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Abstract

Zirconium oxide conversion layers are considered as environmentally friendly alternatives 

replacing chromate-based passivation layers in the coil-coating industry. Based on excellent 

electronic barrier properties they provide an effective corrosion protection of the metallic 

substrate. In this work, thin layers were grown on HDG-steel-substrates by increasing the 

local pH at the surface and were characterized using potentiodynamic polarization technique. 

The influence of Cu(NO3)23H2O or Fe(NO3)39H2O on morphology and thickness of 

deposited protective layers were investigated by XPS, ToF-SIMS and FE-SEM. A significant 

film thickness increase was found by adding Cu2+ or Fe3+ ions to the conversion solution. In 

addition, growth kinetics were studied by in-situ measurements of corrosion potential using 

potentiodynamic polarization technique.
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1. Introduction

Pretreatment systems for organic coatings are commonly applied to metal surfaces to improve 

their adhesion properties and corrosion resistance. In the near future, classical industrial 

pretreatment systems such as chromate passivation or trication phosphatation have to be 

replaced due to their harmful properties and ecological disadvantages [1]. Recently, new 

environmentally friendly pretreatment technologies have been developed. The most 

interesting candidates for these sophisticated surface coatings are organosilanes [2–6], lighter 

rare earth metals [7,8] and transitional metals [9], respectively. Moreover, promising 

alternatives are the application of zirconium containing layers on the metal surface by the sol-

gel process [10–13] or by immersion in hexafluorozirconic acid (H2ZrF6) conversion solution 

[14–24].

Formation mechanism, film morphology as well as composition of zirconium oxide layers 

have been studied in detail on aluminium alloys [14–16]. It was shown that the film formation 

mechanism largely depends on the alloy composition, which mainly determines the 

electrochemical behaviour of the metallic substrates [19,25]. Andreatta et al. [19] examined

different stages of film formation process using a scanning Kelvin probe force microscopy 

(SKPFM). In their publication, authors showed that the deposition of the conversion layer is 

an electrochemically driven process and starts on the α-Al(Fe,Mn)Si intermetallic particles 

present in the aluminium alloy due to specific cathodic reactions like hydrogen evolution and 

oxygen reduction. Subsequently, the zirconium oxide layer indicates lateral growth around 

these regions and covered with longer immersion times the entire surface of the metallic 

substrate. The improved corrosion protection offered by this coating was studied using 

potentiodynamic polarization and corrosion potential measurements both performed in NaCl 

electrolyte. George et al. [25] investigated the influence of copper addition to aluminium on 
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the formation of zirconium-based conversion layer using different surface analytical methods 

(SEM, TEM, Rutherford backscattering spectroscopy (RBS), nuclear reaction analysis (NRA) 

and glow discharge optical emission spectroscopy (GDOES)). It was shown that the addition 

of copper to aluminium results in a slowing of the rate of layer formation, particularly for Cu 

content above 5 at.%. The oxidation rate of the substrate was barely not affected by the 

addition of copper. Authors proposed that the copper species impede the transport of cationic

species to the coating base. Beyond that, copper promotes the formation of a layer of 

corrosion products beneath the conversion coating, which could influence the deposition 

process [25]. 

Here, hot-dip galvanized steel (HDG) was chosen as a substrate since this material is of major 

interest for a number of technological applications, in particular in the automobile industry

[26]. Surprisingly, despite the high technological importance of this substrate material, the 

number of reports in this area is significantly smaller compared to those using other metallic 

substrates such as magnesium [22,27] or aluminium alloys [14,17]. Several groups 

investigated environmentally friendly conversion layers by means of different surface 

analytical and electrochemical methods using commercial solutions, with more or less 

unknown chemical composition [20,21,23,24,28,29]. Adhikari et al. [24] characterized 

coatings formed by copper containing conversion solutions on different metallic substrates, 

using AFM, Scanning transmission electron microscopy (STEM), X-Ray energy dispersive 

spectroscopy (XEDS) and complementary electrochemical techniques. It was found that the 

copper containing conversion solution lead to thicker conversion coatings at same immersion 

times. Coatings were primarily composed of Zr, O and Fe, while enrichments of F were 

detected close to the coating-steel interface. The Cu deposits were randomly distributed 

within the coating. This study clearly shows that chemical acceleration of this new kind of 

environmentally friendly pretreatment is possible [24]. 
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Because there is still a lack in knowledge about the film formation processes in

environmentally friendly conversion solutions, in this study the film formation process on

hot-dip galvanized steel in an aqueous model conversion solution based on hexafluorozirconic 

acid was investigated. The novel aspects of this work are the characterization and comparison 

of film formation process in a conversion solution with known composition, on the one hand,

and investigation of improvement of the kinetics of growth of the conversion layer in 

conversion solutions containing different additives, on the other hand. Used additives are 

Fe(NO3)3∙9H2O and Cu(NO3)2∙3H2O while only the latter was reported by Adhikari et al. in 

combination with a conversion solution of commercial blend with an unknown composition

[24]. 

