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The effect of three mineral pigments (white titanium dioxide, yellow iron oxide, and iron blue) on the alkyd film
performance is studied in this paper. The protective films were realised on carbon steel substrate. The electrochemical
measurements (electrochemical impedance spectroscopy - EIS and anodic polarisation) were carried out in 3%NaCl
solution, at 250C temperature during a 1500 hours period. The interpretation of the impedance spectra established an
electrical equivalent circuit with four time constants for the tested carbon steel/alkyd film systems in electrolyte
solution, fitted to the experimental data. The water and ions permeability of the films was determined. It resulted that
for a good performance of the pigment, its fineness degree must be <0.5 µm and the adsorption capacity in 40-50%
range. The white titanium dioxide pigment presents the highest beneficial effect on the alkyd film performance.

INTRODUCTION
The metallic structures are protected by organic coatings in order to reduce their contact with the
aggressive agents. The coatings must form a barrier against water and oxygen, which can start the metal
corrosion.
The anticorrosive performance of organic films depend on a large number of different parameters as:
the kind of the substrate,1,2 the pretreatments of the metallic surface,3,4 the film composition,5,6 the deposition
and curing techniques of the film,7,8 the thickness of the dry film9 and the coating adhesion to metallic
substrate.10,11
The protective properties of the organic film can be increased by use of anticorrosive pigments.
These must be compatible with the binder of the coating. The kind,12,13 the fineness,14 the specific gravity,15,16
adsorption capacity17,18 and the dosage of the pigment19,20 are very important factors, which determine the
beneficial effect of the pigment on the anticorrosive properties of the organic coatings. In addition, the used
pigment must be according to ecological needs and design.
For an efficient and rapid assessment of the pigment performance, the electrochemical techniques are
suitable.21-23 Among these, in the last years the electrochemical impedance spectroscopy24,25 is considered to
be very important because both the dielectric properties of the organic coatings26-28 and corrosion processes
at interface metal/organic film29,30 can be investigated.
In this paper the experimental results of the electrochemical measurements (EIS and anodic
polarisation) concerning on the performance improvement of the thin alkyd films using mineral pigments
(white titanium dioxide, yellow iron oxide, and iron blue) are presented.
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EXPERIMENTAL
The protective films were realized from an alkyd resin with and without mineral pigments on carbon steel substrate. The
metallic support was previously polished and degreased. Tab. 1 presents the characteristics of the tested films and Tab. 2 those of the
tested pigments.
Table 1
The tested films
Film symbol
CL
CW
CB
CY

Pigment type
titanium dioxide
iron blue
iron oxide

Dry film thickness (µm)
20-25
30-35
30-35
30-35

Colour
colourless
white
blue
yellow

Table 2
The characteristics of the tested pigments
Pigment
titanium dioxide
iron blue
iron oxide

Fineness (µm)
0.1-0.5
0.2-0.3
1.5-2

Specific gravity (g/cm2)
4.2
1.91
4.02

Adsorption capacity (%)
30-40
30-50
10-20

Electrochemical measurements (electrochemical impedance spectroscopy - EIS and anodic polarisation) were carried out in an
aerated 3%NaCl solution at the 250C temperature during 1500 h.
EIS measurements were performed at the open circuit potential in the 10-1 – 105 Hz frequency range using a 5210 EG &
Princeton Applied Research Lock-in Amplifier connected to a 283 PAR Potentiostat. The amplitude of the sinusoidal voltage signal
was 7 and 10 mV. The experimental impedance spectra were analysed on the basis of electrical equivalent circuits using the fitting
software Equivcrt. developed by Boukamp.31
The anodic polarisation curves have been recorded for bare and painted carbon steel by stepwise polarisation (50 mV/5 min.
step) after various immersion periods. The principal electrochemical parameters (Ecorr – corrosion potential; icrt – critic corrosion
current density) were determined. The efficiency of the pigments from the dissolution current densities of the carbon steel substrate
under the alkyd film with and without pigment was determined.

RESULTS AND DISCUSSION
1. Impedance spectra
1.1. Nyquist diagrams
The impedance values decreases in time; in first 500 hours of immersion the decrease is more and then
the differences are smaller. These changes are the results of the dielectric properties variation of the alkyd
films; these variations were due to water uptake and ionic transport in organic film, which determined the
changes of the capacitive and resistive components of the impedance. Fig. 1 presents impedance spectra in
Nyquist plot form for the film without pigment and Fig. 2 for the film with titanium dioxide pigment.

Fig. 1 – Nyquist diagrams for the film without pigment after various immersion periods in 3%NaCl solution:
a) 100 h; b) 500 h; c) 1500 h
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Fig. 2 – Nyquist diagrams for the film with titanium dioxide pigment after various immersion periods in 3%NaCl solution:
a) 100 h; b) 500 h; c) 1500 h.

