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EIS study of organic coating on zinc surface pretreated
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Abstract

The life time of many steel structure can be remarkably improved by protecting the steel with zinc layers. However, also the zinc coating
can be involved by corrosion phenomena with the consequence that some steel surface is unprotected.

The reduction of the corrosion rate of zinc is therefore an important topic. These results can be obtained by introducing zinc alloys with
lower corrosion rate (ZnNi, ZnFe, etc.) or by protecting the zinc surface with organic or inorganic layers able to reduce the corrosion rate.
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In the past a very popular way to reduce the corrosion rate of zinc was the use of chemical conversion layers based on Cr6+, able to increas
he passivation tendency of the zinc (chromating). This procedure is quite effective also for improving the adhesion of organic
eposited on the zinc surface, but there is the important problem that the use of chromium salts is now restricted because of en
rotection legislation.
It is therefore very important to develop new zinc surface treatments environmentally friendly to improve the corrosion resistan

nd the adhesion with the final organic protective layer.
In this paper a characterisation of environmentally friendly conversion treatments based on Cr3+ for zinc surface will be reported

omparison with traditional based Cr6+ pretreatments on different zinc layers protected by organic coatings.
The samples were studied using EIS measurements, and the data analysis was mainly based on the discussion of the m

ombination (ratio, product, etc.) of different parameters of the equivalent electrical circuit model.
This approach was found more useful, in order to compare the performance of different materials, in comparison to the simple

f the numerical values of the parameters, being these values generally influenced by random defects present in the samples,
easured impedance.
The results showed that the performance (adhesion and corrosion protection) of good formulated Cr3+ based pretreatments are not

rom the results, which it is possible to obtain with industrial Cr6+ pretreatments and therefore Cr3+ conversion layers can be considered
nteresting alternative to the traditional ones.

2004 Elsevier B.V. All rights reserved.
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. Introduction

The corrosion protection of steel structure is often ob-
ained, in particular for outdoor applications, by using a du-
lex system: the combination of a zinc coating with an organic
oatings[1]. In order to reduce the corrosion rate of the zinc
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layer and increase the adhesion between the two coa
a pretreatment of the metal layer is necessary and this
treatment generally consists in a chemical conversion
[2].

A very common zinc surface pretreatment is the pas
tion in chromates bath, very efficient both in reducing
zinc corrosion rate and increasing adhesion[3].

Unfortunately the cancer-producing and toxic activity
Cr6+, important component of the pretreatment bath
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chemical conversion layer, is well known[4]. For this rea-
son it is probable that in the next future this pretreatment will
be abandoned, also under the pressure of legislative actions.

Many different pretreatments have been studied in the
last decade in order to avoid the use of Cr6+, in addition to
the typical phosphating treatment: chromium free, including
molybdates, permanganates, vanadates, and tungstates (pre-
treatments with protecting mechanism similar to Cr6+ acting
as passivating agents)[5,6], or adhesion promoters like fluo-
zirconates, fluo-titanates, organosilanes, etc.[7,8].

A further possibility is to use pretreatments based on Cr3+,
which is not considered carcinogenic[9].

Many papers are available in the literature dealing with
new pretreatments of zinc and their corrosion protection char-
acterisation[10,11]; some works are also focused on studying
the influence of the pretreatment in the complete duplex sys-
tem (zinc coating, pretreatment and organic coating)[12].

The aim of this work is the comparison of traditional and
new industrial pretreatments based on Cr6+ and Cr3+ on dif-
ferent zinc coatings and further covered by an organic water-
borne primer. The comparison is obtained mainly by electro-
chemical impedance spectroscopy measurements and a new
approach to the EIS data analysis is proposed, based on the
combination of different parameters, able to give information
on the duplex system performance.
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All the materials were further pre-treated and passivated
in two industrial baths. The first bath is a traditional chromate
treatment based on Cr6+, working at room temperature, with
0.5% of nitric acid, 0.1–0.2 g/l of Cr6+ and additives; the time
of permanence in the bath is 15 min (pretreatment symbol
CrVI).

