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surface of soft-cast steel (St-37). A thermoset coating was enforced on
the VCC and blank substrates. The surface was characterized by field
emission scanning electron microscope (FE-SEM), elemental mapping of energy

-' n this study, vanadium conversion coating (VCC) was deposited on the

dispersive X-ray (EDX) and atomic force microscopy (AFM). The adhesion
strength of the thermoset coating on the surface of the treated samples was
measured before and after 35 days of submergence in 3.5 wt. % NaCl solution
via a pull-off device. Meanwhile, the effect of VCC treatment on the thermoset
coating (epoxy) was examined by electrochemical impedance spectroscopy (EIS)
and cathodic delamination (CD) tests. FE-SEM, EDX and AFM studies of
treated surfaces showed a homogeneous vanadium oxide/hydroxide layer
precipitated on the metal which increased the surface roughness. It was shown
that VCC significantly improved the corrosion resistance of the epoxy coating.
The vanadium compounds also reduced the cathodic activity on steel resulting in
lower cathodic disbandment. The lower adhesion loss was also observed on the
vanadium treated sample in comparison with the blank one. Prog. Color
Colorants Coat. 13 (2020), 223-238© Institute for Color Science and Technology.

1. Introduction

coating utilization and curing processes [2-4]. The

Many kinds of organic coatings used to protect the steel
substrate in a corrosive media are thermoset systems.
Thermoset organic coatings can control the charge
transport because of high cross-linking density, which
increases the ionic resistance. Epoxy coatings are one of
thermoset organic coatings which are extensively used in
metal protection owing to their excellent adhesion,
acid/alkali and solvent resistance, mechanical properties
and cross-linking density [1]. However, most of them are
permeable against oxygen, water and destructive ions,
which is due to weakness sites, micro porosities and
cavities inside the coating matrix produced during

diffusion of destructive species into the coating/metal
interface leads to the damaging of the coating, reducing
the barrier characterization of the coating and
annihilation of the adhesion bonds in different ways.
Hydroxyl ions created in the cathodic area beneath the
coating lead to the increase in pH, which weakens the
coating adhesion and delaminates the coating due to the
penetration of electrolyte beneath the coating [5-9]. The
water molecules may place themselves at the
coating/metal interface and thereby destruct adhesion
bonding through producing hydrogen bonds with metal

or hydrolysis of the oxide layer on the metal surface. An
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effective approach to dominate these problems is
applying chemical and electrochemical conversion
treatments, which provide stronger and more stable
adhesion bonds between the substrate and the coating. In
this regard, various kinds of conversion coatings (CCs)
have been exerted. Conversion coatings can increase the
adhesion of epoxy coating to the metallic layers by
increasing the energy level or changing the surface
morphology [10-14]. Hexavalent chromates (Cr®") and
phosphates were widely used as conventional applied
conversion coatings on metal substrates. Nonetheless,
phosphate-base treatment is being substituted by diverse
alternatives because of sludge formation, long
immersion times and high energy consumption [15-20].
In addition, the environmental issues of the
chromium(VI) compound is a major challenge [21-27].
Hence, Cr(III) conversion coating was replaced with Cr
(VI) with fewer toxic properties. However, it has been
shown that Cr(Ill)-based conversion coatings cannot
provide corrosion resistance and suitable adhesion of
organic coating to the steel surface like Cr (VI) [24, 28-
31]. Lower thickness of Cr(IIl) conversion coatings
compared to Cr(VI) is responsible for the low corrosion
resistance of this coating. To solve these problems, the
environmentally  acceptable  different  conversion
coatings such as molybdenum [32-34], cerium [35-37],
zirconium [12, 38], titanium [39, 40], Lanthanum [41]
and vanadium [42-49] have been reported. Recently,
some papers reported the application of vanadate
conversion treatments on aluminum alloys and
magnesium alloys as a replacement for Cr (VI)-based
conversion coatings [45-49]. Hamdy et al. [22, 50, 51]
identified that Vanadium conversion treatment has a
special self-reforming potency similar to chromate
conversion coatings for magnesium alloys, although its
barrier protection is poor (the value of |Z| is less than
1000 ©Q cm?). Yang et al. [48] indicated that the vanadate
conversion treatment has the ability to replace chromate
conversion treatment. These results illustrated that the
VCC on metal surfaces is composed of vanadium and
oxygen forms such as V> and V¥, e.2. V,0s, VO,, and

their hydrates for example V,0s;nH,0, VO(OH), and

VO(OH); compounds [44, 47, 48]. Utilizing VCC on the
surface of mild steel is a modern and effective procedure
as a substitute for conventional surface treatments [52].

