J. Serb. Chem. Soc. 67 (5)305-324(2002) UDC 621.357+620.197.5/.6
JSCS-2951 Review paper

REVIEW
The mechanism of cathodic electrodeposition of epoxy coatings
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Abstract. The model of organic film growth on a cathode during electrodeposition process
proposes the current density-time and film thickness-time relationships and enables the
evaluation of the rate contants for the electrochemical reaction of OH™ ion evolution and for
the chemical reaction of organic film deposition. The dependences of film thickness and rate
constants on the applied voltage, bath temperature and resin concentration in the electro-
deposition bath have also been obtained. The deposition parameters have a great effect on
the cathodic electrodeposition process and on the protective properties of the obtained elec-
trodeposited coatings. From the time dependences of the pore resistance, coating capaci-
tance and relative permittivity, obtained from impedance measurements, the effect of ap-
plied voltage, bath temperature and resin concentration on the protective properties of elec-
trodeposited coatings has been shown. Using electrochemical impedance spectroscopy,
thermogravimetric analysis, gravimetric liquid sorption experiments, differential scanning
calorimetry and optical miscroscopy, the corrosion stability of epoxy coatings was investi-
gated. A mechanism for the penetration of electrolyte through an organic coating has been
suggested and the shape and dimensions of the conducting macropores have been deter-
mined. It was shown that conduction through a coating depends only on the conduction
through the macropores, although the quantity of electrolyte in the micropores of the poly-
mer net is about one order of magnitude greater than that inside the conducting macropores.

Keywords: electrodepositon, cathodic electrodeposition, epoxy coatings, corrosion pro-
tection, corrosion stability.
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1. INTRODUCTION

Electrodeposition of organic coatings has gained worldwide acceptance as a coating
process for automotive, appliance and general industrial coatings which has been adopted in
technology to provide the first prime coat to a variety of products. The advantages of the
process are its automated character, high level of paint utilization, low level of pollution and
high throwing power, i.e., the ability to coat recessed areas of complex metal shapes. Cath-
odic electrodeposition has assumed major commercial significance due to the avoidance of
electrochemical dissolution of metal, the impossibility of electrochemical oxidation of the
resin at the substrate and the better corrosion protect10n Fundamental aspects of electro-
deposition process have been reported by Beck.! 0 The theory which explains organic film
formation and the mechanism of film growth has been developed through many investiga-
tions, as reported by Pierce and coworkers.” 8 The similarity of the growth kinetics of or-
ganic coatings and oxide films has been demonstrated.”!”

Organic coatings applied to metal surfaces provide corrosion protection by intro-
ducing a barrier to ionic transport and electrical conduction, where the sorption and trans-
port of ions and unchar%ed species (Water oxygen) affect the corrosion behaviour of a
polymer/metal system. The corrosion protection of metallic substrates by organic
coatings depends on many factors: (a) the quality of the coating, i.e., electrical, chemical
and mechanical properties of polymers, adhesion of the coating to the substrate, sorption
characteristics of the coating and permeability to water, oxygen and ions; (b) the type of
substrate and the surface modification; (c) metal/coating interface.

2. THE KINETICS AND MECHANISM OF THE CATHODIC ELECTRODEPOSITION PROCESS

2.1. The kinetics and mechanism of organic film growth during the cathodic
electrodeposition process

The primary process in the case of cathodic electrodeposition of a water-born or-
ganic coating on a metal electrode is hydrogen evolution by HoO discharge:

2H,0 +2¢ — Hy + 20H (1)

followed by electrocoagulation of the resin micelles at the cathode surface by neu-
tralization of positively charged groups in the resin with electrochemically gener-
ated OH~ ions. The deposition of a coating will occur when the hydroxyl ion
concentration (pH of the system) achieves a critical value:

R-NH3+ OH — R-NH, + H,0 2

Constant voltage experiments carried out at lower voltages enabled the observa-
tion of current density changes more accurately than is possible at higher Voltages
(Fig. 1) and a mathematical model of organic film growth has been proposed.’2 An in-
crease in the applied voltage decreases the time necessary to achieve the maximum
value of the current density and gives a larger value for that maximum. At voltages
higher than 150 V, a maximum was not observed.

If the film formation and the film growth kinetics are the same for the pro-
cess at both lower and higher voltages, the current density, j—time, ¢, relationship
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Fig. 1. The current density vs. time for the constant voltage electrodeposition of an epoxy coating
on steel at lower voltages (a) and higher voltages (b). (From Miskovi¢ and Maksimovié32).