The second passivation treatment is based on Cr3+, work-
ing temperature 50–55◦C, bath composition: 0.5% nitric
acid, 0.1% Cr3+ and additives; the time of permanence in
the bath is also 15 min (pretreatment symbol CrIII).

The samples were organic coated using an environmen-
tally friendly product: Epoxyphenolyc unpigmented water-
borne resin (Polifix®) by dipping of samples for 90 s, curing
temperature 250◦C, curing time 15 min, final dry thickness
7± 2�m.

This coating should be considered as an example of a
primer and it is a model system useful to evaluate the pre-
treatment influence on the adhesion and corrosion protection
properties of the organic coating. Actually a thicker coating
with higher barrier properties could hide the electrochemical
behaviour of the interface for a long time[14].

The samples produced in this way were characterised mi-
crostructurally and morphologically by optical and electronic
microscopy and they were analysed chemically by EDXS
measurements.
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. Materials and experimental procedure

Materials with different metallic coatings were studi
ot-dip galvanised coatings and electrodeposited coatin

The hot-dip galvanised coatings were deposited
teel sheets with the following chemical composition
.04–0.11%, Si 0.02%, P 0.07%, Fe balance (low-sil
ubstrate). It is very important to maintain low the Si
content because these elements can remarkably affe
icrostructure and the thickness of the metal layer, produ
etallic coatings with low performance[13].
The coating deposition (symbol H) was carried ou

50◦C in a bath of molten zinc containing Ni (∼0.5%), Pb
∼1%) and Bi (∼1%), immersion time about 2 min and e
raction rate about 70 cm/min. The coating thickness is a
0�m.

The electrodeposited coatings were produced on Q
f mild steel after degreasing. Two different coatings w
roduced: the first one is pure zinc (symbol Z), the sec
ne is a Zn–Fe alloy (Fe about 0.7%, symbol ZF), using

wo cyanides free baths reported inTable 1. For both material
he coating thickness is about 17�m.

able 1
omposition of the baths for the electrodeposition of zinc layers

ath Composition (g/l)

n alkaline Zn 10–20 NaOH 110–190 additives
nFe alkaline Zn 15 Fe 0,03 NaOH 130 additives
The protective properties of the system were stu
y electrochemical impedance spectroscopy measure
EIS) obtained in a 0.3% Na2SO4 solution, which is a no
ggressive environment. The EIS measurements wer

ained at the free corrosion potential using a potentiosta
RA equipment, signal amplitude 10 mV, frequency ra
00 KHz–0.001 Hz and testing area about 15 cm2. The elec

rochemical data were modelled using equivalent elec
ircuits with the software Equivcrt[15].

The adhesion measurements in dry and wet condi
ere obtained by pull-off technique (Sebastian IV ins
ent) and they are the average value of five measurem
ith the same failure mode (failure at the metal-coating

erface) and neglecting all the measurements with co
e-cohesive failure. The wet adhesion measurements a

ained after immersion of the samples in distilled water
4 h at room temperature.

. Results and discussion

.1. Pretreatments characterisation

After the pretreatment deposition, the samples have
bserved by electron microscopy; two observed examp

mperature (◦C) Current density (A/dm2) Symbol

0–35 1.5–3 Z
22 2 ZF
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Fig. 1. Surface morphology (SEM) of the CrVI pretreatment on electrodeposited zinc layer.

surface morphology are shown inFigs. 1 and 2. Fig. 1 is
the surface morphology of a sample of electrodeposited pure
zinc and is typical of this class of materials, for both the pre-
treatments CrVI and CrIII. The conversion layer is evident
and is distributed on all surfaces. Typical cracks of the chro-
mate layer are also visible.Fig. 2 instead is characteristic
of the chemical conversion layer surface obtained on hot-
dip galvanised coatings. For both pretreatments it is difficult

to see the chromate layer which is present only locally and
apparently in not continuous way. Also the EDXS analysis
showed a lower presence of Cr on hot-dip galvanised coatings
in comparison with electrodeposited coatings. It is probable
that the surface of the zinc coating obtained by hot dipping
is more oxidised and less suitable for the pretreatment depo-
sition and therefore the industrial surface preparation of the
studied hot-dip samples is insufficient.

the CrV
Fig. 2. Surface morphology (SEM) of
 I pretreatment on hot-dip galvanised layer.
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Fig. 3. Impedance evolution for the sample ZCrVI (Nyquist representation).

