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ABSTRACT

Silane pretreatments were investigated as environmentally
friendly replacements for the existing chromating processes.
The objective was to compare the corrosion protection proper-
ties of various silanes. The corrosion inhibiting action of
silane films on iron was examined in 3% sodium chloride
(NaCl) solutions. Coatings made with two silanes, one with a
functional group (g-aminopropyltriethoxysilane [g-APS]) and
one without a functional group (bis-triethoxysilyl ethane,
BTSE), were studied. Characterization of the silane films
was performed by ellipsometry, reflection-absorption infrared
spectroscopy (RA-IR), atom force microscopy (AFM), energy-
dispersive x-ray analysis (EDX), and x-ray photoelectron
spectroscopy (XPS). Corrosion rates were determined from
polarization studies. It was found that g-APS films had no
effect on the corrosion rate of iron. However, BTSE films
deposited from solutions of pH 4 to 6 reduced the corrosion
rate by a factor of 15. The greater effect of a BTSE film was
explained by formation of more stable Fe-O-Si bonds and the
higher degree of cross-linking of the BTSE films compared to
the g-APS films.

KEY WORDS: atom force microscopy, electrochemical testing,
ellipsometry, energy dispersive x-ray analysis, films and film
formation, iron, polarization, reflection absorption-infrared
spectroscopy, silanes, x-ray photoelectron spectroscopy

INTRODUCTION

Organofunctional silane coupling agents have at-
tracted the attention of researchers from academe
and industry for more than three decades.1 Silanes
have the unique ability to form strong bonds both
with the metal oxide and with the paint polymer.
Oxane bonds (Me-O-Si) are formed through the silane
end, and the functional groups can form chemical
bonds with the paint polymer.1 Formation of siloxane
chains also can result in formation of interpenetrat-
ing polymer networks with the paint polymer at the
interface.

In applying silanes to various substrates, the
focus of research mainly has been to identify the
appropriate silane and coating method, followed by
optimization of the coating and curing conditions of
the silane film. The organofunctional silane selected
can have two or more hydrolyzable ester groups, can
have some kind of unsaturation in its organic end so
as to enhance polymerization, may or may be
branched, and should have a functional group that
stabilizes the silane-to-paint interface. Once the
silane is selected, it is hydrolyzed. Then, the coating
is made using one of various methods: solution dip,2

vapor deposition,3 plasma deposition,4 electrodeposi-
tion,5 spraying, brushing, or wiping. The films made
can be cured to ensure polymerization and to remove
water from the film. Various methods available for
curing include heating, infrared curing, vacuum cur-
ing, and catalyst-assisted polymerization.
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The process parameters for coating silanes on
metals include the method of surface cleaning, choice
of solvent,6-8 the concentration of the silane, the pH
of the solution,7,9,10-12 the hydrolysis time and condi-
tions,6,10 the dipping time, and whether rinsing or
blow drying is used to dry the film or whether it is
dried in place. Curing conditions involve the selection
of temperature and time in the case of curing by
application of heat.7,9,13-14

The primary function of the functional group in
an organofunctional silane is to improve the strength
of the silane-paint polymer interface by formation of
chemical bonds. However, these functional groups
could have an effect on the corrosion protection. The
literature confirms that adhesive failure at the
metal-primer interface often is associated with the
protonation of amino groups present. In the case of
g-aminopropyltriethoxysilane (g-APS), excess proto-
nation of the amino groups near the metal-silane
interface was observed by x-ray photoelectron spec-
troscopy (XPS) for nine metals studied.15 Failure
analyses of adhesive joints showed the locus of fail-
ure was closer to the oxide-primer interface, where
amine protonation was also higher.16-17 The failure
surfaces of aluminum-epoxy joints in which the
aluminum substrates were pretreated with aliphatic
amine curing agents showed a higher percentage of
amine protonation than in the bulk of the cured
adhesive.18

Organofunctional silanes can be used as cou-
pling agents between metals and polymers.1 Since
corrosion protection of the base metal is one of the
primary functions of a paint coating, corrosion pro-
tection properties are of extreme importance.

The corrosion behavior of iron coated with three
types of silane films were investigated in the present
work. The silane films were prepared by dipping.
These silane films were characterized before and after
corrosion testing, and a model for the corrosion pro-
cess was proposed.

The effect of the amine functional group on cor-
rosion protection properties of iron was investigated.
The silanes selected for study were g-APS (H2N-CH2-
CH2-CH2-Si-(OC2H5)3 and 1,2-bis-(triethoxysilyl)
ethane, or BTSE ([H5C2O]3-Si-CH2-CH2-Si-[OC2H5]3).
g-APS is the most widely studied functional silane.3

BTSE is a nonfunctional silane often referred to as a
cross-linker and is used to improve polymerization
and silane film stability.19-20 BTSE has shown good
promise in improving the mechanical strength of
adhesive joints.21

Polished pure iron substrates were coated with
silanes; characterized by reflection-absorption infra-
red spectroscopy (RA-IR), atom force microscopy
(AFM), energy-dispersive x-ray analysis (EDX), and
XPS; and studied for corrosion protection using elec-

trochemical methods. Characterization by RA-IR,
EDX, and XPS also was done on selected samples
after corrosion testing. Results were discussed in
terms of the film structure.

