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In this study, the main concern is investigating the effect of talc on the protecting properties of polyurethane (PU)
coating based on acrylic polyol/hexamethylene diisocyanate. To this end, PU coatings containing different
concentrations of talc (0, 5, 10 and 15 %), were prepared and applied to the steel surface. Anticorrosion behavior
of the coatings was evaluated by electrochemical impedance spectroscopy (EIS) during 90 days of immersion in
3.5 % NaCl. The EIS data were used to simulate the anticorrosion behavior of the coatings by using equivalent
circuit models (ECMs). The obtained results showed the highly positive effect of talc and the best protective

performance was obtained at 10 % by weight of talc concentration. Moreover, different complementary tests,
including the surface study by scanning electron microscopy (SEM) and atomic force microscopy (AFM),
wettability by contact angle and the coating adhesion by pull-off test were employed to satisfy the EIS data and
further study the protecting behavior of PU coating, modified with talc particles.

1. Introduction

Organic coatings have been extensively used to protect the metal
surface against corrosion in various environments [1,2]. Polyurethane
(PU) due to its good properties such as high impact and abrasion resis-
tance, chemical resistance, flexibility at low temperature, good UV
resistance and color retention has been used in various coating appli-
cations [3-5]. Two-component systems of PU, obtained by the reaction
between hydroxyl groups (polyol) and isocyanate groups (curing agent),
are preferred because of their good flexibility in the formulation and the
possibility of customization [6,7].

To improve the physical, mechanical and anticorrosion properties of
PU coatings, researchers have studied the effect of a wide range of
pigments such as graphene [8,9], titanium dioxide [10,11], and silica
[12,13]. In view of anticorrosion property, it has been reported that
some pigments such as: micaceous iron oxide (MIO), titanium dioxide
(TiO3), mica and talc (hydrated magnesium silicate) can improve the
coating resistance by the barrier mechanism [14-16].

Talc is a natural mineral with the chemical formula Mg3Si4O10(OH)2
in a three-layer structure, composed of a hydroxide layer (MgO-H20),
placed between two silicate layers (SiO3) [17,18]. Talc is commonly
incorporated in organic coatings in order to: reduce the cost as an
extender, improve the mechanical properties such as hardness and

abrasion resistance [19,20] and create better thermal properties,
including thermal stability and flame retardancy [19,21]. Moreover, it
has been reported that talc particles, in combination with the epoxy and
sol-gel coatings [22,23], could improve the barrier property against the
corrosion process by the plate-like shape [24]. However, the effect of
talcum powder on the anticorrosion behavior of the PU coating has not
been investigated, yet.

The aim of this work is to study the effect of talc concentration on the
anticorrosion behavior of the PU coating applied to the carbon steel
surface in 3.5 % NaCl solution by electrochemical impedance spectros-
copy (EIS). The protection property was further investigated by different
complementary tests including the surface analysis methods of scanning
electron microscopy (SEM) and atomic force microscopy (AFM), the
contact angle measurement and the adhesion test of pull-off.

2. Experimental
2.1. Materials and coating preparation

Solvent based acrylic polyol as a resin with solid content with 65 %
along with 4.5 % hydroxyl functionality was purchased from Taak resin

Kaveh Co. and micro size talc pigments were procured from Hunan
chemical Co. An aliphatic polyisocyanate curing agent, hexamethylene
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diisocyanate (HDI, Desmodur N75, NCO content 16.5 % and solid con-
tent 75 %) was purchased from Bayer Co., China.

To formulate the talc/PU coatings, in the first step, different con-
centrations (0, 5, 10 and 15 % by weight, based on the total solid con-
tent) of talc were gradually mixed with 30 g resin using a laboratory
mechanical mixer for about 2 h to obtain a uniform suspension. In the
second step, the curing agent at NCO:OH molar ratio of 1.2:1 was added
to the talc/resin suspension and stirred for about 10 min. In this stage,
the curing reaction is processed by the reaction between isocyanate and
hydroxyl groups, leading to the formation of urethane group as shown in
Fig. 1.