The electrochemical characterisation of the materials
without the waterborne coating was carried out. An exam-
ple of evolution of the impedance diagram in Nyquist form
is shown inFig. 3. The equivalent electrical circuit able to
model the impedance values is shown inFig. 4. The circuit is
based on two contributions: the impedance of the interface,
the faradic reaction (charge transfer resistanceRct) in parallel
with the double layer capacitance (Cdl), and at highest fre-
quencies a contribution associated to the chromate treatment
layer (resistance and capacitance of the chemical conversion
layerRCr andCCr). In the case of zinc dissolution, many au-
thors noted a two steps process causing two different time
constant related to the faradic reaction[16]. We have not ob-
served this phenomenon in our test solution.

The more interesting data to discuss are the resistance of
the chromate treatmentRCr (giving information on the barrier
properties of the chemical conversion layer) and the charge
transfer resistanceRct giving information on the kinetic of the
corrosive process. An example of evolution of the resistance
of the chromate treatmentRCr on hot-dip galvanised steel is
in Fig. 5. The pretreatment with Cr6+ seems to offer a higher
protection, in comparison with the pretreatment CrIII.

This fact has a strong influence on the charge transfer
resistance and therefore on the corrosion rate (Fig. 6). The

Fig. 5. Evolution of the conversion layer resistance (RCr) for the two pre-
treatments on hot-dip galvanised coatings.

Fig. 6. Evolution of the charge transfer resistance (Rct) for the two pretreat-
ments on hot-dip galvanised coatings.
Fig. 4. Equivalent electrical circuit for the pretreated samples.
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Fig. 7. Evolution of the conversion layer resistance (RCr) for the two pre-
treatments on pure zinc electrodeposited coatings.

sample H-CrVI shows higherRct values and therefore lower
corrosion rate. InFig. 6it is possible to note an increase of the
Rct values, increasing the immersion time. This phenomenon
can be due to the passivation action, in the case of CrVI, or to
the accumulation of zinc corrosion products (acting partially
as a barrier) in the pretreatments defects for CrIII.

Different is the situation in the case of electrodeposited
zinc coatings. An example of the evolution of the pretreat-
ment resistance in the case of pure zinc is shown inFig. 7,
where it is possible to note an opposite behaviour than in
Fig. 5. The material with better barrier properties is the sam-
ple pretreated with the Cr3+ system, causing also higher value
of charge transfer resistance (Fig. 8). This is a general result,
confirmed by all the measured samples, even if sometimes
the difference are not so evident as inFigs. 7 and 8. The ob-
tained differences, in our opinion, are not sufficient to prove
that the CrIII treatment is better than the CrVI (on electrode-
posited zinc) but, at least, we can affirm that the performance
are comparable.

Fig. 8. Evolution of the charge transfer resistance (Rct) for the two pretreat-
ments on pure zinc electrodeposited coatings.

The conclusions that can be obtained from this part of the
work are that in the case of hot-dip galvanised coatings, the
not perfect deposition of the chemical conversion layer, pro-
duced a pretreatment with low barrier properties, and there-
fore low corrosion protection in particular in the case of chem-
ical conversion system (like CrIII) without inhibitive action,
while in the case of CrVI there is a limited protection action
which is due to the passivating properties of Cr6+.

The situation is different in the case of electrodeposited
zinc layers (pure Zn and ZnFe alloy). The good deposition
of both the pretreatments causes, in the low aggressive envi-
ronment used, good corrosion behaviour of the CrIII system,
comparable or better than the behaviour of the materials pas-
sivated with the CrVI system.