EXPERIMENTAL

Materials and Preparation of Silane Films
Iron foils of 99.5% purity were obtained commer-

cially. These hard-tempered foils were polished with
sandpaper, ground with diamond paste (1 micron) to
obtain a mirror finish, rinsed with methanol, and
blow dried with compressed air.

In the case of g-APS, solutions were prepared by
mixing 90% methanol, 4% silane, and 6% water, by
volume. The pH of this solution was ≈ 10.7. The solu-
tion pH was lowered by addition of acetic acid
(CH3COOH). In the case of BTSE, the solution was
made by mixing 4% silane, 0.4% CH3COOH, 6%
water, and 89.6% methanol by volume, in that order,
to obtain a stable hydrolyzed silane solution. The pH
of the solution was ≈ 4.0 in this case. Sodium hy-
droxide (NaOH) was used to increment the pH to 7, in
steps. The solution started coagulating above neutral
pH, resulting in a gradual increase of the solution pH
without further addition of the base solution. The
coatings were prepared at the selected pH values.
The solution of the mixture was made by a method
similar to g-APS, and contained 4% g-APS and 1%
BTSE. The natural pH of this solution was close to
10. CH3COOH was used to lower the pH, as in the
case of g-APS. All solutions were stirred for 60 min to
hydrolyze the silanes to equilibrium.22 The solution
was considered to have stabilized once the rate of
change of pH was < 0.01 per min.

The polished iron foils were dipped in fresh
silane solutions prepared as above for a duration of
100 s. The films obtained were first blow dried with
air to obtain uniform thickness. Curing was done at
60°C for 1 h in air, with the aim of removing all sol-
vents and to achieve a cross-linked silane film.

The conditions varied in this study were the
types of silane used (functional silane, nonfunctional
silane, or a mixture) and the pH of the coating solu-
tion (4 through 11).

Film Characterization and Corrosion Testing
Ellipsometry — A Rudolph Research Model 436†

ellipsometer was used in all measurements. In the
calculation, the films were assumed to be isotropic,
single-layered, and with a known refractive index.
Thickness of all the silane films was calculated using
McCrackin’s program23 and a refractive index of
1.424.21,24 All thickness values were rounded to the
nearest nanometer.

RA-IR Analysis — RA-IR spectra were collected
using a BIO-RAD FTS-40† FT-IR spectrometer
equipped with a BIO-RAD† variable angular reflec-
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tance attachment at an incidence angle of 75°. Dry
air was used for purging. The interferograms were
acquired for 128 scans using 4 /cm resolution. Each
spectrum was obtained by subtracting a background
spectrum obtained for the pure iron substrate before
depositing the silane coating.

XPS Analyses — XPS analysis was carried out
using a Perkin-Elmer 5300† XPS system. Magnesium
Ka radiation of 300 W was used. Pass energies for the
survey and narrow scans were 44.7 eV and 17.9 eV,
respectively. To correct for sample charging, all bind-
ing energies were referenced to the aliphatic C1s
peak at 284.6 eV. A takeoff angle of 75° between the
sample surface and the analyzer entrance was used
for all samples analyzed. Quantification was per-
formed by determining peak areas assuming a
Shirley background model. Details about various
curve fitting processes used to aid interpretation of
XPS spectra have been reported previously.25 As the
sampling depth in XPS was limited to ≈ 60 Å, these
measurements were useful only for characterization
of the outermost surface of the silane films. As
these films had a thickness in the range of 100 Å to
1,000 Å before corrosion testing, no information
about the metal-silane interface could be obtained.

EDX Characterization — All EDX measurements
were performed on a Cambridge 90B† SEM equipped
with Princeton Gamma Tech† EDS system. An accel-
eration voltage of 15 kV was used to probe well into
the substrate through the silane layer.

AFM Characterization — AFM images of polished
pure iron substrates with and without silane films
were obtained on a Burleigh Instruments ARIS-3500
Personal AFM† system. Samples were analyzed at
ambient conditions. The AFM equipment was oper-
ated in the contact mode. During imaging, the
micromachined silicon cantilever was in contact with
the surface under a reference force of ~ 2.11 N. The
topography of the surface was a measurement of the
adjustment in the vertical direction necessary to keep
the reference force constant.

