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Corrosion protection for carbon steel by three waterborne styrene-acrylic latex coatings with different glass transition temperature
(Tg) and levels of hydrophobicity has been studied by in-situ atomic force microscope (AFM) and electrochemical impedance
spectroscopy (EIS) measurements in 3.0 wt% NaCl solution. The AFM images reveal the micro- and nano-structure of and pinholes
in the coatings as well as their changes during exposure in the solution, whereas the EIS spectra vs. time of exposure show the
barrier property, stability and degradation of the coatings. The coating with crosslinking and high level of hydrophobicity exhibited
a high barrier property and long-term corrosion protection in the solution despite of some shallow pinholes. The coating without
crosslinking but having high Tg and high level of hydrophobicity also displayed a high barrier property and certain stability although
initial changes occur in the solution. However, for the coating without crosslinking and with low Tg and relative low level of
hydrophobicity, some dissolution and open-up of defects occurred on the surface shortly after exposure and the coating lost its
barrier property rapidly in the solution. The reasons for the different behaviors between the coatings are discussed with respect to
the crosslinking, Tg and the hydrophobicity level of the coating.
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Polymeric coatings have been studied extensively due to a large va-
riety of applications in several fields, such as energy storage systems,
electrocatalysis and corrosion protection.1–5 Growing environmental
concerns push the minimization of volatile organic compounds (VOC)
in coating formulations, and promote the use of waterborne coatings
to replace traditional solventborne coatings. Waterborne acrylic coat-
ings are based on aqueous acrylic latexes that are responsible for
binding the pigments and fillers and forming polymer films with good
adhesion to the substrate. Acrylic polymer latex films possess excel-
lent weatherability, hardness, and water and alkali resistance due to
carbon-carbon bonds of the main polymer chain, making them very
useful for coatings.6 Waterborne acrylic coatings have been widely
used in maintenance paints for concrete and wood surfaces to prevent
water blistering,7 however, their application as anticorrosion coatings
for metals is still limited.8,9 Hydrophilic components with polar groups
are necessary for stabilization of latex in water, while the polar groups
form water penetration channels in dried polymer films, deteriorating
the corrosion resistance. Water penetration results in swelling of the
crosslinked polymers and degradation of mechanical properties of the
coatings.10 Most waterborne acrylic latexes form polymer films with
a microstructure that is different from solvent-based polymers.11

Styrene acrylic copolymers are widely used in coatings due to their
advantages in corrosion resistance. Generally, hydroxyl functional
acrylic monomers are used for formulating the coating, the amount of
acrylic monomers determines the degree of crosslinking, the porosity
and the hardness of the coatings.12,13 Styrene monomer is used to ad-
just the glass transition temperature (Tg) and produce mono-dispersed
polymer microspheres by emulsion polymerization.12 In order to ob-
tain polymer dispersions with high solid contents, industrial latexes
typically contain salts, e.g., surfactants that impart colloid stability
and mono-dispersion of the polymer particles.14 Strongly adsorbed
surfactants will remain on the particle surfaces during film formation
and thereby be trapped along particle boundaries. The trapped surfac-
tant is suspected to create hydrophilic pathways in the film. Moreover,
depending on the composition and Tg and other additives as well as
drying process, the surfactants and other additives in a dried latex
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film can continue to relocate, e.g., migrate to an interface, named as
“exudation”.15

Recently, considerable efforts have been made to improve an-
ticorrosion performance of waterborne coatings by enhancing the
crosslinking property, to gain increased chemical resistance and me-
chanical properties of the coatings.14,16–18 The latex film formation
involves water evaporation with the consequent packing of the parti-
cles, then the particles deform to fill the void spaces, and finally the
polymer chains that are in different particles undergo interdiffusion
to delete the particle boundaries.14,18 The Tg plays an important role
in determining the extent of particle deformation.14,19 A high Tg fa-
vors the mechanical properties of the film as long as an appropriate
chain interdiffusion is achieved, usually by adding plasticizers that
will evaporate during the film formation process.14 Molecular rear-
rangement occurs in the coalescence stage and polymer particles with
polar groups of similar polarity tend to aggregate, forming the polar
channels for water permeation.20 Waterborne polymer coatings can be
designed to provide the required properties by introducing functional
groups that are capable of forming inter-particulate crosslinks.21

For thermoset latex coatings, the performance depends on the com-
petition between the polymer diffusion step and the crosslinking reac-
tion step. If the crosslinking reaction occurs very rapidly, the reaction
occurs mainly within individual particles with few crosslinks involv-
ing chains that span the interface between particles, thus weakening
the adhesion of the films and inducing cohesive fracture by interfacial
failure.21–23 Many reactive moieties designed for crosslinking reac-
tions of waterborne particles suffer from instability in water. When
these films undergo crosslinking, the final film properties are sensitive
to the relative rates of polymer diffusion and the crosslinking reaction.
Properly controlled chemical reactions not only facilitate crosslink-
ing, but also reduce polar groups and thereby reducing the water sen-
sitivity of the coating.22 In general, coatings consist of acrylic-based
latex are not impervious to corrosive reactants such as water, oxygen
and ions.24 Their permeability depends on the coating composition,
the deposition technique, coating thickness and the adhesion to the
substrate.