3.2. Duplex system characterisation

Considering the unsatisfactory properties of the hot-dip
galvanised coatings after pretreatment, we will present the

r the s
Fig. 9. Impedance evolution fo
 ample ZCrVI with organic coating.
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Fig. 10. Equivalent electrical circuit for the organic coated samples.

EIS data of the organic coated samples, only for the elec-
trodeposited zinc layers.

A typical evolution of the EIS spectra for the complete
duplex system is shown inFig. 9, while in Fig. 10is shown
the equivalent electrical circuit used to analyse the EIS data
which includes, beside the previously discussed parameters,
the impedance contribution of the organic coatings (coating
capacitanceCc and coating resistanceRp).

We used a low thickness primer because the aim of the
investigation was to study the influence of the pretreatments,
and not the behaviour of the organic coating itself, and there-
fore a high impedance coating is not the best choice because
it could shield the interface contribution, causing a very long
testing time before to see any difference in the studied sam-
ples.

However, a low impedance coating with low thickness
(like the epoxyphenolic waterborne we used), has intrinsic
defects which can cause a high data dispersion when an
impedance characterisation is carried out. The dimension of
data scattering could be comparable with the variation be-
tween different samples and therefore the data analysis could
be very difficult.

In order to solve this problem a first approach could be to
increase the number of identical samples to test, in order to
have values with a high statistical reliability[17], but this way

is very time expensive. A second approach is to try to con-
sider, instead of the absolute values, the ratio or the product
of parameters. In this way it is possible to discuss parameters
which are independent on the presence of defects.

For example, it is well known that the coating resistance
Rp could be written in the following form[18]:

Rp = (ρd)/Apores (1)

whereρ is the electrolyte resistivity,d the coating thickness,
andAporesthe total area of the pores through the coating.

In the same way the equation of the double layer capaci-
tanceCdl is

Cdl = C0
dlAdelam (2)

whereC0
dl is the specific double layer capacitance (per unit

of area) andAdelamthe metal surface area in contact with the
electrolyte.

The product ofRp andCdl is

RpCdl = KAdelam/Apores (3)

which means that the productRpCdl is proportional to the
ratio between the delaminated area at the interface and the
area of defects in the coating (assuming constant, during the
testing time the solution resistivity inside the poresρ, even if
there is the pretreatment dissolution, but we suppose that the
s and
t ases
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f esion
i the
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c

d It is
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m
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using
Fig. 11. Graphical representation of the approach
mall amount of water in the pores is quickly saturated,
herefore the resistivity is constant). If the product incre
ith the immersion time, the delaminated area is increa

aster than the area of coating defects and a loss of adh
s occurring (the delamination will be proportional to
ncrease of the ratioRpCdl). Fig. 11shows graphically thi
oncept.

Figs. 12 and 13show the evolution of the productRpCdl
uring 24 h of immersion for the four studied materials.

mportant to note that the product never decreases, in a
ent with Eq.(3), which is meaningless in the case ofRpCdl
ecreasing with immersion time. Moreover, the change

heRpCdl product are very limited. The maximum incre
s about four times in the case of ZFCrVI. Applying E

combination of elements of the equivalent electrical circuit.
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Fig. 12. Evolution of the productRpCdl for the samples of ZF (ZnFe alloys electrodeposited) with organic coatings.

(1) and(2) it is possible to estimate the initial defect area in
the order of 10�m2 every square centimetre of coating, and
therefore the maximum increase of delaminated area is about
40�m2 every square centimetre. For this reason we can con-
clude that the term delamination is not very appropriate and it
is probable better to speak, in our case, about a very limited,
but measurable, loss of adhesion.

In Fig. 12it is possible to note that there is a higher loss of
adhesion in the case of ZFCrVI in comparison with ZFCrIII.
This fact, in our opinion, is due to the higher solubility of the
products containing Cr6+. In fact, only by solubilisation the
CrVI based pretreatment can act as passivating material and
therefore a certain level of solubility is necessary. On the con-
trary the CrIII chemical conversion layer can be considered
completely insoluble in water.