The objective of this manuscript is to study the
effect of Vanadium conversion treatment (VCC) on
surface morphology, corrosion properties, adherence
and cathodic disbondment of epoxy coatings. Surface
morphology was studied by FE-SEM and AFM
analyses. Meanwhile, epoxy coatings applied on the
steel surface with and without VCC and their
properties were studied by EIS, pull-off adhesion and
cathodic delamination tests.

2. Experimental

2.1. Materials

St-37 mild steel sheets (10x10x0.2 cm®) were supplied
from Mobarake steel Co., Iran. The chemical
composition of the steel sheets is given in Table 1.
Treatment baths were prepared using hydrochloric acid
(37 wt.%), sodium hydroxide and V,0s, which were
purchased from Merck Co.

EPON 828 Resin (Bisphenol-A diglycidyl ether
epoxy resin) and polyamine hardener (Epikure F205)
were purchased from Shell Co. (USA) and Kian Co.
(Iran), respectively. Beeswax-colophony mixture
(3:1.2) was also used to seal the coated specimens.

2.2. Surface preparation

Steel sheets were abraded by emery paper 800 followed
by degreasing using acetone. Then, the cleaned steel
sheets were immersed in 200 mL VCC bath containing
50 mg L' V,0s. The VCC layer was applied on the
steel substrate at room temperature. The pH of the
VCC bath was adjusted at 3 and the vanadium
treatment was carried out for 60s. Then, the VCC
samples were washed with deionized (DI) water and
dried immediately by warm air flow.

Table 1: Chemical composition of St-37 steel sheet.

----—--

Composition (wt. %) 99.03 0.18
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2.3. Coating application

The epoxy coating formulation was prepared using
Epon 828 resin based on Bisphenol-A diglycidyl ether
epoxy resin (DGEBA) with Epoxide Equivalent
Weight, Viscosity and density of 185-192, 110-150 and
1.17 g em™ at 25°C, respectively. 100 g of the EPON
828 resin was blended with 55 g Epikure F205 curing
agents. The coatings were applied on the mild steel
substrates with and without VCC by a film applicator
(Elcometer 3520 Baker) and the coated samples kept
under ambient condition (i.e. 24 +2 °C and 30+3%
RH). Finally, Coatings (VCC+ epoxy and blank epoxy)
were cured for 7 days. The dry thicknesses of whole
coatings were about 40+£5 pm.

2.4. Methods
2.4.1. Surface examination

The surface morphology of mild steel treated with
vanadium-based conversion coating was studied by
Mira II-XMU(Czech Republic) field emission
scanning electron microscope (FE-SEM) equipped with
Energy Dispersive X-ray (EDX) detector with 8 keV
accelerating voltage.

Surface topography was also studied on the samples
in tapping mode by AFM (model Ara 1010/A, iran)
using a silicon cantilever with a frequency of 180 kHz
and image scan rate of 2 Hz. Total average and mean
square roughness parameters of the studied samples
were estimated by image processing software (version
1.01).

2.4.2. Pull-off experiment

Epoxy coatings were applied on the mild steel
substrates without and with VCC treatment. Pull-off
testing of the coatings was implemented according to
ASTM D-4541. Adhesion of epoxy coatings to the
undercoat was determined by a Posi test pull off
adhesion tester (DEFELSKO). The test was performed
on the specimens before and after 35 days immersion
in 3.5 wt.% sodium chloride solution. The aluminum
test Pull-Stubs (dollies) of 14.2 mm diameter were
connected to the surface of the epoxy coatings with
Araldite 2017 adhesive. Samples were exposed to air
for 48 h to ensure that the Araldite adhesive was
entirely cured. Then, a gap was created around dollies
and pulling was applied at 7 mm/min. The experiments
were done on three replicates.