The corrosion protection properties of acrylic resins and acrylic
blends have been studied by using various techniques,25–29 such
as electrochemical techniques including electrochemical impedance
spectroscopy (EIS); spectroscopic techniques like Raman and Fourier
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transform infrared (FTIR) spectroscopy; and microscopic techniques
including scanning electron microscopy (SEM) and atomic force mi-
croscope (AFM). The results provide information about water pen-
etration and diffusion of aggressive ions in the coatings, as well as
redox reaction with and passivation of the metal surface.

In-situ AFM techniques have attracted tremendous interests due to
their ability to characterize the surfaces with a very high spatial and
force resolution, and are capable to provide direct, real space and real
time monitoring of the surface layers. Recently, Frankel et al.30 studied
the effects of environmental exposure on polymer coating degradation
by using in-situ AFM scratching. In-situ AFM imaging has also been
employed to study the corrosion processes of several materials in
different solutions.31–33 However, few reports can be found about the
nanoparticle structure of acrylic polymer coatings, and no report on
the application of in-situ AFM technique for studying the corrosion
protection of acrylic latex coatings on carbon steel.

In this work, we utilize in-situ AFM and EIS measurements to
study the stability and degradation process of waterborne acrylic latex
coating and styrene-acrylic latex coatings with a low and a high solid
content, respectively, on carbon steel in water and in 3.0 wt% NaCl so-
lution. The detailed changes of the microstructure and defects (voids,
pinholes) of the polymer coatings in the NaCl solution were moni-
tored by in-situ AFM imaging. Complementary EIS measurements vs.
time of exposure provide quantitative measure of the barrier property
and its degradation of the coatings. The interpretation and analysis of
these experimental results lead to an improved understanding of the
interactions between the coating and corrosive species in the solution,
hence the coating degradation and eventual corrosion process.

Experimental

Sample material and preparation.— Panels of three kinds of wa-
terborne acrylic-based clear coatings on carbon steel were provided
by Arkema Coating Resins (Verneuil en Halatte, France). The acrylic
latex used is a high molecular weight thermoplastic polymer with
low VOC, and suitable surfactants were used to obtain polymer dis-
persions. A three-step process was done in order to prepare the la-
texes. In brief, firstly an accurate quantity of monomers (blended
together or emulsified together in water with surfactants) and an opti-
mal amount of mineral or organic initiator were introduced in a heated
initial charge; then simultaneous feeding of the different ingredients
(monomers, initiator, buffer or neutralizing agent) was carried out;
finally a thermal treatment and a redox treatment of the latex were
done to decrease residual monomers, followed by a final adjustment
of solid content and pH. The process was carefully controlled close
to the optimal conditions of polymerization and ensured the level of
residual monomers below 100 ppm. The main characteristics of the
acrylic dispersions are presented in Table I.

The three coatings are: i) styrene-acrylic latex with crosslinking
(SALC), which is a novel latex specially formulated to have high bar-
rier properties and excellent adhesion to steel; ii) styrene-acrylic latex
with high Tg (SALH), a conventional styrene acrylic latex commonly
used to formulate waterborne metal paints; and iii) styrene-acrylic
latex with low Tg (SALL), which is formulated to have a Tg similar to
that of SALC. The Tg measured by differential scanning carlorimetry
was 19◦C for SALC, 38◦C for SALH and 219◦C for SALL, respec-

Table I. Characteristics of the acrylic dispersions (according to the
supplier).

Acrylic dispersion SALC SALH SALL

Functional monomers Yes Yes Yes
Crosslinking system Yes No No
Solid content (%) 1h at 1059◦C ISO 3251 50 43 50
Particle size (nm) ISO 13321 110 100 107
pH ISO 976 9 8 9
Tg◦C (DSC) 19 38 21

tively. The SALC and SALH coatings exhibit a high and moderate
level of hydrophobicity, whereas the SALL coating has a low level of
hydrophobicity.

The coatings were applied onto standard cold rolled mild steel
from Q-Panel, by using a Bar Coater instrument. To have an op-
timal film formation, the coated panels were kept for at least two
weeks at 23◦C, 50% RH and then another week inside a desiccator
under dry atmosphere at room temperature. The dry film thickness
of the coatings was measured to be ca. 55–56 μm. Small samples of
2 × 2 cm in size were cut from the coated panels and used for the AFM
measurements, and larger ones were used for the EIS experiments.