(Fig. 1) can be explained by dividing the process into three steps. The first step is
given by Eq. (1) and is represented by an initial plateau of the current density-time
curve. The second step is given by Eq. (2) and is represented by a rapid decay of
the current density after the initial plateau. In the third step, the electrodeposition
process takes place mainly through the porous film, as the surface coverage ap-
proaches a value of unity. This step is represented by a maximum of the current
density-time curve followed by decrease in the current density. In the third step,
reaction (1) takes place in pores. The generated hydroxyl ions react with resin par-
ticles outside the pores where transport of resin particles from the bulk ensures a
constant resin concentration and a new layer of the polymer film forms. If both re-
actions (1) and (2) are pseudo-first order reactions, then:

A—K s B (3)
B —f2 5 film 4)

where A is water, B is hydroxyl ion, k1 and k; are the rate constants of the first and
the second step of the electrodeposition process, respectively. The usual integration
method of kinetics gives:
dc(ﬁlm) _ k1k2C0 (A)
dt k1 —ky

Since the rate of film growth is given by:

B Bi-j ©)
dt

[exp(—ka?) — exp(—ki1)] (5)
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where & is the film thickness, B is the coulombic yield and jq is the dissolution cur-
rent density, and the film thickness is proportional to the film concentration, ¢(film),
the following relation is obtained:

J = Klexp(—kat) —exp (=ki0)] +j2 + ja (7)
where K = k1kyco(A)/(k1—ky) is constant and j5 is the current density on the depos-
ited film.

At lower voltages, where a maximum of the current density-time curve was ob-
tained, if j» + jq = const., the current density in the film pores, 1, is given by:
J1 = K[exp(— kat) — exp(=k10)[>> j2 + jd ®)
For dj/d¢=0, the value of time, #,y,, corresponding to the maximum current density in
the third step of the electrodeposition process, is given by:
Lonk ©
ky—ky Ky

Im

The rate constant of chemical reaction of film deposition, k», can be evaluated from
the experimental current density-time curve for # >> 0, using the equation:

J = Kexp(-kat) +j2 + ja (10)
The rate constant of electrochemical reaction of hydroxyl ion evolution, k1, can be

evaluated from the time corresponding to the maximum of the current density-time
curve, ty, and the rate constant & using Eq. (9).

Figure 2 illustrates the agreement between the experimental results and Eq. (7)
obtained from the proposed model.>? The relatively small descrepancy between the cal-
culated and the measured values for low 7 can be attributed to overlapping between the
second and the third steps of the electrodeposition process, i.e., to the impossibility of
exact determination of the time when the third step started.

Substituting Eq. (7) in Eq. (6) and integrating, the following film thickness-time
relationship was obtained:

6_80+Bl{1—ex]f(—kzt)_l—ex]f(—kﬂ)}rﬁjzt a1
2 1

where 0 is the final film thickness and J, is the film thickness formed in the second
step of the deposition process. The film thickness is plotted versus time for different
applied voltages in Fig. 3. The data show that the film grows rapidly at first and then
the growth slows but a limiting film thickness was not achieved. For #>> 0, the film
thickness increases linearly with time, as Eq. (11) shows:

6—60+[3K(k1—k1J+Bj2t (12)
2 1

Hence, the presented model of organic film growth32 proposes a current den-
sity-time relationship (Eq. 7) and a film thickness-time relationship (Eq. 11) and en-
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Fig. 2. The current density vs. time for
the constant voltage electrodepositi-
on of'an epoxy coating on steel at 75 V
and 250 V: full line — experimental;
dashed line — calculated. (From Mi-
$kovié and Maksimovi¢32).

Fig. 3. Increase in the film thickness
with time for the constant voltage ele-
ctrodeposition of an epoxy coating on
steel at 100 V and 200 V. (From Mi-
$kovi¢ and Maksimovié32).

ables the evaluation of the rate constants for the electrochemical reaction of OH™ ions
evolution, k1, and chemical reaction of film deposition, k>, which was an unknown pro-
cedure in the literature before. The model shows good agreement with experimental re-

sults and explains the organic film growth more accurately than the model of Piers,

7

which proposed that a limiting film thickness was achieved. From the dependence of
film thickness on the square root of the deposition time>? (Fig. 4) it can be seen that a
linear region which corresponds to the model of Piers exists only at the begining of the
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deposition, i.e., for 12<10 s'2. On the other hand, the model proposed by Miskovi¢
and Maksimovi¢32 is valid over the whole time period, i.e., for both the initial linear re-
gion and the subsequent parabolic region. It can be concluded that the proposed model
of organic film growth on a cathode corresponds in a large extent to the real cathodic
electrodeposition process of an epoxy coating.