The conversion layer thickness and composition were determined using X-ray photoelectron 

spectroscopy (XPS) and the homogeneity of the protective layer was investigated by time-of-

flight secondary ion mass spectroscopy (ToF-SIMS). Information about the layer morphology 

was obtained by scanning electron microscopy (SEM). In-situ corrosion potential

measurements were performed to study the growth kinetics of the conversion layer. The 

barrier properties and corrosion protection performance of deposited conversion layers were 

characterized using potentiodynamic polarization technique. 
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2. Experimental

2.1 Materials and sample preparation

Samples of line produced non-temper rolled galvanized steel blanks with a diameter of 5 cm 

(ThyssenKrupp Steel Europe AG) were used. The galvanized layer contains 98.52 % Zn and 

1.08 % Al by weight. Prior FE-SEM measurements, the samples were polished with SiC 500 

grit paper and then with 1 µm Al2O3-oxide polishing suspension. The polishing procedure did 

not affect the chemical composition of the zinc coated steel sheets. To ensure reproducible 

clean surfaces, all samples were degreased using an automated cleaning system (WESERO 

GmbH, Germany). The cleaning procedure contains following steps:

Step 1 - Ridoline® C72 (Henkel KGaA, Germany), 8 g/l, 70 ± 5 °C, pH 11 (cleaning time: 8 s)

Step 2 - Ridoline® 1340 (Henkel KGaA, Germany), 16-20 g/l, 70 ± 5 °C, pH 9.9 (cleaning 

time: 8 s)

Step 3 - Rinsing with deionized water (50 °C, κ = ≤ 4 µS/cm)

Step 4 - Drying in warm stream of air

2.2 Deposition of conversion layer

The deposition of conversion layer was performed directly after degreasing of substrates. The 

conversion solution was prepared by adding 0.1 mmol Cu(NO3)2∙3H2O (HZF+Cu) or 

Fe(NO3)3∙9H2O (HZF+Fe) (Merck, Germany) to the hexafluorozirconic acid (H2ZrF6) (HZF)

solution (1 mmol/l; alufinish GmbH & Co KG, Germany). The pH value of the conversion 

solution was adjusted to pH 4 using ammonium bicarbonate (NH4HCO3, 10 wt.%) as buffer 

agent. Immersion of samples was performed under solution stirring (300 rpm) at ambient 

temperature (T ~ 20 °C). After finishing the deposition process, all substrates were rinsed with 

ultrapure water (T ~ 20 °C, κ ≤ 0,005 µS/cm) and dried in a stream of nitrogen gas.
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2.3 Surface analytical techniques 

ToF-SIMS

The ToF-SIMS analysis was carried out on a gridless reflectron based ToF-SIMS 5 (iontof 

GmbH, Germany) equipped with a bismuth-cluster ion source. All spectra and images were 

obtained using Bi3
+ primary ions at 25 keV energy in high current bunched mode with a mass 

resolution of m/Δm = 5000 (at mass 55 u, C4H7
+). The beam diameter was about 3-5 µm and 

all measurements were made under static conditions (primary ion dose density < FPI = 5x1012

ions /cm2) on an area of 400x400 µm with 256x256 pixels resolution.

XPS

The chemical compositions of conversion layers were investigated by a Quantum 2000 ESCA 

Microprobe (Physical Electronics Inc., USA). All spectra were obtained using a 

monochromated Al Kα-beam with a spot size of 100x100 µm. The take-off angle of the 

detected photoelectrons was 45° to the surface normal. The C1s peak (binding energy

of 284.8 eV) was used as internal reference for all spectra. The quantification of all elements 

was performed on the basis of survey spectra. Depth profiling was performed using Ar+ ion 

sputtering with an acceleration voltage of 2 kV and sputter rate of 10 nm/min. A silicon wafer 

containing a well-defined oxide layer of known thickness was used for depth calibration. The 

fitting of the measured XPS spectra was performed through the CasaXPS software.

