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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.

In the past a very popular way to reduce the corrosion rate of zinc was the use of chemical conversion layers bé&seb@tGincrease
the passivation tendency of the zinc (chromating). This procedure is quite effective also for improving the adhesion of organic coatings
deposited on the zinc surface, but there is the important problem that the use of chromium salts is now restricted because of environmental
protection legislation.

It is therefore very important to develop new zinc surface treatments environmentally friendly to improve the corrosion resistance of zinc
and the adhesion with the final organic protective layer.

In this paper a characterisation of environmentally friendly conversion treatments based* dorQinc surface will be reported in
comparison with traditional based Cipretreatments 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 mathematica
combination (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 discussion
of the numerical values of the parameters, being these values generally influenced by random defects present in the samples, affecting the
measured impedance.

The results showed that the performance (adhesion and corrosion protection) of good formutateas€u pretreatments are not far
from the results, which it is possible to obtain with industriat*Qaretreatments and therefore®Cconversion layers can be considered an
interesting alternative to the traditional ones.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction layer and increase the adhesion between the two coatings,
a pretreatment of the metal layer is necessary and this pre-
The corrosion protection of steel structure is often ob- treatment generally consists in a chemical conversion layer
tained, in particular for outdoor applications, by using a du- [2].
plex system: the combination of a zinc coatingwithanorganic A very common zinc surface pretreatment is the passiva-
coatingd1]. In order to reduce the corrosion rate of the zinc tion in chromates bath, very efficient both in reducing the
zinc corrosion rate and increasing adhegRjn
* Corresponding author. Unfortunately the cancer-producing and toxic activity of
E-mail addressdefloria@ing.unitn.it (F. Deflorian). Cr5*, important component of the pretreatment bath and
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chemical conversion layer, is well know4]. For this rea- All the materials were further pre-treated and passivated

sonitis probable that in the next future this pretreatment will in two industrial baths. The first bath is a traditional chromate

be abandoned, also under the pressure of legislative actionstreatment based on €% working at room temperature, with
Many different pretreatments have been studied in the 0.5% of nitric acid, 0.1-0.2 g/l of €t and additives; the time

last decade in order to avoid the use ofCiin addition to of permanence in the bath is 15min (pretreatment symbol

the typical phosphating treatment: chromium free, including CrVI).

molybdates, permanganates, vanadates, and tungstates (pre- The second passivation treatment is based &, @ork-

treatments with protecting mechanism similar t6 Cicting ing temperature 50-5%, bath composition: 0.5% nitric
as passivating agent$),6], or adhesion promoters like fluo-  acid, 0.1% C¥* and additives; the time of permanence in
zirconates, fluo-titanates, organosilanes, [gt@&]. the bath is also 15 min (pretreatment symbol Crlil).

Afurther possibility is to use pretreatments based oti Cr The samples were organic coated using an environmen-
which is not considered carcinogeii@. tally friendly product: Epoxyphenolyc unpigmented water-

Many papers are available in the literature dealing with borne resin (Polifi®) by dipping of samples for 90's, curing
new pretreatments of zinc and their corrosion protection char- temperature 250C, curing time 15 min, final dry thickness
acterisatiorf10,11] some works are also focused on studying 7+ 2 pm.
the influence of the pretreatment in the complete duplex sys-  This coating should be considered as an example of a

tem (zinc coating, pretreatment and organic coatjfg). primer and it is a model system useful to evaluate the pre-
The aim of this work is the comparison of traditional and treatment influence on the adhesion and corrosion protection
new industrial pretreatments based ofi'Gind CE* on dif- properties of the organic coating. Actually a thicker coating

ferent zinc coatings and further covered by an organic water- with higher barrier properties could hide the electrochemical
borne primer. The comparison is obtained mainly by electro- behaviour of the interface for a long tini4].
chemical impedance spectroscopy measurements and a new The samples produced in this way were characterised mi-
approach to the EIS data analysis is proposed, based on therostructurally and morphologically by optical and electronic
combination of different parameters, able to give information microscopy and they were analysed chemically by EDXS
on the duplex system performance. measurements.
The protective properties of the system were studied
by electrochemical impedance spectroscopy measurements
] ) (EIS) obtained in a 0.3% N&O, solution, which is a not
2. Materials and experimental procedure aggressive environment. The EIS measurements were ob-
) o ) ) . tained at the free corrosion potential using a potentiostat and
Ma}terlals mth d|ﬁergnt metallic coatings were stucyed: FRA equipment, signal amplitude 10 mV, frequency range
hot-dip galvanised coatings and electrodeposited coatings. 1009 KkHz—0.001 Hz and testing area about 13cine elec-

The hot-dip galvanised coatings were deposited on yqchemical data were modelled using equivalent electrical
steel sheets with the following chemical composition: C i cuits with the software EquivcfLs).