2.2. The effect of deposition parameters on the cathodic electrodeposition process

The experimentally obtained dependences of the film thickness, as well as the
rate constants k1 and k> on the deposition parameters (applied voltage, resin concentra-
tion in the electrodeposition bath and bath temperature)>#37 can be explained by the
proposed model®? for organic film deposition.

The effect of applied voltage

It was shown>* that the film thickness increases linearly with applied voltage and
that the final film thickness depends on the quantity of electricity in the first step of the
deposition process, Q (electrochemical reaction of OH ™ ions evolution). From the pro-
posed model, the following relationship between film thickness and applied voltage
was obtained:3*

6= (Bax +p +qn) + pbU (13)
where p = BK(1/ky — 1/k1), g = Bj2, ap and b; are constants. This relationship corre-
sponds to the experimentally obtained linear dependence between film thickness
and applied voltage.

The rate constant of the film deposition reaction, k>, does not depend on the ap-

plied voltage, while the rate constant of the reaction of OH™ ion evolution, k1, increases
exponentially with the applied voltage:3*

ki = Ay exp (B1U) (14)
where A and B are constants. The unusually high value for the slope of the curve
In k1—U of 18 V can be explained by the fact that the hydrogen evolved on the cath-

ode partially blocks the pores of the deposited film, causing the slow diffusion of the
hydroxyl ions and a high ohmic overpotential throughout the pores.
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The effect of the resin concentration in the electrodeposition bath

It was found3>-3° that the film thickness increases linearly with the resin concen-
tration. From the proposed model, 32 the followi%g relationship between the film thick-
ness and the resin concentration was obtained:3

15
8:80+Bk1kZCO(A) L_L +Bj2t (15)
ky—ky \(ky Ky
ie.,
8=298¢+ P co(A) + Bjot (16)

The results>> show that the quantity of electricity applied in the first step of the depo-
sition process, O, the quantity of electricity required to achieve the critical pH for film depo-
sition, O, and the thickness of the film formed in the second step of the deposition process,
o, are independent of the resin concentration. Hence, Eq. (16) may be rewritten as:

5= G+ it (17)

where G = §, + Bco(A) is constant, which corresponds to the experimentally ob-
tained linear dependence with an intercept on the ordinate axis. Thus, the thickness
ofthe film formed at a fixed deposition voltage increases linearly with the resin con-
centration and depends only on the current density on the deposited film, /5.

The rate constant of the film deposition reaction, k», increases linearly with the
resin concentration,3> confirming that the deposition of an organic film is a pseudo-first
order reaction, as was proposed in the model (Eq. 4).

The effect of the bath temperature

The effect of the bath temperature on the rate constants and the final film thick-
ness has been investigated by the constant voltage method. It was found that the film
thickness initially decreases with temperature (at lower temperatures), achieves a mini-
mum value depending on the applied voltage and finally increases (at higher tempera-
tures) and that the final film thickness depends on the quantity of electricity applied in
the first step of the deposition process, 0.3’

The rate constants of the electrochemical reaction of OH™ ion evolution, k1, and
of'the chemical reaction of film deposition, k>, increase exponentially with temperature
and Arrhenius activation energies were evaluated.3” The activation energy of the elec-
trochemical reaction (I step) is about four times higher, 567 kJ/mol, than the activation
energy of the chemical reaction (Il step), 146 kJ/mol. The unusually high value for the
activation energy of the electrochemical reaction can be explained by electroosmosis.
Namely, the high energy necessary for water molecules to be squeezed out of the film
by electroosmosis depends on the chemical structure of the deposited film, i.e., on the
hydrogen bonds between the polymer chains and between water molecules and the
polymer chains, on the one hand, and ion-dipole interactions between water molecules
and the ends of the emulsion micelles, on the other.
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3. THE EFFECT OF THE DEPOSITION PARAMETERS ON THE PROTECTIVE PROPERTIES
OF ELECTRODEPOSITED EPOXY COATINGS

Electrochemical impedance spectroscopy (EIS) measurements carried out on ep-
oxy coatings electrodeposited on steel at different values of applied voltage, resin con-
centration in the electrodeposition bath and bath temperature were used to investigate
the effect of deposition parameters on the protective properties of epoxy coating and to
determine the deposition parameters resulting in epoxy coatings with the best corrosion
stability. 3843

