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ABSTRACT: Various silane coupling agents have been introduced to protect the surface from
corrosion of epoxy/steel system. Under the hot/wet condition, amino silane occurs the degradation
and forms the surface corrosion on the steel. In the case of y-MPS/steel system, the oxidation
of steel surface was suppressed due to the improved adhesion of y-MPS in humid environment.
In epoxy/silane/steel system, chemical bonding at the silane/steel may improve the corrosion prote-
ction on the steel surface. In addition, the role of zinc powder has been evaluated in the epoxy/steel
system through the cathodic protection mechanism.

Introduction

When the metal is exposed to ambient environ-
ment, most of metals corrode through the charge
transfer reaction which makes the deterioration of
metals at the metal surface.! This metallic corrosion
causes tremendous waste of limited natural resour-
ces.? National Bureau of Standards announced in
1978 that annual economic losses in US.A. had
been estimated at $120 billion due to the metal
corrosion.?

Several researchers studied the steel corrosion
under the hot/wet environment. Evans ¢t al. repor-
ted that Fe;O, was air oxidized directly and formed
ferrous rust in the atmospheric corrosion environ-
ment.* Keiser et al. studied the oxidation of Fe;Oy
on steel surface and they concluded that Fe;O, was
oxidized initially to a-FeOOH under the severe en-
vironment.®

In order to protect the steel from corrosion, the
proper corrosion inhibitors are strongly needed to
extend the service life of steel. Recently, silane
coupling agent was used for the corrosion protec-
tion and the adhesion promotion of organic coa-
ting/steel system.”!! Several studies have been
undertaken to investigate the effectiveness of sila-
nes for the chemical bonding of metals with struc-
tural adhesives.3"® They have been mostly concer-
ned with the dry and wet strengths of metal lap
shear or butt joints bonded with two-part epoxy
system.

Thiedman et al. studied the performance of var-
ious organofunctional silane coupling agents as

adhesion promotors for epoxy-based structural film
adhesives.” From the study of lap shear strength
and durability, it was concluded that the epoxy si-
lane was efficient adhesion promotor with film
adhesive and the neutral silanes, which were me-
thacrylate, chloropropyl, and vinyl triacetoxy, were
less effective. In the case of aminosilane, silane did
not have a role of the adhesion promotor for epoxy
film adhesives, whereas it should be chemically
reactive in epoxy system.

Leidhesier et al. studied the corrosion protection
of steel pretreated with silanes.!? Silane coupling
agents were used by dry blending method for poly-
butadiene/steel system. From their results, it was
concluded that Fe-O-Si bonds formed during silani-
zation and the formation of hydrogen bonding at
silane/steel interface enhanced the adhesion stre-
ngth. It provided the good corrosion protection of
steel substrate. Through the strong adhesion at
both the substrate/silane and silane/coating interfa-
ces, the silane treated system has the good delami-
nation resistance of the organic coating system.

In a previous paper, we have discussed the spec-
troscopic studies of the epoxy and epoxy/DSO sys-
tem on the steel surface.* Epoxy/DSO system pro-
vides the good film formation on the steel surface
due to the reduced shrinkage of epoxy resin. Imp-
roved film property on the steel surface protects
the corrosion formation on the steel surface more
or less in the humidity chamber.

Present study is directed towards the use of si-
lane coupling agent and zinc dust for the epoxy/
steel system. The purpose of this paper is, there-
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Table 1. Chemical Structure of Silanes in This
Study

A) y-methacryloxypropyltrimethoxysilane(y-MPS)
CHII

|
CHz = C-Icl*O*CHchchzsl(OCHq)q
0
B) y-glycidoxypropyltrimethoxysilane(y-GPS)

CH,-CHCH,-0-CH,CH,CH.Si(OCH,);
C) y-aminopropyltrimethoxysilane(y-APS)
H,NCH,CH,CH,Si(OCH,CHs),
D) methyl(2-(3-trimethoxysily!propylamino)ethylamino)
3-propionate (MPEP)
0

i
CH;-C-CH.CH,NHCH,CH,CH,Si(OCH3)s

fore, to study the corrosion protection of steel sur-
face using the various silane coupling agents. In
addition, the role of zinc dust in epoxy/steel system
has been investigated by Fourier Transform Infra-
raed Reflection-Absorption Spectroscopy (FTIR-
RAS).