2.4.3. Electrochemical analysis

The effect of VCC on the corrosion resistance of epoxy
coating was evaluated by an AUTOLAB Potentiostat-
Galvanostat (PGSTAT302N). The tests were
conducted at open circuit potential (OCP) on 1 c¢m” in
3.5 wt.% NaCl solution for 35 days. To perform
electrochemical tests, we applied a three electrode
system configuration consisting of the coated steel
sample as working electrode (WE), platinum auxiliary
electrode (AE) and a silver-silver chloride electrode
(Ag/AgCl) (3 M KCl) as reference electrode (RE). The
frequency range and amplitude of sinusoidal voltage
were 10 kHz to 10 mHz (peak to zero) and 10 mV,
respectively. The experiments were done on three
replicates.

2.4.4. Cathodic disbondment test

The cathodic disbondment of the epoxy coatings applied
on the untreated and VCC specimens was studied in a
solution containing 1 wt.% each of sodium carbonate,
sodium chloride and sodium sulfate at pH = 12 (ASTM
G8). For this object, a dummy cavity of 1 mm in radius
was created in the center of the samples by eliminating
of the epoxy coatings from the metal surface (with
exposed area of 3 X 3 ¢cm) and then they were immersed
in the test solution under potential polarization of -1.5 V
(versus Ag/AgCl reference electrode) for 15 h. After the
polarization, the system was dismounted from the
samples and the average disbonding area was measured.

3. Results and Discussion
3.1. Surface characterization of VCC samples
3.1.1. FE-SEM/EDX analysis

The surface morphology of the samples was
investigated by FE-SEM technique before and after
VCC treatment. The FE-SEM micrographs of the
samples are shown in Figure 1. Figure la shows the
surface of bare steel including meaningful lines that are
caused due to the preparation of surface by grit paper.
Significant changes are observed after the VCC
treatment (Figure 1b). From Figure 1b, it can be
observed that VCC layer is composed of nanoparticles
close together. However, after formation of the VCC
film on the metal surface (Figure lc), a homogeneous,
dense, uniform and thin layer containing small-sized
particles is created on the steel surface. The appearance
of the nanoparticles in the VCC film reflects its higher

Prog. Color Colorants Coat. 13 (2020), 223-238 225
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nucleation rate compared to the growth rate of
vanadium compounds, so very fine particles are
deposited on the VCC layer. Also, there are some
defects and porosities (nano and micro) in the sample
(Figure 1c). These porosities may be due to the release
of hydrogen from the chemical reaction during the
coating process [22, 51]. Hence, corrosive electrolyte
may easily penetrate into the VCC layer and a harsh
corrosion occurs after an extremely long time
immersion in corrosive environments.

The diameter of the nanoparticles deposited on the
VCC layer was investigated by Image J software [53].
The diameter of the most of nanoparticles in the VCC
layer is less than 30 nm (Figure 2b).

The EDX analysis of mild steel with and without
VCC via elemental mapping of V, O and Fe-V is shown
in Figure 3. Meanwhile, the results derived from these
images are given in Table 2. Additional peak in 5 Kev is
related to the sediment of vanadium compounds.
Elemental
distribution of oxygen and vanadium on the surface of
the VCC. In addition, VCC film is not continuous
according to the elemental mapping of Fe-V.

analysis shows almost homogeneous

45

30

diameter (nm)

From Table 2, it can be considered that V, Mn, Fe
and Si are the elements which were detected on the
steel surface treated by VCC. Also, it can be
understood that the amount of Fe significantly
decreased after VCC formation. Detection of V on the
samples with VCC indicates that a thinner vanadium
compound film was formed on the surface of the
sample.

The overall reaction to form VCC has been
suggested as a result of the dissolution of the steel as an
anodic reaction and hydrogen reduction as a cathodic
reaction. Hydrogen reduction with the hydroxyl ion
causes the evolution of cathodic sites which increases
the local pH in the interface of the metal/vanadium
solution. Vanadium bath includes V** ions in the acidic
pH which turns to VO*'. Jiang [42], Guan [47] and Zou
[54] used electron spectroscopy for chemical analysis
(ESCA) and proved that an increase in surface pH
leads to the formation of V,0s and VO(OH);. The
proposed reactions are as follow equations 1 and 2:

VO? +2H,0 -»VO(OH); + H* (1)

VO(OH); +2H,0 -»VO(OH)5(0H,), ©)

(b)

nano particles

Figure 2: Nanoparticle size analysis using Image J software (a) threshold for an image with bright particles and (b)
diagram of nanoparticles diameter.
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Table 2: The elemental composition obtained by EDS map.