The effect of applied voltage

Epoxy coatings electrodeposited at higher voltages (200 V and higher) have
larger values of pore resistance, Ry, and smaller values of coating capacitance, C¢ and
relative permittivity, €, than coatings formed at lower voltages. Changes in the pore re-
sistance, coating capacitance and relative permittivity over time are less explicit for the
coatings electrodeposited at higher voltages, which indicates better protective pro-

time/days
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Migkovi¢-Stankovi¢3®).
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perties and greater stability.38° This behaviour can be explained by the fact that the film
thickness increases with applied voltage and that the film thickness determines the corro-
sion behaviour.3® The pore resistance, Ry, increases rapidly with applied voltage up to 200
V and then slowly at higher voltages (Fig. 5), so the increase in deposition voltage above
200 V does not significantly affect the protective properties of the epoxy coating.>®

The effect of the resin concentration in the electrodeposition bath

Epoxy coatings electrodeposited at higher resin concentration (20 wt.% and
higher) have larger values of pore resistance, R}, and smaller values of coating capaci-
tance, C; and relative permittivity, €. than coatings formed at lower concentraton.
Changes in the pore resistance, coating capacitance and relative permittivity over time
are less explicit for the coatings electrodeposited at higher resin concentrations, which
suggests better protective properties and longer maintenance of the protective proper-
ties. 043 This behaviour can be explained by the fact that the film thickness increases
with resin concentration and that the film thickness determines the corrosion stability.*
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The pore resistance, Ry, increases rapidly with resin concentration up to 15 wt.% and
then slowly at higher resin concentrations (Fig. 6). This means that the protective prop-
erties of coatings formed at resin concentration higher than 15 wt.% do not increase sig-
nificantly but, on the other hand, the rupture voltage as an undesirable effect appears at
lower voltages as the resin concentration increases. Hence, the resin concentratlon in
the electrodeposition bath for epoxy coatings should be about 15 wt. %.*

The effect of the bath temperature

Epoxy coatings electrodeposited at higher bath temperatures (27 °C and higher)
have larger values of pore resistance, R, and smaller values of coating capacitance, Cg,
and relative permittivity, &, than coatmgs formed at lower temperatures. 40,41 Changes
in the pore resistance, coating capacitance and relative permittivity over time are less
explicit for the coatings electrodeposited at higher temperatures, which indicates better
protective properties and longer maintenance of the protective properties. This behav-
10ur can be explained by the fact that the film thickness determines the corrosion behav-
iour*® and that the film thickness increases at higher bath temperatures from a mini-
mum value. The pore resistance, Ry, (Fig. 7) first decreases with temperature (at lower
temperatures), achieves a minirnurn value at the same temperature at which film thick-
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L 444 4 4 .y ., vs bath temperature after different ex-

19 21 23 25 27 29 31 posure times to 3 % NaCl. (From Mi-
TFPC  ¥kovié-Stankovié and Drazi¢*h).
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ness attains a minimum value and then increases (at higher temperatures). On the other
hand, the increase in bath temperature above 27 °C does not affect significantly the pro-
tective properties of the epoxy coatings but could change the stability of the electro-
deposition bath.*!

4. THE MECHANISM OF CORROSION PROTECTION BY ELECTRODEPOSITED EPOXY
COATINGS
From the impedance plots in the complex plane, using the equivalent electrical
circuit for polymer-coated metal (Fig. 8, where R, is the resistance of electrolyte and Z¢
is the impedance related to the Faradaic reaction at the metal/solution interface) and the
fitting procedure elaborated by Boukamp,44 the time deg)endences of the pore resis-
tance, Ry, and coating capacitance, Cc, were obtained*>#® (Figs. 9 and 10)

The relative permittivity, €, of the epoxy coating was calculated**® from the
film thickness, 9, and the coating capacitance, C, using equation:
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g = — 1
o (18)