Corrosion Measurements — The corrosion rate for
the coated metals was determined by conducting
forward polarization tests, using a Gamry Instru-
ments CMS 100† corrosion measurement system. The
analysis was performed using the software provided
with the equipment. The voltage range was typically
± 200 mV, and the scan rate was 1 mV/s. Varying
the scan rates in the case of Tafel testing did not
change the results, even when the scan rates were
reduced to 0.125 mV/s, which equaled the polariza-
tion resistance testing rates. Aerated 3% sodium
chloride (NaCl) solutions were used as the electrolyte.
The steady-state corrosion current (icorr) obtained
from the Tafel plots was converted to corrosion rates
in mpy (millimeters per year).26-27 All electrochemical
tests for the coated metals were repeated at least 10
times. Figures show the average values and the stan-
dard deviation in each case.

RESULTS AND DISCUSSION

Film Thickness
Table 1 shows the results of ellipsometry thick-

ness measurements, giving the thickness of the
silane film as a function of pH of the solution. In
each case, at least three samples were characterized,
and the average values are listed. Multiple factors
affect the thickness, including the condensation poly-
merization in the solution, the surface potential
variation of the substrate with the pH of the solution
it was in contact with, and the mode of attachment of
the silane. However, these factors did not result in
any appreciable variation in the thickness of the
three types of silane films studied.

Corrosion Rates
Corrosion rates obtained are summarized in

Figure 1. In the case of g-APS and in the case of
the silane mixture, the effect of pH was not appre-
ciable. However, much lower corrosion rates were
obtained for iron substrates coated with BTSE from

TABLE 1
Thickness of Silane Films Formed on Iron Substrates(A)

pH of the Thickness of Film Thickness of Film Thickness of Film
Coating ( g-APS) (g-APS + BTSE) (BTSE)
Solution (nm) (nm) (nm)

4 74 96 91
5 77 92 86
6 82 98 86
7 86 95 91
8 82 100 90
9 85 91 82
10 88 88 86
11 80 90 81

(A) Films formed by solution dipping for 100 s and curing at 60°C for 60 min in air; measured by ellipsometry;
values are averages of three measurements.
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low-pH solutions. Figure 1 shows clearly the differ-
ence between corrosion rates of iron coated with
BTSE films formed from low pH values and all the
other films studied. These figures also show that
the presence of g-APS in the film had hardly any
effect on corrosion rates. However, pure BTSE
films formed from low pH values were effective in
reducing corrosion rates markedly. Figure 2 shows
a comparison between typical polarization curves
for iron coated with g-APS from a solution of
pH 11 and iron coated with BTSE from a solution
of pH 5.

In the case of BTSE, it already has been noted
that the solution was unstable at pH > 7. EDX
analysis of silane films formed from basic pH levels
showed the presence of sodium, and the RA-IR analy-
sis showed the presence of acetate ions.

Visual examination confirmed that corrosion in
each case was uniform on a macroscale. The unifor-
mity of the corrosive attack on a microscale was
confirmed by AFM.

RA-IR characterization
RA-IR characterization was done on samples

coated from the silane solutions before and after the
corrosion tests. Typical spectra obtained with films
coated from solutions of basic and acidic pH values
are shown in Figures 3 through 5 for the three silane
coatings studied. Table 2 shows the peak assign-
ments used to characterize the films.28

In Figure 3, the presence of a condensed film of
g-APS was asserted by the presence of strong peaks
at 1,150 cm–1 to 1,050 cm–1 (Si-O-Si peaks), indicat-
ing the formation of a siloxane film at all pH values

(a) (b)

(c) (d)

FIGURE 1. Corrosion rates as a function of pH for: (a) uncoated iron, (b) g-APS-coated iron, (c) g-APS + BTSE-coated iron,
and (d) BTSE-coated iron. Dipping time was 100 s, and concentration of the silanes in solution was 4 vol% in the case of
single silanes and 4 vol% plus 1 vol% in the case of the mixture. Curing was at 60°C in air for 1 h.
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studied. Similar peaks established the formation of
siloxane films for the cases of the mixture (Figure 4)
and BTSE (Figure 5). These complemented the
ellipsometry measurements, conforming the presence
of siloxane films in all cases studied.

Various cross-linking agents, such as BTSE,
could be added to the silane solution in an attempt
to improve stability of the silane film.29 Hence, silane
films also were formed from solution containing both
g-APS and BTSE. The IR spectra of such films are
shown in Figure 4. The stronger peaks at 1,150 cm–1

to 1,050 cm–1 proved BTSE was indeed incorporated
in the film formed. The process of corrosion resulted
in weakening of the amine peaks in the range from
1,550 cm–1 to 1,600 cm–1, indicating the BTSE mol-
ecules were retained in the film to a higher degree
than the g-APS molecules during the corrosion process.

