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ABSTRACT: In order to protect the steel from corrosion under the hot/wet condition, epoxy
resin and epoxy/DSO system were used as corrosion barrier. The corrosion behavior of steel
surface has been examined by Fourier transform infrared Reflection-Absorption spectroscopy
(FTIR-RAS). At 100% relative humidity condition, the oxidized steel is mainly composed of a-
FeOOH. In the case of epoxy coated steel, it is mostly composed of Fe;O, after humidity test,
and Epoxy/DSO system effectively suppresses the corrosion formation of steel surface compared
to the epoxy resin. In addition, the thickness of epoxy coating on the steel surface was investigated

from the point of corrosion behavior.

Introduction

A great development for metal corrosion protec-
tion has taken place in various fields.!”® Many re-
searchers studied the electrochemical corrosion
mechanism of steel surface under the atmospheric
environment.’ > They have focussed on the diffe-
rent chemical forms of ferrous rust in steel corro-
sion and the ability of these ferrous rusts to be
transformed to Fe;O,.

Protective organic coatings are widely used as
a suppressing material for the corrosion during the
service life of the steel. However, degradation of
organic coating at the interface can provide not only
the delamination of the coating but also the corro-
sion of the steel substrate beneath the coating.
Therefore, the effectiveness of the organic coating
is strongly dependent on the adhesion strength and
the extent of degradation of coating material under
the given condition.

Currently, epoxy is frequently used as the orga-
nic coating for steel substrare due to strong adhe-
sion, excellent chemical resistance, and easy proce-
ssability. However, the shrinkage of the epoxy oc-
curs during the cure. This cure-introduced shrin-
kage may cause the delamination of epoxy from
the steel substrate. Spiro ortho-ester and bicyclo-
ester were developed as anti-shrinking agents for
epoxy resins.”> !¢ Since these monomers react with
epoxy resin during the cure, the addition of anti-
shrinking agent may reduce the internal stress of
the cured epoxy resin. Shimbo et al. studied the
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internal stress and the shrinkage of epoxy resin
compounded with spiro-ester.'” It has been reported
that the internal stress decreased with increasing
the fraction of spiro-ester in the cured system and
the reduction of internal stress did not depend on
the expansion of epoxy/spiro-ester.’®

Although epoxy/spiro-ester system is quite useful
for the corrosion protection for metallic substrates,
little information is known concerning the surface
treatment for the corrosion protection. In order to
enhance the corrosion protection for steel surface,
further study of the corrosion barrier on steel sur-
face is strongly needed.

Several techniques have been used for the sur-
face analysis of metal substrates. The corrosion
study of surface treated steel and the adhesion
study of organic coated steel have been carried out
by X-ray photoelectron and Auger electron spectro-
scopy.’® 2! Because these methods only provide the
elemental information regarding the very top layer,
they are not suitable for in-situ studies of the deg-
radation in bulk and at the coating/metal interface.
The development of the Fourier transform infrared
spectrometer (FT-IR), which increases the energy
throughput and the sensitivity, enhances the analy-
tical ability of infrared spectroscopy. Reflection-Ab-
sorption technique provides the nondestructive
study for the characterization of chemical changes
in the protective coating on metal.

Therefore, the purpose of this study is to illust-
rate the effectiveness of the corrosion protection
in the epoxy/steel system. Epoxy/spiro orthocarbo-
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Figure 1. Schematic diagram of dinorbornene spiro orthocarbonate (DSO) before and after curing: (I) before

curing and (II) after curing.

nate system is also introduced to protect the steel
corrosion through the reduced shrinkage of epoxy
resin. In addition, Reflection-Absorption Spectros-
copy (RAS) has been utilized for the characteriza-
tion of steel corrosion under the hot/wet condition.