where £, = 8.85x10~12 F m1, the permittivity of the vacuum. The time dependence of
the relative permittivity of an epoxy coating is presented in Fig. 11. Three time domains
may be distinguished in Figs. 9-11, indicating different steps of electrolyte penetration
through the coating. The initial decrease in pore resistance (Fig. 9), which coincides
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with the initial increase in the coating capacitance (Fig. 10) and relative permittivity
(Fig. 11), denotes the entry of electrolyte into the coating.2426.47:48 In the second do-
main, the coating is already saturated with electrolyte and the values of the coating
capacitance and relative permittivity are constant over a longer time period, coin-
ciding with plateau in the log Ry, — ¢ plot. Finally, there is a rapid change in C¢ and &
over the third time domain where an increase in the coating capacitance and relative
permittivity after a longer period means the beginning of detachment of the coating
from the substrate due to loss of adhesion and the start of underfilm corrosion reac-
tions. This period corresponds to final drop of the pore resistance.
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Themogravimetric analysis (TGA) of epoxy coatings exposed to 3% NaCl for
various times enabled the integral quantity of electrolyte inside the coating to be deter-
mined.*® From TG curves in the temperature range of 20 °C to 120 °C (Fig. 12, where w
is the actual mass of coating, w, is the initial mass of coating and wris the mass of coat-
ing residue at 600 °C) and from the mass loss of samples in the low temperature region,
the amount of electrolyte that penetrated into the coating during the corrosion process
can be calculated. The content of electrolyte inside the coating with time (Fig. 13)
shows an initial increase during the first few days, followed by a plateau with a very
slow increase and finally a sharp rise after longer immersion time. These results are in
good agreement with changes in the pore resistance (Fig. 9), coating capacitance (Fig.
10) and relative permittivity (Fig. 11) with time.
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Gravimetric liquid sorption experiments were conducted*+%¢ to investigate the
mechanism of electrolyte penetration through an epoxy coating and to explain the three
time domains observed for the time dependencies of pore resistance, coating capaci-
tance, relative permittivity and electrolyte content inside the coating, since it is known
that the first domain depends on the sorption characteristics of the coating. Initially, dis-
tilled water was used as the corrosive agent. The gravimetric sorption liquid data are re-
ported as a plot of the amount of water absorbed at time #, 1, against #/2 (Fig. 14a, sorp-
tion curve). The water uptake is linear with 12 until a steady-state is reached. The ob-
served initial linear behaviour suggests that the sorption is controled by Fickian diffu-
sion. Assuming Fickian behaviour with a constant diffusion coefficient D, the sorption
data should obey the equation:>°
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1 [ Den+1)?n? | (19)
2 &XP|~ 2 !
Mo, n2 120 n+l) 8

where m,, is the amount of absorbed water at equilibrium and 6 is the film thickness.
By series expansion of Eq. (19) for small values of ¢, one obtains:
m _4D" i (20)
Moy on V2

Using Eq. (20), the ratio m/m., was plotted against ¢1/2/5 (Fig. 14b, reduced sorp-
tion curve) and from the initial slope of the linear region, the diffusion coefficient
for water across a nonpigmented epoxy coating was calculated®> to be 3.16x10-11
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Fig. 14. A plot of the amount of ab-
sorbed water at time #, m, against the
square root of time (a) and the re-
| | | | duced sorption curve (b), at 25 °C for
0.2 0.3 0.4 0.5 an epoxy coating during exposure to
1278 (hl 2 0 m'l) distilled H,O. (From Miskovi¢-Stan-

kovié et al.®).
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cm? s~1. The diffusion coefficient of CI~ ions across an epoxy coating has been re-
ported>! as 4.7x10712 cm? s71, i.e., one order of magnitude smaller then the diffu-
sion coefficient of water. This suggests that the first step in electrolyte penetration
through the coating is related to water uptake in the micropores of the polymer net,
which occurs according to Fick’s law.#>

In order to confirm this assumption, gravimetric liquid sorption experiments in
the different corrosive agents (3 % NaCl, 3 % NaySOy4, 3 % sodium salt of 2-na-
phthol-3,6-disulfonic acid) were performed.*>*6->2 From obtained sorption curves it
can be observed that the time required to saturate the coating with different electrolytes
was the same as for saturation with pure water, i.e., independent of the type and dimen-
sions of the ions in the electrolyte (CI~, SO 421_ , C10H130H(SO3) %_ ). From the reduced

sorption curves at different temperatures, the values of the diffusion coefficient for wa-
ter, D(H»0), and the activation energy of water diffusion through the epoxy coating, £,,
during exposure to different corrosive agents were determined (Table I).#+%

TABLE I. The values of the diffusion coefficient for water, D(H,0), at 25 °C and the activation energy
of water diffusion across an epoxy coating, £,, in different corrosive agents

Electrolyte H0 3 9% NaCl 3 % NaSO4 3 % Na salt of 2-naphthol-3,6-disulfonic acid

D(H,0)x1011/cm2 s 3.16 2.83 3.85 3.85
E,/kJ mol-! 14.3 12.0 12.5 13.7
03— 03—
——%Irun
—————— run
sl 2l 3% Na,SO,
~ 0.1} 0.1+
)
ICD 0} - or i
= | T T T . A N B R
- 280 300 320 340 360 380 400 280 300 320 340 360 380 400
= 03 0.3-
{\ —1 run
II run
= 02 0.2
= 3% Na salt
2-naphthol-3,6-disulphonic acid
0.1 0.1}
) 3% NaCl
. — I run
{ il
| ! | !