The IR spectra of g-APS (Figure 3) showed a
single broad peak in the 1,200 cm–1 to 1,100 cm–1

region. The BTSE films (Figure 5), on the other hand,
showed two strong peaks in the same region. The
second peak at 1,160 cm–1 resulted from the Si-O-C
vibrations. A broad peak at 960 cm–1 confirmed the
presence of unhydrolyzed Si-O-C2H5 groups. This
showed that, in the case of BTSE, the hydrolysis of
Si-O-C2H5 ester groups was incomplete, in agreement
with the literature.22 The peak at 960 cm–1 was stron-
ger at pH 5 than at pH 11. This was attributed to the

relatively lower hydrolysis rate for BTSE at pH 5 than
at pH 11.22

In the case of pure BTSE films formed from basic
pH values and all films containing g-APS, a sharp
peak around 1,600 cm–1 and a smaller peak around
1,400 cm–1 were found. Together, these two peaks
indicated the presence of carboxylic acid salts.30 The
amine peak, which also fell in the same range of
wavenumbers (1,600 cm–1 to 1,550 cm–1)30 was
masked by the stronger acid peak. Both acid peaks
were absent in the case of BTSE films formed from
solutions with pH values < 6. It was inferred that the
BTSE film formed from low pH values did not contain
any incorporated acid salts, while all other films had
acetate ions incorporated.

Considering the g-APS films after corrosion
testing (Figure 3), the acid peak (1,600 cm–1 and
1,400 cm–1) intensities decreased, while the Si-O-Si
peak intensity was retained. The amine peaks also
fell in the 1,550 cm–1 to 1,600 cm–1 range. Thus, the
acid groups present in the film partly were washed
away during the corrosion process. Another possibil-
ity was that these acid groups were converted to
various salts, which were soluble in the corroding
medium. The evolution of the Si-OH peak at 910 cm–1

indicated partial hydrolysis of the siloxane film or the
Fe-O-Si oxane bonds occurred during the corrosion
process.

 CH3COOH was used both to hydrolyze BTSE
and to adjust the pH of the silane solution. The peak
at 1,740 cm–1, as observed in many of the films stud-
ied, was assigned to the carbonyl group stretch
vibrations of esters formed by the reaction of these
acid molecules with the alcohol in the system.

Characterization of Silane Films by AFM
Selected silane films also were analyzed using

AFM. Figure 6(a) shows the surface scan of a blank
Fe coupon. Figure 6 also shows g-APS films formed
at pH 11 (Figures 6[b] and [c]) and BTSE films formed
at pH 5 (Figures 6[d] and [e]) scanned before and
after corrosion testing. These figures show the silane
films formed under the conditions studied were con-

TABLE 2
RA-IR Peak Assignments25

Wavenumber (cm –1) Assignments

1,750 to 1,740 C=O carbonyl stretch
1,600 to 1,575 NH2 group deformation. Shifts to higher wavenumbers if protonated.
1,620 to 1,580 COO– group of carboxylic acids
1,480 to 1,470 Aliphatic CH2 symmetric scissor
1,420 to 1,400 Salts of carboxylic acids
1,340 to 1,330 Aliphatic C-H bending
1,180 to 1,160 Si-O-C2H5 group of unhydrolyzed silanes
1,150 to 1,050 Si-O-Si bonds of siloxanes — double peak seen from long chain polymers of Si-O-Si form28

970 to 950 Si-O-C2H5 group of unhydrolyzed silanes
920 to 900 Si-O-H group of hydrolyzed silanes

FIGURE 2. Comparison of polarization curves obtained in 3% NaCl
solutions for: (a) iron coated with g-APS film from pH = 11 and (b) iron
coated with BTSE film from pH = 5.
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tinuous. There was a marked difference in the sur-
face smoothness of the g-APS and BTSE films, the
latter ones being smoother than the former. The
better wetability of the substrate by the BTSE was
evident from these figures. Another noticeable aspect
was that the corrosion testing resulted in a rougher
film in both cases studied. It could be concluded
that, for both these films, corrosion was uniform on
a microscopic scale, as no evidence of film rupture
was seen. Macroscopic uniformity was confirmed by
visual examination.

Characterization of Silane Films
by XPS and EDX

To understand the specific chemical reactions
occurring in the silane film during the corrosion
process, selected samples were subjected to XPS
analysis before and after the corrosion process. Two
samples were selected: g-APS coated from basic con-
ditions (pH = 11), and BTSE coated from acidic
conditions (pH = 5). The bulk concentration of spe-
cific atoms and the percentage of these atoms at
specific binding energies were combined to obtain the
surface percentage of each bond on the sample sur-
face analyzed. EDX was used to estimate the bulk
concentration of Si and Cl on the surface, before and
after corrosion. Results are tabulated in Tables 3
through 5.

The XPS spectra of g-APS and BTSE films
showed the emergence of iron and chlorine peaks
after corrosion. This apparently indicated the metal
diffused out through the film while the chloride ions
(Cl–) diffused inward. Concentrations of the metal
were comparable in the two films. The Cl– concentra-
tion, however, was higher (2.9%) in the case of the
g-APS film compared to the BTSE film (0.7%). This
indicated that, even though both films permitted
diffusion, the kinetics of Cl– diffusion were different.
A reduction in the concentration of Si was noticed
after corrosion in both silane films. However, the
drop was noticeable in the case of the g-APS film
(11.5% to 8.0%), while the BTSE film did not show
any change (14.7% to 14.0%).

