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Introduction

A primary drawback to the prevalent utilization of
metals is their susceptibility to corrosion, which
causes embrittlement [1, 2]. The degradation of met-
als has led to numerous safety and economic issues
[3-5]. Part of this impact stems from the need for
excessive, and sometimes redundant, engineering,
maintenance, and replacement of materials over time
to prevent failure [6]. Corrosion is exacerbated in
harsh environments where metals are exposed to salt
water, acids, or alkalies. Several strategies, including
electrochemical protection, corrosion inhibiting
additives, and multilayer insulating coatings, have
been developed to prevent or suppress corrosion [7].
Among these strategies, applying multilayer coatings
to a metal surface is the most common, consisting of a
pretreatment primer layer, several intermediate lay-
ers, and a topcoat [8]. For protecting steel, the most
effective primer layers are phosphate conversion
coatings (i.e., zinc phosphate), which promote cor-
rosion resistance through improved adhesion
between a topcoat layer and the steel substrate [9, 10].
Unfortunately, phosphate coatings have been found
to be harmful to the environment and human health,

with many municipalities limiting the amount of
phosphate that can be discharged into the environ-
ment [11]. As a result, environmentally-benign pre-
treatment coatings have received significant
attention. Viable pretreatment layers exhibit both
improved adhesion between an intermediate or top-
coat and the vulnerable substrate and independent
corrosion resistance.

Thin organic-inorganic hybrid films can provide a
barrier against corrosive species (i.e., water, oxygen,
and aggressive ions) [12, 13]. Inorganic fillers, espe-
cially clay nanoplatelets, have attracted attention due
to their high in-plane strength and stiffness coupled
with their impermeability to various gas species
[14-16]. Layer-by-layer (LbL) deposition of polymer—
clay nanocomposite thin films generates a nanobrick
wall structure [17]. This structure forms a tortuous
pathway, hindering the diffusion of small molecule
species. The nanobrick wall has proven effective in
gas barrier and moisture barrier applications, which
makes it a viable candidate as an effective corrosion
resistant coating [15, 18, 19]. The present study
focuses on improving a LbL deposited primer layer
by reducing water transport across the film through
cross-linking of the polymer mortar and improving
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film adhesion to the steel substrate
silanization.

The nanobrick wall structure is formed by alter-
nately depositing layers of cationic polyethylenimine
(PED) and anionic vermiculite (VMT) clay on steel.
This PEI/VMT multilayer system has previously
been shown to exhibit high gas barrier and some
corrosion resistance stemming from the strong ionic
bonding and the nanobrick wall structure that hin-
ders corrosive species diffusion [19]. The high aspect
ratio of VMT results in increased gas barrier prop-
erties over other clay alternatives, such as montmo-
rillonite (MMT) or laponite (LAP) [20]. This thin film
is cross-linked with glutaraldehyde (GA) to prevent
water absorption and improve chemical, mechanical,
and thermal stability [21, 22]. A silane pretreatment
with aminoproplytriethoxysilane (APTES) promotes
improved adhesion between the primer and steel,
reducing delamination and microscale defects in the
coating [23, 24]. This silanized and cross-linked
nanobrick wall coating was tested as part of a mul-
tilayer system, utilizing a bisphenol-A based epoxy
topcoat. By combining the already corrosion resistant
epoxy with this nanocomposite primer, an improved
and prolonged resistance to corrosive species is
demonstrated. While cross-linking and silanization
have been demonstrated to improve barrier proper-
ties, this study is the first time the methodologies
have been combined to demonstrate improved cor-
rosion resistance. This improvement demonstrates
the viability of the functionalized nanobrick wall film
to be used as an environmentally-benign primer layer
in an multilayer insulating barrier coating for the
protection of steel.