In Fig. 13 a comparison of the substrates (pure Zn and
ZnFe alloys) is presented, with the same pretreatment (CrIII).

The sample ZCIII appears more stable than ZFCrIII. This
fact is due to the slightly less homogenous surface of the

ZnFe alloys in comparison to pure Zn. In fact, even if the
pretreatment coverage is the same, we have found (by EDXS)
less Cr on ZF samples in comparison with Z samples and
therefore we think that the ZCrIII is probably thicker and
more uniform than ZFCrIII.

A further equation in the data analysis could be consid-
ered:

Rct = R◦
ct/Adelam (4)

where R0
ct is the specific charge transfer resistance (per unit

of area) andAdelam again the metal area in contact with the
electrolyte.

The ratio in Eq.(5) is also proportional to theAdelam/Apores
ratio, like Eq.(3).

Rp/Rct = K1Adelam/Apores (5)

There is however an important difference between Eq.(3)and
(5). It is more difficult to estimateR0

ct thanC0
dl becauseR0

ct

is less constant during immersion. ActuallyR0
ct can change

les Z a
Fig. 13. Evolution of the productRpCdl for the samp
 nd ZF with the CrIII pretreatment and organic coatings.
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Fig. 14. Evolution of the time constant of the corrosion process (RctCdl) for the ZFCrIII sample.

with time for many different reasons, for example the change
of oxygen concentration on the metal surface.

If R0
ct is constant, also the productRctCdl (the time con-

stant of the corrosion reaction) is constant (the product is
independent on the area and it is equal to ofR0

ctC
0
dl). Fig. 14

shows this product for the sample ZFCrIII. It is evident that
the product is not constant and it is increasing with time (in
the same time it was also observed a shift in the cathodic
direction of the free corrosion potential, which is probably
due to the oxygen concentration reduction close to the metal
surface). For this reason, we consider better to use Eq.(3) for
the evaluation of the interface stability.

In order to obtain information on adhesion properties,
which are independent on the impedance data, we performed
pull-off measurements in wet and dry conditions.

The results are inTable 2.
The results are consistent with the EIS characterisation.

The better adhesion values (dry and wet and for both the pre-
treatments) are obtained on pure Zn coatings, while lower
adhesion reduction, passing from dry to wet conditions, is
measured on samples pretreated with CrIII, in comparison
with CrVI. Apparently there is a lower stability of the chem-
ical conversion layers on pure zinc (higher percentage of ad-
hesion reduction passing from dry to wet), but it is only due
to the higher dry adhesion, being the wet adhesion in any case
h ZnFe
a

T
A

S f

Z
Z
Z
Z

4. Conclusions

The zinc coatings pretreated with Cr3+ shows corrosion
protection properties comparable with the same materials
passivated with Cr6+ in the case of electrodeposited zinc lay-
ers, while in the case of hot-dip galvanised coatings the pre-
treatments are very defective and the coverage is partial.

Considering the organic coated samples, when there is a
large EIS data dispersion, like in our case because of the low
thickness of the organic coating, the mathematical combina-
tion (ratio or product, see Eqs.(3) and(5)) of the parameters
of the equivalent electrical circuit can give useful results.

The pure zinc electrodeposited samples showed better ad-
hesion (both CrIII and CrVI pretreatments).

The pretreatment based on CrIII seems to have a higher
stability (less loss of adhesion) in humid environment in com-
parison with CrVI based samples.
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igher for pure zinc substrates than the wet adhesion of
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able 2
dhesion measurements (pull-off technique)

ample Dry adhesion
(kg/cm2)

Wet adhesion
(kg/cm2)

Percentage o
reduction

n/Fe-Cr(VI) 521 466 10.5
n/Fe-Cr(III) 524 494 5.7
n-Cr(VI) 734 501 31.7
n-Cr(III) 725 536 25.7
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