Contact angle measurement.— Contact angle measurements were
performed to evaluate the hydrophobicity level of the styrene acrylic
coatings on carbon steel panels, using a dynamic absorption instru-
ment, Fibro DAT 11000 from Fibro Systems AB. A droplet of water
was applied to the coating surface while a high-speed video camera
captured images as the droplet stopped spreading. Afterward, the im-
ages were evaluated with image analysis in terms of contact angle,
drop volume, base diameter/area and height. For each kind of the coat-
ing, the measurements were made at six randomly-chosen locations
of the surface, from which the average contact angle was obtained.
The measurements were made at ambient laboratory conditions, 22◦C
and 58% RH.

SEM characterization.— The cross-section of the coatings was
examined by using SEM. The coatings were cut in parallel strips by
using an In-Plane microtome. A chrome layer of 10 nm thickness
was sputtered onto the cut coating surface in order to get surface
conductivity. An SEM instrument, Zeiss Supra 40VP, was used to
image the cross-section to characterize the bulk microstructure of the
coatings. The SEM images were acquired in secondary electron mode
with an In-Lens secondary electrons detector operated at 3 keV.

In-situ AFM measurement.— In order to investigate the changes of
these coatings due to the exposure, in-situ AFM measurements were
performed for the coating samples in pure water and 3.0 wt% NaCl so-
lution, respectively. Prior to the in-situ measurements, AFM images
of the coatings in the dry condition were obtained for comparison.
An Agilent 5500 AFM with a liquid cell was employed for the to-
pography imaging in contact mode, using an etched silicon cantilever
(NANOSENSORSTM PPP-CONTR) purchased from NanosensorsTM,
Germany. The cantilever has an aluminum coating on the detector side,
the tip height is ca. 10–15 μm and the radius of curvature <10 nm. The
resonance frequency is in the range of 6–21 kHz and spring constant
0.02–0.77 N/m. The in-situ AFM imaging was performed repeatedly
in pure water (Milli-Q, resistivity 18.2 M�cm) and 3.0 wt% NaCl
solution, respectively, after different exposure times, in some cases
up to 100 hours. The scan size ranged from a few μm to 80 μm to
observe details and large features of the coating surface. For presen-
tation of the AFM images, the sample tilting slope was removed by
plane levelling. The Z-range is the top-to-bottom difference in height
values within the analyzed region. The statistic analysis of the images
was done by using the Gwyddion modular program to evaluate the
surface roughness.

Roughness average (Ra) is the arithmetical mean deviation. The
average deviation of all points of the roughness from a mean line over
the evaluation length and it is calculated as: 34

Ra = 1

N

N∑
j=1

|r j | [1]

Root mean square roughness (Rq) is the average of the measured
height deviations taken within the evaluation length and measured
from the mean line and it is calculated as:

Rq =
√√√√ 1

N

N∑
j=1

r 2
j [2]
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Figure 1. SEM images of cross-section (cut by microtome) of the waterborne
SALC coating (a), SALH coating (b) and SALL coating (c).

EIS measurement.— The EIS measurements of the coated steel
samples were performed in 3.0 wt% NaCl solution by using an Autolab
instrument (PG STAT 302N), and a classical three-electrode cell with
a saturated Ag/AgCl electrode as reference electrode and a platinum
wire as counter electrode. The exposed sample area was 10 cm2, and
the EIS spectra were acquired at the open-circuit potential, with ac
perturbation amplitude of 20 mV and the frequency range 105 Hz to
10−2 Hz. The EIS measurements were performed at room temperature
and repeated at least three times.

Results and Discussion

Contact angle of the coatings.— The hydrophobicity of the three
coatings was evaluated by the contact angle measurements. The av-
erage measured contact angle was 83 ± 0.99◦ for the SALC, 69
± 1.09◦ for the SALH, and 36 ± 0.79◦ for the SALL coating. The
results show different wetting abilities of these coatings. The differ-
ent wettability levels of the coatings are related to changes in the
polymer’s interfacial energy and polymer/air interfacial tension.14 A
contact angle of 83◦ indicates a high level of hydrophobicity of the
SALC coating, which could be attributed to the crosslinking in the
coating and limited surfactant exudation due to polymer-surfactant
complex formation through adsorption of surfactant onto hydropho-
bic polymer segments.15,35 A contact angle of 69◦ implies a moderate
hydrophobicity level of the SALH coating. Whereas a contact angle of
36◦ for the SALL coating reveals that this coating, without crosslink-
ing and with low Tg, remains to be hydrophilic. The high wettability
was recognized to result from migration of the hydrophilic segment
of the surfactant to the latex film surface.14

