the modulus
decreased, and some micro-defects were generated near the sample surface. With UV irradiation for
543 hours, the lower modulus values and the emergence of a second time constant imply that the
interfacial corrosion reaction of the coating occurred. The results indicate that the molar ratio of the
curing agent plays a key role in the water resistance of the aged epoxy coating after a long immersion
time in a NaCl solution. The optimal LMPAR/DGEBA molar ratio was approximately 0.415, when the
water uptake and the porosity of the epoxy coating were relatively low, and the EIS spectra show the
characteristics of highly cross-linked structures. When the curing agent ratio was lower or higher than
0.415, the water uptake and the coating porosity increased, and the EIS data revealed the formation of
micropores or the appearance of an interfacial corrosion in the epoxy coating upon UV irradiation.
Introducing LMAPAR in epoxy resin improves not only the anti-UV ageing effect, but also the water
resistance of the coating during the degradation process.
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