Experimental

The silanes for this study were purchased from
Petrarch Systems Inc., and were hydrolyzed for one
hour in deionized water/tetrahydrofuran (THF) mi-
xed solution. Chemical structures of various silanes
in this study are listed in Table L

The steel used is aluminum killed and batch an-
nealed to provide a fine grain size. Steel specimens
(2.5 cmX5.0 cm) were mechanically polished, and
final polish was carried out with 3 pm diamond pa-
ste. Polished samples were ultrasonically washed
in acetone. This was followed by repeated rinsing
with methanol, blown with nitrogen gas and stored
in the desiccator until use.

The epoxy resin (EPON 828) was supplied by
Shell Chemical Co. Solution casting of the epoxy
/chloroform solution was used to coat the 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 the shrinkage stress
of epoxy through the ring opening polymerization.
Recommended amount of antishrinking agent is 10
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Figure 1. R-A Spectra of cured epoxy and epoxy/Zn

system: A) Cured epoxy after humidity test, B) Cured
epoxy/Zn, and C) The difference spectrum (A-B).

phr DSO based on the epoxy.

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

Zinc dust was mixed with epoxy resin and app-
lied for the epoxy/steel system in order to provide
the self-healing capacity for the pitting corrosion.
FTIR-RAS technique was used for the analysis of
coating films on steel. The reflection-absorption at-
tachment (Harrick-Scientific) with a gold wire grid
polarizer (Perkin-Elmer) was mounted on a Digilab
FTS-14 spectrometer. 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 spectrum of bare steel.

Results and Discussion

Figure 1 represents the R-A spectra of the
epoxy/steel and epoxy/Zn/steel system under the
hot/wet condition. The spectrum of the cured epoxy
on the steel is shown in Figure 1A. and that of
epoxy/steel with zinc system in figure 1B. Film thi-
ckness of epoxy resin is fixed to 1.0 um. Epoxy/
steel with zinc system provides less formation of
Fe;0, compared to the epoxy/steel system. From
the difference spectrum, it has been observed that
epoxy with zinc system shows less corrosion forma-
tion compared to the epoxy system. Zinc powder
lowers the open circuit potential of steel below its
critical corrosion potential through the cathodic
protection mechanism.

Figure 2 indicates the effect of thickness in
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Figure 2. R-A Spectra of cured epoxy/Zn system with
different thickness: A) 0.5 ym, B) 1.0 ym, and C) the

difference spectrum (A-B).
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Figure 4. R-A Spectra of y-APS coated steel: A) After
humidity test, B) Before humidity test, and C) The
difference spectrume (A-B).
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Figure 3. R-A Spectra of various silanes on the steel
surface: A) y-MPS, B) y-APS, C) y-GPS, and D) MPEP.

epoxy/steel system with zinc powder. After the
hot/wet test, this system effectively suppresses the
corrosion formation of the steel surface. The diffe-
rence spectrum indicates that the epoxy thickness
also affects the protection of the steel corrosion.
Judging from these data, zinc powder and the thick
coated epoxy resin on the steel surface improve
the prevention of steel corrosion.

Figure 3 shows the R-A spectra of various silane
coupling agents on steel. The spectrum of y-MPS
is represented by Figure 3A. The band at 1721 cm !
is assigned to the C=0 group and the C=C stret-
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Figure 5. R-A Spectra of y-MPS coated steel: A) After
humidity test, B) Before humidity test, and C) The
difference spectrum (A-B).
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ching mode appears at 1639 cm . The band at 914
cm! originates from the vinyl wagging vibration.
The peak at 2842 cm ! is due to the C-H stretching
of the Si-CH, group. The peaks at 1321 cm™!, 1298
cm”', and 1173 cm" ! are associated with the ester
functionality. From the R-A spectrum of y-APS
shown by figure 3B, the peaks at 1570 and 1486
cm™! are attributed to the deformation modes of
amine bicarbonate and the splittings of 1145cm !
and 1037 cm™! indicate the silanol condensation of
v-APS molecules. The spectrum of y-GPS is shown
by Figure 3C. The band at 1130 cm ™' is strongly
influenced by the degree of crosslinking of the silo-
xanes and the band at 915cm™! is assigned to the
terminal epoxy ring. The band intensity of the ester
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Figure 6. R-A Spectra of y-GPS coated steel: A) After
humidity test, B) Before humidity test, and C) The

difference spectrum (A-B).
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Figure 7. R-A Spectra of MPEP coated steel: A) After
humidity test, B) Before humidity test, and C) The
difference spectrum (A-B).

group at 1738 cm ! increases as the cure reaction

proceeds. In the case of MPEP (Figure 3D), the
stretching band at 1108 cm ! is attributed to the
C-O-C asymmetric stretching mode in the aryl ester
and C=0 stretching mode appears at 1720 cm™".