Before applying the coatings, the steel plates (St-37, from Foolad
Mobarakeh Co.) with dimensions 2 mm x 7 cm x 7 cm, were polished
with abrasive papers from grade 120 to 1200, degreased in acetone,
rinsed with deionized water, and immediately dried with warm air. The
talc/PU coatings were applied to the steel plates by using an air spray
gun. The coated plates were left at room temperature (25 + 2 °C) for 24
h; then, post-cured in an oven at 60 °C for 24 h. The average thickness of
the dried coatings was 60 + 5 pm. The talc/PU coatings containing
different concentrations of talc are named in Table 1.

2.2. Pigment characterization

The crystalline structure of talc was investigated by X-ray diffraction
(XRD, Explorer, GNR, Italy) with Cu Ka radiation (A = 1.5406 A, 40 kv,
30 mA) over a range of 3° to 50°. The d-spacing (interlayer distance)
between the talc layers was determined using Bragg's law (A = 2d sin 6)
where A corresponds to the wavelength of the X-rays and 6 is the
diffraction angle. Fourier-transform infrared (FTIR, Thermo Nicolet,
Avatar 370, USA) was used to determine the functional groups of talc
pigment. The analysis was performed with KBr pellets in the range of
4000-400 cm ™! with a resolution of 4 cm ™.

The morphology and particle size of the talc powder were studied
using the scanning electron microscope (SEM, LEO 1450VP, Zeiss,
Germany).

2.3. Coating characterization

The electrochemical cell was made by a glassy tube, firmly attached
to the coated steel panels where the isolated surface was about 9 cm?
and the cell was filled with 65 ml of 3.5 % NacCl solution. The EIS
measurements were carried out by an Autolab potentiostat/galvanostat
302N in a glassy electrochemical cell, including three-electrode cells: a
saturated calomel electrode (SCE) and a graphite rod as a reference and
auxiliary electrodes, respectively, and the working electrode was the
steel plate surface, isolated by the glassy cell.

The EIS tests were conducted over a frequency range from 100 kHz to
10 mHz and at an amplitude perturbation of +£10 mV versus OCP until
90 days in different immersion intervals at room temperature. Before the
EIS measurement, open circuit potential (OCP) was checked to be a
constant value, indicating the steady state condition.

Measurement of contact angle was performed using a contact angle
measuring system (SCAM, Adeeco, Iran) to check the wettability of the
coatings surface. This test was carried out by dropping 5 pL of deionized
water at two random regions of the coatings surface at room
temperature.
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Table 1
The talc/PU coatings with different concentrations of talc.

Talc concentration Coating name

(% w/w)

0 PUTa0
5 PUTa5
10 PUTal0
15 PUTal5

The morphology of the coatings surface was studied using SEM and
atomic force microscope (AFM, ARA-AFM, Ara research, Iran). AFM was
done using the tapping mode with the scan rate of 1 Hz and a tip radius
of 10 nm. To measure the surface roughness, AFM images were analyzed
by the software of Imager (provided by Ara research Co., version 1.00)
on 10 pm x 10 pm imaged surface area.

The adhesion between the metal and coatings surface was measured
by an Elcometer 508 digital pull-off adhesion tester (Elcometer, UK). To
this end, a 20 mm diameter dolly was firmly glued to the coatings sur-
face using a cyanoacrylate adhesive (MC1500 commercial name) at
room temperature.

3. Results and discussion
3.1. Characterization and dispersion of talc particles

The morphology of talc particles was examined by SEM analysis and
the taken image is shown in Fig. 2. It is obvious that talc pigments have
an irregular-platy shape, as addressed by other researchers [24,25].
Dimensions of talc particles were inspected by ImagelJ software and the
statistical analysis of various SEM images showed a relatively narrow
size distribution where width and length of particles are nearly the same
(4.1 £ 0.6 pm), and the average thickness is 550 + 40 nm.

The chemical structure of talc was characterized by FTIR and the
recorded spectrum is shown in Fig. 3. The characteristic peaks at 3676
cm™! and 3423 cm™! correspond to the vibrations of Mg-OH and Si-OH

Fig. 2. SEM image of talc pigments.
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Fig. 1. A simplified reaction scheme for the formation of polyurethane.



