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The corrosion behaviour of epoxy coatings electrodeposited on aluminium, as
well as on electrochemically and chemically modified aluminium were investigated
during exposure to 3 % NaCl. Electrochemical impedance spectroscopy (EIS) and
thermogravimetric analysis (TGA) were used for the determination of the protective
properties of epoxy coatings on aluminium, anodized aluminium, phosphatized and
chromatized-phosphatized aluminium. The protective properties of epoxy coatings on
anodized and chromatized-phosphatized aluminium are significantly improved with re-
spect to the same epoxy coatings on aluminium and phosphatized aluminium: higher
values of the pore resitance and charge-transfer resistance, lower values of the coating
capacitance, double-layer capacitance and relative permittivity (from EIS) smaller
amount of absorbed water inside the coating (From TGA). On the other hand, the lower
values of the ipdt temperature indicate a lower thermal stability of the epoxy coatings on
anodized and chromatized-phosphatized aluminium.

Keywords: electrodeposition, epoxy coatings, aluminium, anodized aluminium, pho-
sphatized and chromatized- phosphatized aluminium, corrosion, EIS.

INTRODUCTION

Aluminium and aluminium alloys have attracted considerable attention because
of their wide use in the architectural, aeronautic and car industries. However, when ex-
posed to aggressive environments, aluminium and aluminium alloys react especially
with oxygen and chloride ions to form complex interfaces. The corrosion rate of the re-
actions can be reduced if the metal is isolated from the aggressive environment by the
formation of a thick inorganic layer or by applying an organic coating.1–6
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The aim of this work was to investigate the electrochemical and thermal proper-
ties of epoxy coatings on aluminium and modified aluminium surfaces (anodized alu-
minium, phosphatized and chromatized-phosphatized aluminium) ant to explain the ef-
fects of the surface modification on the protective properties and thermal stability of ep-
oxy coatings electrodeposited on aluminium.

EXPERIMENTAL

The aluminium pretreatment and the chemical and electrochemical modification of alu-
minium are summarized in Table I.7,8

TABLE I. Aluminium pretratment and chemical and electrochemical modification of aluminium

Operation Solution �/min �/�m pH t/ºC

Degreasing

Pickling
Brightening

Rinsing

10 g dm–3 (NaOH + Na3PO4 �
10 H2O + Na2CO3)

5 % NaOH
12 % HNO3

Distilled water

3

3
0.5

– – 50

50
Room temp.

–

Chromato -
phosphating

58 g dm–3 H3PO4
7 g dm–3 CrO3
4.5 g dm–3 NaF

2 0.5–1 1.85 Room temp.

Phosphating 5 % “Alfos”
(based on

Na-phosphates)

5 0.5–1 4.7 50

Anodizing 20 % H2SO4
(j = 1.8 A dm–2)

12.5 5 Room temp.

Hot sealing H2O 6.5 – 100

The protective epoxy coatings were formed during cathodic electrodeposition of an epoxy
resin modified by amine and isocyanate, on aluminium and modified aluminium surfaces (Al 99.5),
using the constant voltage method (CATOLAC emulsion 543.052, produced by Industrie Vernici
Italiane under Pittsburg Paint and Glass (PPG) licence). The resin concentration in the elec-
trodeposition bath was 10 wt.% solid dispersion in water at pH 5.7, the temperature was 27 ºC and the
applied voltage was 250 V.9 After coating for 3 min, the coatings were rinsed with distilled water and
cured at 180 ºC for 30 min. The measured thickness of the coatings was 20 � 1 �m.

The electrochemical properties of the epoxy coatings on aluminium and modified aluminium
surfaces were determined using electrochemical impedance spectroscopy (EIS). The coated samples
were exposed to 3 % NaCl in distilled water for 100 days. A three-electrode cell arrangement was
used in the experiments. The working electrode was a coated sample situated in a special Teflon
holder. The counter electrode was a platinum mesh with a surface area considerably greater than that
of the working electrode. The reference electrode was a saturated calomel electrode (SCE). A. C. im-
pedance data ware obtained at the open-circuit potential using a PAR 273 potentiostat and PAR 5301
lock-in amplifier. The impedance measurements were carried out over a frequency range of 100 kHz
to 5 mHz using a 5 mV amplitude of sinusoidal voltage. The impedance spectra were analyzed using a
suitable fitting procedure.10