SEM images of cross-section of the coatings.— Figure 1 shows
SEM images of the cross-section of the three coatings. The SALC
coating has a uniform smooth structure without noticeable defects,
Fig. 1a. The light wave-like features come from microtome cutting, in-
dicating that the cutting caused slight deformation of this coating. The
SALH coating, without crosslinking but having a higher Tg, also has a
quite uniform smooth microstructure like the SALC coating, Fig. 1b.
In contrast, the cutting caused pronounced deformation (laminar-like
features) of the SALL coating without crosslinking and with low Tg,
Fig. 1c. Judged from the morphology of the cut cross-section of the
coatings, apparently the SALL coating is softer than the other two
coatings. It is known that the Tg determines the film’s hardness.14 The
SEM observation indicates that the mechanical property of the acrylic
latex coating was significantly influenced by the Tg of latex and also
crosslinking.

In-situ AFM observation of the coating surface.— The in-situ
AFM measurements of the coating surfaces exposed to pure water

Figure 2. AFM topography images of SALC coating, obtained in dry condi-
tion (a); after 4.5 h (b) and 12 h (c) exposure in 3 wt.% NaCl solution. Surface
roughness and the pinhole diameter / depth are given in Table II.

and 3 wt% NaCl solution reveal microscopic changes due to their
interactions with water and the NaCl solution. In general, the AFM
images show the micro- and nano-structure as well as defects of the
coatings, such as voids and pinholes and in some case also crack-like
fissures. Exposure in pure water and the NaCl solution led to some
swelling of the coatings. Moreover, the in-situ AFM images reveal dif-
ferent behaviours for the three coatings exposed to the NaCl solution,
as described below.
SALC coating.—Figure 2 shows selected AFM images of the SALC
coating, obtained in air, and another area after 4.5 h and 12 h in
the NaCl solution, respectively. The high resolution AFM images
(scan size of a few microns) reveal the nano-structure of the SALC
coating, with uniform particles ca. 100 nm in size closely packed
in the compact structure. The surface is very smooth at nano-meter
scale, with an average roughness of ca. 5 nm for the scanned area of
11–12 μm in size (as shown in Table II). These AFM observations
indicate that, during the film formation process, the particles came
into close contact to each other and then deformed to fill the void
spaces between them giving a very smooth surface, as reported for
proper film formation from a latex system.14,21,22

Although there are some pinholes in this coating, the surface
roughness, the diameter and depth of the pinhole as well as the par-
ticle size, were stable in the NaCl solution during the continuous
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Table II. Surface roughness of the SALC coating and
diameter/depth of the pinhole.

Time of Diameter (μm)/depth
SALC coating exposure (h) Ra (nm) Rq (nm) (nm) of the pinhole

Air (12×12 μm) - 4 5 2.8 / 27
NaCl solution 4.5 6 8 1.5 / 60
(11×11 μm) 12 5 7 1.6 / 59

exposure. The compact structure with densely packed nanoparticles
with a high level hydrophobicity seems to be able to impede pene-
tration of water and corrosive ions. The stability of the SALC coat-
ing in the NaCl solution is most likely due to balanced crosslinking
and polymer interdiffusion processes achieved in the film formation
process.
SALH coating.—Figure 3 displays selected AFM images of the SALH
coating, obtained in air, pure water and the NaCl solution, respectively.
The high resolution AFM images show that uniform spherical latex
particles, ca. 100 nm in size, are closely packed in the coating, similar
to that of the SALC coating, whereas some small voids (marked
with arrows in Figs. 3a and 3d) are seen at the particle boundaries.
During the exposure in pure water, the particles retained their shape,
the coating surface did not exhibit significant change and the nano-
structure remained to be stable after 3 days, Fig. 3b.

However, in the NaCl solution, the surface changed somewhat af-
ter one day exposure so that the nano-structure feature and spherical
particles became blurry in the AFM image, Fig. 3c. Compared to the
observation in pure water, this indicates that the interaction between
the styrene-acrylic latex compounds and the ions in the NaCl solu-
tion leads to some deformation/dissolution of the nanoparticles. With
prolonged exposure in the NaCl solution, the AFM image became
more blurry, the Z-scale and surface roughness decreased slightly,
as shown in Fig. 3d and Table III. These changes indicate that the
stability of the SALH coating is inferior as compared to the SALC
coating in the NaCl solution. This can be attributed to that the ab-
sence of crosslinking in the SALH coating, leading to increased the
extent of water uptake of the coating and thus ingress of corrosive
ions.21,22

Figure 3. AFM images of the SALH coating obtained in dry condition (a);
after 3 days in water (b); after 1 day (c) and 4 days (d) in 3 wt.% NaCl solution.
Arrows in (a) and (d) show the small voids. Surface roughness values of the
coating are given in Table III.