E. Abil and R. Arefinia

<y (> sion

Si-O-Si

Transmittance (%)

Si-O-Si

Si-0-Mg

h n " " )

200 1000 1800 2600 3400 4200
Wavenumbers (cm™)

Fig. 3. FTIR spectrum of talc powder.

groups, respectively [26,27]. Both bands at 467 em ! and 1019 em ™!
reflect the stretching vibration of Si-O-Si, which confirms the existence
of a SiOy4 tetrahedral layer in the crystal structure of talc [28,29]. While
the peak at 669 cm ™! corresponds to the coupling layers band (Si-O-Mg)
[27].

Fig. 4 shows the XRD pattern of talc powder, PUTal0 and PUTal5
coatings. The presence of two main peaks at 9.48° and 28.64° are
attributed to the crystalline structure of talc (Mg3Si4O12Hz) which is in
agreement with those obtained elsewhere [30-32]. The basic structure
of talc consists of a magnesium hydroxide layer sandwiched between
two silica layers [33-35]. The sharp peak, appeared at 20 = 9.48°,
corresponds to d-spacing of about 9.32 A (determined using Bragg's law)
[36]. In the case of PUTal0 coating, this peak disappears from the XRD
pattern, indicating the good dispersion of talc particles within the
coating. However, in the case of PUTal5, a weak diffraction peak at 20
= 9.48° can be attributed to the agglomeration of talc particles, which
will be further investigated by the surface analysis methods. For both
PUTal0 and PUTal5 coatings, there is a broad peak at 20 = 19.3°, which
is ascribed to the amorphous feature of the cross-linked polymer matrix
[5].

3.2. EIS measurements

3.2.1. Corrosion performance of the coated samples

For PU coatings containing different concentrations (0, 5, 10 and 15
% by weight) of talc, EIS test was performed during 90 days of immer-
sion in 3.5 % NaCl solution at room temperature. The obtained data in
the forms of Nyquist and the Bode plots are typically shown in Fig. 5. The
shape of the Nyquist plots helps to select a suitable equivalent circuit
model (ECM) to simulate the anticorrosion behavior of the coatings.

In this regard, Fig. 5 shows two different shapes of the Nyquist dia-
grams: at early times of immersion, the Nyquist plots for PUTa5 (Fig. 5c)
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Fig. 4. XRD pattern of talc powder, PUTal0 and PUTal5 coatings.
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and PUTal0 (Fig. 5e) are as one semi-circle, indicating the intact state of
coatings; i.e., the corrosion rate at the metal surface is negligible
[1,37,38]. In this situation, the ECM with one circle (Fig. 6a) is
frequently applied to simulate the anticorrosion behavior of coatings. In
this model, Rs and Rpore are attributed to the solution and the pore
resistance, respectively. The element of CPE, denotes the constant phase
element (CPE) of a coating, frequently used to better fit the impedance
data when a deviation from the ideal capacitance behavior exists due to
the inhomogeneity or porosity [1,2]. The impedance of a CPE is defined
as:

Zewe = (Y (jo)" )" (@)

where Y is the CPE constant with a dimension of Q! s em™2, j is the
imaginary number (v/—1), w and n are the angular frequency (rad/s) and
CPE exponent (as a measure of the surface inhomogeneity or porosity
level), respectively.

The value of ideal capacitance of coating (C., measures the amount of
water uptake in the barrier coatings [39]) can be calculated using the
CPE parameters using Hsu and Mansfeld formula as following [40,41]:

1/nc

C.= (Yc/Rp01'en67]) 2
where parameters n. and Y. are the CPE exponent and constant of a
coating, respectively.

After the intact stage, appearance of the additional part at the low
frequencies (see Fig. 5) indicates that the corrosion rate is significant
because of the high diffusion rate of corrosive species such as water and
chloride ions to the metal surface. In this situation, the anticorrosion
state of coatings is commonly called as a defected state [42,43].
Considering the above concepts, Fig. 5 shows that PUTa0 and PUTal5
coatings have a defected state approximately from the initial time of
immersion, while it can be observed for PUTa5 and PUTal0 coatings
after 5 and 7 days, respectively. These evidences, qualitatively suggests
the better protection of the PU coating with 10 % talc concentration.
However, the simulation of coatings performance by using ECMs also
helps to quantitatively study the effective impedance parameters and
determine the predominant protection mechanism, during immersion
time. In addition, it is necessary to inspect the coating behavior by EIS in
long term to guarantee a reliable protection behavior.