EDX results confirmed these results (Table 5). In
the case of g-APS film, the amount of Si decreased
almost 90% during corrosion. In comparison, the
amount of Si decreased by only ~ 10% in the BTSE
film. Thus, the BTSE film was much more stable,
even under the application of a driving force, which
in this case was the applied voltage. The decrease in
Si concentration also could be looked upon as the
reduction in the thickness of the silane film during
the corrosion process. It has been demonstrated that
the Si/Fe ratio for silane films varies directly with the
thickness in the range from 0 nm to 500 nm.21 The
g-APS film, thus, tended to undergo dissolution to a
much higher degree than the BTSE film during corro-
sion testing.

FIGURE 3. RA-IR spectra of iron samples coated with g-APS films
from: (a) pH = 11 before corrosion testing, (b) pH = 11 after corrosion
testing, (c) pH = 5 before corrosion testing, and (d) pH = 5 after
corrosion testing. Concentration of g-APS in solution was 4 vol%,
and dipping time was 100 s. Curing was at 60°C in air for 1 h.

FIGURE 4. RA-IR spectra of iron samples coated with g-APS + BTSE
films from: (a) pH = 10 before corrosion testing, (b) pH =10 after
corrosion testing, (c) pH = 5 before corrosion testing, and (d) pH = 5
after corrosion testing. Dipping time was 100 s, and concentration of
the silanes in solution was 4 vol% plus 1 vol%. Curing was at 60°C
in air for 1 h.
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The amount of Cl– also provided useful informa-
tion. The Cl– concentration in the g-APS film after
corrosion was 0.7%. The BTSE films showed a lower
Cl– ratio of 0.5%. Once, the thickness of these films
was taken into account, the Cl– concentration in the
g-APS film was orders of magnitude higher than that
in the BTSE film. Thus, the EDX and XPS measure-
ments complimented each other, and together
confirmed that the Cl– ions were not adhered just on
the silane film surface, but penetrated deep into the
film, with the amount absorbed by the film being
considerably higher in the case of g-APS films.

The oxygen 1s spectra are shown in Figure 7. Si-
O-Si bonds corresponded to the stronger component
around 532 eV.32 The lower binding energy compo-
nent indicated the presence of oxygen as iron oxides.
This lower binding energy peak had a lower intensity
(12%) in the case of BTSE films compared to g-APS
films (20%). Since both silane films showed compa-
rable amounts of iron in the XPS analyses (Table 3),
it was inferred that oxidation of the metal was a
faster process in the g-APS film. The corrosion rates
for iron coated with BTSE also were found to be an
order of magnitude lower than the g-APS-coated iron.

Considering the surface composition of various
oxygen bonds (Table 4), a pattern was noticed. In the
case of BTSE films, the Si-O bond percentage was
unchanged. The drop in the C-O bond percentage
(4.0%) was matched with an increase in the Me-O

bond percentage (4.4%). A lowering in the surface
composition of various bonds containing carbon also
was evident. These observations, when combined,
suggested the Si-OC2H5 bonds in BTSE were replaced
with Si-O-Me bonds during the corrosion process,
along with the removal of ethanol molecules from the
film surface. The Si-OR bonds hydrolyzed, and the
silanol groups bonded Fe2+ ions. Such a process
would reduce the metal diffusion outward. It was
found that the surface concentration of the metal
was identical in both films (1.1% and 1.0%), even
though the corrosion rates were markedly different.
Corrosion, in the case of a silane-coated metal, thus
could be considered as the outward diffusion of the
metal through the film. Hence, the process of diffu-
sion was reduced considerably by bonding the
diffusing metal in the film by silanol groups formed
in the corrosion process, as observed in the case of
the BTSE film.

No such pattern was observed in the case of the
g-APS film. However, a general increase in the sur-
face composition of all carbon-containing bonds and
a reduction in the N, O, and Si contents were no-
ticed, pointing toward a possible rearrangement of
the silane molecules during the corrosion process.
The corrosion process resulted in an increase in the
surface concentration of O-Me bonds, but this was
attributed to the oxide corrosion products that accu-
mulated in the silane film during the corrosion
process. The surface concentration of the C-N/C-O
bonds in the g-APS film did not change during the
corrosion process. This aspect stood out in compari-
son with the BTSE film, where the reduction in the
C-O bond concentration was matched with an in-
crease in the Si-O-C bond concentration.

Corrosion, thus, involved the diffusion of Fe out-
ward through the silane film. The anodically
dissolved Fe ions hydrolyzed the water in the film
under formation of Fe(OH)+, Fe(OH)2, and H3O+ ions.
The dissolving ferrous ions thus lowered the pH of
the silane film. The lowering of the pH of the silane
film resulted in protonation of the amino groups
(Figure 8) in the case of a g-APS film.