0.27 0.24

blank sample -

VCT treatment 0.39

0 .:

e

3.1.2. AFM

AFM topography of the samples before and after
immersion in VCC solution is shown in Figure 4.
Topographic images are captured in AM-mode on a
5x5 pm’ surface. Figure 4a shows that the surface
pattern includes parallel lines owing to the surface
preparation by mechanical polishing (sand paper). A
comparison between two images shows that the scale
of samples before and after immersion in vanadium
conversion solution is in the range of nanometer.
Results from Figure 4 show that the surface roughness
of the sample increased after applying VCC. The
surface roughness including R, (Average roughness),
R; (total roughness) and R, (Root Mean Square
roughness) were calculated according to the AFM
three-dimensional images as well as equations 3, 4 and
5 [55] as shown in Table 3.

99.22

96.85

o
_—e VIS S
- Vo, MR
- s -
- : q L)

0.28 0.26

«27

Ferd

Figure 3: EDX diagrams from mild steel with and without VCC obtained by SEM-EDX elemental mapping of V, O and
Fe-V.

R,(N;M)= <3 (Z(x,y)- Z(N.M) ) (3)
R=R,-Ry 4)
Rens(NM)= L5, (ZGxy)ZONM))? )

which R, and R, are the maximum profile peak
height and maximum profile valley depth, respectively.
It is observed that roughness of the surface increased in
the presence of VCC. It is reported that the bottom
levels may play a notable role for the coating adhesion
properties [56]. AFM examination demonstrates an
improvement in the roughness of the mild steel surface
up to about 80 nm when VCC treatment was used on
the mild steel.
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3.2. Pull-off measurements

Epoxy/polyamine coating was used on the surface of
steels with and without VCC treatment. The adhesion
of the samples was specified by pull-off techniques.
The values of adhesion of the epoxy coated samples
with and without surface treatments are presented in
Figure 5 which shows that VCC treatment of steel
caused an enhancement in pull-off strength of the
epoxy coating over the steel substrate. VCC increased
the adhesion strength through increasing the surface
free energy and surface roughness. Observing a
mixture of adhesive and cohesive failure for samples
with VCC showed that VCC significantly increased the
coating adhesion properties on the steel surface.

The adhesion properties of the samples were also
investigated after 35 days immersion in 3.5 wt.% NaCl
solution. The recovery adhesion strength (after 35 days
immersion) values were evaluated. Afterwards, the
adhesion loss was calculated according to equation 6.

Adhesion loss(%)

_ Dry adhesion strength-recovery adhesion strength %100

(6)

Dry adhesion strength

According to Figure 5, it can be assumed that the
adhesion loss values of the epoxy coatings applied to
the samples with VCC are less than that of untreated
sample. The adhesion loss values for epoxy coating on
VCC surface is 44% and it is 66% for untreated one. It
is well accepted that the diffusion of water, oxygen and
aggressive ions into the epoxy coating/steel interface is
explanation for the coating adhesion loss. Hydroxyl
ions (OH’) are formed from cathodic reaction of
equation 7 at the interface of epoxy coating/metal. This
can cause an increase in pH beneath the coating and
destroys adhesion bonds. Nonetheless, conversion
through: 1)
Formation of strong adhesion bonds between the

coating reduced the adhesion loss

organic coating and the steel substrates, 2) Blocking of
the cathodic sites which inhibits the cathodic reactions
on the steel substrate and 3) Reduction of cathodic and
anodic reaction rates through preventing the corrosive
agents from reaching to cathode and anode sites.

0,+2H,0+4e” —40H~ @)

Table 3: Roughness values obtained from AFM analysis for the untreated and VCC treated.

Untreated 1.838

VCT 6.551

1w

21.98 18.65

69.33 66.48

,Il)’.! nm

Figure 4: 2D and 3D AFM micrographs of (a) untreated and (b) VCC treated.
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Blank Epoxy

VCT treatment

3 TmDry Adhesion (MPa)
mRecovery Adhesion (Mpa)
2.5 1 >
&
7.
2 1 > 7
= Z. i
B s >
= 1.5 1 z
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[
11 2
0.5 1

Blank Epoxy VCT treatment

Figure 5: Dry and recovery adhesion strengths of Blank epoxy and VCC/epoxy samples after 35 days immersion in 3.5
wt.% NaCl solution, adhesion loss values and digital photos of tested samples after pull-off test.