Moreover, the straight-line shape of the second part in the Nyquist
plots advises that the corrosion process is mainly controlled by the
diffusion mechanism. This can be described by the fact that talc parti-
cles, incorporated in the coating structure, act as a barrier to the pene-
tration of corrosive ions.

In the case of a defected coating, the ECM shown in Fig. 6b, is often
used to simulate the protective behavior. In this ECM, the element of
CPEy is attributed to CPE of a double layer and hence the ideal value of
the double layer capacitance (Cq)) can be calculated by Eq. (2), at which
ng and Yy are used as the CPE exponent and constant for the double
layer, respectively. The elements Zp and R, shown in Fig. 6b, are
attributed to the diffusion phenomenon and charge transfer resistance,
respectively. However, in the present work, the corrosion process occurs
under a diffusion controlling mechanism, and hence, the value of R, is
negligible compared to the diffusion impedance. The impedance of
element Zp, considering Fick's second law of diffusion, is defined by the
following relation [44]:

B Ry tanh [(ij)o'5 ]

Zp = (ij)o.s 3
where R, corresponds to the diffusion resistance, T (sec) is the time
constant.

The EIS spectra were well fitted by using the ECMs (shown in Fig. 6)
in Zview software and the impedance parameters for both the coating
structure and double layer during 90 days of immersion were extracted
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Fig. 5. Nyquist and Bode module plots versus time for different PU coatings: (a and b) PUTa0, (c and d) PUTa5, (e and f) PUTal0, (g and h) PUTal5 in 3.5 %
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Fig. 6. ECMs used for the analysis of EIS data.
and will be discussed in the following sections.

3.2.2. Coating impedance parameters

The variations of the coating impedance parameters versus immer-
sion time at different concentrations of talc are presented in Fig. 7. It can
be seen from Fig. 7a, that the pore resistance (Rpore) for all talc con-
centrations decreases, where the rate of reduction is more significant at
the initial period of immersion. This can be related to the change in the
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Fig. 7. The time dependency of coating impedance parameters: (a) Rpore, (b) Cc
and (c) n. at different concentrations of talc in 3.5 % NaCl solution.
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anticorrosion state from an intact to a defected coating. After a specific
time of immersion, the Rpore values become approximately constant,
suggesting the steady state of corrosion.

Generally, Fig. 7a shows that the value of Ryore increases with the
sequence: PUTal0 > PUTal5 > PUTa5 > PUTa0. This trend of varia-
tions indicates the highly positive influence of talc particles on the
protection strength of PU coating against the corrosion process, as re-
ported previously for other coatings [22,23]. Improvement of the
coating resistance in the presence of talc particles can be explained by
the platy shape of talc particles (Fig. 2), which improves the barrier
properties of PU coatings. Indeed, talc platelets act as a physical barrier
to the diffusion of water and chloride ions, forcing them to travel
through a winding path in the coating thickness to reach the metal
surface [45,46]. However, the highest value of coating resistance (about
10'°Q.cm?) is obtained by incorporating 10 % by weight of talc con-
centration. When talc concentration increases from 10 to 15 %, the value
of Rpore decreases, likely due to agglomeration of talc particles, as noted
by XRD pattern (Fig. 4). This facilitates the diffusion of electrolyte
species towards the metal surface [19].

Fig. 7b shows the time dependency of coating capacity, C., at
different talc concentrations. For all coatings, the value of C. increases
with time, due to the enhancement of water content within the coating
structure over the immersion time. This phenomenon has been well
addressed by the penetration phenomenon of water molecules through
the micropores of a coating, causing the increase of C. value due to the
high value of dielectric constant for water (¢ = 80) [2,22]. This trend of
variation for C. is in good agreement with that observed for Rpore
(Fig. 7a), i.e., the reduction of coating resistance facilitates the diffusion
of water molecules and hence the C, value increases.