The nitrogen peaks obtained from the g-APS
films before and after corrosion are shown in Figure
8. The main N1s peak around 399.0 eV was attrib-
uted the –NH2 groups present in the film. The second
peak at around 400.6 indicated many of these amino
groups were in the protonated state of –NH3

+.15

Quantitative analyses of these peaks showed the
percentage protonation of the amino groups was 42%
after corrosion testing (Figure 8[b]), as opposed to
15%, measured before corrosion (Figure 8[a]). This
clearly indicated the amino groups were indeed pro-
tonated during the corrosion process, which was
attributed to reduction of the pH as a result of the
anodic dissolution of the metal. The higher signal-to-
noise ratio in the case of Figure 8(b) probably was a

FIGURE 5. RA-IR spectra of iron samples coated with BTSE films
from: (a) pH = 5 before corrosion testing,(b) pH = 5 after corrosion
testing, (c) pH = 11 before corrosion testing, and (d) pH = 11 after
corrosion testing. Concentration of BTSE in solution was 4 vol%, and
dipping time was 100 s. Curing was at 60°C in air for 1 h.
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result of the lower thickness and higher roughness of
the g-APS film after corrosion.

The positive point charges, created by the proto-
nation of the amino groups, accelerated the
migration of Cl– ions toward the metal surface. A
difference was indeed noted in the amount of chlo-
rine present in the two types of silane films. The XPS
results showed the g-APS films had a higher percent-
age of chlorine, almost 3%, compared to the BTSE
films, which contained only ~ 0.7 % chlorine. The

difference also was clear in the EDX results. g-APS
films showed a Cl/Si ratio of 0.9, while the BTSE
films showed 0.07.

Model for the Corrosion Process
A model for the corrosion process of silane-

coated iron and the positive effect of the BTSE films
could be put forward based upon these results.

Films of g-APS on iron and the mixture of g-APS
and BTSE were found to have virtually no effect on

FIGURE 6. AFM three-dimensional image of: (a) polished pure iron substrate, (b) coated with g-APS film scanned before,
(c) scanned after corrosion (solution concentration was 3 vol%, dipping time was 100 s, and pH of the applied solution was
11); (d) coated with BTSE film and scanned before; and (e) scanned after corrosion (solution concentration was 3 vol%,
dipping time was 100 s, and pH of the applied solution was 5).

(a)

(b) (c)

(d) (e)
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the corrosion rate of Fe in aerated NaCl solutions,
even at thicknesses close to 0.1 µm. Apparently,
such films allowed diffusion of electrolyte into and
out of the film without any hindrance, despite the
presence of cross-links in the film as a result of the
heat treatment. Also, the rate of dissolution of the
iron substrate practically was unaffected; hence, the
iron surface was not passivated by the silane film. It
has been demonstrated recently that g-APS has two
modes of adsorption on an iron surface, namely,
adsorption via the amino groups and adsorption via

the silanol groups. This conclusion was based on
analysis of the silane films by time-of-flight SIMS.2,32

The ratio of the two modes was on the order of
50/50. The silanol groups could be expected to form
covalent Fe-O-Si bonds with the iron oxide surface
upon heating and, thus, become more resistant to
hydrolysis.2 However, the primary amino groups
could interact only with the iron oxide by forming
hydrogen bonds. Such bonds are sensitive to hy-
drolysis and would lead to an accumulation of water
at the interface, even if the film was cross-linked by a
heat treatment following deposition.2 Thus, when a
silane film coated on steel is tested in a polarization
experiment, it can be expected that the amino groups
will not hinder the rate of anodic dissolution of the
iron substrate.

Another factor to be considered is the concentra-
tion of electrolyte in the silane film. The g-APS silane
films can be expected to have relatively large
amounts of water as a result of hydrogen bonding
interaction between water molecules and the free
amino groups. The free silanol groups, if still present,
also will attract water molecules. The anodically dis-

TABLE 5
Surface Composition (%) of Samples Measured Before and
After Corrosion Using EDX at 15-kV Acceleration Voltage

Coating Conditions Fe Si Cl Cl/Si

Uncoated, before corrosion 100.0 – – –
Uncoated, after corrosion 100.0 – – –
g-APS, pH = 11, before corrosion 92.0 8.0 – 0.0
g-APS, pH = 11, after corrosion 98.5 0.8 0.7 0.88
BTSE, pH = 5, before corrosion 91.7 8.3 – 0.0
BTSE, pH = 5, after corrosion 92.0 7.5 0.5 0.07

TABLE 3
XPS Surface Composition (%) of Iron Samples Coated with Silane

Coating Conditions C O Si N Fe Cl

g-APS, pH = 11, before corrosion 48.4 30.9 11.5 9.2 – –
g-APS, pH = 11, after corrosion 54.7 25.8 8.0 7.5 1.1 2.9
BTSE, pH = 5, before corrosion 51.7 33.6 14.7 – – –
BTSE, pH = 5, after corrosion 46.3 38.0 14.0 1.0 0.7 –

