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Organic coatings are generally used for metal protection. The coating process involves several steps, such as
chemical pretreatment, priming and application of top coats. Electrochemical Impedance Spectroscopy (EIS) is a
valuable tool to tailor each step and/or optimise the protective performances of the complete coating system.

EIS on deformed, T-bent and damaged samples of complete systems can be used as a tool to obtain a selective
evaluation of the best chemical pretreatment/primer combinations.

Impedance data analysis and equivalent circuit modeling on undamaged and artificially damaged coatings exposed
to aggressive environments can be used to evaluate the influence of formulation parameters, as Pigment Volume
Concentration (PVC), on the protective performance and the retention of the coating adhesion, respectively.

EIS data obtained for intact coatings can be analysed to evaluate water permeability coefficients, often influenced by
the molecular weight and the chemical nature of the resins constituting the coatings.

Several case histories will be presented to gain further insight on the power of EIS for the optimisation of organic

coating systems.
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INTRODUCTION

Organic coatings are generally used for metal
protection. The coating process involves several
steps, which can be summarised as follows:

» metal cleaning

+ chemical pre-treatment
* priming

* top coat application

Electrochemical Impedance Spectroscopy (EIS)
[1, 2] is a valuable tool for the investigation of
reactions and phenomena taking place in different
materials [3-8]. It can be also applied to study “at
different level” the coating systems. For example, it
can be used to study i) the protective performances
of the complete coating system, ii) the formulation
of a coating layer or iii) the properties of the resin
constituting the coating.

In the following some case histories are
presented, to gain further insight on the power of
EIS for practical industrial applications in the
optimisation of organic coating systems.

CASE HISTORY 1: OPTIMISATION OF THE
PRETREATMENT-PRIMER COMBINATION

The first case history is about the study of the
performance of a complete coating system. Coil
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coatings are mainly used to coat metal strips which
are post-fabricated to desired products later. Coil-
coating products are generally tested in quality
control laboratories using T-bend deformations. If
the metal is pressed together, it gives a 0T bend.
1T, 2T bends, etc., can be obtained with one, two or
more thicknesses of the metal around which the
bend is made. In this way the flexibility and
adhesion performance of the coating as well as its
barrier properties are analysed when the precoated
metal is produced.

The critical area of the coil-coated products
corresponds to the top of the bends, where the
presence of induced defects is often unavoidable.
Fig. 1 reports the appearance of one bent system,
where cracks in the top coat are readily visible.

Fig. 1. Top of a bend of a coated sample
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The aim of this study was to verify the reliability
of innovative pretreatment/primer combinations for
a coil coating product.

The materials under test were five experimental
pretreatments, named from 1 to 5, in which the
reference one, 1, was a nitro-cobalt chemical
conversion, and three different primers, named A,
B and C, among which the reference one, A, was a
modified polyester-urethane resin containing non-
toxic inhibitors, which were tested in all the
possible combinations.

A three electrode electrochemical cell used for
the analysis is given in Fig. 2, where the WE had
the top of the bend in contact with the artificial sea
water used as electrolyte.

sea water

Fig. 2. Electrochemical cell for EIS measurements on
bent samples

Generally, quantitative analysis of impedance
data is carried out over a wide frequency range in
order to determine the individual components of an
equivalent electrical circuit model that represents
the system under test. The high number of
pretreatment/primer ~ combinations and  the
preliminary nature of the analysis led us to consider
an alternative way of data interpretation. Since the
total impedance of the system at the low frequency
can be considered as a rough estimation of the
system condition, only the impedance modulus at
0.1 Hz was considered, and recorded as a function
of time of exposure to the electrolyte for all the
systems. But the different amounts of cracks in the
top coat and/or in the primer, and hence the
extension of the surface exposed to the aggressive
solution at the initial time of the measurement,
could greatly influence the initial impedance
response, with impedance moduli ranging between
10° and 10® ohm cm? at 0,1 Hz.

Then, a relative variation of the impedance
modulus was calculated and a degradation factor, n,
was defined as:

_ Log|Z, |o,1H; -Log|Z, |o,1H; (1)
Log|Z, |0,1Hz

h=1

where |Zoo.11, iS the impedance at 0,1 Hz and time
0 and |Zo 1 is the impedance at 0,1 Hz and time t.
n ranges between 1, which is related to the starting
condition or no degradation, and 0, which means
total degradation of the coating.