0.04-0.11%, Si 0.02%, P 0.07%, Fe balance (low-silicon  Thg adhesion measurements in dry and wet conditions

substrate). It is very important to maintain low the Si and \yere obtained by pull-off technique (Sebastian IV instru-
P content because these elements can remarkably affect th?nent) and they are the average value of five measurements
microstructure and the thickness of the metal layer, producing yith the same failure mode (failure at the metal-coating in-
metallic coatings with low performange3]. terface) and neglecting all the measurements with coating

Tohe.coating deposition (symbol H)_was_carrLed out at ge.cohesive failure. The wet adhesion measurements are ob-
450°C in a bath of molten zinc containing Ni0.5%), Pb  (ained after immersion of the samples in distilled water for
(~1%) and Bi ¢~1%), immersion time about 2min and €x- 241 at room temperature.

traction rate about 70 cm/min. The coating thickness is about
70pm.
The electrodeposited coatings were produced on Q panel3. Results and discussion
of mild steel after degreasing. Two different coatings were
produced: the first one is pure zinc (symbol Z), the second 3.1. Pretreatments characterisation
one is a Zn—Fe alloy (Fe about 0.7%, symbol ZF), using the

two cyanides free baths reportedible 1 For both materials After the pretreatment deposition, the samples have been
the coating thickness is about fiim. observed by electron microscopy; two observed examples of
Table 1

Composition of the baths for the electrodeposition of zinc layers

Bath Composition (g/l) TemperatureQ) Current density (A/d) Symbol

Zn alkaline Zn 10-20 NaOH 110-190 additives 20-35 1.5-3 z

ZnFe alkaline Zn 15 Fe 0,03 NaOH 130 additives 22 2 ZF
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Fig. 1. Surface morphology (SEM) of the CrVI pretreatment on electrodeposited zinc layer.

surface morphology are shown figs. 1 and 2Fig. 1is to see the chromate layer which is present only locally and
the surface morphology of a sample of electrodeposited pureapparently in not continuous way. Also the EDXS analysis
zinc and is typical of this class of materials, for both the pre- showed a lower presence of Cr on hot-dip galvanised coatings
treatments CrVI and Crlll. The conversion layer is evident in comparison with electrodeposited coatings. It is probable
and is distributed on all surfaces. Typical cracks of the chro- that the surface of the zinc coating obtained by hot dipping
mate layer are also visiblé&ig. 2 instead is characteristic  is more oxidised and less suitable for the pretreatment depo-
of the chemical conversion layer surface obtained on hot- sition and therefore the industrial surface preparation of the
dip galvanised coatings. For both pretreatments it is difficult studied hot-dip samples is insufficient.

28KV WD:18MM S5:01818 P:@BBO7
¥

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

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

1,0E+06

(Nyquist representation).

is shown inFig. 3. The equivalent electrical circuit able to
model the impedance values is showirig. 4. The circuitis
based on two contributions: the impedance of the interface,
the faradic reaction (charge transfer resistdRggin parallel

with the double layer capacitanc€{), and at highest fre-
quencies a contribution associated to the chromate treatmen
layer (resistance and capacitance of the chemical conversior

. (ohm*cm?)

1,0E+05+

1,0E+04

H-CrVi

H-Crlll

i

Pl

layerRcr andCgy). In the case of zinc dissolution, many au-
thors noted a two steps process causing two different time
constant related to the faradic react[@6]. We have not ob-
served this phenomenon in our test solution.

The more interesting data to discuss are the resistance o:

the chromate treatmeRg, (giving information on the barrier Fig. 5. Evol

1,0E+03

1,0E+02
0
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ution of the conversion layer resistanBe,j for the two pre-

properties of the chemical conversion layer) and the chargeyeatments on hot-dip galvanised coatings.

transfer resistandg&; giving information on the kinetic of the
corrosive process. An example of evolution of the resistance
of the chromate treatmeR&; on hot-dip galvanised steel is

in Fig. 5. The pretreatment with €f seems to offer a higher 1000y
protection, in comparison with the pretreatment Crlll.
This fact has a strong influence on the charge transfer —_——
resistance and therefore on the corrosion ratg. (6). The e H-CrvI
E 1,0E+04
Cer s b * ( H-Crlll
o
‘ &
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Fig. 6. Evolution of the charge transfer resistarieg)(for the two pretreat-

Fig. 4. Equivalent electrical circuit for the pretreated samples.

ments on hot-dip galvanised coatings.
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Fig. 8. Evolution of the charge transfer resistarigg)(for the two pretreat-
Fig. 7. Evolution of the conversion layer resistanBeJ for the two pre- ments on pure zinc electrodeposited coatings.
treatments on pure zinc electrodeposited coatings.