Experimental

1008 Drawing Quality Special Killed Steel sample
(DQSK) was kindly supplied from General Motors
Research Laboratories. The chemical composition
of steel sample in weight percent is as follows: C
0.037, Mn 0.30, P 0.003, S 0.002 and Si 0.005. The
steel is aluminum killed and batch annealed to pro-
vide a fine grain size. Steel specimens (2.5 cmX5.0
c¢m) were mechanically polished, and final polish
was carried out with 3 uym diamond paste. Polished
samples were ultrasonically washed in acetone.
This was followed by repeated rinsing with metha-
nol, blown with nitrogen gas and stored in the desi-
ccator until use.

The epoxy resin (EPON 828) was supplied by
Shell Chemical Co. Solution casting with the
epoxy/chloroform solution was used for the coating
application on steel. 10 phr BF;-mono ethylamine
(Anchor 1115) based on the amount of epoxy was
applied as an curing agent.

Dinorbornene spiro orthocarbonate (DSO) was
mixed with epoxy to reduce rhe shrinkage stress
of epoxy through the ring opening polymerization.
Figure 1 represents the schematic diagram of dino-
rbornene spiro orthocarbonate before and after cu-
ring. Recommended amount of antishrinking agent
is 10 phr DSO based on the epoxy.

A desired film thickness was calculated based
on the substrate area, solution concentration, and
the specific density (d=1.16) of epoxy.

All epoxy coated samples were cured at 140 C
for 1 hr. Cured samples were then exposed in a
100% relative humidity chamber at 95 T for 12
hr.

Fourier Transform Infrared Reflection-Absorption
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Figure 2. R-A Spectrum of bare steel under humid
condition (95 T, 12h, RH 100%).

Spectroscopy (FTIR-RAS) was used for the analysis
of coating films on steel. The reflection-absorption
attachment (Harrick-Scientific) with a gold wire
grid polarizer (Perkin-Elmer) was mounted on a
Digilab FTS-14 Fourier transform infrared spectro-
meter. The spectrometer was equipped with a trigl-
ycine sulfate detector and was purged with dry air.
The spectra were collected as the average of 200
scans at 4 cm™! resolution. The angle of incidence
was 75° for this study. The spectra of the coating
samples were subtracted from the reference spect-
rum of the bare steel.

Results and Discussion

Bare steel sample was exposed at 95 C for 12
hr. in 100% relative humidity chamber. The R-A
spectrum of the oxidized steel is shown in Figure
2. The bands in the region of 770 cm™'~490 cm ™!
are composed of different oxide formation of steel
surface. Lorentzian curve fitting method was used
for the peak separation in this region. The band
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Figure 3. R-A Spectrum of cured epoxy on steel.
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Figure 4. R-A Spectra of cured epoxy before and after
humidity test: (A) Before humidity test and (B) After
humidity test.

at 569 cm ! is due to Fe;O4 and the peaks at 601
cm ' and 632cm ! are assigned to o-FeOOH. A
small amount of 8-FeOOH appears at 679 cm™ ' and
the band at 708 cm™! is attributed to amorphous
FeOOH.? Under this condition, the oxidized steel
is mainly composed of Fe;O; and a-FeOOH.

R-A spectrum of epoxy coated steel is shown in
Figure 3. Epoxy was cured at 140 T for one hour.
The band at 1504 cm ™' is due to the C=C stret-
ching mode of the phenyl ring and the C-O-C anti-
symmetric stretching mode appears at 1220 cm™%.
The absorption at 1029cm ™! is attributed to the
aliphatic C-O stretching. The C-H in-plane defor-
mation mode gives rise to a peak at 1192 cm™! and
the out-of-plane deformation of the para-disubstitu-
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Figure 5. R-A Spectra of cured epoxy: (A) After hu-
midity test, (B) Before humidity test, and (C) The dif-
ference spectrum (A-B).
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Figure 6. R-A Spectra of cured epoxy and epoxy/DSO
system: (A) Cured epoxy after humidity test, (B) Cured
epoxy/DSO after humidity test, and (C) The difference
spectrum (A-B).

ted aromatic ring appears at 824 cm™'.