I 1 | L I 1 | ] _
280 300 320 340 360 380 400 280 300 320 340 380 380 400
T(K)

Fig. 15. DSC thermograms for an epoxy coating electrodeposited on steel after 7 days of exposure
to various corrosive agents. (From Miskovi¢-Stankovi¢ ef al.*).



ELECTRODEPOSITION OF EPOXY COATINGS 319

The very similar values of the diffusion coefficient for water and for the activa-
tion energy of water diffusion through the epoxy coating obtained with different corro-
sivea firm th d model of electrol ion,*>46:52 in which th

gents, confirm the proposed model of electrolyte penetration, In which the
first step is related to water uptake when molecules of pure water diffuse into the
micropores of the polymer net according to Fick’s law and is independent of the type
and dimensions of the ions present in the electrolyte.

Differential scanning calorimetry (DSC) was used to measure the enthalpy of va-
porization of the volatile electrolyte as a function of increasing temperature (between 18
°Cand 110 "C).45’46 From the DSC thermograms obtained for the epoxy coating after ex-
posure to the various corrosive agents (Fig. 15), the enthalpies of vaporization of different
volatile electrolytes were calculated from the area under the endothermic trace (Table II).
From the obtained values of enthalpy of vaporization, the quantity of water inside the
coating was calculated for the different corrosive agents (Table II), knowing the average
value of the enthalpy of vaporization of pure water between 20 °C and 110 °C.

TABLE II. The values of the enthalpy of vaporization, Ay,,/{ and the water content inside a coating
during exposure to different corrosive agents

Electrolyte AvapHl) g1 Water content/wt.%
H,O 18.8 0.80
3 % NaCl 233 1.0
3 % NapSOy4 24.7 1.1
3 % Na salt of 2-naphthol-3,6-disulfonic acid 21.8 0.93

The similarity of the values of enthalpy of vaporization of the different volatile
electrolytes and of the quantity of water inside the coating provides additional confir-
mation for the first step of the proposed mechanism of electrolyte penetration through
an epoxy coating.

The second step of electrolyte penetration, which corresponds to the plateau in
the log Ry, — (Fig. 9), log C — ¢ (Fig. 10), log &, —# (Fig. 11) and electrolyte content — ¢
(Fig. 13) plots, is related to the penetration of water and ions through the macropores
which, with time, become deeper and finally penetrate the coating.45>46’49 The num-
ber,dimensions and shape of the macropores through the coating were determined by
optical microscopy examination coupled with an image analysis of different coating
layers in respect to its depth*®>2 (Fig. 16a). Optical microscopy examination coupled
with image analysis enabled the statistical analysis of the micrograph in terms of
macropore number, N, pore size distribution, mean pore diameter, 7, mean pore area,
Ay and mean percentage values of the surface covered by pores (Table III).

These data suggest that the mean pore area of the deeper-lying layers is smaller
than that of the upper layers inside the coating and that a mean pore should have the
shape and dimensions as presented in Fig. 16b. The larger mean pore area at the metal
surface with respect to the mean pore area through the last layer indicates the spread of
electrolyte under the coating, which causes detachment (delamination) of the coating
and corrosion of the metal surface. This is in good agreement with the final rise of the



320 MISKOVIC-STANKOVIC

COATING

; e

™~
)11}
v \ Fig. 16. A schematic presentation
v N of the different layers of a coating
vi (a) and a model of the conducting
-1 [ % macropores through a coating as a

5 5 5 Sum

7

consequence of electrolyte pene-

J'[ration (b). (From Miskovi¢-Stan-
kovié et al *%).

a) b)
\M'F.TAI,/

electrolyte content inside the coating (Fig. 13) obtained by TGA and the increase in C¢
(Fig. 10) and ¢, (Fig. 11) after the plateau, obtained by impedance measurements.

TABLE III. The pore number, N, mean pore area, 4, mean pore radius, r, and mean percentage of sur-
face covered by pores for each level and its thickness, &

Layer &/um N Ayp/um2 % of surface covered by pores  r,/um

I 30 94 165 6.65 7.2

I 25 34 109 1.61 59

111 20 33 104 1.49 5.8

v 15 30 65 0.85 4.5

\Y 10 11 53 0.25 4.1

VI 3 10 30 0.13 3.1
Pores through the last layer 4 29 0.05 3.0
Metal substrate 4 85 0.14 5.2