FE-SEM

The morphology of coating layers was studied with a high resolution FE-SEM Merlin®

microscope (Carl Zeiss Microscopy GmbH, Germany) equipped with an EDX analysis device 

(EDAX Ametek GmbH, Germany). The microscope was equipped with an inlense detector. 
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The working distance between the sample and the pole shoe was 2 mm. The primary electron 

beam acceleration was 1 kV (SE1).

2.4 Electrochemical techniques 

The electrochemical measurements were performed using an Autolab potentiostat (Metrohm

GmbH & Co. KG, Germany) and a three-electrode arrangement consisting of the working 

electrode (1 cm² of sample surface was exposed), Ag/AgCl reference electrode with inner 

filling of 3 mol/L KCl (+0.209 VSHE at ambient temperature) and a platinum mesh as a 

counter electrode. The counter and working electrode were placed parallel with a distance of 

6 cm, the volume of the cell was about 250 ml. Electrochemical measurements of corrosion 

potential during the formation of conversion layers were performed under analogous

deposition conditions as described for the deposition of conversion layer. The polarization 

curves were recorded from -1.1 VSHE to about -0.4 VSHE with a scan rate of 5 mV/s in oxygen 

saturated 0.1 M Na2SO4 aqueous solution at room temperature. The corrosion current 

densities were determined according to the method of Allen and Hickling [30]. For statistical 

reasons each measurement was repeated three times.
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3. Results and Discussion

3.1 Surface composition of deposited zirconium-based conversion layers 

To investigate the influence of different additives on the film formation kinetics, HDG 

substrates were immersed in conversion solutions for different times. XPS was applied to 

obtain detailed information about the chemical composition and film thickness of deposited 

conversion layers. Table 1 shows the chemical surface composition of samples immersed in 

conversion solution for 60 s and 300 s, while an untreated HDG sample was used as a 

reference. The uppermost layer of a non-temper rolled, untreated HDG sample consists of 2-

3 nm thick Al-oxyhydroxide layer. After alkaline cleaning 29 at.% of zinc, 60 at.% of oxygen 

and 11 at.% of aluminum were detected on the sample surface indicating the partly removal of 

thin Al-oxyhydroxide layer during alkaline etching. This observation correlates well with data

previously reported by Fink et al. [31]. Main components of the conversion layer are oxygen 

and zirconium. Additionally, zirconium oxide layer contains small quantities of metallic zinc 

(~ 4-8 at.%), most likely originating from the metallic substrate, as well as fluorine due to the 

use of hexafluorozirconic acid solution. In the case of Fe3+ and Cu2+ modified conversion 

solutions, small amounts of these elements can also be detected in the coating (~ 2-7 at.%).

Previous studies showed that native zinc and aluminum oxide layers on the HDG sample 

surface can be dissolved by "free" fluoride ions as shown in reactions (1) and (2) [14,34]:

3 Zn2+ + ZrF6
2- → 3 ZnF2 + Zr4+ (1)

Al3+ + ZrF6
2- → AlF6

3- + Zr4+ (2)

Figure 1 shows the XPS spectra of Zr (the spectra of all other samples are similar, but not 

shown here) on a polished and pretreated zinc substrate of high-purity. Obtained position of 

the Zr 3d peak corresponds well with values reported for Zr4+ in ZrO2 in other studies (Zr 



Page 10 of 36

Acc
ep

te
d 

M
an

us
cr

ip
t

10

3d3/2: 185.3 – 184.8 eV, Zr 3d5/2: 182.4 – 183.7 eV). Moreover the XPS results support the 

ToF-SIMS data, which shown ZrO+ as an ion (see section 3.2). [18,27,32,33].

Regarding to the formation mechanism of the zirconium oxide layer, Lunder et al. [14] 

showed that the layer growth starts with hydrogen evolution and oxygen reduction in the near 

surface induced by acidic dissolution of zinc accordingly to reactions (3) and (4):

2 H+ + 2 e- → H2 ↑ (3)

O2 + 2 H2O + 4 e- → 4 OH- (4)

Consequently, the interface alkalization leads to the formation of ZrO2 containing conversion 

coatings as shown in reaction (5) [34]:

ZrF6
2- + 4 H2O → ZrO2 • H2O + 6 HF + O2- (5)

The oxygen to zircon concentration ratio (cO/cZr) was found to be in the range from 3 to 7.7, 

which exceeds the expected value for a stoichiometrical zirconium oxide layer. The deviation 

from the expected values may partially originate from oxygen containing organic adsorbents 

present at the conversion layer surface. Additionally, the hydration of the zirconium oxide 

may also lead to observed deviation from the expected value (see eqn. (5)). 

