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Abstract

The aim of this study was to verify the applicability of the Ohmic Model with variable ionic resistivity to the
voltammetric zinc oxide growth on galvanized steel sheets, without chromate passivating film. Two kind of
galvanized steel sheets were studied: one produced from a bath of molten zinc containing antimony and the other
containing lead. The galvanized steel sheets produced from a bath containing Sb presented better performance against
corrosion in comparison on with those produced from a bath containing Pb. The electrochemical experiments were
performed in a buffer solution of pH 8.7 with of 0.3 mol L H3BOs plus 0.15 mol L Na;B4Oy. It was found that the
passivating zinc oxide grown on the galvanized steel sheet containing Sb showed higher ionic resistivity than that of
the galvanized sheet containing Pb. This can explain the corrosion results.

Keywords: Zinc oxide; Galvanized steel sheet; Ohmic model.

Resumo

O objetivo desse estudo foi verificar a aplicabilidade do Modelo Ohmico com Resitividade i6nica varidvel para o
crescimento de 6xidos de zinco sobre folhas de acos galvanizadas, sem filme de passivacdo de cromato. Dois tipos de
folhas de aco galvanizadas foram estudadas: uma produzida com banho de zinco contend antiménio e a outra
contendo chumbo. Esses dois tipos de folhas tem distintos comportamentos frente a corrosdo, as com antimonio
apresentam melhor performance. Os experimentos foram realizados em solucéo tampdo borato pH 8,7 com 0,3 mol L
1 H3BO;3 adicionado 0,15 mol L Na,BsO;. Observou-se que os 6xidos de zinco passsivados sobre a folha de ago
galvanizada contendo Sh mostraram maior resisténcia ionic do que as folhas galvanizadas contendo Pb.
Palavras-chave: Oxido de zinco; Folhas de aco galvanizadas; Modelo 6hmico.

Resumen

El objetivo de este estudio fue verificar la aplicabilidad del Modelo Ohmico con resistividad i6nica variable para el
crecimiento de 6xidos de zinc sobre hojas de acero galvanizado, sin pelicula de pasivacion de cromato. Dos tipos de
hojas de acero galvanizado fueron estudiadas: una producida con bafio de zinc que contiene antimonio y la otra que
contiene plomo. Estos dos tipos de hojas tienen diferentes comportamientos frente a la corrosion, las hojas con
antimonio presentaron un major rendimiento. Los experimentos se realizaron en solucién tampén borato pH 8,7 con
0,3 mol L H3BO adicionado 0.15 mol L Na,BsO7. Se observo que los éxidos de zinc pasivados en la hoja de acero
galvanizado que contiene Sb tuvieron una resistencia idnica mas grande que las hojas galvanizadas que contienen Pb.
Palabras clave: Oxido de zinc; Hojas de acero galvanizado; Modelo 6hmico.

1. Introduction

Steel can provide adequate mechanical properties in many applications, although when in contact with humid air at

high temperatures it corrodes. For this reason, very often, steel surface is coated with different metals more resistant to
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corrosion. Zinc is one of the most used metals used as coating to steel surfaces. It acts as a barrier against corrosive media,
providing galvanic protection (Marder, 2000).

The hot-dip galvanizing process is one of the most used to coat steel sheets with zinc. In this case steel is dipped in a
bath of molten zinc containing some binders as aluminum, antimony or lead. Aluminum is added to the bath in order to inhibit
the reaction between iron and zinc. Lead or antimony are usually incorporated into the zinc bath to induce an increase in the
bath fluidity and a decrease in its surface tension. In small concentrations (0.04 — 0.2% in weight) these elements improve the
zinc coating uniformity and its adhesion to the steel substrate. Furthermore, they also contribute to the zinc crystals nucleation.
Some studies show that Sb and Pb modify the coating texture and the composition of the surfaces (Cameron, Ormay, 1965)
(Seré, et al., 1999) (Asgari, et al., 2007) (Asgari, et al., 2009. These phenomena affect not only the zinc coating texture but also
its surface appearance and corrosion resistance. Frequently, antimony is present within the coating while lead can be found
fundamentally at the zinc surface (Seré, et al., 1999; Chang & Shin, 1994; Brogueira, 2008).