The coating failure exposed to 3.5 wt.% NaCl may
be attributed to the fact that diffusion of ions and water
from the electrolyte to the metal/coating interface can
significantly reduce the adhesion bonding between the
metal surface and epoxy coating. The VCC layer
consists of vanadium oxide/hydroxide compounds
which can cause a strong electrostatic attraction
between polar groups of epoxy coating and metal
surface containing VCC. Moreover, the higher physical
bonding strength in samples with VCC treatment is due
to the increment of roughness, surface free energy and
lower water contact angle [52].

3.3. EIS measurements

The impact of VCC at different reaction times on the
corrosion and ionic resistances of the epoxy coating
was studied by EIS technique. The EIS analysis was
done after 3, 15 and 35 days immersion in 3.5 wt.%
NaCl solution. The Nyquist and Bode graphs of various
specimens after 35 days immersion are shown in
Figures 7 and 8. The experimental results were fitted
with electric equivalent circuit data and used for
comparison. Suitable electrical circuits for samples
with one-time constant and two-time constant are
indicated in Figures 6, 7 and 9.

The experimental results were fitted including: Rp
(polarization  resistance), R¢; (charge transfer
resistance), R¢ (coating resistance), CPEc (Constant
phase element of coating) and CPEy (double-layer
capacitance). Impedance factors are extracted from the
model and displayed in Table 4. Figure 6 shows the
Nyquist and Bode graphs of the blank epoxy samples.
It can be obviously seen from the results that the
oxygen, water and corrosive ions (Cl) permeate below
the coating. The coating behavior at a vast frequency
range is mostly resistive and the capacitive behaviors
can be seen at very high frequencies. Hence, the
corrosive electrolyte could penetrate into the coating
matrix through micro porosities, channels, holes, free
volumes and defects in the coating which were
frequently created during processing. Nyquist and
Bode plots of epoxy coatings applied to steel substrates
without and with VCC are shown in Figures 7 and 8,
respectively. The results show that the reduction in the
corrosion resistance of samples treated with VCC is
less than that of blank epoxy.

Examination of capacitive region and maximum
phase angle at a wider frequency zone compared to the
blank epoxy reveals the improvement of the barrier
performance of the coating in the presence of VCC.

Prog. Color Colorants Coat. 13 (2020), 223-238 229
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Table 4: The electrochemical parameters of the impedance plots of the blank epoxy, VCC/epoxy samples immersed in
3.5 wt.% NaCl solutions for 3, 15 and 35 days.

Sample R (M ohm cm?) R* (M ohm cm?’)

Blank epoxy (3days) 4387 4.6x10"° 0.90 = = =
Blank epoxy (15days) 22 7.4x10° 0.80 0.14 7.9x10% 0.84
Blank epoxy (35days) 1.01 3.1x10° 0.78 0.91 7.8x107 0.83

VCT/epoxy (3days) 7190 4.3x1071° 0.91 - - =
VCT/epoxy (15days) 47 6.1x107 0.79 38 6.1x10® 0.87
VCT/epoxy (35days) 2.1 2.6x10® 0.76 1.7 6.3x107 0.80

a. The standard deviation range for Rc values is between 4% and 6.0%.

b. The standard deviation range for Y0 values is between 3.5% and 5.6%.

c. The standard deviation range for n values is between 1% and 2%.

d. The Standard deviation range for Rct values is between 1.5% and 3.5%.

2 65
@ (b)
6 -
1.5 4
g % 55
1: £
S
s 8
< 0.01 Hz o ST
451
4 ¥ + t + + + o
2 41 0 1 2 3 4
Z' (Mohm cm?) Log (f/Hz)

Figure 6: Impedance data obtained from EIS analysis for the sample immersed in 3.5 wt.% NaCl solution for 35 days, (a)
Nyquist and (b) Bode plots.

The impedance values at 10 mHz (low frequency
limit) and breakpoint frequency (fb: frequency at 45°
phase angle) for different samples are compared in
Figure 9. The |Z|p mn, shows the total resistance,

of the corrosive agents to the active sites on the steel
surface.