The effect of the additives on the growth kinetics can clearly be seen in Figure 2. Using 

identical immersion times, the copper-doped conversion solution  lead to the thickest coatings 

on the substrate, whereas dipping in to the iron-dopped conversion bath  and the original 

conversion solution  lead to formation thinner layers. In contrast to the other samples, the 

HZF+Cu specimen showed a large scattering in the thickness of the conversion coating. This 

is related to an inhomogeneous precipitation of the zircon oxide layer on the metallic substrate 

and is clearly exhibited in the corresponding micrographs (see section 3.3 & 3.4). Andreatta et 

al. showed that the zirconium oxide layer is preferentially deposited at the cathodic areas on 
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the surface of the metallic substrate [19]. It is assumed, that the Cu2+ and Fe3+ ions in the 

conversion solution are reduced to their metallic states on the HDG substrate. The electrons 

used for this reduction reaction originate from the dissolution of zinc during the etching 

process:

3 Zn + 2 Fe3+ → 3 Zn2+ + 2 Fe ↓ (6)

Zn + Cu2+ → Zn2+ + Cu ↓ (7)

The presence of these local elements accelerates zinc corrosion process. The associated 

cathodic reactions of hydrogen evolution and oxygen reduction are accelerated at the 

deposited copper and iron micro cathodes. Based on these reactions, the local pH shift to 

higher values (alkalization) is amplified, constituting the more effective kinetics of growth of 

the zirconium oxide layer. The XPS sputter profiles in Figure 3 show the presence of small 

amounts of iron and copper within the conversion layer to support the suggested mechanism 

of acceleration. An enrichment of these elements within the coating or at the interface 

between the substrate and the conversion layer could not be observed. Similar observation 

was reported by Adhikari et al. [24].

3.2 Layer homogeneity of different conversion coatings after various immersion times 

Figure 4 represents the lateral distribution of total and two selected secondary ion signals

obtained by ToF-SIMS analysis performed in imaging-mode over 400 s on polished samples

immersed for 60 s in different conversion solutions (conversion solution, Fig. 4b; conversion 

solution with addition of Fe3+, Fig. 4c; conversion solution with addition of Cu2+, Fig. 4d). An 

uncoated HDG sample was used as a reference (Fig. 4a). Regarding the high sensitivity of this 

technique, trace amounts of Al remained after the alkaline cleaning process are clearly visible 

and were chosen as a reference signal.
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The ToF-SIMS images of samples immersed in conversion solutions indicate a more or less 

continuous zirconium oxide layer at the uppermost sample surface. Fig. 4b shows higher 

aluminium intensities at the zinc grain boundaries. Additionally, another indication for a 

continuous ZrO2 layer formation is a significant decay of the aluminium signal originally 

present in the case of cleaned HDG sample. To investigate the influence of immersion time on 

the chemical composition and characteristic properties of conversion layers HDG samples 

were immersed for 5 seconds in same conversion solutions as previously discussed. Figure 5

shows the signal intensities for ZrO+ and Al+ secondary ion signals for all analysed samples

and for both immersion times (5 s and 60 s). The ZrO+ signal is corrected with the signal for a 

sulphur containing contaminant. This contaminant-peak partly overlaps with the ZrO+ peak. 

The ZrO+ signal intensities, for all coated samples presented in figure 5, are several orders of 

magnitudes higher than on the reference sample. The samples immersed for 5 s show slightly 

lower ZrO+ signal intensities. Longer reaction times and thicker layers do not change the 

signal intensity significantly. The Al+ signal intensity is clearly reduced with growing reaction 

times due to the formation of thicker ZrO2 surface layer. Regarding the high surface 

sensitivity (1-3 monolayers) of ToF-SIMS, these results indicate the presence of a continuous 

layer, which was impossible to be shown using other analytical methods. Additionally, small 

amounts of metallic zinc were also detected in ZrO2 surface layer.