through

Experimental
Materials and substrates

Branched polyethylenimine (M,, = 25,000 g/mol),
glutaraldehyde (25 wt.%), and (3-aminopropyl) tri-
ethoxysilane were purchased from Sigma-Aldrich
(Milwaukee, WI). Microlite 963 + + vermiculite clay
(7.8 wt.% in water) was purchased from Specialty
Vermiculite Corp (Cambridge, MA) and diluted to a
1 wt.% suspension. Deionized (DI) water (with a
resistivity equivalent to 18 MQ) was used to prepare
all solutions and rinses. All solutions were left at their
intrinsic pH. 15.24 x 15.24 x 0.08 cm plates of A36
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ground low-carbon steel was purchased from
McMaster Carr (Aurora, OH) and cut to
2.54 x 2.54 cm coupons for coating. Metal substrates
were cleaned by rinsing with DI water, methanol,
and again DI water prior to bath sonicating in DI
water and then isopropanol (IPA) for 2 min each,
with IPA rinses between, and dried with filtered air.
The steel was then immersed in a 1M sodium
hydroxide and 100 mM sodium nitrite solution
overnight to passivate the surface for better adhesion
prior to deposition. Bisphenol-A based epoxy (DER-
671-X75) and a polyamide hardener (Versamide 140,
Olin, Clayton, OH) were combined at 82.4 wt.% and
17.6 wt.%, respectively, and used as a topcoat.

Thin film preparation

Steel substrates were coated with bilayers of PEI/
VMT using layer-by-layer (LbL) assembly, which was
carried out with a home-built robotic system [25].
Films were assembled by first immersing the sub-
strate into a 0.1 wt.% PEI solution for 1 min, followed
by rinse and dry to remove any excess polymer. From
there, the substrate was immersed in the 1 wt.% VMT
solution for 1 min and then rinsed and dried again,
which completes one bilayer (BL). This procedure,
shown schematically in Fig. 1, was then repeated
until the desired number of bilayers were deposited.
Epoxy was coated using a birdbar with a 5 mil gap
(127 pm) to generate a 2.5 mil (63.5 pm) thick coating
once dry.

Cross-linking and silanization

Following LbL deposition, films were immersed in
GA solutions of varying concentration to allow for
cross-linking of the PEI layers, using immersion times
of 1, 4, and 16 h. Additionally, the number of
deposited BL (i.e., the thickness of the film) before
cross-linking was evaluated by first comparing films
cross-linked at 10, 15, and 20 BL. Films were then
corrosion tested when cross-linked at 15 and 30 BL
and compared to films cross-linked at only 30 BL.
Prior to additional LbL deposition or testing, the
sample was immersed in a 0.1 M sodium borohy-
dride (NaBH4) solution (in ethanol) for one hour to
reduce the Schiff base formed between GA and PEI
[26]. Aminopropyltriethoxysilane was deposited on
the surface of the steel prior to the LbL coating using
vapor phase deposition, which took place under
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Figure 1 (a) Schematic of layer-by-layer (LbL) deposition process and corresponding nanobrick wall film and (b) materials used.
Schematics of (c) PEI cross-linking using GA and (d) silanization of steel with APTES and (e) the final multilayer coating system.

vacuum. The substrate and 0.5 mL of APTES were
placed in a vacuum desiccator overnight. LbL coating
was done the following day after the sample was
removed from vacuum. The cross-linking chemistry
and silanization procedure are shown in Fig. 1.

Characterization

Corrosion testing was carried out by using a typical
three electrode set up including the sample as the
working electrode (with an exposed area of 1.766
cm?), calomel saturated electrode as the reference and
platinum mesh as the counter electrode. The experi-
mental interfacial characterization included electro-
chemical impedance spectroscopy (EIS) (Gamry,
Warminster, PA). During testing, films were exposed
to 3.5 wt.% NaCl solution. Samples without an epoxy
topcoat were tested for 24 h and compared to
uncoated steel samples tested under the same con-
ditions. Samples tested with an epoxy topcoat were
examined over a 5 day period, with measurements

taken every hour for the first 24 h and then once a
day for each subsequent day. Multilayer films were
compared to an epoxy coated sample prepared
without any pretreatments or LbL primer. Films were
grown on polished silicon wafers (University Wafer,
Boston, MA) for thickness and swelling measure-
ments. A 5-min plasma cleaning treatment, using a
PDC-32G plasma cleaner (Harrick Plasma, Ithaca,
NY), was performed on silicon wafers prior to
deposition. An Alpha-SE ellipsometer (J.A. Wooll-
man Co., Inc., Lincoln, NE) was used to measure film
swelling and a P-6 Stylus profilometer (KLA-Tencor,
Milpitas, CA) was used to measure film thickness
after intermittent cross-linking. For swelling mea-
surements, the films were exposed to DI water for
15 min and thickness measurements taken prior to
and after exposure. Adhesion testing was done using
a crosshatch adhesion test, following ASTM D3359.
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Results and discussion