The coating delamination and corrosion products can
be studied by breakpoint frequency (fb). The breakpoint

including the solution resistance, charge transfer frequency shows that the electrolyte diffusion into the
resistance and epoxy/VCC coating resistance. Hence, coating/metal interface is responsible for the
|Z|10 mu, indicates resistive behavior at low frequency microscopic  delamination of the coating. The

region due to higher diffusion of corrosive agents. It can
be seen from Table 4 and Figure 9a that the corrosion
properties and electrical resistance values (impedance) at
low frequency were reduced notably after 35 days
immersion. Results showed that a decline in the
corrosion resistance of the samples modified of VCC is
blank surface.

modification of the steel surface by VCC treatment

lower than the Therefore, surface
increased the corrosion resistance of the epoxy coating.
This means that the VCC treatment has a notable impact
on enhancing the corrosion resistance of epoxy coatings.

In other words, the VCC treatment can limit the access

230 Prog. Color Colorants Coat. 13 (2020), 223-238

enhancement of fb shows the increase of delaminated
area [57, 58]. Figure 10b shows the increase of fb after
35 days of immersion. The lowest increase of fb was
observed for the modified sample by VCC.

The microscopic delaminated area of the coating on
the VCC sample is lower than blank sample. All of these
observations show that the VCC chemical treatments
could enhance the corrosion protection properties of the
epoxy through the
properties. The VCC chemical treatments could inhibit
the the
electrochemical activity of the steel surface.

coating enhancing adhesion

cathodic reactions through decreasing
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Figure 7: (a1, b1 and c¢1) Nyquist and (a2, b2 and c2) Bode plots of the blank epoxy coating subjected to 3.5 wt% NaCl
solution for (a1, a2) 3, (b1, b2) 15 and (c1, ¢2) 35 days immersion.
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Figure 8: (a1, b1 and c1) Nyquist and (a2, b2 and c2) Bode plots of the epoxy coating applied on the VCC subjected to
3.5 wt% NaCl solution for (a1, a2) 3, (b1, b2) 15 and (c1, c2) 35 days immersion.
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|3 days
B 15 days
|30 days
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Blank Epoxy
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(b)
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B 15 days
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Figure 9: Impedance at 10 mHz (a) and breakpoint frequency (fb) and (b) of the coatings applied on the steel specimens
without and with VCC treatment subjected to 3.5 wt% NaCl solution for 3, 15 and 35 days immersion.

3.4. Cathodic delamination test

Most of the steel substrates coated with organic coatings
are under cathodic protection. However these systems
are influenced by a mechanical damage or defect in the
coating inducing cathodic delamination or blisters. The
holes and defects in the coating surface due to the easy
access of cathodic reaction agents convert to cathodic
areas. Applying a cathodic potential after the cathodic
protection activates the cathodic reactions in the holes
area and coating/metal interface. Hence, the effect of
VCC treatment on the coating performance against
cathodic delamination was studied. The study was
carried out for 15 h on the samples with artificial defects
(2 mm) under polarizing potential of 1.5 V at 23°C
(compared with Ag/AgCl reference electrode). The
results of the disbonded area after cathodic delamination
are demonstrated in Figure 10. As it can be observed in
Figure 10, the disbonded area decreases when the epoxy
coating was applied with VCC treatment.

Although water and oxygen are available at
the
coating/metal interface at the artificial defect areas,

disbonding front by penetrating through
they could penetrate as a major source for the cathodic
chemical reaction. The induction time is the time
necessary for the corrosive electrolyte to attain the
interface by diffusion through the

10). Therefore, the

coating/metal

coating (Figure increase of

induction time in the epoxy coating with VCC
treatment may be relevant to reduce the access of
corrosive electrolyte to interface metal/coating through
blockage of the pores and channels epoxy coating.
These results reveal that recovery pull-off adhesion
cathodic
Adhesion
strength could be taken into account as a key parameter

is a proper parameter for describe

delamination behavior of the samples.
for desirable performance in cathodic disbondment
[59]. The VCC treatment of steel surface enhances its
roughness and recovery adhesion (According to
previous results). VCC treatment raised the adhesion
bonds between the epoxy coating and steel substrate
through physical and chemical bonds (Section 3.2).
The bonds coating/substrate
interfaces reduce the corrosion products.

The
responsible for the increase of hydroxyl ion creation

adhesion between

increase in cathodic protection time is
rate which result in the increase of the pH scale at the
coating/substrate interface. The hydroxyl ions can be
created through oxygen reduction reaction (equation 7).
As well as in this study a potential of -1.5 V (compared
with Ag/AgCl reference electrode) is applied on the
coatings with artificial defects. This reaction (equation

8) is responsible for the creation of hydroxyl ions.