Moreover, Fig. 7b shows that for all times, C. values has a direct
dependency with talc concentration, which is different from that ob-
tained by Rpore for when talc concentration increases from 0 to 10 %. In
other words, for a coating with the conventional barrier mechanism, it is
expected the decrease of C. of with the increase of Rjore due to the lower
penetration of water in the coating structure. This contradiction can be
explained by the fact that from one hand, C. value is directly propor-
tional to the dielectric constant (¢); on the other hand, the value of ¢ for
talc (=9.4) is greater than that for a neat PU coating (~5.8) [47,48].
Thus, the increase of C. with talc concentration is reasonable due to the
predominant effect of dielectric constant of talc compared to penetration
of water. However, for the talc concentration >10 %, both the water
penetration and the increment of talc content cause the increase of the
coating capacitance.

Moreover, the volume fraction of water absorbed (V,,) within the
coating structure can be directly calculated with Brasher and Kingsbury
equation [49]:

_los (¢/c,)
loge,,

4

w

where Cp and C; are coating capacitance at the initial time of immersion
and the arbitrary time of t, respectively. The parameter &,, denotes the
dielectric constant of water. Fig. 8 shows variation of V;, versus talc
concentration at different immersion times.

As can be seen, for all talc concentrations, Vi, is increased with im-
mersion time. Moreover, the amount of water, absorbed within the
coating structure, increases when talc concentration increases up to 10
%; however, further addition of talc particles causes the increase of Vy,.
These behaviors can be directly related to the barrier property of PU
coatings against water penetration through the micropores, described in
term of Rpore.

The variations of n. with time for all PU coatings are presented in
Fig. 7c. Accordingly, parameter n. is decreased by increasing both the
talc concentration and the immersion time. The effect of talc concen-
tration can be attributed to its superficial heterogeneity, arisen from the
rigid structure and the chemical composition of talc [25,34]. While the
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effect of immersion time can be related to the increase of coating
porosity as discussed before in the case of Rore parameter.

3.2.3. Corrosion impedance parameters
The time dependency of the corrosion impedance parameters for PU
coatings with different concentrations of talc powder is shown in Fig. 9.
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Fig. 9. The time dependency of double layer parameters: (a) Ry, (b) Cqy, (¢) ng
at different concentrations of talc in 3.5 % NaCl solution.
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After an initial period of immersion, diffusion resistance (Ry,) for all
coatings (except PUTal0) is intensively decreased and then has no sig-
nificant change up to the end of immersion. It can be found that the final
value of Ry, is proportional to the initial period of immersion; i.e., the
greater initial period of immersion, the higher final value of Ryy.

Considering the final values of Ry, the effect of talc concentration is
in the following order: PUTal0 > PUTal5 > PUTa5 > PUTaO0, which is
in keeping with that obtained for Rpore (Fig. 7) and reported previously
[1]. It can be assumed that the blending of rigid talc particles with soft
PU binder provides a physical barrier within the diffusion pathway of
corrosive species (water and chloride ions) towards the metal surface
[23]. In the case of PUTal0 coating, the highest value of Ry, (in order of
10'° Q.cm?) is obtained and remains approximately constant during
immersion time, confirming the best performance of PU coating at 10 %
talc concentration.

Fig. 9b shows that for all PU coatings, the value of Cq is continuously
increased with immersion time which is probably arisen from the in-
crease of water molecules in the metal/coating interface [50-52], due to
the reduction of diffusion resistance of coatings, Ry, (Fig. 9a). In this
regard, the electrolyte penetration causes the formation of a double
layer in the disbonded area of metal/coating interface and hence the
corrosion process is developed [53]. It can be suggested that Cq is a
measure of both the underlaying area at which the coatings are damaged
and the amounts of water molecules penetrated in the double layer [50].
Moreover, Fig. 9b shows that the effect of talc concentration on the Cy
value is in agreement with that obtained for Ry, where PUTal0 and
PUTa0 coatings have the lowest and the highest values of Cgj,
respectively.