Comparing the impedance values of the tested films for the same exposure time, it resulted that these
are dependent on the pigment type; the lowest values are for the alkyd film with the yellow iron oxide and
the highest when a titanium dioxide pigment was used.
The Nyquist spectra present two deformed semicircles that characterise the organic film and
respectively the active metallic surface under organic film. The diameter of the semicircle for the organic
film is a qualitative measure of the corrosion resistance of the film.This semicircle is clearly visible for the
films with pigments (the diameter has the highest values for the alkyd film with titanium dioxide evidencing
the beneficial effect of this pigment); for the films without pigments the semicircle can be identified only
with the Eqiuvcrt. Programme.
1.2. Electric equivalent circuits
Analysis of the impedance spectra and their interpretation with the fitting software developed by
Boukamp established the presence of two time constants in the first 500 immersion hours. One time constant
concerning the organic layer (coating capacitance - Cc and coating resistance - Rc) describes the dielectric
and barrier properties of the organic coating; the second time constant concerning the substrate represents the
corrosion reactions (double layer capacitance - Cdl and charge transfer resistance - Rct) at the metal/organic
film interface. For longer immersion periods, after the formation of the conductive pathways in the film and
the development of the diffusion processes, are necessary another two time constants concerning these
phenomena (pore capacitance - Cpor and pore resistance - Rpor; diffusion capacitance - Cdif and diffusion
resistance – Rdif). Fig. 3 presents these electrical equivalent circuits. In order to account for the non-ideal
behaviour of systems, the capacitances shown in the electrical equivalent circuit with four time constants
were modelled by using constant phase element (Q).

(a)

(b)

Fig. 3 – Electrical equivalent circuits: a) two time constants; b) four time constants

The error magnitude between the measured and calculated data with these electric equivalent circuits is
satisfactory. Fig. 4 presents the fitting quality with four time constants for carbon steel/CL film system after
1500 hours of immersion in 3%NaCl solution.
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Fig. 4 – Fitting quality with four time constants for carbon steel/CL film system after 1500 hours of immersion
in 3%NaCl solution (relative error plots: ∆ - real relative errors; ∗ - imaginary relative errors)

The monitoring of the variations in time of the principal elements from the electric equivalent circuit
with four time constants permitted the protective properties determination of the tested films and the
electrochemical behaviour evaluation of the carbon steel/alkyd film interface.
1.3. Water and ions permeability of the films
The water and ions permeability of the alkyd films was evaluated from the coating capacitance and
resistance. The evolutions of coating capacitance and resistance as a function of the immersion time in
3%NaCl solution for tested films are presented in Fig. 5. As can be seen from this figure, in the first
immersion days the significant variations both for capacitance and resistance take place. Then the plots tend
to a constant level (saturation with the electrolyte).

Fig. 5 – Time dependence of coating capacitance and resistance in 3%NaCl solution for the tested paints: a) CB; b) CW; c) CY; d) CL.
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The water uptake was calculated from the coating capacitance with the formula of Brasher and
Kingsbury:32
φt = (logCt/C0)/log 80

(1)

where φt is the volume fraction of water in the paint films, Ct is the film capacitance at time t, C0 is the film
capacitance at time = 0 and 80 is the relative permittivity of water.
It established that the water uptake in films in two stages take place. Initially, water penetrates the film
capillaries, which can be superficial or deep until the metallic substrate. Then the water penetrates between
polymer molecules until the film saturation. Data calculated for the three types of the water (capillary water,
into polymer water and saturation water) are presented in Tab. 3.
Table 3
Water uptake in the tested films
Film

Parameter

CL
10
1.2
11.2

Capillary water (% in vol.)
Into polymer water (% in vol.)
Saturation water (% in vol.)

CW
7
0.7
7.7

CB
7.8
0.9
8.7

CY
9
1.3
10.3

The ionic transport was evaluated from the area of the conductive pathways (Acp) developed in the
tested paint films. This area was calculated with Walter’s formula:33
Acp = l/(k.Rpf).

(2)

where Acp is the area of conductive pathways, which develop in the protective film between the metallic
substrate and the bulk electrolyte, l is the average length of the pathways (≈protective film thickness), k is the
conductivity of the pathways (≈ the conductivity of the bulk solution) and Rpf is the paint film resistance. The
total areas of conductive pathways after 1500 hours of immersion (At) calculated with the equation (2) are
presented in Tab. 4.
Table 4
Ionic transport in the tested paint films
Film

Parameter
Total area of conductive pathways, At (cm2/1
cm2 coating)
Percentage of film surface corresponding At
(%)