Table III. Surface roughness of the SALH coating.

SALH coating Time of exposure Ra (nm) Rq (nm)

Air (30 × 30 μm) - 18 23
Water (3 × 3 μm) 3 days 12 15
NaCl solution 3 × 3 μm) 1 day 9 11
NaCl solution 3 × 3 μm) 4 days 7 9

Nevertheless, the nano-structure remained to be quite stable during
a long exposure, suggesting that the SALH coating also has certain
stability in the NaCl solution after the initial change. A high Tg favors
the formation of homogenous films through close particles packing,
as long as an appropriate polymer interdiffusion is achieved during
the film formation process.14,16,36 For the SALH coating, the high
Tg seems to be beneficial for achieving a compact and homogenous
microstructure, hence the stability of the coating, even though it is not
as good as the SALC coating.
SALL coating.—The AFM images of the SALL coating show that
the coating surface is relatively rough as compared to the SALC and
SALH coatings. The selected AFM images in Fig. 4 show small de-
fects present in areas of plateau (lighter) and valley (darker) of the
coating surface. It can be observed that the surface of the SALL film
presented more irregularities than that of SALC and SALH films.
More interestingly, many small particles (bright dots) sticking out the
surface were observed, and some of the small particles disappeared
during the exposure in the NaCl solution, appearing like dissolu-
tion of small particles from the coating surface. These observations
most likely are related to exudation of unreacted surfactants and other
species in the coating, appearing as bright dots covering the acrylic
particles.37 Moreover, some small pinholes appeared and their size and
depth changed with time in the NaCl solution, Figs. 4c–4d. Roughness
and pinhole diameter/depth values are given in Table IV. Clearly the
SALL coating is much rougher than the SALC and SALH coatings.

High resolution AFM images in Fig. 5 reveal highly ordered nano-
structure of the SALL coating, similar to the SALH coating, but with
larger average latex particles of ca. 130 nm in size, as compared to
that reported for acrylic latex particles ca. 80∼107 nm in size.14,38

Surface roughness and nanoparticle size are shown in Table V. The
particles size seems to increase slightly with time in the NaCl solution.

Figure 4. AFM images of the SALL coating obtained in dry condition (a);
after 9 h in water (b); after 1 h (c) and 7 h (d) in 3 wt.% NaCl, respectively.
Roughness and pinhole diameter/depth values are given in Table IV.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.237.75.12Downloaded on 2014-11-26 to IP 

http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 162 (1) C55-C63 (2015) C59

Table IV. Surface roughness of the SALL coating and depth of the
pinhole.

Diameter (nm)/
Time of Ra Rq depth (nm) of the

SALL coating exposure (h) (nm) (nm) pinhole

Air 13 × 13 μm) - 104 126 -
H2O (13 × 13 μm) 9 89 111 -
NaCl solution 1 152 177 420/345
20 × 20 μm) 7 159 185 620/262

Interestingly, some voids (marked with arrows) were observed in be-
tween the nanoparticles, which is different from the SALC and SALH
coatings showing compact structure and closely packed nanoparti-
cles. Probably, in the absence of crosslinking of a low Tg system, the
particle deformation during the film formation process of the SALL
coating was incomplete, leaving holes/voids in the coating.37

Figure 6 displays sequential in-situ AFM images of a larger area of
the SALL coating obtained during the exposure in the NaCl solution,
showing dissolution of a large nodule and opening and change of a
large pinhole in the coating. The large nodule became smaller with
time and disappeared after 29 h in the solution. Meanwhile, a large
pinhole opened up from a higher area after ca. 5 h exposure (distorted
AFM image not shown here) and developed with time, with increasing
mouth size and decreasing pinhole depth. The surface roughness and
pinhole diameter/depth are given in Table VI. The line profiles in
Fig. 6 show the changes in width and depth of the pinhole from 11
to 34 h exposure, indicating lateral expansion of the pinhole. These
in-situ AFM images reveal quick changes taking place on the coating
surface in water and NaCl solution, indicating that the water-soluble
species in the SALL coating are dissolving into the solution. Probably
this is related to the hydrophilicity of the SALL coating, which implies
a high level of water absorption and penetration,37 and facilitates the
dissolution of unreacted surfactants accumulated at the latex particle
boundaries and adjacent to the pinholes.14

The in-situ AFM measurements reveal different behaviours for
the three coatings during exposure to water and the NaCl solution.
The long-term stability of the SALC and SALH coatings in water
and the NaCl solution can be attributed to the compact nano-structure
with densely packed latex particles. The SALC coating has a chem-

Figure 5. AFM topography images of the SALL coating obtained in dry
condition (a); after 5 h (b) and 8 h (c, d) in 3 wt.% NaCl solution, respectively.
Surface roughness and nanoparticle size are shown in Table V.