As shown in Fig. 9c¢, the value of ng; for all coatings decreases during
the immersion time, probably due to the accumulation of corrosion
products, causing a higher level of heterogeneity in the metal/coating
interface [2]. Moreover, the effect of talc concentration on the param-
eter ng; depends on the values of Rpore and Ry; i.e., the increase of
coating and diffusion resistance causes a reduction in the corrosion rate
and hence the value of nq increases.

3.3. Surface analysis of coatings

Before immersion, the surface of PU coatings, modified with
different talc concentrations, was studied using SEM and AFM and the
taken images are shown in Fig. 10. As can be seen from SEM images, the
surface of PUTa0 (Fig. 10a) is black and uniform, while the existence of
white regions on the other coatings corresponds to the presence of talc
particles, where these regions become larger by increasing the talc
concentration. Moreover, SEM images show that the non-homogeneity
of the coatings surface increases with talc concentration and even for
PUTal5 coating, the agglomeration of talc particles is obvious
(Fig. 10d). This can be assumed as the main reason for the significant
reduction of Rpere at 15 % talc concentration as mentioned by EIS data
(Fig. 7a).

Moreover, the surface morphology of PU coatings was inspected by
AFM and the values of average roughness (R,) are presented in Fig. 10b,
d, f, and h. Taken into account the values of R,, the increase of talc
concentration causes the higher roughness of PU coatings. This finding
along with the SEM observations explain the reduction of parameter n.
by the increase of talc concentration (Fig. 7c).

After 90 days of immersion in 3.5 % NaCl solution, the surface
analysis of PU coatings was performed by SEM and the micrographs are
shown in Fig. 11. The presence of crack at the surface of PUTa0 coating
(Fig. 11a), reflects the deterioration of this coating during 90 days im-
mersion as reported by the low value of pore resistance (Rpore). How-
ever, in the case of other coatings, blending with talc particles (Fig. 11b
up to ¢), no severe damage can be detected. This evidence confirms the
positive effect of talc particles on the protective behavior of PU coating
during 90 days immersion in 3.5 % NaCl solution. The high level of
heterogeneity at the surface of PUTal5 (Fig. 11d) is likely arisen from its
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R,=4.01 nm

Fig. 10. SEM and AFM images taken at the surface of different PU coatings: (a and b) PUTa0, (c and d) PUTa5, (e and f) PUTal0 and (g and h) PUTal5,

before immersion.

porous structure, allowing the electrolyte penetration within the coating
structure.

3.4. Surface wettabillity

The contact angle of PU coatings is measured and presented in
Fig. 12. The values of contact angle for PU coatings, modified with talc

particles, are higher than that for PUTa0 coating, indicating the normal
hydrophobicity of PU coating in the presence of talc. It is well known
that talc has the hydrophobic property (with a contact angle approxi-
mately >90° [54]) due to the tetrahedral siloxane (-Si-O-Si-) surface in
the basal cleavage face, which is analyzed by FTIR (Fig. 3) and occupies
approximately 90 % of the talc surface [55,56]. However, the edge face
of talc is hydrophilic, due to the presence of MgOH and SiOH groups
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Fig. 11. SEM images taken at the surface of different PU coatings: (a) PUTa0, (b) PUTa5, (c) PUTal0 and (d) PUTal5, after 90 days immersion in 3.5 %

NacCl solution.
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Fig. 12. Effect of talc concentration on the contact angle of PU coating.

[55,57,58] as noticed in the FTIR analysis.

The highest value of contact angle (83.8°) is obtained at 5 % talc,
while further incorporation of talc powder up to 15 % causes a decrease
in the value of contact angle. This behavior can be explained by the fact
that the increase of talc concentration is associated with two opposite
effects: from one hand, the increment of hydrophobic property due to
the intrinsic nature of talc; on the other hand, the increase of wettability
because of the increase in the surface roughness of PU coatings (as ob-
tained by AFM in Fig. 10) and well stated by Wenzel equation [59].
Therefore, it can be concluded that the later effect is dominant for PU
coatings modified with talc particles.