3.3 Surface morphology of modified zirconium oxide conversion layer 

To investigate the surface morphology of different zirconium based oxide coatings in more 

detail, FE-SEM microscopy studies were performed. Figure 6 shows FE-SEM images of 

polished HDG-surfaces after treatment with different conversion coatings at various 

conversion times (figure 6). Figure 6a illustrates the surface morphology of an cleaned and 

polished HDG reference sample. The micro-scratches from the polishing procedure are 

clearly visible. After 60 s immersion in the undoped H2ZrF6-pretreatment solution (Fig. 6b), 
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the surface structure of polished HDG substrate is still visible, indicating that the formed 

oxide layer is too thin to significantly change the surface morphology of the substrate. In 

comparison to the standard conversion solution, immersion of the substrate in Fe3+- modified 

conversion solution leads to a thicker conversion layer under equivalent immersion times 

(Fig. 6d). In agreement with other studies, agglomerates of ZrO2-nodules were also observed

[24]. In contrast, addition of Cu2+ to the conversion solution leads to an inhomogeneous 

zirconium oxide layer precipitation as it can be seen in figure 6f and 6g. Due to the low lateral 

resolution of the ToF-SIMS, obtained results could not confirm the data obtained using FE-

SEM. We believe that the deposition of the conversion layer preferentially starts at the copper 

micro cathodes and following by lateral growth around these sites. Similar results were 

reported from other authors on different substrates [14,15,19]. Furthermore, due to detection 

limitation of the FE-SEM, clear identification of reduced copper on the surface is not 

possible. However, in comparison to HZF and HZF+Fe conversion solution the surface of the 

HDG substrate was not completely covered after immersion for 60 s.

After 300 s immersion time (Fig. 6c, 6e, 6h) differences between the various conversion 

solutions became more evident. Coating of HDG samples in undoped and Fe3+ modified 

conversion solutions led to formation of dense layer on the substrate surface and surface 

scratches from the metallic substrate were no longer observable. In contrast to preceding 

investigations from other authors [35], the formation of micro-cracks resulting from the 

dehydration process or due to residual stress caused by the non-uniform thickness of the films 

were observed. Additionally, both surfaces were covered with small nodules with a diameter 

between 20 and 250 nm. Moreover, figure 6h confirmed the significant effect of the copper 

additive to the conversion solution on the kinetic of the film growth. The substrate surface 

was completely covered after 300 s in the HZF+Cu conversion bath and appeared smoother 

compared to figure 6c and 6e. These observations agree well with data about the coating 

thickness as determined by XPS (Fig. 2). Furthermore, the size of formed metal oxide 
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particles, which was found to be in the range from 20 nm to 1 µm, also increased. As a result 

of increased film thickness, numerous micro-cracks in the conversion coating were observed 

(Fig. 6h). It is not clear whether the cracks occurred during the dehydration process or 

resulted from the residual stress by non-uniform film thickness. 

3.4 In-situ corrosion potential measurements

To in-situ monitor the film formation in different conversion solutions measurements of 

corrosion potential (open-circuit potential, OCP) on immersed HDG sample were performed. 

Figure 7 represents the open-circuit-potentials (OCP) of alkaline cleaned HDG-substrates 

immersed in different conversion solutions. During the first 5 - 8 seconds (grey area in Fig. 7) 

OCP values of all immersed samples were decreasing. This can be interpreted by following 

simplified model. On the one hand, the native Al- and Zn-oxyhydroxide layers were dissolved 

by the acidic conditions in the conversion solution coinciding with an “active corrosion 

behaviour” of the metallic substrate [36]. On the other hand, the presence of fluoride species 

in the conversion solution shifts the OCP to more negative values compared to a fluoride free 

solution because of formation of zinc flouride (section 3.1, eqn. (1) and (2)):

Zn → Zn2+ + 2 e- (electrode reaction) (8)

3 Zn2+ + ZrF6
2- → 3 ZnF2 + Zr4+ (zinc fluoride) (1)

3 Zn + ZrF6
2- → 3 ZnF2 + Zr4+ + 2 e- (net electrode reaction) (9)

In the case of the undoped conversion solution, the OCP value slightly increased to 

-0.811 VSHE after decreasing to a minimum value of -0.817 VSHE after 8 s. If the conversion

solution contained iron or copper, the OCP principally shifted to more positive values 

compared to the undoped conversion solution (e.g. local minimum after 6 s was -0.803 VSHE

for HZF+Fe and -0.775 VSHE after 8 s for HZF+Cu conversion solution, respectively). This is 

due to a reduction of Fe3+ or Cu2+ ions on the surface during the conversion process (eqn. (6) 
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and (7)) resulting in a more positive mixed potential of electrochemical equilibrium of Zn and 

Fe or Zn and Cu containing sample surface, respectively (see eqn. (10) and (11)).