TABLE 4
XPS Binding Energy Assignments

Binding ø = 75 ° Surface Binding ø = 75 ° Surface
Sample Peak State Energy (eV) (%) (%) Energy (eV) (%) (%)

g-APS C1s 1 C-C/C-H 284.6 67.3 32.6 284.6 70.4 38.5
C1s 2 C-N/C-O 285.8 25.7 12.4 286.1 23.1 12.6
C1s 3 C=O 287.6 7.0 3.4 287.9 6.5 3.6
N1s 1 –NH2 399.0 84.8 7.8 399.0 58.1 4.4
N1s 2 –NH3

+ 400.6 15.2 1.4 400.6 41.9 3.1
Si2p O-Si-O 102.4 1000 11.5 102.0 100 8.0

O1s 1 O-Si 532.0 100 30.9 531.9 79.9 20.6
O1s 2 O-Me 529.9 20.1 5.2

Fe 1.1
Cl 2.9

Total 100.0 100.0

BTSE C1s 1 C-C/C-H 284.6 61.6 31.8 284.6 65.7 30.4
C1s 2 C-O 286.5 38.4 19.9 286.5 34.3 15.9
Si2p Si-O 102.4 1000 14.7 102.3 100 14.0

O1s 1 O-Si 532.0 100 33.6 532.2 88.5 33.6
O1s 2 O-Me 529.8 11.5 4.4

Fe 1.0
Cl 0.7

Total 100.0 100.0

Before Corrosion After Corrosion
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solved Fe ions hydrolyze the water in the film under
formation of Fe(OH)+, Fe(OH)2, and H3O+ ions. The pH
thus drops and the H3O+ ions will protonate the free
amino groups in the films, as has been observed by
RA-IR and XPS. In this mechanism, the anodically
formed positive charges are retained by the silane
film and cannot diffuse away from the surface. As a
result, negative ions from the electrolyte will be at-
tracted to the positive charges in the film and will
diffuse inward. Thus, the g-APS film will contain a
high concentration of Cl– ions. These silane films also
contain acetate anions that contribute to the charge
transport through the film during corrosion. The
overall result of these processes is that the film will
have a high conductivity and the iron substrate can
corrode freely, despite the presence of some covalent
Fe-O-Si bonds at the surface. The g-APS film, thus
acts as a semipermeable membrane toward the dif-
fusing species, undergoing partial dissolution during
the corrosion process.

The films formed from mixtures of g-APS and
BTSE exhibited the same behavior as those of the
pure g-APS, regardless of the pH from which the
films were prepared. The conclusion that could be
drawn from this observation was that the number of
covalent Fe-O-Si bonds and the electrolyte concen-
trations of such films apparently were not noticeably

changed if 20% of the silane molecules present in the
silane solution were replaced with BTSE. Such films
have a higher degree of cross-linking and solvent
resistance.2 However, the results obtained in this
work indicated that the number of amino groups
adsorbed on the metal surface from the mixed solu-
tion was not significantly different. Amine groups, if
present in the silane, tend to compete with the Si-OH
groups to form bonds with the hydroxyl groups on
the substrate, during the coating stage. The bonds
formed in this case were hydrogen bonds, which were
weak relative to the strong oxane bonds formed by
the silanol group, and were easily broken during the
corrosion process.

In the case of films formed from BTSE alone, the
situation was drastically different. Since BTSE is a
bisfunctional silane, the concentration of the silanol
groups in solutions of this silane molecule was
higher than in the g-APS solutions. This concentra-
tion was the highest in the range 4 to 6, as recently
published.22 At pH values > 6, the rate of the conden-
sation of the hydrolyzed BTSE molecules became so
high that the concentration of free silanol groups was
virtually zero.22 Thus, BTSE films deposited from
solutions in the pH range 4 pH to 6 pH could be ex-
pected to contain considerably more hydrolytically
stable Fe-O-Si bonds at the interface than in the case

(a) (b)

FIGURE 7. Deconvoluted O1s peaks for: (a) g-APS and (b) BTSE films on iron: (a) before corrosion and (b) after corrosion.
Concentration of the silane was 4 vol%, and dipping time was 100 s. Curing was at 60°C in air for 1 h.
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of g-APS films and BTSE films deposited from high
pH solutions. This was confirmed in a recent study
where it was shown that films formed from BTSE on
iron were much more resistant to rinsing the freshly
deposited film with water or organic solvents than
films formed by g-APS alone.2

Since BTSE films contain no amino groups, the
effects of protonation as a result of a lowering of the
pH and subsequent Cl– ion diffusion into the film did
not occur. The only point charges in the film were
negative (R-Si-O– ions), so attraction of corrosive Cl–

ions did not occur. The silanol groups were not
strongly dissociated at low pH values (pKa = 4), so it
could not be expected that the film would attract
large amounts of positive ions (Na+). It also was
observed that films formed from lower pH values did
not trap acetate ions from the solutions, whereas
films deposited from higher pH solutions contained
large amounts of acetate (Figures 3 and 4). Thus,
BTSE films formed at 4 pH to 6 pH had a stronger,
more hydrolytically resistant interface and a lower
electrical conductivity.