Considering the contact angle and EIS results, it can be assumed that
wettability has no significant effect on the corrosion protection of PU
coatings when talc concentration changes from 5 to 15 %. However, this
effect can be more pronounced for PU coating in the presence of talc
particles compared to the neat PU coating, because of the higher dif-
ference between the contact angle values.

3.5. Pull-off adhesion test

The interfacial adhesion between carbon steel and PU coating at
different concentrations of talc particles, both before and after 20 days
of immersion in 3.5 % NaCl solution, was studied using the pull-off test
and the obtained results are given in Table 2.

It is expected that the urethane bonds can enhance the coating
adhesion to the metal surface [60,61]. While, the values of adhesive
strength in the presence of talc, both before and after immersion, are
much greater than that of in the absence of talc (PUTa0). Before im-
mersion, when the talc concentration increases up to 15 %, the adhesive
strength increases continuously from 2.7 to 9.1 MPa, indicating talc
powder could improve the coating adhesion to the metal substrate as
reported elsewhere [18,62]. It was proposed that at the low concen-
trations of talc (<5 %), the increase of both coating cohesion and me-
chanical interlocking are the main reasons for the better adhesion
[62,63]. While, at the high level of talc concentrations (>5 %), the
adhesion of coating to the substrate is improved by the reduction in the
shrinkage of coating during the curing process [21,64]. Therefore, it can
be assumed that both mechanisms (at low and high concentrations of
talc) can be effective in the present work.

From Table 2, it is evident that after immersion, the highest value of
adhesive strength is obtained at 10 % concentration of talc, which is
consistent with the best anticorrosion properties of PUTalO coating.
More inspection reveals that after immersion, the trend of variations of
adhesive strength with talc concentration is inverse to that obtained for
parameter Cqj (Fig. 9b), i.e., the higher adhesive strength, the lower Cy

Table 2
Pull-off test for PU coatings at different talc concentrations before and after 20
days of exposure to 3.5 % NacCl solution.

Average value of pull-off strength ~ PUTa0 PUTa5 PUTal0 PUTal5
(MPa)
Before immersion 27+ 6.5+ 7:5 % o1+
0.3 0.2 0.4 0.3
2.0 + 3.8+ 7.3+ 6.1 +

After 20 days immersion 0.2 03 03 02
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value. This confirms that the increase of adhesion between the metal and
coating surface causes a decrease in the disbonding area of the coating/
metal interface.

4. Conclusions

In this work, the effect of talc concentration on the corrosion pro-
tection behavior of PU coating, applied to the steel surface was carefully
investigated using EIS and different complementary tests, during 90
days of immersion in 3.5 % NaCl solution. The most important results
are summarized as follows:

- The incorporation of talc particles significantly improves the pro-
tection properties of PU coating, compared to PU coating without
talc. The corrosion process was mainly controlled by a diffusion
mechanism, attributed to the barrier effect of talc particles within the
coating structure. The EIS results showed that an increase in talc
concentration from 0 to 10 % is associated with the increase of both
pore resistance (Rpore) and diffusion resistance (Ry), due to the
creating indirect pathways for the penetration of electrolyte species
within the coating structure as a result of the platy shape of talc
particles. However, further addition of talc causes a negative effect
on the barrier property of PU coatings mainly due to the agglomer-
ation process.

The contact angle measurement suggests the normal hydrophobic
property of PU coatings, modified with talc particles, compared to
the PU coating without talc. However, it can be found that the hy-
drophobicity of talc particle has a minor effect on the barrier
properties.

- The adhesion of PU coating to the metal surface significantly in-
creases by talc concentration; however, after immersion in the
electrolyte, the highest adhesive strength corresponds to the PU
coating with 10 % by weight of talc concentration. These findings are
consistent with the variations of parameter Cq;. In other words, the
disbonding phenomenon of PU coatings is directly proportional to
the adhesive strength of coatings to the metal substrate.

It can be concluded that talc particles can improve the barrier
property of PU coating through two main effects: (a) the increase of
diffusion pathways, mainly due to the platy structure of talc particles
and (b) the higher adhesion of PU coating to the metal surface and
hence the reduction of coating disbonding. Although, the hydro-
phobic property of PU coatings in the presence of talc particles have
also a minor effect on the barrier property.
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