The driving force (electromotive force, EMF) for iron or copper reduction can be estimated by 

Nernst equations of a copper and iron electrode under the assumption of cuprous copper and 

ferric iron:

 (Fe/Fe3+) = ° (Fe/Fe3+) + R  T / 3  F  ln a(Fe3+)/a(Fe) (10)

= -0.746 VSHE

where R is the gas constant and F is the Faraday constant, with a(Fe) ≈ 1, 

a(Fe3+) ≈ c(Fe3+)/c° with c° = 1 mol/L, c(Fe3+) = 0,1 mmol/L, °(Fe/Fe3+) = +0.036 VSHE

(taken from [37]),

 (Cu/Cu2+) = ° (Cu/Cu2+) + R  T / 2  F  ln a(Cu2+)/a(Cu) (11)

= -0.133 VSHE

where R is the gas constant and F is the Faraday constant, with a(Cu) ≈ 1, a(Cu2+) ≈ 

c(Cu2+)/c° with c° = 1 mol/L, c(Cu2+) = 0,1 mmol/L, °(Cu/Cu2+) = +0.340 VSHE (taken from 

[37]). 

Measurement of the OCP in conversion solution without Fe3+ or Cu2+ ions provided an 

electrode potential of Zn/Zn2+ of around -0.80 VSHE. This is around 0.05 V or 0.67 V more 

negative than the electrode potentials of Fe/Fe3+ or of Cu/Cu2+ redox couples, respectively, 

resulting in a more positive mixed potential in the case of Fe3+ or Cu2+ ions containing 

conversion solutions. 

The EMF for copper reduction (eqn. (7)) is around 0.60 V higher than for iron reduction (eqn. 

(6)). This results presumably in a higher slope of the OCP vs. time plots in the case of Fe3+ or 

Cu2+ ions containing conversion solutions in the time period directly after the local minimum 
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and the end of grey colored area, where the reduction reactions of Fe3+ or Cu2+ are dominant. 

Thus the following ranking of the OCP vs. time plot-slopes was observed: 

Cu2+ doped HFZ >> Fe3+ doped HZF > undoped HZF 

Deposition of iron or copper on the substrate surface generates local cathodic areas where 

hydrogen and hydroxyl ions are preferentially generated. Most probably because of the higher 

EMF (potential difference) between the zinc surface and the copper micro cathodes, the 

required cathodic reactions (pH shifting reactions eqn. (3) and (4)) for ZrO2 precipitation

mainly take place at the deposited copper. This leads to non-uniform ZrO2 layer precipitation

as shown in SEM micrographs (Fig. 6g). In contrast to that, the EMF between the zinc surface 

and the iron cathodes is significantly lower and the local alkalization occurs on the micro 

cathodes as well as on the zinc surface. This coincides with previously discussed SEM

micrographs (Fig. 6d). Additionally, enhanced kinetics of oxygen reduction reaction on 

copper relative to iron may play an important role in shifting of pH value in alkaline direction.

Between 8 and 600 seconds the OCP value of all samples became nearly time independent 

indicating that an electrochemical equilibrium between the substrate and the conversion 

solution (eqn. (1)-(5) and (10)) was achieved (for the undoped conversion solution after ~ 30 s

and for the iron or copper doped conversion solution after ~ 500 s or 400 s, respectively). This 

coincides with XPS measurements indicating no more significant thickness growth of the 

conversion layer with increased immersion time. 

In the iron doped conversion solution the film formation was slowing down after 25 s, 

indicated by the change in the slope of the OCP curve. In case of copper as doping element,

the slope of the OCP vs. time plot was significantly higher compared to iron doped solution 

and did not decrease until approximately 170 s. This implies the highest deposition rate of the 

zirconium oxide conversion layer among all tested conversion solutions. Afterwards, change 
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in the slope of the OCP curve was observed indicating decrease of the deposition rate. A time 

independent behaviour was evident after ~ 400 s when the film thickness reached a maximum. 

In summary, the kinetics of the pH shifting reactions on iron or copper micro cathodes is 

higher than that on a zinc surface without deposited iron or copper [38]. This results in an 

enhancement of the conversion layer growth kinetics and increased thickness. This correlates 

well with discussed behaviour of slopes of different OCP vs. time plots on the one hand and 

time independent OCP values and XPS depth profiles on the other hand.