Using the experimental data on the dimensions and shape of the pores through the
coating and knowing the number of pores for each layer, the quantity of electrolyte in
the conducting macropores was calculated to be 8.4x10~8 g.49 On the other hand, TGA
indicated that the integral quantity of electrolyte inside the coating was 5.5x10~> g or
2.3 wt.% of the sample.49 This means that 0.1 wt.% of the electrolyte (i.e., of total 2.3
wt.%) was located in the conducting macropores and the rest of the electrolyte was situ-
ated inside the micropores of the polymer net, causing swelling of the polymer. This
also means that the quantity of electrolyte inside the micropores of the polymer net is
about one order of magnitude greater than that inside the conducting macropores. Using
the following procedure,*” it was shown that the electrolyte inside the micropores of the
polymer net does not affect the overall conduction through the coating, since it appears
that practically it depends only on conduction through the macropores. One can calcu-
late the value of pore resistance, Ry, based on non-electrochemical data, i.e., on optical
microscopy examination using the equations:

1
=Y

Ry, o

1 Q1)
R,

and
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O
- ppl (22)

1

where Ry, ; is the pore resistance of each layer through the coating (Fig. 16), p is the
resistivity of the bulk electrolyte (22.8 €2 cm for 3 % NaCl), 9; is the thickness of
each successive layer filled with electrolyte and P; is area of that layer calculated
from the equation:

P;= piN; (23)

where p; is the specific mean pore area obtained by dividing the mean pore area of
each layer, 4}, with the pore number of each layer (Table III) and N; is the number of
pores penetrating from the coating surface through the coating to the metal. The re-
sults are presented in Table I'V.

TABLE IV. Calculated values of the pore resistance based on optical microscopy examination for all
pores penetrating to defined depths

Pore penetrated through layers  §/um p/um?  N;  P/um2 R, x10%Q Ry sorax10-4/Q"

LII 5 1.75 32 562 2.0
LILII 10 3.20 1 3.2 71.3
LILIILIV 15 315 3 9.5 36.0
LILIILIV,V 20 2.16 19 41.2 11.1
LILIILIV,V,VI 27 482 1 48 128
To metal 30 3 4 12 57.0 1.53

*Calculated using all R, ; values and eq. (21).

Finally, the expected value of the macropore resistance based on optical micros-
copy examination using Eq. (21) was calculated to be 1.53x1 0* Q. Comparing this cal-
culated value with the experimental value obtained from impedance measurements af-
ter the same time of immersion, 1.78x 104 Q, it can be concluded that the conduction
through a coating depends only on the conduction through the macropores and that the
overall pore resistance represents the resistance of the macropores which penetrate
through the coating. It seems that the electrolyte located inside the micropores of a poly-
mer net does not affect the conduction through the coating although its quantity is by
one order of magnitude larger than that in the macropores. This can be explained by the
fact that the electrolyte located in the micropores of a polymer net causes swelling of the
polymer but does not affect the conduction through coating, because the polymer
chains hinder the mobility of ions and water molecules.

In the third step of electrolyte penetration, the macropores penetrate through the coat-
ing, which leads to contact between the electrolyte and the metal surface and to the
beginning of electrochemical processes at the metallic interface, as can be concluded from
the final drop in the pore resistance (Fig. 9) and the final increase in the coating capacitance
(Fig. 10), relative permittivity (Fig. 11) and electrolyte content inside the coating (Fig. 13).
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5. CONCLUSION

The proposed model of organic film growth on a cathode during the process of
electrodeposition corresponds to a great extent to the real process of cathodic electro-
deposition of an epoxy coating on steel and shows good agreement with the experimen-
tal results. The model, which proposes the current density-time and film thickness-time
relationships, enables the evaluation of the rate constants for the electrochemical reac-
tion of OH™ ion evolution and for the chemical reaction of organic film deposition. The
dependences of the film thickness and rate constants on applied voltage, bath tempera-
ture and resin concentration in the electrodeposition bath have also been obtained.

The deposition parameters have a great effect on the cathodic electrodeposition
process and the protective properties of electrodeposited coatings. Epoxy coatings
formed at higher voltages, higher bath temperatures and higher resin concentrations
have larger values of pore resistance and lower values of the capacitance and relative
permittivity of the coating. The changes of these values with exposure time are less ex-
plicit for these coatings indicating their greater corrosion stability. Increasing the ap-
plied voltage, bath temperature and resin concentration above optimal values has no ef-
fect on the protective properties of the coating.

Using EIS, TGA, gravimetric liquid sorption experiments, DSC and optical mi-
croscopy, the corrosion stability of the epoxy coatings was investigated. It is suggested
that electrolyte penetration through an organic coating occurs in two steps. The first step is
related to water uptake, when molecules of pure water diffuse into the micropores of the
polymer net according to Fick’s law and is independent of the type and dimensions of the
ions in the corrosive electrolyte. The second step is related to the penetration of water and
ions through the macropores, which leads to contact between the electrolyte and the metal
surface and the beginning of electrochemical processes at the metallic interface.