Improved corrosion barrier through cross-
linking

Nanobrick wall multilayer thin films are well known
for their tremendous gas barrier behavior [17, 27].
The diffusion of molecules through the film is hin-
dered by the high tortuosity created by the clay pla-
telets. To further improve the film’s resistance to
diffusion, glutaraldehyde cross-linking of the amine
groups in PEI is used to generate a polymeric net-
work that reduces water uptake in the PEI/VMT film
and availability of amine groups to stem chloride ion
diffusion through the film. Unfortunately, the clay
filler in the polymer composite film hinders effective
cross-linking through the bulk of the film [28, 29]. To
create a cohesive polymer network, optimal cross-
linking conditions for the polymer—clay thin film are
evaluated here using swelling measurements, where
films with a greater extent of cross-linking display
less swelling. Figure 2 shows the influence of
immersion time, GA solution concentration, and film
thickness (i.e., number of BL deposited) have on
cross-linking. The extent of swelling is reduced in
films cross-linked with higher GA concentration,
extended exposure time, and lower thickness. Once
5% GA is reached, there does not appear to be greater
cross-linking with greater concentration. These
parameters likely allow more GA to diffuse into the
nanobrick wall structure, creating a more dense
polymer network. The denser network improves the
moisture resistivity of the film, reducing overall
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swelling and susceptibility to aggressive ion transfer
through the film.

Electrochemical impedance spectroscopy (EIS)
testing was done on a reduced set of variables to
demonstrate how cross-linking the polymeric mortar
in the nanobrick wall film creates an improved cor-
rosion barrier. To examine the influence of film
thickness, deposition was done at two 15 BL inter-
vals, with subsequent cross-linking after each, and
compared with a 30 BL film cross-linked after only
the final bilayer. Improved corrosion barrier can be
seen in the increase of impedance values at low fre-
quency, |Z1y; .. Values for each test are provided
in Table 1. The films cross-linked at a greater GA
concentration, and at both 15 and 30 BL, exhibit a
higher |Z1y; p, value. These results further suggest
that films exposed to GA at fewer BL (i.e., decreased
thickness) have a greater extent of cross-linking and
correspondingly improved corrosion resistance.

Following this established intermittent cross-link-
ing procedure, a reduced set of GA concentrations
were evaluated to determine the best concentration
for promoting corrosion resistance. For this analysis,
films were cross-linked with 2, 5, and 10 wt.% GA.
Figure 3 shows the Nyquist and Bode plots for these
tests. Each of the cross-linked films provides some
level of corrosion protection, outperforming the
uncross-linked 30 BL film. The film cross-linked with
5 wt.% GA has the best corrosion resistance. Cross-
linking with 2 wt.% GA likely does not achieve the
same level of networking, allowing for increased
diffusion of corrosive species through the film. This
can be seen in both the reduced |1Z1g9; 1, value,
compared to either the 5 wt.% or 10 wt.% cross-linked

a b c
(a) 250 (b)250 ( )250
200 200
= 17% a3 17% = 45%
E 23% ° 19% E 20% . £ 17%
£ 150 61% ’ ° £150 29% ° £
2 2 2 .
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=4 = [=
3 100 3 100 3 100
= = =
= = =
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0 0 0
0% 0.5% 5% 25% 1hr 4hr 16 hr 10 BL 15 BL 20BL
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Figure 2 Swelling measurements for PEI/VMT multilayer films
cross-linked at varying (a) GA concentration with cross-linking
overnight on 15 BL, (b) cross-linking immersion time with 5%
GA concentration on 15 BL, and (c) bilayers deposited before
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cross-linking with 5% GA overnight. The darker part of the bar is
film thickness prior to testing and the lighter color is the thickness
following exposure to water for 15 min.
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Table 1 Impedance values for cross-linked films
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GA Concentration
(Wt.%)

Cross-linked at 30 BL Resistivity |Z|o.o1 u-
(Q*cm?)