Fig. 3 reports the general trend of n as a
function of time for some of the specimens with a
4T bend, so low deformed samples, and a 2T bend,
as an example.
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Fig. 3. Degradation factor, n, as a function of time

for primer B coupled with all the preatreatments 1, 2, 3,
4 and 5 a) 4T bend; b) 2T bend

It is worth noticing that n constantly decreases
for the low deformed samples, indicating a general
progressive deterioration of the system; this result
can be interpreted as a degradation of the top coat
or top coat/primer layers and hence a development
of more and larger pores which allow an increasing
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water penetration through the first layers of the
system. It means that the quite severe bend (4T) did
not cause an immediate and complete top coat
cracking and this prevents a clear discrimination
between the  different  pretreatment/primer
performances. On the contrary, the general defected
surface of the 2T bend specimens caused a rapid
water up-take through the top coat, allowing a
reliable investigation on the inhibitive action of the
primer or pretreatment.

The increasing values of n after an initial drop
can be readily assumed as indexes of the
primer/pretreatment inhibitive action.

Since a clear distinction between the system
performance was not possible from these
gualitative results, a quantitative attempt was made.
Then, the variation of n (4n) calculated as the
difference between the value of 7 at the time of
final measurement and the minimum value of 7,
generally obtained after an initial time of activation,
was estimated. Table. 1 reports the values obtained
for the fifteen 2T bend systems.

Table. 1. An values for the 2T bend samples

Pretreatment
Primer 1 2 3 4 5
A 0,6 007 0,11 0,07 0,11
B 0,7 009 003 0,08 0,19
C 0,43 0,04 007 003 0,20

The effectiveness of the system is related to the
value of An.the higher the value, the better the
performances. Considering that the combination 1A
is the reference one, the performances of the
different systems are evident: pretreatments 2, 3
and 4, regardless the primer, have lower inhibitive
action than the reference system, while
pretreatment 5, coupled with primer A and B,
results very promising.

So, from this experience, a fast and reliable
strategy to select an  effective  novel
pretreatment/primer combination on a real complete
coated system was found.

CASE HISTORY 2: OPTIMISATION OF THE
PVC OF THE TOPCOAT

The second case history is about the study of the
formulation of a coating layer.

Paint formulations are complex systems because
they are a mixture of a binder, solvents, fillers,
pigments and additives. An important parameter
that takes into account the balance between most of
these components is the Pigment Volume
Concentration (PVC), defined as the volume
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percentage of solid particles in the system after film
formation. Depending on this concentration, the
properties of the coatings can vary considerably [9].
For example corrosion resistance and gloss
decrease with PVC, on the other hand porosity and
blistering increase with PVC.

In this work the need of obtaining the best
compromise between protective and aesthetic
properties of a fluorinated moisture curing coating
has been the driving force behind the study of the
loading of the system.

The materials were coatings from the same
binder, with PVC equal to 0, 5, 7, 10 and 15%. The
pigment was a powder of TiO,, alumina and
amorphous silica.

A series of Q-panels coated with 40 um of the
resins was subjected to impedance analysis to
follow the water permeation process. The
importance of assessing the water uptake into
coatings has been acknowledged because water
penetration is an initial step in the degradation
process. The initial behaviour of the coatings can be
simulated as that of an ideal capacitor, so the
impedance results obtained in the frequency range
between 1 kHz and 40 kHz were analysed using an
R(RC) equivalent circuit and the capacitance was
used to evaluate the increase of capacitance of the
coating over time. In fact the large difference
between the dielectric constant of water (about 80)
and that of an organic coating (2-7) evidences if a
coated substrate absorbs water. The whole
procedure was automated to perform a large
number of measurements in the first hours of the
experiment.

The water permeabilities of top-coats with
different pigment contents are reported in Fig. 4.
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Fig. 4. Capacitance trends over time for the coatings
with PVC: 0, O0; 5, ¢; 7, O; 10, A; 15, X

The starting values of the curves, C,, are
determined by the composition of the coating and
display an increase with the coating pigment
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content. This is readily explained considering that
the dielectric constant of the fluorinated binder is at
least one order of magnitude lower than the
dielectric constant of the pigment TiO,.