Besides all this, the influence of these elements in the zinc oxide growth is still not well elucidated. In fact, studies
which evaluate the corrosion resistance of hot-dip galvanized steel sheets in aqueous solutions are carried out by
electrochemical techniques which analyze the metal/film/solution interface as a whole. Many authors use potentiostatic
polarization technique to obtain the corrosion current density (icorr) by the extrapolation of the Tafel plots (Tomachuk, Melo, &
Bellucci, 2006; Kobayashi & Fujiwara, 2006. Hosseini, et al., 2007; Lin, et al., 2007; Fedel, et al., 2009; Meng, et al., 2009;
Hamlaoui, et al., 2009; Ramezanzadeh, et al., 2010; Taouil, et al., 2012). In this case, the icn values are a result of the
passivating current densities through the metal/film/solution interface, without the separation of the properties between the
metal/film interface and the film itself. On the other hand, electrochemical impedance techniques analyze the system in terms
of equivalent electrical circuits, which can be the object of different criticisms.

The aim of the present work was to study the voltammetric growth of zinc oxide on hot-dip galvanized steel sheets
containing Sb or Pb in the coating in a way to separate the contributions of the metal/film interface from that of the film. In this
work, the quantitative scientific research method was used (Pereira, et al., 2018). This method generates data that can be
analyzed by generation equation and/or mathematical formulas applicable to some process (Pereira, et al., 2018). The general
treatment using the ohmic model with variable ionic resistivity in the formulation of D'Alkaine, et al., (2004) was applied to
voltammetric data. This model allows a more detailed study of the metal/film/solution interface by the determination of the
exchange current density at the metal/film interface and of the film, by the determination of values of the variable ionic

resistivity of the zinc oxide film during its voltammetric growth.

2. Methodology

The working electrodes were galvanized steel sheets from two different origins, having the same coating weight of
zinc. One was produced by immersion of the steel sheet in a molten zinc bath containing 0.075% antimony. The other was
produced by immersion in a molten zinc bath containing 0.095% lead. It is noteworthy that before each measurement the
galvanized samples were polished with 600 emery paper to provide the same roughness factor to zinc surfaces.

The electrochemical experiments were performed using an EG&G Princeton Applied Research Model 273A
potentiostat. Reagents PA and purified water (Millipore Q system) were used. The electrolyte solution was 0.3 mol L H;BOs
plus 0.15 mol L Na,B4O7, pH 8.7. This buffer solution maintains the pH at the electrode surface constant, even during the
film growth. This is a necessary condition for the application of the model Equations. An acrylic electrochemical cell of 100

ml was used. The electrochemical active area of the samples sheets were 8.55 cm?, limited by the use of an O-ring. This large
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electrode area was necessary to reduce to a minimum the borders problems. The reference electrode was a Hg/Hg2Cl./KCI
electrode in 1.0 mol L KCI solution in a separated compartment and the counter electrode was a platinum wire.

All current and charge densities are given in terms of the geometric area of the surface of the analyzed samples.

Anodic voltammetry studies were carried out at sweep rates of 2, 5, 10, 20, 70, 100, 200, 300 and 400 mVs™, always
on the same sample. For this purpose, between voltammetry and voltammetry, the grown oxide film on the previous
voltammetry was reduced at a constant cathodic potential (treatment potential) equal to -1.4 V during 8 min. This was done to
ensure not only the reduction of the film stuck on the surface, but also the reduction of the disrupt film adhered to it by surface
tension forces (D'Alkaine, et al., 2007). At the end of this time treatment the cathodic current always stabilized at about -0.076
mA cm?2. After this treatment the obtained voltammograms were reproductive. This was an indication that the surface
roughness of the samples were also reproductive. To prove this, roughness measurements were made in five distinct points of
the surface of each sample using a Perthometer Concept (Mahr Gmbh, Brauweg 38 Gottingen) roughness meter. The analyzed
roughness parameter was the R, (medium roughness value). The galvanized steel sheets were analyzed by (SEM) and energy

dispersive X-ray spectroscopy (EDS) to verify the presence of antimony and lead in the zinc coatings.

3. Results and Discussion

3.1 Hot-dip galvanized steel sheets produced with Sb in the bath
Figure 1 presents the EDS analyzes of the hot-dip galvanized steel sheets produced with Sb in the bath which

confirms the presence of Sb in the Zn coating.

Figure 1 - Characteristic EDS spectrum acquired from the galvanized steel containing Sb.
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Figure 1 shows the caracterization of EDS galvanized steel sheet containing Sh. The peaks represent the elements present in the sample. The
presence of Sh, Zn and Fe are observed in the galvanized steel sheet. Source: Own authors.