3.4 Potentiodynamic polarization curves 

Potentiodynamic polarization scans in oxygen aerated 0.1 M Na2SO4 solution were performed 

to evaluate the corrosion current density measured on samples immersed in different 

conversion solutions for different times. Figure 8 summarizes results of these measurements. 

The corrosion current density decreases up to 95 % in the case of coated specimens in 

comparison to the untreated, alkaline cleaned sample (47.9 ± 3.4 µA/cm²) indicating reduced 

kinetics of corrosion reactions at the interface between specimen and electrolyte.

With longer immersion times the current densities measured on samples immersed in HZF 

and HZF+Fe conversion solutions slightly increased for deposition times between 60 s 

(icorr=1.1 ± 0.1 µA/cm²) and 300 s (icorr=2.5 ± 0.1 µA/cm²). However, after a relative short 

immersion time a significant decrease in the corrosion current density already occurs. This is 

an essential aspect for a continuous industrial application of these conversion pretreatments 

because of short deposition times. 

Figure 9 represent polarization curves of all investigated samples immersed in different 

conversion solutions for 60, 90, 180 and 300 s. Compared to cleaned samples, the corrosion 

potential of HDG samples immersed in HZF and HZF+Fe conversion solutions shifted to 

more negative values as well as the oxygen reduction current was also reduced. This indicates 
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a presence of a barrier effect caused by the conversion layer hindering diffusion of oxygen to 

the metallic sample surface leading to smaller oxygen reduction current and shift of the 

corrosion potential to more negative values. Similar effect was simulated by an analogous 

measurement (Fig. 9d) performed using an cleaned HDG sample after purging the electrolyte 

with N2 to reduce oxygen concentration in the solution. Due to a reduced oxygen reduction 

current the delamination kinetics of an organic coated pretreated sample is retarded –

Stratmann et al. previously showed that the determining step of the delamination kinetics is 

the oxygen reduction current followed by alkalization of the interface between organic 

coating and metallic substrate [39].

In the case of polarization curves recorded on sample immersed in HZF+Cu conversion 

solution a similar reduction of the corrosion current densities has not been observed which is 

in agreement with the micrographs and the in-situ corrosion potential measurements (Fig. 7). 

After short immersion times (e.g. 60 s) the zirconium oxide layer growth was truncated on the 

deposited copper micro cathodes deposited on the zinc substrate. This leads to residual

uncoated areas at the local zinc anodes and thus to a smaller barrier effect concerning 

corrosion current density or oxygen reduction. With longer immersion times the ZrO2

deposition continued at extended areas surrounding the micro cathodes, but the barrier effect 

increased only slightly indicated by a relative small decrease of measured corrosion current 

densities. Moreover, the zircon oxide layer deposited for longer immersion times (300 s) was 

most likely defective as discussed above (Fig. 6h). Thus, independent of coating thickness,

the copper modified conversion layer is less effective in corrosion protection than both other 

conversion solutions.



Page 19 of 36

Acc
ep

te
d 

M
an

us
cr

ip
t

19

4. Conclusion

Fe(NO3)3∙9H2O and Cu(NO3)2∙3H2O modified zirconium-based conversion solutions were 

used to deposit Zr-based conversion layer on line produced non-temper rolled galvanized steel 

(HDG) substrates. Various electrochemical and surface analytical methods were applied to 

investigate the chemical composition and electrochemical properties of resulting layers. 

Based on the surface characterization by XPS and ToF-SIMS the chemical composition of the 

conversion layer was investigated and the main component is zirconium oxide (ZrO2). Small 

amounts of additives and zinc from the substrate were also detected in the coating. By in-situ 

corrosion potential measurements an increase of the potential during the pretreatment 

procedure in the conversion solution was clearly shown. In case of Fe3+ or Cu2+ cations in the 

conversion solution, the OCP shifted to more positive values because of generation of Fe or 

Cu micro cathodes. The time dependence of the OCP correlates well with the resulting layer 

growth process. Potentiodynamic polarization measurements performed on HDG samples 

immersed in HZF and HZF+Fe conversion solutions showed a significant decrease of the 

corrosion current density already after short immersion times. In agreement to the ToF-SIMS 

images, this indicates a continuous barrier layer present on the substrate surface. In the case of 

HZF+Cu conversion solution a comparable barrier effect could not be observed using FE-

SEM and electrochemical measurements. This can be explained by a non-uniform ZrO2 layer 

participation and cracks present in the coating layer. It was shown, that both HZF and 

HZF+Fe conversion solutions have potential for application in a continuous industrial 

production line offering compact protective layers with good protection properties against 

corrosion process. 
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Figure captions 

Table 1: Concentration of chemical elements present on the surface of the conversion layer as 

determined by XPS

Figure 1: Element XPS spectra of Zr recorded on polished high-purity zinc substrate after 

immersion of substrate in 1 mmol/l H2ZrF6 solution for 300 s at room temperature 

(T ~ 20 °C).