Table V. Surface roughness of the SALL coating and the particle
size.

SALL coating Time of Particle
(10 × 10 μm) exposure (h) Ra (nm) Rq (nm) size (nm)

Air - 24 30 130
NaCl 5 36 43 140

8 33 40 148

ical crosslinker in the system, and the preparation process was well-
controlled to achieve optimal polymerization. A uniform crosslinked
network could be created, which leads to a stable polymer film without
noticeable exudation of the water-soluble surfactants and other addi-
tives during the exposure. For the SALH and SALL coatings, both
without crosslinking, the stability is not as good as the SALC coating,
and the degradation of the SALL coating is faster than the SALH coat-
ing in the corrosive solution. The dissolution observed by in-situ AFM
could be interpreted as the exudation of surfactants from the acrylic
latex to the water, which significantly enhances water transport due to
the formation of channels in the film.37

The main differences between the SALH and SALL coatings are
the Tg and the level of hydrophobicity of the styrene-acrylic resin.
The latex particle deformation by water increases their viscosity and
enhances their ability to coalescent, which is important for the film
formation from polymer dispersions.39 In the case of SALH coating,
probably the high Tg coalescence latex allowed sufficient interdiffu-
sion, leading to densely packing of the nanoparticles.14,16 The water
resistance of the SALH coating could be attributed to the densely

Figure 6. Sequential in-situ AFM images of the SALL coating (another area)
in 3 wt.% NaCl solution; and line profile comparison. Surface roughness and
pinhole diameter/depth are given in Table VI. Scan size: 30 × 30 μm.
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Table VI. Surface roughness of the SALL coating and depth of the
pinhole.

SALL coating Diameter (μm)/
(30 × 30 μm) time Ra Rq depth (nm) of the
of exposure (h) (nm) (nm) pinhole Z-scale (nm)

1 79 99 - 840
11 87 111 2.2/628 890
26 94 116 2.5/567 900
29 94 117 2.6/531 860
34 89 111 2.7/488 660

packed nanoparticles in the coating, and particularly to a high level of
hydrophobicity.22,40,41

In contrast, the SALL coating has a low Tg, which can de-
crease the strength of the film by influencing the latex film formation
process.21,22,38 If polymer diffusion was not sufficient, the mechanical
properties of the styrene-acrylic system will be weakened since the
polymer chains are not locked. It was reported that surfactant exu-
dation is greater in a latex film having a lower Tg.14 Moreover, a
relatively lower level of hydrophobicity of the coating can deteriorate
the water-resistance. These are likely the reasons for the fast degrada-
tion of the SALL coating during the exposure in water and the NaCl
solution.

The film formation process in a waterborne coating has been de-
scribed in the literature.42 In the case of the SALL coating, prob-
ably most of the curing reactions take place within the styrene-
acrylic emulsion particles, without considerable crosslinking across
the boundaries.16 The particle boundaries are weak spots within the
coating, where corrosion attacking may be initiated by aggressive
ions in corrosive solution.42 Moreover, the boundaries and voids be-
tween the particles in the SALL coating are larger than that of SALC
and SALH coatings. These larger boundary spaces easily become the
pathways for penetration of water and corrosive ions, hence signifi-
cantly decrease the barrier protection and the stability of the SALL
coating.43 These results suggest the necessity to improve the level of
interdiffusion as well as coalescence for styrene acrylic latex coating
in order to achieve good corrosion protection. 44

EIS spectra.— The EIS spectra obtained during the exposure in
3 wt.% NaCl solution provide quantitative measures of the barrier
property and show the stability of the coatings in the corrosive solu-
tion. The results show reproducible trends as judged from the parallel
measurements. Figures 7, 8 and 9 display examples of the Bode plots
of impedance modulus |Z| and phase angle vs. frequency for the SALC,
SALH and SALL coating samples, respectively, at various stages of
exposure. The EIS spectra of these coatings show different trends of
change during the long-term exposure in the NaCl solution. Consid-
erable changes of the spectra occurred in a few days, and the SALL
coating lost its barrier property after two weeks exposure. The EIS
results provide a direct comparison between the stability and degra-
dation behaviors of the three coatings, which can be correlated to
the in-situ AFM observations of the detailed morphological changes
occurred during the exposure.

Moreover, quantitative analysis was also performed by spectra fit-
ting using two equivalent circuits shown in Fig. 10. The circuit A is
the simple circuit (one time constant) consisting of the coating re-
sistance and capacitance in parallel, which is used to describe the
impedance response of a compact barrier coating. The circuit B with
two time constants is commonly used to describe the impedance re-
sponse of organic coatings on metal when corrosion started to occur
locally underneath the coating. In addition to the coating resistance
and capacitance, the circuit B includes a charge transfer resistance and
double layer capacitance in parallel, which are associated to the elec-
trochemical processes taking place at the interface between the metal
and electrolyte.45 As a common practice, a constant phase element
(CPE) is used instead of idea capacitor to account for the non-ideal

Figure 7. An example of Bode plots of the SALC coating on carbon steel
obtained during exposure in 3 wt.% NaCl solution.