Statistical analysis of the different layers of the coating through its thickness us-
ing optical microscopy and image analysis enabled the pore number, pore size distribu-
tion, mean pore diameter, mean pore area and mean percentage of the surface covered
by pores to be determined. These results suggest the shape and dimensions of the
macropores through the coating and, knowing the number of the pores in each layer, the
quantity of electrolyte inside the macropores was calculated. It was shown that conduc-
tion through the coating depends only on conduction through the macropores, although
the quantity of electrolyte in the micropores of the polymer net is about one order of
magnitude greater than that inside the conducting macropores.

M3BOJ

MEXAHU3AM KATA®OPETCKOI TAJIOXKEBA ETIOKCUIHUX ITPEBJIAKA 1
KOPO3MOHO ITOHAIIABE JOEMJEHUX TTPEBJIAKA

BECHA b. MUIIKOBUh-CTAHKOBUR
Texnoaowrxo-meimanypuiku gpaxyaitieiti, Kapuezujesa 4, ii.iip. 3503, 11120 Beozpao

IIpernocraBibeHN MaTeMaTHIKU MOJIEJ pacTa eloKcugHe KaradopeTcke npeBlake,
KOjH 1aje 3aBUCHOCT I'yCTHHE CTPYje Of] BpeMEHa TAJIOXKeha U AeOIbIHE IPEBIaKe Off BpeMeHa
TaloXemwa, NoKa3yje fo0po crarame ca eKCIepuMEHTaTHIM pe3yITaTuMa 1 oMoryhasa ja
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ce ofipefie BPEJHOCTH KOHCTaHTE Op3UHE €IEKTPOXEMHjCKE peaklyje CTBaparma XHUIPO-
KCUJTHUX JOHA M KOHCTAaHTe Op3HMHE XeMU]jCKe peaKldje TalloXema npesnake. Ha ocHoBy Tora
Cy U3BeJIeHe 3aBUCHOCTU icOJbUHE NIPEBIaKe ¥ KOHCTAHTU Op3UHa Ipoleca KaTahopeTcKor
TalloXKewa Ofl HalloHa, TeMIlepaType U KOHIEHTpaluje NoJuMepa y pacTBOpy U MOKa3aH
yTULQ] OBUX IIapaMeTapa Ha HUX. 3allITUTHA CBOjCTBA KaTa)OPETCKUX IIPEBIAKa Y BEJIUKO]
MepHU 3aBUCE Off YCI0Ba Tanoxemwa. Ha 0CHOBY BpEMEHCKUX 3aBUCHOCTH OTIIOPHOCTU €Jle-
KTPOJIUTA y OopaMa IpeBjaKe, KalallUTUBHOCTU U PellaTUBHE NEPMUTUBHOCTH IIPEBIIAKe
oapebeHnx U3 UMIIeJaHCHUX Mepera, IOKa3aH je YTHIAj HalloHa TaloKemha, TeMIepaType u
KOHIEHTpalyje MOJIUMEPA y pacTBOPY Ha HbEHa 3alllTUTHA cBojcTBa. Ha ocHOBY pesynTaTa
NOOHjeHNX 13 CHIEKTPOCKOIHje eIEKTPOXEMUjCKe UMIIEIaHIije, TEPMOTPAaBUMETPHjCKE aHa-
nu3se, nudpepeHyjanue ckeHnpajyhe kamopuMeTpuje, COpIIMOHUX MEPEHa U ONITHYKE MU-
KPOCKOIIUje, UCIUTUBAHA je KOPO3UOHa CTaOUIHOCT NOJMMEPHUX NpEBJIaka U MpeTHocTa-
B/bEH j€ MeXaHHM3aM IIpojHpama eJeKTPONuTa Kpo3 mux. Takobe cy ofgpebenn o6muk u
AUMEH3Mje IPOBOJHUX MAaKPOIOpa U U3pavyyHart je cajpxKaj elnekrponuTa y npesiauu. IIpo-
BObemwe Kpo3 MUKPOIIOpE OJUMEPHE MPEKE j€ 3aHEMapIbUBO y OHOCY Ha IPOBOhee Kpo3
MakpoIope Hako je KOJMYMHA eNIeKTPOJIUTa Y BbHUMa 3a pej] BeanuuHe Beha y ogHOcy Ha
KOJIMYMHY €JIEKTPOJIUTA Y MaKpoIopama.

(ITpumibeno 17. janyapa 2002)
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