Figure 2: Film thickness of the different conversion layers at different immersion times 

determined by XPS sputter profiles. Reference sputter rate: R(SiO2) = 10 nm/min.

Figure 3: XPS depth profiles recorded on samples treated in the Cu2+-modified (denoted as 

HZF+Cu) or Fe3+-modified (denoted as HZF+Fe) conversion solutions for 300 s. Reference 

sputter rate: R(SiO2) = 10 nm/min.

Figure 4: TOF-SIMS element mappings performed on the surface of conversion coatings

deposited on HDG samples by immersion in different conversion solutions. Presented are 

total counts (tc) and maximum counts per pixel (mc) of secondary ions, the Al+- and the 

ZrO+-signals for cleaned HDG sample (a), sample treated in HZF for 60 s (b), sample treated 

in HZF+Fe for 60 s (c) and sample treated in HZF+Cu for 60 s (d). Due to the comparable 

total counts, the ZrO+-intensities are also comparable.

Figure 5: Comparison of numbers of counts recorded for ZrO+ and Al+ secondary ions during 

TOF-SIMS mapping performed on the surface of HDG samples immersed in different 

conversion solutions for 5 s and 60 s.  

Figure 6: FE-SEM images of polished HDG samples after treatment with different 

conversion solutions for different conversion times: cleaned (a), in HZF for 60 s (b), in HZF 
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for 300 s (c), in HZF+Fe for 60 s (d), in HZF+Fe for 300 s (e), in HZF+Cu for 60 s (f), in 

HZF+Cu for 60 s (g) and in HZF+Cu for 300 s (h).

Figure 7: Open circuit potential measurements performed on the surface of alkaline cleaned 

HDG substrates during immersion of samples in different conversion solutions. The grey area 

is attributed to the dissolution of the native zinc and aluminum oxyhydroxide layers from the 

surface during the conversion treatment. The white area is allocated to the film formation of 

the conversion layer.

Figure 8: Comparison of corrosion current densities for HDG samples immersed in different 

conversion solutions for different times. Values of corrosion current densities were 

extrapolated from potentiodynamic polarization measurements using Tafel extrapolation 

method.

Figure 9: Potentiodynamic polarization curves of HDG samples, untreated (alkaline cleaned)

and treated in different conversion solutions (the immersion times are indicated), recorded in 

0.1 M Na2SO4. Following conversion solutions were used: undoped (a), HZF+Fe (b) and 

HZF+Cu (c). Figure 9d represent potentiodynamic polarization curve recorded on cleaned 

HDG sample immersed in oxygen aerated (solid line) and nitrogen purged (dashed line) 

0.1 M Na2SO4 solution at T ~ 20 °C.
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Table 1

 element

sample

O

(at.%)

Zn

(at.%)

Al

(at.%)

Zr

(at.%)

F

(at.%)

Fe

(at.%)

Cu

(at.%)

cO/cZr

untreated 

(alkaline cleaned)

60 29 11

HZF 60s 60 8 19 13 3,1

HZF 300s 57 7 19 17 3

HZF+Fe 60s 69 6 13 9 3 5,2

HZF+Fe 300s 68 7 9 9 7 7,7

HZF+Cu 60s 66 8 18 6 2 3,7

HZF+Cu 300s 63 4 19 11 3 3,2
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http://ees.elsevier.com/electacta/download.aspx?id=882882&guid=a80692e4-1ca0-40e1-9e3f-2101dca829ea&scheme=1


Page 29 of 36

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure 2
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Figure 5

http://ees.elsevier.com/electacta/download.aspx?id=882886&guid=a834bbe4-ab17-47ec-ba21-7849804a37cc&scheme=1
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b (HZF 60s) c (HZF 300s) 

d (HZF+Fe 60s) e (HZF+Fe 300s) 

g (HZF+Cu 300s) f (HZF+Cu 60s) 

h (HZF+Cu 300s) 

Figure 6
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Figure 7
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Figure 8
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