The hydrolysis of BTSE was an incomplete reac-
tion. This left many Si-OC2H5 groups in the BTSE

film. Some of these ester bonds were broken by the
diffusing metal by the formation of Si-O-Me bonds.
The ethanol molecules diffused outward. The metal
atoms that were bonded in the film prevented the
further dissolution of the metal outward through the
film. These three factors combined were believed to
be the underlying reason for the higher corrosion
protection of iron by BTSE compared to g-APS, as
shown in Figure 1.

The steep drop in corrosion protection capability
of BTSE films when deposited from a pH higher than
6 (Figure 1) was attributed to the disappearance of
silanol groups in the solution. The silanol groups
condensed readily at pH values > 6.22 Films formed
from such solutions can only bond to the iron oxide
by hydrogen bonding, for instance through the oxy-
gen atoms in the siloxane linkages or the oxygen
atoms of the unhydrolyzed ethoxy ester groups.
Recent studies of the kinetics of BTSE hydrolysis in
water/methanol mixtures have indicated that under
the conditions of hydrolysis used here, not more than
2 to 3 ester groups could be expected to be hydro-
lyzed to silanol groups.22 Thus, the films will contain
rather high concentrations of unhydrolyzed ester
[–Si-(OC2H5)] groups. This already was concluded
from the RA-IR spectra (Figures 4 and 5). The hydro-
gen bonds formed with the iron oxide surface could
be expected to be sensitive to hydrolysis; hence, the
corrosion protection observed with films formed from
solutions of 4 pH to 6 pH was absent with the films
formed from higher pHs, similar to g-APS films.

In summary, this work demonstrated that amino
silanes such as g-APS do not function as corrosion
inhibitors. However, if a bisfunctional silane ester
without organofunctional groups is used, a consider-
able reduction of the corrosion rate in NaCl solutions
can be achieved. Thus, when organofunctional
silanes are used as adhesion promoters (coupling
agents) for bonding metals to paints, no appreciable
corrosion performance can be expected other than
through improved adhesion. However, if the
organofunctional coupling agent is used in combina-
tion with a nonfunctional silane, as in a two-step
process, both adhesion and corrosion can be im-
proved markedly. Recent experiments have confirmed
this hypothesis for powder paint systems deposited
on cold-rolled steel substrates pretreated sequen-
tially with BTSE and g-APS.21,33 The process is
especially effective since excellent adhesion is pos-
sible between the BTSE film formed on the metal
substrate and the second layer of g-APS as a result of
Si-O-Si siloxane linkages.

CONCLUSIONS

❖ Films of g-APS formed on polished iron substrates
of up to 0.1 µm thickness and from solutions ranging
from 4 pH to 11 pH did not have an effect on the

(a)

(b)

FIGURE 8. Deconvoluted N1s peaks for g-APS films on iron: (a)
before corrosion and (b) after corrosion. Concentration of the silane
in solution was 4 vol%, and dipping time was 100 s. Curing was at
60°C in air for 1 h.
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corrosion rate in aerated neutral NaCl solutions;
these films acted as semipermeable membranes to-
ward the diffusing species, undergoing partial
dissolution simultaneously.
❖ Films of BTSE on polished iron substrates reduced
the rate of iron corrosion in aerated neutral NaCl
solutions by a factor of around 15 if deposited from
solutions with pH 4 pH to 6. Films formed from
higher pH values did not show any effect on the iron
corrosion rate.
❖ The difference between g-APS and BTSE could be
explained by a mechanism based on a higher number
of hydrolytically stable Fe-O-Si bonds formed by
BTSE (in the pH 4 to 6 range), a lower electrical
conductivity of the films and the bonding of the dif-
fusing metal cations in the silane film. Films formed
by g-APS contained protonated amino groups –NH3

+

which attracted Cl– ions into the film during the cor-
rosion process. Further, the g-APS molecules were,
in part, adsorbed with the amino groups interacting
with the iron oxide surface under formation of
hydrolytically unstable hydrogen bonds. The diffus-
ing metal was bonded in the BTSE film by the
formation of Si-O-Me bonds from unhydrolyzed
Si-OC2H5 ester bonds.
❖ Silane films formed from g-APS solutions and high
pH BTSE solutions contained acetate ions. It was
virtually impossible to obtain electrolyte-free g-APS
films on iron from solutions containing acetic acid or
other anions.
❖ A new silane pretreatment for iron and steel sur-
faces was proposed consisting of sequential rinses
with a nonfunctional silane such as BTSE and
organofunctional silane such as g-APS. This treat-
ment was expected to improve adhesion and
corrosion resistance of the metal after painting.
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