Thermogravimetric analysis (TGA) was carried out using a Perkin-Elmer TGS-2 instrument.
The experiments were performed in a dynamic nitrogen atmosphere (30 cm3 min–1) at a heating rate
of 10 ºC min–1 over the temperature range of 20–600 ºC.
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The rate of the hydrogen evolution reaction in the polymer solution on aluminium and the
modified aluminium surfaces was determined on a rotating disc electrode using slow sweep
voltammetry (rotation of 2000 rpm, sweep rate 1.0 mV s–1). The counter electrode wa a Pt spiral wire
and the reference electrode was a SCE.

The contact angle, �, between the polymer solution and the different substrates was deter-
mined by the drop test.

RESULTS AND DISCUSSION

Electrochemical properties

EIS was used for the evaluation of the electrochemical properties of epoxy coat-
ings on aluminium and modified aluminium surfaces. Fig. 1 represents the equivalent
electrical circuit model for a polymer-coated metal in corrosive environments. The
equivalent circuit consists of the electrolyte resistance, RW, the coating capacitance, Cc,
the pore resistance, Rp, the double-layer capacitance, Cd, the charge-transfer resistance,
Rct, and the Warburg impedance, Zw. Fitting of experimental data in the complex plane,
using the procedure elaborated by Boukamp,10 enabled the determination of the param-
eters in the equivalent electrical circuit from Fig. 1.

The time dependences of the pore resistance, Rp and the coating capacitance, Cc,
during exposure to a corrosive agent (3 % NaCl) are shown in Figs. 2 and 3, respec-
tively. It can be seen that the pore resistance decreases and coating capacitance in-
creases during the first few days, denoting the entry of electrolyte into the epoxy coat-
ing.11,12 This is the first step of electrolyte penetration through an organic coating and it
is related to water uptake, when molecules of pure water diffuse into the micropores of
the polymer network according to Fick’s law. After this initial period, the values of the
pore resistance and the coating capacitance reach a plateau and remain almost un-
changed over a long period of time, indicating the maintenance of good protective prop-
erties due to existence of the passive film on the aluminium surface. This is the second
step of electrolyte penetration and it refers to the penetration of water and ions through
the macropores of the coating which become deeper with time, until they finally pass
through the epoxy coating and reach the metal surface.13 This leads to the beginning of
electrochemical processes on the metallic interface and, as a consequence, to the loss of
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Fig. 1. Equivalent electrical circuit oa f poly-
mer-coated metal.



coating adhesion. The significantly higher values of Rp and lower values of Cc for the
epoxy coatings on anodized and chromatized-phosphatized aluminium with respect to
the same coatings on phosphatized aluminium and aluminium indicate the greater cor-
rosive stability.

The charge-transfer resistance, Rct and double-layer capacitance, Cd, are plotted
as a function of time (Figs. 4 and 5, respectively). Initially, for all coatings, the
cahrge-transfer resistance decreases, while the double-layer capacitance increases. Af-
ter this initial period, the values of the double-layer capacitance and the charge-transfer
resistance remain unchanged during long exposure time. This behaviour confirmed the
hypothesis of the existence of a passive film on the aluminium surface, which prevents
the corrosion process at the substrate. The lower values of Cd and higher values of Rct

874 MI[KOVI]–STANKOVI], LAZAREVI] and KA^AREVI]–POPOVI]

Fig. 2. The time dependence of the
pore resistance for epoxy coatings
electrodeposited on aluminium and
on modified aluminium surfaces,
durign exposure to 3 % NaCl.

Fig. 3. The time dependence of the
coating capacitance for epoxy coat-
ings electrodeposited on aluminium
and on modified aluminium surfaces,
during exposure to 3 % NaCl.



for the same epoxy coatings on anodized and chromatized-phosphatized aluminium
than on phospatized aluminium and aluminium also indicate that epoxy coatings on an-
odized and chromatized-phosphatized aluminium have greater corrosion stability due
to existence of the passive anodic oxide and chromato-phosphate layer.