Figure 8. An example of Bode plots of the SALH coating on carbon steel
obtained during exposure in 3 wt.% NaCl solution.
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Figure 9. An example of Bode plots of the SALL coating on carbon steel
obtained during exposure in 3 wt.% NaCl solution.

capacitive response of the interface. In the equivalent circuits, Re is
the electrolyte resistance between the reference electrode and working
electrode, Rc is the coating resistance, Qc refers the CPE of the coating
(coating capacitance). Rct is the charge transfer resistance and Qdl is
the CPE associated to the double layer capacitance. The impedance
expression of CPE is given by Z(CPE) = 1/[Y0(jω)n], where Y0 is con-
stant, j = √−1, ω is angular frequency, and n is a value where, 0 ≤ n
≤ 1. In the case of n = 1, the CPE acts as an idea capacitor with Y0

as the capacitance.46,47

The Rc and Y0 are plotted in Fig. 11 for the three coatings to
illustrate their changes occurred during the exposure to the NaCl
solution. Because different equivalent circuits are necessary for fitting
the spectra of the three types of coating samples obtained at different
stages of exposure, and in some cases it is difficult to obtain accurate

Figure 10. The equivalent electrical circuits used for spectra fitting, (A) sim-
ple circuit, (B) circuit with two time constants. Re: electrolyte resistance, Rc:
coating resistance, Qc: CPE associated to the coating capacitance, Rct: charge
transfer resistance, and Qdl: CPE associated to the double layer capacitance.

Figure 11. Plots of Rc (a) and Y0 (b) for the SALC, SALH and SALL coatings
as a function of exposure time.

fitting, caution is needed when considering the exact fitting data and
therefore the discussion is focused on the trends of change of the
resistance and capacitance rather than their accurate values.
SALC coating.—Figure 7 displays an example of Bode plots of the
SALC coating showing one time constant feature, i.e., a capacitive
character with very high impedance at low frequencies, during the
exposure for almost one month. In this case, the simple circuit A can
be used for the fitting of all the spectra, and the plots of the coating
resistance and capacitance (approximately Y0) can be seen in Fig. 11.
The Y0 varied only slightly with time of exposure, suggesting a limited
amount of water uptake of this coating. The Rc varied somewhat during
the first week and even increased in the beginning of exposure. Usually
the coating resistance decreases during exposure due to the absorption
of the electrolyte through defects in the coating.48 However, it seems
that the initial water absorption and polymer interaction may induce
some enhancement in the barrier property of this coating. Moreover,
the coating resistance remained to be a high level after more than
one month of exposure, indicating a stable and high barrier property
during the long exposure period. The results provide the evidence of
the high barrier property and a long-term corrosion protection of the
SALC coating.

The changes in the coating resistance are dominated by changes
in ion mobility, which is closely related to the film porosity.46 For the
SALC coating, the AFM results reveal the densely packed nanopar-
ticles in the compact structure of the coating, and the EIS results
demonstrate that this coating is able to act as an excellent bar-
rier layer, despite of some shallow pinholes. The stable capacitance
and high resistance of the SALC coating can be attributed to the
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crosslinking process and low amount of weak spots, which can
inhibit water absorption, deformation and blurring of the latex
particles.36,40,42,46 Therefore the SALC coating can effectively impede
ingress of ions and interaction between corrosive ions and the metal,
providing a long-term corrosion protection for the metal substrate. In
this case, after long-term exposure, possible formation of corrosion
products underneath the coating may also increase the resistance and
further decrease the permeability of the coating.49

SALH coating.—Figure 8 shows an example of the Bode plots for
the SALH coating. During the first day of exposure, the coating ex-
hibited one time constant feature similar to that of SALC coating,
indicating that this coating initially exhibits a high barrier property.50

Afterwards, the EIS spectra exhibited two time constants, suggesting
an additional response from the metal-coating interface besides the
response from the coating itself. In this case, the circuit B was used for
spectra fitting, and the plots of the coating resistance and capacitance
are shown in Fig. 11. It can be seen that, for the SALH coating, after
ca. one week exposure the coating resistance decreased and the ca-
pacitance increased to a certain extent, suggesting some degradation
of the coating. Nevertheless, the coating resistance remained to be a
relatively high level during the long-term exposure, although not as
high as the SALC coating.