In Figure 2 are shown the anodic voltammograms of zinc oxide growth for hot-dip galvanized steel sheet produced
with Sb in the bath. From these voltammograms the current density versus potential at the metal/film interface, i versus Eqy

were calculated. This curve is obtained after the correction of the ohmic drop through the film (the overpotential nyp) at the
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peak potential (Ep). This was done through a general treatment using the ohmic model with variable ionic resistivity

(D'Alkaine, et al., 2004). The values of n¢pare calculated in this model by Equation 1

\"
77f.p :i_(qf.p +q0)
p (1)

where qo is the charge density on the metal surface related to the amount of film grown initially at the initial potential E; of the

voltammetry; v is the sweep rate potential; iy is the current density at the peak and g, is the peak or plateau charge density.

Figure 2 - Voltammetric ZnO film growth on galvanized steel sheets with Sb.
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Figure 2 presents the voltammograms at different potential sweep rates pointed out at each curve. The electrolyte solution was 0.3 molL*

HsBOs + 0.15 molL* Na2B4Oy; the reference electrode was Hg/Hg2Clo/KCI 1.0 molLt; Ei = -1.30 V. Before each voltammetry: cathodic
potentiostatic electrode surface recovery at a potential of -1.4 V. Source: Own authos.

The correct value of qo is obtained by considering increasing qo values in Eq. 1 until a linear region at high v in the
representation In i, versus (E, — nrp) are attained. This is because the representation corresponds to the Tafel plots at the
metal/film interface since the ohmic drop across the film has been corrected, show Figure 3. This linear region must be
expected only for high growing sweep rates since at low sweep rates the opposite reaction is able to occur and, consequently, a

deviation from linearity appears.
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Figure 3 - Tafel plots at the metal/film interface galvanized steel sheets with Sb.
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Figure 3 shows (e) Tafel plot corrected by its ohmic drop at the Zn/ZnO interface versus the logarithm of the peak current density (Zn
coating film with Sb). (o) Plot without ohmic correction for comparison. Electrolyte solution: 0.3 molL™ H3BO3 + 0.15 molL"? Naz2B4Or;
reference electrode: Hg/Hg2Cl2/KCI 1.0 M. Source: Own authors.

In Figure 3 are shown the curves of (E, — ntp) VS In i, considering go = 0 mCcem and qo = 0.55 mCcm. This last one

was the best adjusted value giving the more extended linear region in the Tafel plot. In Figure 4 is shown amplification of the

corrected by its ohmic drop at the Zn/ZnO interface Tafel Plot from Figure 3 versus the logarithm of the peak current density
(Zn film coating with Sh). go = 0.55 mCcm™2,

Figure 4 - Amplification at the Zn/ZnO interface Tafel plot from Figure 3.
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Figure 4 represents the Tafel Plot corrected by its ohmic drop at the Zn/ZnO interface from versus the logarithm of the peak current density

(Zn film coating with Sh). go = 0.55 mCcm2. Er: Flade Potencial; i,%/f : exchange current density; oa: anodic transfer coefficient, both at
the metal/film interface. Electrolyte solution: 0.3 molL"* H3BOs + 0.15 molL™? Na2B.Oy7; reference electrode: Hg/Hg2Cl2/KCI 1.0 molL™,

Source: Own authors.
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In Figure 4 it is plotted only the curve obtained considering go = 0.55 mCcm in order to show the different
parameters calculated from the best curve. The Flade Potential (Eg) of the galvanized steel sheets with Sb was found to be
equal to -1.195 V. The Tafel slope was 53 mVdec™ and the exchange current density at the Zn/ZnO interface was 1.25 mAcm

2

The transference coefficient at the Zn/ZnO interface (amis) could then be calculated considering

RT

53mVdec* =
At F 2

and it resulted to be 0.49.

Figure 5 shows the relation between the peak charge density of the film (qgr) at different potential sweep rates. It can
be noticed that for sweep rates values higher than 200 mVs* (linear Tafel region in Fig. 5) the peak charge density remains
constant. This means that for high sweep rates, at the peak potential, the film parameters seem to be independent of the
growing conditions in the same way as found by D'Alkaine, et al., (2004) in the case of pure zinc. This is an indication of the
presence of some kind of reproducible state which occurs for all passivation films studied until now when the film is grown
over distinct metals at high sweep rates, (D'Alkaine & Santanna, 1998), (D'Alkaine, et al., 2004), (D'Alkaine, et al., 2007),
(Motta, 2000), (Motta, 2005).