Cross-linked at 15 and 30 BL Resistivity |Z|o.o1 uz
(Q*cm?)

0% 2,925 -
0.5% 7,407 9,327
5% 9,197 19,006
25% 6,166 14,032
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films, and a reduced magnitude observed in the
Nyquist plot. Conversely, the exposure of the film to
a greater concentration of GA (i.e, 10% or more)
possibly results in plasticizing of the film due to
excess unreacted small molecules present. It is also
possible that the corrosive nature of GA, particularly
at high concentration, initiates corrosion prior to
testing, expediting failure of the film.

Silanization for adhesion

Corrosion resistance garnered by cross-linked nano-
brick wall thin films is further improved with silane
functionalization of the steel surface prior to film
deposition. While the independent corrosion resis-
tance achieved by a pretreatment coating is impor-
tant, the primary role of this layer is to improve the
adhesion between a topcoat and the underlying
metal. Bonding of cationic PEI to steel is promoted by
first exposing the metal to a 1 M sodium hydroxide

Ig [Frequency (Hz)]

and 100 mM sodium nitrate solution to generate a
hydroxide layer on the surface. As a result, the
polymeric layer hydrogen bonds with the generated
inorganic hydroxylated surface. While sufficient for
promoting adhesion between PEI and steel during
the deposition process, this pretreatment offers little
adhesion once the film is dry. By introducing
aminopropyltriethoxysilane, an organic surface is
created that promotes improved hydrogen bonding.
Vapor phase deposition of the APTES onto the sur-
face of the metal allows for less variability in the
formation of the Si-O-5i bonds between the silane and
the metal [30, 31].

When PEI is deposited onto the APTES-treated
steel, the PEI strongly bonds with the amine groups
in the APTES chains through hydrogen bonding
between the two organic layers. This superior adhe-
sion is confirmed through the use of a crosshatch
adhesion test, following ASTM standard D3359,
shown in Fig. 4a. The film deposited on the steel
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Figure 4 (a) Digital images
of adhesion testing with (left)
and without (right) APTES
pretreatment, where the darker
gray is the remaining coating
following the test. (b) Nyquist
plot after 24 h of EIS testing

J Mater Sci (2022) 57:2988-2998
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without APTES has no apparent adhesion, with full
delamination from the surface, while the film
deposited following silanization exhibits improved
adhesion. EIS testing demonstrates the extent to
which this improved adhesion influences the corro-
sion resistance. Independently, the APTES offers no
corrosion resistance, likely hydrolyzing and delami-
nating from the steel quickly upon exposure to the
testing solution. Conversely, the benefits of the
silanization between the film and substrate can be
seen in the larger magnitude displayed in the
Nyquist curve (Fig. 4b). Further, the impedance
value, | Z 190 1, reported in Table 2, is greater and is
indicative of improved corrosion barrier. As APTES
adds no thickness to the overall system, the improved
corrosion resistance can be attributed to the adhesion
generated through better bonding.

Multilayer insulating system

The most successful corrosion resistant barrier coat-
ings make use of multiple layers in tandem to protect
a metal substrate. To demonstrate the viability of the
silanized and cross-linked nanobrick wall thin film

1E+4

2E+4 -2 -1

Ig [Frequency (Hz)]

for use as a primer layer in a multilayer system, an
epoxy topcoat was applied and tested over 5 days.
This is a corrosion resistant bisphenol-A based epoxy
coating [32, 33]. A control of the epoxy coating alone
is compared to epoxy paired with APTES, and a 30
BL PEI/VMT film, cross-linked at 15 and 30 BL with
5% GA, with and without silanization. Evaluation of
the Bode plots show the contrast between the epoxy
control and the system with the cross-linked and
silanized nanobrick wall primer. While the neat
epoxy system, shown in Fig. 5a, starts with the
greatest |Zlyo; 1, value, the apparent corrosion
resistance deteriorates over 5 days. Independently,
the silanization and the cross-linking of the PEI/VMT
film (Fig. 5b and c) do not perform well. The sila-
nized epoxy starts out lower than the neat epoxy
sample and deteriorates from there, demonstrating
that APTES is not a good interface between the steel
and epoxy topcoat. The nanobrick wall film also
starts out poorly, but its reduction in performance
over 5 days is less and seems stable after the first dip
in performance. Only the cross-linked and silanized
nanobrick wall film (Fig. 5d) exhibits sustained cor-
rosion resistance over the five-day testing period.