The in-situ AFM image, Fig. 3c, shows that the coating surface
became blurry after one day exposure in the NaCl solution, suggest-
ing some changes in the coating during the initial period of exposure.
Afterwards, the coating surface appeared to be stable in the solution,
in agreement with the EIS results. These observations of the SALH
coating imply that, although some electrolyte may have reached the
metal surface within a short period through defects, the influence of
such defects was very limited and no considerable corrosion occurred
underneath the coating during the long period of exposure. This may
be attributed to the high Tg that is beneficial for achieving effective in-
terdiffusion of polymer chains in the coating,36 and to a relatively high
hydrophobicity of the coating that impedes ingress of corrosive elec-
trolyte. The initial changes could be due to some interaction between
the styrene-acrylic latex compounds and the ions in the NaCl solution,
and to the electrolyte penetration through small voids (marked with
arrows in Fig. 3) at the particle boundaries, which may establish some
minor conductive pathway in the coating.24

SALL coating.—Figure 9 shows an example of the Bode plots for the
SALL coating. The variation of the impendence spectra with time
of exposure for this coating is very different from that of SALC
and SALH coatings. During the first day of exposure, the spectra
are similar to that of the SALC and SALH coatings. However, after
two days exposure, the spectrum changed dramatically, a second time
constant appeared in the medium and low frequency range, which
can be attributed to the corrosion process occurring underneath the
coating. After a few days exposure in the NaCl solution, the SALL
coating lost its barrier protection, and red rust appeared and spread on
the sample surface confirming corrosion attack of the steel substrate
(the measurement was therefore terminated). In this case, the circuit B
was used for the spectra fitting. The fitting results in Fig. 11 show that,
while the coating resistance dropped several orders of magnitudes, the
coating capacitance (Y0) also increased greatly during the exposure,
most likely due to absorption of a large amount of electrolyte into
the coating. The results indicate that the water uptake in the SALL
coating and its degradation occurred much faster as compared to the
SALC and SALH coatings.

The fast decrease in the resistance and increase in the capacitance
of the SALL coating in the NaCl solution is in agreement with the
in-situ AFM observations showing fast dissolution of coating compo-
nents and opening and development of pinholes (Figs. 4 and 6). The
results demonstrate that the SALL coating suffers fast degradation in
the NaCl solution. The low Tg resulted in poor mechanical property
and chemical resistance of the coating. The weak barrier property
of the coating could be attributed to the large boundaries between
the styrene-acrylic latex particles (Fig. 5) and the hydrophilicity of
the coating, leading to formation of channels for water transport and

surfactant exudation.14 Fast penetration of the electrolyte through the
defects (e.g., channels and pinholes) in the coating leads to quick
diminishing of the barrier property of the coating.23,40 And, the inter-
action between the reactive groups of the styrene-acrylic coating and
aggressive ions in the NaCl solution leads to the decreasing resistance
of the coating.51

The SALC coating has a Tg similar to that of the SALL coating,
however, because of the crosslinking system in the SALC coating,
the film cohesion could be achieved after inter-particle crosslinking,
which generates more cohesion even in the absence of entanglements
and interdiffusion.36,41 As reported in literature, optimal crosslinking
leads to good tensile strength, dispersibility and compatibility of the
coating, and enhanced barrier protection performance.40,41,52,53

Conclusions

In this study, stability and corrosion protection of three kinds of
waterborne styrene acrylic latex coatings on carbon steel were in-
vestigated by in-situ AFM measurements in pure water and 3 wt.%
NaCl solution, combined with EIS measurements over a long period
of exposure in the NaCl solution. The complementary results show
the stability and degradation of the micro- and nano-structure and
barrier property of the coatings in the corrosive solution. Based on
the experimental results and literature information of the acrylic latex
coatings, the following conclusions can be drawn:

1. The styrene-acrylic latex coating with crosslinking and high level
of hydrophobicity had a compact structure with densely packed
nanoparticles that are stable in water and the NaCl solution. It was
a stable barrier layer and provided excellent corrosion protection.

2. The styrene-acrylic latex coating without crosslinking and with
high Tg and high level of hydrophobicity had a compact structure
with closely packed nanoparticles that maintained the stability
in the NaCl solution after initial change causing blurring of the
nanoparticles and some decrease in the impedance of the coating.
This coating was a barrier layer and provided corrosion protec-
tion, although not as good as the styrene-acrylic latex coating
with cross linking.

3. The styrene-acrylic latex coating without crosslinking and with
low Tg and low level of hydrophobicity had a less homogeneous
structure, with more defects such as nano-size voids and micro-
size pinholes in the coating, and was prone to water uptake and
ingress of corrosive ions. This coating suffered fast degradation
due to interactions with water and corrosive ions and lost its
barrier property within a short period of exposure, and thus cannot
provide sufficient corrosion protection by itself.
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