Samp]e H-CrVI shows h|ghact values and therefore lower The conclusions that can be obtained from this part of the

corrosion rate. lifrig. 6itis possible to note an increase ofthe Work are that in the case of hot-dip galvanised coatings, the

R values, increasing the immersion time. This phenomenon not perfect deposition of the chemical conversion layer, pro-

can be due to the passivation action, in the case of CrVI, or to duced a pretreatment with low barrier properties, and there-

the accumulation of zinc corrosion products (acting partially forelow corrosion protectionin particularinthe case of chem-

as a barrier) in the pretreatments defects for CrllI. ical conversion system (like Crlll) without inhibitive action,
Different is the situation in the case of e|ectrodeposited while in the case of CrVI there is a limited prOteCtion action

zinc coatings. An example of the evolution of the pretreat- Which is due to the passivating properties of Cr

ment resistance in the case of pure zinc is showfidn 7, The situation is different in the case of electrodeposited

where it is possible to note an opposite behaviour than in Zinc layers (pure Zn and ZnFe alloy). The good deposition

Fig. 5 The material with better barrier properties is the sam- f both the pretreatments causes, in the low aggressive envi-

ple pretreated with the &t system, causing also higher value ronment used, good corrosion behaviour of the Crlll system,

of Charge transfer resistand—dq_ 8) Thisis a genera| result, Comparable or better than the behaviour of the materials pas-

confirmed by all the measured samples, even if sometimessivated with the CrVI system.

the difference are not so evident adHigs. 7 and 8The ob-

tained differences, in our opinion, are not sufficient to prove 3.2. Duplex system characterisation

that the Crlll treatment is better than the CrVI (on electrode-

posited zinc) but, at least, we can affirm that the performance  Considering the unsatisfactory properties of the hot-dip

are comparable. galvanised coatings after pretreatment, we will present the
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Fig. 9. Impedance evolution for the sample ZCrVI with organic coating.
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C. is very time expensive. A second approach is to try to con-

[ sider, instead of the absolute values, the ratio or the product

i of parameters. In this way it is possible to discuss parameters
Cer which are independent on the presence of defects.

| — For example, it is well known that the coating resistance

| Cal Rp could be written in the following fornfil 8]:
Rp = (Pd)/Apores (1)

wherep is the electrolyte resistivity] the coating thickness,

Ror andApgresthe total area of the pores through the coating.
Rt In the same way the equation of the double layer capaci-
tanceCy is
Fig. 10. Equivalent electrical circuit for the organic coated samples. 0
Cq = Cd|AdeIam (2)
EIS data of the organic coated samples, only for the elec-WhereCy is the specific double layer capacitance (per unit
trodeposited zinc layers. of area) andh\gelamthe metal surface area in contact with the
A typical evolution of the EIS spectra for the complete €lectrolyte. _
duplex system is shown iRig. 9, while in Fig. 10is shown The product o, andCy is

the equivalent electrical circuit used to analyse the EIS data _
which includes, beside the previously discussed parameters,R pCal = KAdelany Apores 3
the impedance contribution of the organic coatings (coating which means that the produB,Cy is proportional to the
capacitancé€; and coating resistands). ratio between the delaminated area at the interface and the
We used a low thickness primer because the aim of the area of defects in the coating (assuming constant, during the
investigation was to study the influence of the pretreatments, testing time the solution resistivity inside the popggven if
and not the behaviour of the organic coating itself, and there- there is the pretreatment dissolution, but we suppose that the
fore a high impedance coating is not the best choice becausesmall amount of water in the pores is quickly saturated, and
it could shield the interface contribution, causing a very long therefore the resistivity is constant). If the product increases
testing time before to see any difference in the studied sam-with the immersion time, the delaminated area is increasing
ples. faster than the area of coating defects and a loss of adhesion
However, a low impedance coating with low thickness is occurring (the delamination will be proportional to the
(like the epoxyphenolic waterborne we used), has intrinsic increase of the rati®,Cq|). Fig. 11shows graphically this
defects which can cause a high data dispersion when anconcept.
impedance characterisation is carried out. The dimension of  Figs. 12 and 13how the evolution of the produ&,Cy
data scattering could be comparable with the variation be- during 24 h of immersion for the four studied materials. It is
tween different samples and therefore the data analysis couldmportant to note that the product never decreases, in agree-
be very difficult. ment with Eq(3), which is meaningless in the caseRyCy
In order to solve this problem a first approach could be to decreasing with immersion time. Moreover, the changes in
increase the number of identical samples to test, in order tothe RyCq product are very limited. The maximum increase
have values with a high statistical reliabil[tly7], but this way is about four times in the case of ZFCrVI. Applying Egs.