Figures 4, 5, 6, and 7 represent the R-A spectra
of various silanes on the steel surface before and
after hot/wet test. This test was carried out at 95
C, for 12 hr in the 100% relative humidity cham-
ber. From the Figure 4, the R-A specctrum of
hot/wet treated y-APS indicates the oxide formation
on steel surface, whereas untreated silane coated
steel does not have the corrosion of steel. The band
at 576 cm ' is attributed to Fe;O, and the peak
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Figure 8. R-A Spectra of silane/epoxy with zinc pow-
der on the steel: A) silane/epoxy coated steel, B) si-
lane/epoxy with zinc on the steel, and C) the difference
spectrum.
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of a-FeOOH appears at 620 cm™'. The difference
spectrum of y-APS coated steel demonstrates the
formation of a large amount of Fe;O, on steel sur-
face after hot/wet test.

In Figure 5, the coated methacrylate silane supp-
resses the oxide formation of steel surface under
the severe condition. The absorbance at 822 cm™!
reduced due to the decrease of the Si-OCH; groups
after hydrolysis. Hydrolyzed silane can react with
the hydroxyl group of steel surface and a chemical
linkage, which results in a Fe-O-Si bond, occurs
through the condensation.

In Figure 6, y-GPS is also tested by the hot/wet
condition and the difference spectrum of y-GPS re-
presents a large amount of Fe;O; and a small
amount of a-FeOOH formation. In this case, the
epoxy functional group of y-GPS does not work for
the corrosion protection effectively.

On the other hand, MPEP has the acetoxy func-
tional and amine functional group. After hot/wet
treatment, the R-A spectrum of MPEP/steel is
shown by Figure 7. It indicates that Fe;O, and o-
FeOOH form on the steel surface after hot/wet test.
Compared to the y-APS, the degree of corrosion
on steel is lowered due to the hydrogen bonding
of the acetoxy functional group. Judging from these
data, it can be concluded that the acetoxy functional
silane has the good corrosion barrier for the steel
surface under the severe condition.

The effect of zinc powder in epoxy/y-APS/steel
system is demonstrated by Figure 8. The thickness
of silane/epoxy is fixed to 1.0 um. Two weight per-
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cent of zinc powder is mixed with epoxy resin and
applied to the steel surface.

From the previous results, epoxy coated silane
/steel systems hinder the corrosion formation on
steel surface, but they still form the oxide film on
the steel surface. The degree of oxidation on the
steel surface is strongly dependent on the functio-
nal group in the silane coupling agent. Zinc powder
has the role of corrosion protection for the steel
surface through a cathodic protection mechanism.
Zinc metal acts as an effective heavy metal ion sca-
venger in aqueous solution.* . Steel corrosion
protection by zinc powder can be explained mostly
through the cathodic protection process from the
pitting corrosion, wherein zinc powder contacting
the steel surface lowers the open circuit potential
of the steel to below its critical pitting potential.

In the case of y-APS, the difference spectrum
suggests that zinc powder is very effective for the
decrease of open circuit potential through the ca-
thodic reaction and for the corrosion retardation
on the steel surface. Zinc dust has the good capabi-
lity to suppress the corrosion formation under the
severe service environment.

Conclusion

Reflection absorption spectroscopy(RAS) has been
used for the characterization of silane coupling age-
nts in epoxy/steel system. In silane coated steel
system, y-MPS has the capability to suppress the
oxidation on the steel surface in humid condition.
Under the hot/wet condition, aminosilane coated
steel forms the oxidized film through the degrada-
tion and the delamination of silane at the epoxy
/steel interface.

In epoxy/silane/steel systems, chemical linkages
at both the silane/coating and the silane/substrate
interfaces may affect the corrosion protection on
the steel surface. The coating systems with zinc
dust have the good corrosion protection under the
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severe environment. Through the cathodic protec-
tion mechanism for the steel surface, zinc powder
lowers the open circuit potential of steel below its
critical corrosion potential.
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