CL

CW
-11

-12

1.8x10

7x10

1.8x10-5

7x10-6

CB

CY
-12

8.7x10

9.2x10-12

8.7x10-6

9.2x10-6

Data from the Tab. 3 and 4 emphasize that the three mineral pigments improve the barrier properties to
water penetration in following order: titanium dioxide > iron blue > yellow iron oxide, with the observation
that for the yellow iron oxide the improvement of the values is very small.
1.4. Reactions at carbon steel/alkyd film interface
The starting of the electrochemical reactions at the carbon steel/alkyd film interface is determined by
the presence of the double layer under film. Therefore, the double layer capacitance is an important
parameter, which permits the evaluation of the moist area under coating (direct proportionality relation).
The presence of the electrochemical reactions at the carbon steel/coating interface could be emphasized
using the charge transfer resistance. Amirundin and Thierry34 had shown that, this resistance is inversely
proportional to the corrosion rate and to the active area of the metal surface.
Tab. 5 presents the values of the double layer capacitance and charge transfer resistance at the end of
the experiments. Data from this table show that the CW coating presents the lowest value of the double layer
capacitance and the highest charge transfer resistance, consequently the smaller corrosion rate of the carbon
steel substrate under the film.
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Table 5
Double layer capacitance (Cdl) and charge transfer resistance (Rct) after 1500 exposure hours
Bare carbon steel

Painted carbon steel
CW
CB
Cdl (F/cm2)
2.1x10-7
2.8x10-6
2
Rct (Ω.cm )
550
425

CL

1.2x10-4

3.2x10-5

27

285

CY
1.2x10-5
310

2. Anodic polarisation curves
Fig. 6 illustrates the anodic polarization curves recorded for bare and painted carbon steel after 1000
hours of immersion in the test solution.

Fig. 6 – Anodic curves for bare ( ■ ) and coated carbon steel (○-CL; ●-CY; □-CB;
▲-CW) after 1000 hours of immersion in 3%NaCl solution.

The values of the corrosion potential and the dissolution current density depend on the immersion time
in electrolyte solution before the anodic polarisation. These values change during the total test period and
move more or less in the active direction depending to the pigment type, but the shape of the curves does not
change in time.
Tab. 6 presents the electrochemical parameters determined at the beginning and the end of the tests for
the painted carbon steel in comparison with those of the bare carbon steel. It can be seen, the presence of the
organic film slows down the carbon steel corrosion: the corrosion potential shifts in noble direction and its
anodic dissolution under the coating decreases. The carbon steel covered with CW (alkyd with titanium
dioxide pigment) and CB (alkyd with blue iron pigment) films exhibit the lowest anodic dissolution. The
yellow iron oxide has a low influence upon the anodic dissolution of carbon steel substrate in comparison
with the film without pigment.
Table 6
Electrochemical parameters of tested painted carbon steel after 24 and 1500 hours of immersion
Parameter
Ecorr
(V vs. SCE)
icrt
(A/cm2)

Time (h)
24
1500
24
1500

CL
-0.45
-0.48
2.4x10-4
1.3 x10-3

Painted carbon steel
CW
CB
-0.44
-0.43
-0.45
-0.45
6.2 x10-5
8 x10-5
2.8 x10-4
4.1 x10-4

CY
-0.44
-0.46
1.2 x10-4
9.7 x10-4

Bare carbon steel
-0.72
-0.70
7x10-2
7.5x10-2
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Efficiency (η%) of the pigments (Tab. 7) was determined from dissolution current densities:
η = [(iof – ipf)/iof]x100%

(3)

where iof is the dissolution current density of carbon steel under alkyd film without pigment (icrt for CL film)
and the ipf under film with pigment (icrt for CW, CB and respectively CY film).
It resulted that the titanium dioxide and iron blue pigments emphasize high efficiencies, which present
no change in time. The yellow iron oxide efficiency decreases in time.
Table 7
Efficiency (η%) of tested pigments
Pigment type
Titanium dioxide (white)
Iron blue (blue)
Iron oxide (yellow)

24
74
66
50

Efficiency (%) after immersion hours:
1500
78
68
25

The values concerning the size of the pigments particles, their specific gravity and their adsorption
ability opposite the alkyd binder (Tab. 2) were correlated with the corrosion behaviour of the pigmented
films. It resulted that the fineness degree of the pigment as well as adsorption capacity of the pigment
particles for the binder molecules are two very important parameters, which determine the pigment
performances. It established that for a good performance of the pigment, its fineness degree must be <0.5 µm
and the adsorption capacity in 40-50% range.
CONCLUSIONS
Electrochemical measurements (EIS and anodic stepwise polarisation) were used to investigate the
influence of three mineral pigments (white titanium dioxide, blue iron and yellow iron oxide) on the
protective properties of the alkyd films applied on the carbon steel substrate.
Analysis of impedance spectra with the fitting software Equivcrt. Programme has established that an
electrical equivalent circuit with four time constants, which describe the dielectric and barrier properties of
the coating, the interface corrosion reactions, the development of the conductive pathways in coating and the
diffusion processes, fits to experimental data.
The white titanium dioxide and blue iron pigments improve the protective performance of the alkyd
coating. The yellow iron oxide is inadequate for the use in alkyd films, because it improves insignificantly
the anticorrosive properties of this film.
The size of the pigment particles and their adsorption capacity opposite the alkyd binder determine the
anticorrosive performance of the pigment. For a good efficiency of the pigment, its fineness degree must be
<0.5 µm and the adsorption capacity in 40-50% range.
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