Table 2 Thickness and

impedance values due to Sample

Thickness (nm) Impedance |Z|o.0; 1, (Q*cm?)

APTES treatment Control Steel

APTES
Nanobrick Wall
APTES + Nanobrick Wall

- 6,438
1.3 £0.1 7,729
314.6 £ 9.7 19,006
315.0 £ 14.9 26,152
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coat: control (red), APTES alone (orange), 30 BL PEI/VMT cross-

Fitting these multilayer films to an equivalent cir-
cuit model provides insight into the overall interfacial
characterization, including the corrosion resistance of
each system. Figure 6a and b shows film resistivity
and charge transfer resistance over the 5 days of
testing, respectively. The full data set and equivalent
circuit models for the fitting can be found in the
Supplementary Information (Tables 51, S2, S3, and S4
and Figure S1(a)—(f)). The resistance of the coating is
indicative of the overall barrier performance. The
system performance is also evaluated with the charge
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cross-linked (with 5% GA) PEI/VMT coating, and (d) the same
nanobrick wall primer on APTES-treated steel.
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linked (yellow), and the combination of APTES and the same
cross-linked PEI/VMT (green).

transfer resistance. Charge transfer occurs at the
interface between the coating and the substrate as
electrons enter the metal and metal ions diffuse out.
Initially, APTES alone outperforms the LbL deposited
coating, likely due to poor adhesion between PEI and
the steel. The trend observed, particularly in the
charge transfer resistance, is similar when comparing
the APTES and control coating, indicative of the
performance of the epoxy coating without the addi-
tional polymer nanocomposite primer. The APTES
sample does not perform as well, which is possibly a
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result of poor interfacial bonding between the silane
and the epoxy. Additionally, an improvement in film
resistance is temporarily observed in the APTES
sample. As the water infiltrates the epoxy, but prior
to the dissolution of the APTES layer, APTES may
hydrolyze, briefly imparting greater interaction with
the epoxy and increasing the overall resistance of the
system. APTES alone does not show a robust corro-
sion barrier, so the overall barrier performance begins
to degrade, ultimately having the least film and
charge transfer resistivity of the tested samples. Most
importantly, the fitting data confirms that the only
film that performed well over all 5 days of testing
was the combination of APTES, and cross-linked
nanobrick wall film, with the epoxy topcoat
(APTES + LbL). At the beginning of the test, the
sample’s film resistivity is equivalent to the inde-
pendent epoxy system. As the test solution diffuses
through the epoxy, and the neat epoxy film resistivity
drops, the film resistivity of the sample paired with
the silanized and cross-linked nanobrick wall film
remains stable. Additionally, the prolonged resis-
tance displayed by the silanized and cross-linked
nanobrick wall film pretreatment to the charge
transfer is accounted for by the improved adhesion
between the PEI/VMT coating and the steel through
APTES silanization.

Conclusions

The use of a layer-by-layer deposited nanobrick wall
primer provides good corrosion protection to a steel
substrate. Once silanized and cross-linked, the
potential for these PEI/VMT coatings increases
greatly, offering not only improved corrosion pro-
tection but also improved adhesion to the steel. These
properties make them a good option as an alternative
pretreatment layer for multilayer insulating coatings.
The network generated by the cross-linked PEI pro-
motes moisture resistance and a reduced vulnerabil-
ity to aggressive ions permeating the coating. The
APTES promotes improved adhesion that hinders
delamination and reduces the available surface for
corrosion induction. Combining the two methodolo-
gies with the nanobrick wall structure, which already
hinders molecular diffusion through the tortuous
path created by clay nanoplatelets, provides envi-
ronmentally-benign corrosion protection.
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