! i gy [

- metal

e Apores

Adelam

Rp = (pd)lApnres Cdl = CdI’ Agelam

p = electrolyte resistivity d = coating thickness
CdI’ specific double layer capacitance (per unit of area)

RP Cdl=K Adelaml Apures

Fig. 11. Graphical representation of the approach using combination of elements of the equivalent electrical circuit.
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Fig. 12. Evolution of the produd®,Cqy for the samples of ZF (ZnFe alloys electrodeposited) with organic coatings.

(1) and(2) it is possible to estimate the initial defect areain ZnFe alloys in comparison to pure Zn. In fact, even if the
the order of 1gum? every square centimetre of coating, and pretreatment coverage is the same, we have found (by EDXS)
therefore the maximum increase of delaminated area is abouless Cr on ZF samples in comparison with Z samples and
40m? every square centimetre. For this reason we can con-therefore we think that the ZCrlll is probably thicker and
clude that the term delamination is not very appropriate and it more uniform than ZFCrlll.
is probable better to speak, in our case, about a very limited, A further equation in the data analysis could be consid-
but measurable, loss of adhesion. ered:

In F.|g. }th is possible to note'that there.ls a hlgher loss of Ret = RS/ Adelam 4)
adhesion in the case of ZFCrVI in comparison with ZFCrlll.
This fact, in our opinion, is due to the higher solubility of the where RY is the specific charge transfer resistance (per unit
products containing €F. In fact, only by solubilisation the  of area) andAqelam@gain the metal area in contact with the
CrVI based pretreatment can act as passivating material ancelectrolyte.
therefore a certain level of solubility is necessary. Onthe con-  The ratio in Eq(5)is also proportional to thgejan{Apores
trary the Crlll chemical conversion layer can be considered ratio, like Eq.(3).
completely insoluble in water.

Ionig. ?Ba comparison of the substrates (pure Zn and Rp/Ret = K1Adelam/ Apores ®)
ZnFe alloys) is presented, with the same pretreatment (Crlll). There is however an important difference betweern(8gmnd

The sample ZClll appears more stable than ZFCrlll. This (5). It is more difficult to estimaterd; than €9, becauserd
fact is due to the slightly less homogenous surface of the is less constant during immersion. ActuaRQt can change

35
30
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T 20
o
i ZF-Crlll 5 5
s o} o
P — ii : :
e : i
) ] Z-Crlll
5
0
0 5 0 5 - . |

Time (hours)

Fig. 13. Evolution of the produd®,Cy for the samples Z and ZF with the Crlll pretreatment and organic coatings.
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Fig. 14. Evolution of the time constant of the corrosion procBs&3) for the ZFCrlll sample.

with time for many different reasons, for example the change 4. Conclusions
of oxygen concentration on the metal surface.

If Rgt is constant, also the produRt;Cy (the time con- The zinc coatings pretreated with¥rshows corrosion
stant of the corrosion reaction) is constant (the product is protection properties comparable with the same materials
independent on the area and it is equal td?&t‘g,). Fig. 14 passivated with & in the case of electrodeposited zinc lay-
shows this product for the sample ZFCrlll. It is evident that ers, while in the case of hot-dip galvanised coatings the pre-
the product is not constant and it is increasing with time (in treatments are very defective and the coverage is partial.
the same time it was also observed a shift in the cathodic  Considering the organic coated samples, when there is a
direction of the free corrosion potential, which is probably large EIS data dispersion, like in our case because of the low
due to the oxygen concentration reduction close to the metalthickness of the organic coating, the mathematical combina-
surface). For this reason, we consider better to us¢¥épr tion (ratio or product, see Eg8) and(5)) of the parameters
the evaluation of the interface stability. of the equivalent electrical circuit can give useful results.

In order to obtain information on adhesion properties,  The pure zinc electrodeposited samples showed better ad-
which are independent on the impedance data, we performechesion (both Crlll and CrVI pretreatments).
pull-off measurements in wet and dry conditions. The pretreatment based on Crlll seems to have a higher

The results are ifable 2 stability (less loss of adhesion) in humid environment in com-

The results are consistent with the EIS characterisation. parison with CrVI based samples.

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 Acknowledgements
measured on samples pretreated with Crlll, in comparison

with CrVI. Apparently there is a lower stability of the chem- We would like to thank Maura Fontana for the assistance

ical conversion layers on pure zinc (higher percentage of ad-jn the EIS measurements and Prof. R. Fratesi and Prof. F.
hesion reduction passing from dry to wet), but itis only due Bejjucci for the samples preparation.

to the higher dry adhesion, being the wet adhesion in any case
higher for pure zinc substrates than the wet adhesion of ZnFe
alloys.
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