The relative permittivity of an epoxy coating, �r, was calculated from the film
thickness, � and the coating capacitance, Cc, using the equation:

er = Ccd / �o (1)

where �o = 8.85 � 10–12 F m–1 is the permittivity of a vacuum. The time dependence
of the relative permittivities are presented in Fig. 6. The saturation values of relative
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Fig. 4. The time dependence of the
charge-transfer resistance for epoxy
coatings electrodeposited on alu-
minium and on modified aluminium
surfaces, during exposure to 3 %
NaCl.

Fig. 5. The time dependence of the
double-layer capacitance for epoxy
coatings electrodeposited on alu-
minium and on modified aluminium
surfaces, during exposure to 3 %
NaCl.



permittivity 	 10 indicate the low water content of the epoxy coating on anodized
aluminium and its lower porosity and better corrosion stability compared to the
coatings on the other substrates.

The differences in the electrochemical properties can be explained by the differ-
ent rates of hydrogen evolution during the deposition of the epoxy coating on different
substrates (Fig. 7) and different wettability.14,15 The faster H2 evolution (Fig. 7) and
lower wettability (Table II) on phosphatized aluminium and aluminium than is the case
on anodized and chromatized-phosphatized aluminium cause an accumulation of hy-
drogen on the cathode during the subsequent electrodeposition of the epoxy coating.
During the subsequent curing of the epoxy coating formation, hydrogen evolves, leav-
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Fig. 6. The time dependence of the
relative permittivity for epoxy coat-
ings electrodeposited on aluminium
and on modified aluminium surfaces,
during exposure to 3 % NaCl.

Fig. 7. Polarization curves for hydrogen evolution on aluminium and on modified aluminium sur-
faces in the polymer solution at 25 ºC; N2 saturated; 
 = 2000 rpm; � = 1.0 mV s–1.



ing more vacancies in the polymer network, which results in a more porous structure of
the epoxy coatings on phosphatized aluminium and on aluminium compared to the ep-
oxy coatings on anodized and on chromatized-phosphatized aluminium. This explains
the lower protective properties of these coatings: smaller values of Rp and Rct and
higher values of Cc, �r and Cd (From EIS).

Transport properties

The content of absorbed water inside the epoxy coating, as a measure of the corrosion
stability of a coating, was determined from TG-curves. The TG curves for the dehydration
process (Temperature range 20–200 ºC) are shown in Fig. 8. Two weight loss steps are ob-
servedwitha totalweight lossof 	1.2%which iscompletedat temperatureof 	1.2%which is
completed at temperature of 180 ºC. The first step takes place at temperature of 	 50 ºC and is
related to the lossofmoreor less freewater.There isa furthergradual slowdecrease inweight
(II step between temperatures of 50 ºC and 180 ºC) probably due to the loss of chemically
linked water. From the weight loss at temperature of 	 50 ºC, the free water content inside the
coatings was calculated to be 0.160–0.450 wt.% for the different substrates (Table II).

TABLE II. The values of the contact angle, �, between the polymer solution and the investigated sur-
faces, the water content inside the coating and the integral procedure decomposition temperature (ipdt)
for epoxy coatings electrodeposited on aluminium and modified aluminium surfaces

Substrate Aluminium Anodized
aluminium

Chromatized-phos-
phatized aluminium

Phosphatized
aluminium

j/ º 64 52 51 59

Water content/wt.% 0.348 0.160 0.237 0.450

ipdt/ºC 402.9 396.0 397.3 404.0
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Fig. 8. TG curves for the dehydratation process of the epoxy coatings electrodeposited on alu-
minium and on modified aluminium surfaces (heating rate 10 ºC min–1).



The lower values of the water content iside the epoxy coating on anodized and on
chromatized-phosphatized aluminium compared to the same epoxy coatings on phos-
phatized aluminium and on aluminium (Table II), indicate again the less porous structure
and a more stable system in a corrosive environment of the first two coating. These results
are in accordance with the results obtained from impedance measurements.