A first stage of water up-take where the coating
capacitance, C,, increases is followed by a nearly
asymptotic trend, which reaches the limiting value
corresponding to the saturation of coating voids and
porosity by water (Cs). Then dielectric constants
were converted to water volume fractions through
Brasher and Kingsbury equation [10-11], and the
volume of water at saturation (V) vs the pigment
content of these coatings was evaluated.

Table 2. Volume of water at saturation as a function
of the PVC

PVC
0 5 7 10 15
VvV, 310* 1,110° 1,310° 210° 2510°

The presence of higher pigment contents in the
polymer matrix evidently emphasizes the formation
of easy pathways for water uptake and/or the
presence of voids in the coating structures where
excess water can be retained if it is available.

Regarding the aesthetic properties, the gloss, an
optical property which indicates how well a surface
reflects light in a specular direction, was evaluated
too. The maximum gloss is 100, and it decreased
with increase of PVC.
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Fig. 5. Trend of volume of water at saturation and
gloss as a funcion of PVC

Fig. 5 reports the properties of the coating
depending on the coating loading. Linear
relationships between the parameters and PVC is
found.

Also from this experience, a reliable strategy to
select the best formulation to obtain optimum
compromise between aesthetic and barrier
properties specific to our system was found.

CASE HISTORY 3: CHEMICAL STRUCTURE

The third experience refers to the study of the
properties of the coating resulting from slightly
different resins.

The polymer network of the binder greatly
influence the properties of the coatings [12].

In this work the influence of the chemical nature
of the coatings on their technological properties
was investigated.

Different polyurethane (PU) coatings were
prepared starting from —N=C=0 terminated resins
obtained by addition of perfluoropolyether (PFPE)
macrodiols of molecular weight 500 or 1000 and
cross-linked by exposure to environmental
moisture, monocomponent, MC, formulations or by
addition of stoichiometric amounts of PFPE
macrodiols, bicomponent, BC, formulations. Two
series of samples were prepared, characterised by
the presence of hexamethylene diisocyanate (HDI)
or isophorone diisocyanate (IPDI)
polyisocyanurates in the formulation. The samples
are generally named with four alphanumeric groups
separated by a dash. The first two letters stand for
the type of crosslinking: MC and BC. The first
number stands for the molecular weight of the
PFPE diol in the prepolymer: 5 = 500 or 10 = 1000.
The second group of letters stands for the nature of
the poly- isocyanurate constituting the coatings:
IPDI or HDI. The Ilast number defines the
molecular weight of the PFPE used to crosslink the
BC coatings.

DSC measurements and stress-strain
measurements were carried out on self supported
samples, while water permeability tests, through
EIS measurements, were carried out on aluminium
panels coated with 25-40 um of the fluorinated
polyurethane coatings.

Table 3 reports the technological parameters for
the different coatings.

Calorimetric measurements showed that all the
coatings are amorphous and most of them are
biphasic due to the segregation of a soft PFPE rich
phase and a hard, mainly urethane phase. When
both well-resolved glass transition temperatures are
present, the low Tg value, indicated as Tg F, and
the high Tg value, indicated as Tg H, are attributed
to the segregated PFPE moiety and to the urethane
phase, respectively.

Regarding the mechanical properties of the
coatings, they are rather diversified; in general, the
use of IPDI leads to harder and brittle materials. In
addition, the position of the thermal transition of
the rigid phase of the polyurethane markedly affects
the mechanical behaviour of the coatings.
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The higher the Tgy, higher than room T, the
harder and more brittle the coatings. Also the
electrochemical impedance measurements gave
different spectra depending on the change of the
structure of the resin (Fig. 6).

The analysis of the phase shift allows an
effective differentiation of the behaviour of the
different coatings. From an ideal capacitive
behaviour, characteristic of only one coating, BC-5-
IPDI-5, the phase shift 6 decreases at low
frequencies and a second time constant, attributed
to the electrodic process, appears. On this basis the
ranking of the tested materials was determined.
Within each series, IPDI or HDI, monophasic
structures are characterised by a fine fluorine

dispersion, which guarantees better barrier
properties; coatings having Tg higher than ambient
temperature  are  characterised by  glassy
structures which inhibit water
permeation. Comparing the IPDI and HDI series,
coatings from IPDI behave better than the
corresponding HDI compositions, probably due to
the rubbery character of the HDI coatings,
whose Tgy values are lower than those of
the IPDI coatings and lower than ambient
temperature in many cases.