In Figure 4, the region around 1150~1050 cm™
results from the epoxy ring opening reaction. The
band at 1182 cm ™! decreases due to the degradation
of epoxy main chain during corrosive exposure. The
aliphatic C-O stretching at 1029 cm ™! also decreases
under the hot/wet condition.

R-A spectra of epoxy coated steel before and af-
ter humidity test are presented in Figure 5. The
difference spectrum of epoxy coated steel is com-
posed of Fe;0y and o-FeOOH. The thickness of
epoxy coating is fixed to 1 uym. Whereas a-FeOOH

1

Korea Polym. J., Vol. 2, No. 2, 1994



Spectroscopic Studies of Epoxy Coated Steel (I)

aA aA
A) 0030 A) 0034
B) 0047 M
C) C) 0.017
0013 M
1 I3 1 1 L. —1 1 | 1
70 700 650 600 5650 500 750 700 650 600 550 500
WAVENUMBER  (cm™) WAVENUMBER  ( cm’ )

Figure 7. R-A Spectra of cured epoxy/DSO system
with different thickness: (A) 0.5 um, (B) 1.0 um, and
(C) the difference spectrum (A-B).

is mainly formed in the bare steel, the epoxy coated
steel is mostly composed of Fe,O, after the humi-
dity test. In other words, this means that coated
epoxy suppresses the corrosion formation on the
steel surface to a certain extent under severe envi-
ronment.

Figure 6 shows R-A spectra of cured epoxy and
epoxy/DSO system on steel. The difference spect-
rum indicates the degree of corrosion between cu-
red epoxy and epoxy/DSO coated steels. In the
epoxy/steel system, the corrosion product of the
difference spectrum is mainly composed of Fe;O,
after humidity test. Epoxy/DSO system provides
better corrosion protection compared to the epoxy
probably due to the reduced shrinkage of epoxy
film. Less shrinkage of epoxy/DSO film occurs on
the steel surface. This reduced shrinkage of poly-
mer provides better film compared to the epoxy
film itself.

Figure 7 demonstrates the thickness effect of the
cured epoxy on the steel surface after humidity
test. Figure 7A shows the R-A spectrum of 0.5 um
epoxy coated steel and 1.0 um epoxy coated steel
is shown in Figure 7B. In the difference spectrum,
the peak at 569 cm ! is due to the Fe;O, on the
steel surface. It can be deduced that thin epoxy
coated steel is more corrosive under the hot/wet
condition. It implies that diffusional protection of
water may be a dominant mechanism in this sys-
tem. From the difference spectrum, it can be conc-
luded that the degree of corrosion depends on the
thickness of epoxy coating.

Figure 8 indicates the thickness effect of cured
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Figure 8. R-A Spectra of cured epoxy/DSO system
with different thickness: (A) 0.5 um, (B) 1.0 ym, and
(C) the difference spectrum (A-B).

epoxy/DSO system on the steel surface after hu-
mudity test. The R-A spectrum of 0.5 pum epoxy/
DSO is shown in Figure 8A and that of 1.0 um
epoxy/DSO is shown in Figure 8B. The difference
spectrum represents the difference of corrosion for-
mation in different thickness of epoxy/DSO. After
humidity test, the difference spectrum shows the
peak at 569 cm !, which is attributed to the Fe;0,.
This means that epoxy/DSO system suppresses the
corrosion formation of steel compared to the epoxy
system. Spiro-ortho ester may reduce the shrinkage
of epoxy during the epoxy curing and provides good
contact at the epoxy/steel interface.

Conclusion

Reflection absorption spectroscopy (RAS) has
been used to characterize the corrosion behavior
of the steel surface.

Whereas a-FeOOH is mainly formed on the bare
steel, the epoxy coated steel is mostly composed
of Fe;0, under the hot/wet condition and coated
epoxy suppresses the corrosion formation of the
steel surface to a certain extent. From the result
of epoxy/steel system, the degree of corrosion is
dependent on the epoxy thickness.

Epoxy/DSO system provides better corrosion
protection compared to the epoxy resin due to the
reduced shrinkage of epoxy coating on the steel
surface.
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