Thermal stability

The thermal stabilities of the epoxy coatings electrodeposited on aluminium and
on the odified aluminium were investigated by TGA over the temperature range of
10–600 ºC (Fig. 9). The tendency of a polymer to decompose on heating, as a measure
of the thermal stability of the polymer, is expressed by the integral procedure decompo-
sition temperature (ipdt), the temperature corresponding to a 50 % weight loss of the
specimen.16 The larger values of the ipdt temperature for the epoxy coatings on alu-
minium and on phosphatized aluminium (Table II) indicate that thermal stability of the

epoxy coatings on these surfaces is improved. This is probably due to the increase num-
ber of hydrogen bonds inside the polymer network, as a consequence of the larger
amount of hydrogen evolved on aluminium and on phosphatized aluminium compared
to the aount evolved on anodized and on chromatized-phosphatized aluminium, which
can react with the oxygen in the polymer chains.

CONCLUSIONS

Epoxy coatings were formed during the cathodic electrodeposition of an epoxy
resin on aluminium and previously modified aluminium using the constant voltage
method. From the experimental results obtained from electrochemical impedance
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Fig. 9. TG curves for the determination of the thermal stability of the epoxy coatings electrodepos-
ited on aluminium and on modified aluminium surfaces (heating rate 10 ºC min–1).



spectroscopy (pore resistance, coating capacitance, charge-transfer resistance, dou-
ble-layer capacitance, relative permittivity of the coating) and thermogravimetric anal-
ysis (water content inside the coating and thermal stability), it can be concluded that the
protective properties of the epoxy coatings on anodized and on chromatized-pho-
sphatized aluminium are significantly improved with respect to the same epoxy coat-
ings on aluminium and on phosphatized aluminium: higher values of pore resistance
and charge-transfer resistance and lower values of coating capacitance, double-layer
capacitance and relative permittivity of the coating (from EIS) and the smaller amount
of absorbed water inside the coating (from TGA). On the other hand, the thermal stabil-
ity of these coatings was somewhat lower (smaller values of the ipdt temperature). This
behavior can be explained by the lower porosity of the epoxy coatings on anodized and
on chromatized-phosphatized aluminium, resulting from the lower rate of H2 evolution
and the better wettability.

Acknowledgement: The authors would like to thank Prof. D. Dra`i}, Serbian Academy of Sci-
ences and Arts, for useful discusion.

I Z V O D

ELEKTROHEMIJSKE KARAKTERISTIKE I TERMI^KA STABILNOST

EPOKSIDNIH KATAFORETSKIH PREVLAKA NA ALUMINIJUMU I

MODIFIKOVANIM POVR[INAMA ALUMINIJUMA

VESNA B. MI[KOVI]-STANKOVI]a, ZORICA @. LAZAREVI]a i ZORICA M.

KA^AREVI]-POPOVI]b

a
Tehnolo{ko-metalur{ki fakultet, Univerzitet u Beogradu, p. pr. 3503, 11120 Beograd i

b
Institut za

nukearne nauke “Vin~a”, p. pr. 522, 11001 Beograd

Prou~avano je koroziono pona{awe epoksidnih prevlaka dobijenih katafo-

retskim talo`ewem na aluminijumu i elektrohemijski i hemijski modifikovanom

aluminijumu tokom delovawa 3 % rastvora NaCl. Za odre|ivawe za{titnih osobina

epoksidnih prevlaka na zluminijumu, anodiziranom aluminijumu, fosfatiranom i

hromatno-fosfatiranom aluminijumu kori{}ene su metode spektroskopije elektro-

hemijske impedancije i termogravimetrijske analize. Za{titne osobine epoksidnih

prevlaka na anodiziranom i hromatno-fosfatiranom aluminijumu su zna~ajno poboq-

{ane u odnosu na iste epoksidne prevlake na aluminijumu i fosfatiranom alumini-

jumu: ve}e vrednosti otpornosti u porama prevlake i otpornosti prenosa naelektri-

sawa na grani~noj povr{ini metal-elektrolit i mawe vrednosti kapacitivnost prev-

lake, kapacitivnosti elektri~nog dvojnog sloja i relativne permitivnosti prevlake

(impedansna merewa) i mawa koli~ina absorbovane vode u prevlaci (termogravime-

trijska analiza). S druge strane, mawe vrednosti ipdt temperature ukazuju na mawu ter-

mi~ku stabilnost epoksidnih prevlaka na anodiziranom i hromatno-fosfatiranom

aluminijumu.
(Primqeno 5. jula, revidirano 27. avgusta 2001)
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