2H,0+2¢" —-20H™+ H, ®)
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Blank EPOX

Figure 10: The rate of cathodic delamination of blank epoxy (a1, a2) and VCC/Epoxy (b1, b2) samples after different
disbonding times.

The VCC treatment substrate can reduces the
cathodic activity of metal substrate through covering
the cathodic sites. Reduction of activity of metal
substrate leads to a reduction in the production rate of
hydroxyl ions (responsible for cathodic disbonding).
Also, as stated by E-pH diagram of the vanadium
component [60] it can be regarded that the vanadium
oxide is stable at high alkaline state (pH > 11). Hence,
the vanadium hydroxides convert to vanadium oxide,
with increase of pH at the defect site. All these factors,
especially, the decrease of cathodic activity and
enhancing adhesion resistance affect in the increase of
the epoxy
delamination over the metal substrate.

coating resistance against cathodic

3.5. EIS investigation of VCC/Epoxy and blank
epoxy samples with artificial defect

In general, the EIS experiments presented can be
divided into two groups: 1) Measurements on the intact
coatings and 2) Measurements on defect coatings. The
EIS is a suitable way to study the coating delamination
and the corrosion products. The effect of VCC
treatment of steel is studied on the corrosion protection
attributes of the epoxy coating using EIS analysis. The
test OCP on the coatings with an artificial defect
(diameter = 2 mm) is presented in Table 5. Typical
Bode and Nyquist diagrams of the coatings subjected
to cathodic delamination test are depicted in Figure 11.
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Bode plots demonstrate that only one time constant is
observed for blank and VCC samples. This may
indicate that the corrosion process on these samples is
mostly under charge transfer process. The Nyquist
diagrams show that VCC treatment of the mild steel
increases the impedance. This study showed lower
delamination VCC samples compared with the blank
samples [61, 62]. Table 5 demonstrates variations of
resistance and capacitance parameters extracted from
impedance data by a simple equivalent circuit shown in
Figure 11, where R, R; and CPE, are the solution
resistance, total resistance (R; = charge transfer
resistance (R.) + coating resistance (R.)) and total
steady phase element, respectively. The coating
delamination growth could be responsible for changes
R and C values of the disbonded area [62-64]. In case
of the samples modified by VCC, a considerable
the
capacitance indicates the delamination decrease. These

increase in resistance, and diminution in
results can be due to the enhancement of the adhesion
properties and the decrease of electrochemical activity
of the These

observations show that interfacial bonding between the

steel surface by VCC treatment.

substrate and epoxy coating has a main role during the
delamination process. Applying VCC before epoxy
coating can provide strong interfacial bonding between
the epoxy coating and the steel substrate.
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Table 5: OCP values and the electrochemical parameters of Nyquist and Bode charts shown in Figures 11.

Sample R, (k2 cni) —

CPE(uF cm™)

ocp Ag/AgCl W)

Untreated 18.1+1.4 74 0.87 £ 0.02 -0.39£0.02
VCT/Epoxy 232+1.8 48 0.88 = 0.03 -0.36 £0.04
20
18 B Blank Epoxy
@ VCT/Epoxy

i
(5]

Z"'(K ohm cm?)
w o

=)

10 15 20

7Z'(K ohm cm?)

Log (Z/ohm cm?)

B Blank Epoxy
@® VCT/Epoxy
Fit

-Phase angle (deg)

Log(f/Hz)

Figure11: Nyquist (a) and Bode (b) diagrams of the blank epoxy and VCC/Epoxy samples with artificial defect.

4. Conclusion

In this study, the behavior of corrosion resistance,
adhesion and cathodic delamination of epoxy coating
with and without VCC was investigated via various

analytical techniques. The main results obtained are:

1) The results obtained from FE-SEM analysis
showed that the VCC is composed of closed-pack fine
particles. Image J software also confirmed that the
VCC layer is composed of nanoparticles with less than
30 nm particle size. Furthermore, the elemental
mapping of EDX micrographs illustrated that the
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coating mostly contains of vanadium and oxygen to
form vanadium oxides/hydroxides. EDX shows the
uniform distribution of V along the surface of VCC
sample. 2) The results of surface topography were
investigated by AFM. These results showed the
increase of Rrms value from 18.65 to 66.48 nm for
VCC treatment of steel. Hence, it may reduce the
cathodic delamination of the thermoset coatings due to
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