From this work, a reliable strategy to evaluate
the wide diversification of structures, morphologies
and resulting barrier properties of the final coatings
was found.

Table 3. Glass transition temperatures and mechanical properties of the PFPE PU coatings

TgF TgH Tensile Strength Rupture Strain
(°C) (°0) (MPa) (%)
BC-10-IPDI-10 -51 52 28,8 25-35
BC-10-IPDI-5 -30 80 31,2 3
BC-5-1PDI-5 10 88 21,3 2
MC-10-1PDI -67 90 48,6 4
MC-5-1PDI ND ND n.a. n.a.
BC-10-HDI-10 -61 -22 n.a. n.a.
BC-10-HDI-5 -60 -7 53 80-90
BC-5-HDI-5 - -1 n.a. n.a.
MC-10-HDI -59 41 23,4 40-50
MC-5-HDI - 50 35,6 4
10 - o MC-5-HDI
+ BC-5-HDI-5
8 - A MC-10-HDI =
g ¢ ®BC-10-HDI-10| &
N 0 BC-10-HDI-5 oy
2 4 A S
S ] |
0 ; —
2 -1 0 1 2 3 4 5
Log f(Hz)
(a)
A BC-5-IPDI-5
10 9 ® MC-5-1PDI 0 "
8 +BC-10-IPDI-10| 75 1 o
a 0 BC-10-IPDI-5 8 60 - ©
= 61 © MC-10-IPDI 245 <>°°
g 41 @ 30 | e
|
2 1 15 -
0 T 1 O T T
2 -1 0 1 2 3 4 5 2 -1 1 2 3 4 5
Log f (Hz) Log f(Hz)

Fig. 6. EIS data for the IPDI and HDI coatings after 4 months of exposure to the electrolyte
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CONCLUSIONS

Electrochemical impedance spectroscopy is a
well-established technique for investigating the
properties of painted metals. Some simple strategies
to apply EIS in the industrial coating optimisation
have been shown. Even if the industrial
applications of EIS are not very common, in these
cases the integration of chemico-physical and
electrochemical  investigations  allowed the
enhancement of specific properties of the coatings.

REFERENCES

1.Impedance Spectroscopy Theory, Experiment, and
Applications, ed. E. Barsoukov, J. Ross Macdonald,
John Wiley & Sons, New Jersey, Second Edition,
2005.

2.G. Raikova, M. P. Carpanese, Z. Stoynov, D.
Vladivkova, M. Viviani, A. Barbucci, Bulg. Chem.
Commun., 41, 199 (2009).

3.lvers-Tiffée, E., Weber, A. Journal of the Ceramic
Society of Japan, 125 (4), 193 (2017).

4.Viviani, M., Canu, G., Carpanese, M.P., Barbucci, A.,

Sanson, A., Mercadelli, E., Nicolella, C., Vladikova,
D., Stoynov, Z., Chesnaud, A., Thorel, A., llhan, Z.,
Ansar, S.-A., Energy Procedia, 28, 182 (2012).

5.Vladikova, D., Stoynov, Z., Chesnaud, A., Thorel, A.,
Viviani, M., Barbucci, A., Raikova, G., Carpanese, P.,
Krapchanska, M., Mladenova, E., International
Journal of Hydrogen Energy, 39 (36), 21561 (2014).

6.Carpanese, M.P., Barbucci, A., Canu, G., Viviani, M.,
Solid State lonics, 269, 80 (2015).

7.Giuliano, A., Carpanese, M.P., Panizza, M., Cerisola,
G., Clematis, D., Barbucci, A., Electrochimica Acta,
240, 258 (2017).

8.S. Presto, A. Barbucci, M. P. Carpanese, M. Viviani,
R. Marazza, J. Appl. Electrochem., 39 2257 (2009).

9.C. Vosgien Lacombre, D. Trinh, G. Bouvet, X.
Feaugas, S. Mallarino, S. Touzain, Electrochim. Acta,
234, 7 (2017).

10.C. Vosgien Lacombre, G. Bouvet, D. Trinh, S.
Mallarino, S. Touzain , Electrochim. Acta, 231, 162
(2017).

11.A. S. Nguyen, N. Causse, M. Musiani, M. E.
Orazem, N. Pébére, B. Tribollet, V. Vivier, Prog. Org.
Coat. 112, 93 (2017).

12. Sh. Montazeri, Z. Ranjbar, S. Rastegar, Prog. Org.
Coat. 111, 248 (2017).

Crpareruu 3a ONTUMU3UPAHE HA CUCTEMU 32 OPTaHUYHO TTOKPUTHE
M. [denyuu*, A. BapOyuwu, I'. ['epucona

Kameopa "I'pasicoancko, xumuuecko u exonocuuno undicenepcmeo”, Ynusepcumem na I'enya, Bua ane Onepa nualb,
16145 I'enya, Umanus

ITocTbnuna Ha 30 ronu 2018r.; npuera Ha 7 centemBpu 2018r.
(Pe3rome)

OpraHn4HuTEe MOKPUTHS OOMKHOBEHO CE€ M3IOJI3BAT 3a 3alluTa Ha MeTan. IIponechT Ha HaHacsHE Ha
MOKPUTHE BKJIIOYBA HSKOJKO €Tara, KaTo MpeJBapuTeliHa XUuMHYecka 00padoTKa, rpyHIUpaHe U HaHACSHE
Ha TopeH cioi. Enekrpoxummunara wmmnenancHa crektpockonus (EMC) e meHeH WHCTpyMEHT 3a
npociieisBaHe Ha BCSKa CThIKA M / WIM 3a ONTUMM3MpPaHE Ha 3alIMTHUTE KayecTBa Ha CHUCTEMara 3a
HaHAaCAHC Ha IIOKPUTUA KAaTO LAJIO.

ENC Bupxy nedopmupanu, T-orsHaTv W MOBpeACHM 0Opa3lM HA 3aBBPIICHH CHCTEMH MOXE Ja ce
W3M0JI3Ba KaTO HMHCTPYMEHT 3a MNpHI0OMBAaHE Ha CEJIEKTUBHA OIEHKAa Ha Hal-IoOpUTEe XHMHUYECKH
KOMOWHAIINY 32 MTPeIBAPUTETIHO TPETUPaHe / TPYHAUPAHE.

Ananu3sT Ha UMICAAHCHUTET OaHHU Ype€3 CKBUBAJICHTHU MOJICIHU CXEMU BBPXY HCHIOBPECACHHU U
W3KYCTBEHO TOBPEACHU MOKPHUTHUS M3JIOKEHH Ha arpecMBHHU Cpeld MOXE Jla Ce M3I0JI3Ba 3a OLIEHKA Ha
BIMSHUETO Ha MapamMeTpuTe Ha (QOpMyiHpaHe, Karo oOeMHaTa KoHueHTpanus Ha nurment ([1BLI),
CBbOTBCTHO, BbPXY 3alllTUTHHUTE Ka4€CTBA U CbXPAHCHUEC HA aJIXE3UATa HAa IIOKPUTUETO.

Hannute nonyuenu ¢ nomoma Ha EWC, 3a HeHapymieHM MOKPUTHS, MOraT Aa ObJaT aHAJM3UpaHH 32
orpenesisiHe Ha KOe(pHUUMEHTUTE HAa BOAONPOIYCKIUBOCT, YECTO IMOBIUSHU OT MOJIEKYJIHOTO TErjo H
XUMHUYCCKaTa Ipupozia Ha CMOJIMTE, CbCTAaBAIIN ITOKPUTHATA.

Pasrienanu ca mocnegoBaTeNIHO HAKOJIKO CIydas, 3a Ja Ce MOJydd M0-3aAbi004eH norien Bepxy ENC
KaTo MOLIEH CIOco0 3a ONTUMHU3UPAHE Ha CUCTEMHTE 32 HAaHACSHE Ha OPraHMYHH NOKPHUTHSI.
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