Figure 5 - The relation between the peak charge density of the film (qrp) at different potential sweep rates.
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Figure 5 presents peak film charge density versus potential sweep rate. Initial charge density, go: 0.55 mCcm2. Electrolyte solution: 0.3
molL* H3BOs + 0.15 molL* Na2B4Ov; reference electrode: Hg/Hg2Cl2/KCI 1.0 molLt. Soucer: Own authors.

3.2 Hot-dip galvanized steel sheets produced with Pb in the bath
Figure 6 presents the EDS analyzes of the hot-dip galvanized steel sheets produced with Pb in the bath which

confirms the presence of Pb in the Zn coating.
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Figure 6 - Characteristic EDS spectrum acquired from the galvanized settle with Pb.
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Figure 6 shows the caracterization of EDS galvanized steel sheet containing Pb. The peaks represent the elements present in the sample. The
presence of Pb, Zn and Fe are observed in the galvanized steel sheet. Source: Own authors.

The anodic voltammetries of hot-dip galvanized steel sheets samples with Pb in the coating are shown in Figure 7.
These curves must be compared with those of Figure 2 for the samples with Sb addition in the bath. It is clearly seen that the
charge involved in the voltammograms are larger in the case of the samples containing Pb and that these last samples present
two peak processes. This could be due to an enhancing of the roughness factor during the galvanizing process (metallurgical
phenomenon).

In order to elucidate this question, the roughness of both kinds of samples were experimentally measured. The value
found for the hot-dip galvanized steel sheets produced with Sb in the bath was 0.21um (Ra) while that of the hot-dip
galvanized steel sheets produced with Pb in the bath presented a value of 0.25 um (Ra). It is then possible to consider the Ra
values practically equal for both samples, even further when the differences in Ra can be attributed to experimental errors. In
view of this fact, the larger values of charge densities found in the voltammetries of the samples containing Pb are due to the

less efficient passivating properties of the oxide grown during these experiments.
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Figure 7 - Voltammetric ZnO film growth on galvanized steel sheets with Pb.
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Figure 7 presents the voltammograms at different potential sweep rates pointed out at each curve. Electrolyte solution: 0.3 molL™? H3BOs +
0.15 molL? Naz2B4Oy; reference electrode: Hg/Hg2Cl2/KCl 1.0 molL}; Ei = -1.30 V. Before each voltammetry: cathodic potentiostatic
electrode surface recovery at a potential of -1.4 V.Source: Own authors.

Following the same presentation adopted for the samples containing Sb (Figure 3), Figure 8 shows the Tafel plots for
In i, versus (Ep — nrp) at the metal/film interface considering go = 0 mCcm and go = 0.75 mCcm™. This last one was the best
adjusted value giving the longer linear region for the Tafel plot. In Figure 9 is shown amplification of the corrected by its
ohmic drop at the Zn/ZnO interface Tafel Plot from Figure 8 versus the logarithm of the peak current density (Zn film coating
with Pb). go = 0.75 mCcm™2,

Figure 8 - Tafel plots at the metal/film interface galvanized steel sheets with Pb.
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Figure 8 shows (e) Tafel plot corrected by its ohmic drop at the Zn/ZnO interface versus the logarithm of the peak current density (Zn
coating film with Pb). (o) no ohmic drop corrected plot for comparison. Electrolyte solution: 0.3 molL™ H3BOs + 0.15 molL! Na2B4O7;
reference electrode: Hg/Hg2Cl2/KCI 1.0 M. Source: Own authors.
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Figure 9 - Amplification at the Zn/ZnO interface Tafel plot from Figure 8.
-1.10 r ' r r r < r - 1 1 v 1

Pb(Zn)

& g =0.75mCcm”

i ’=0.59 mAcm” :
115}

E =-1180y @

_1.20 1 " 1 " '; " 1 " 1 " 1 " 1 "
20 15 -10 -05 00 05 1.0 15

2

Ini / mAcm”

Figure 9 represents the Tafel Plot corrected by its ohmic drop at the Zn/ZnO interface from versus the logarithm of the peak current density
(Zn film coating with Pb). go = 0.75 mCcm2. Er: Flade potencial; i,%,f : exchange current density and a.a: anodic transfer coefficient, both

at the metal/film interface. Electrolyte solution: 0.3 molL! H3BOs + 0.15 molL* Na2B4Oy; reference electrode: Hg/Hg2Cl2/KCI 1.0 molL™2.
Source: Own authors.

In order to better study these results, in Figure 9 only the correct Tafel plot for qo = 0.75 mCcm2 is presented
amplified in the potential scale to show the different parameter values. The Flade potential in this case was -1.18 V, very near
to the Eg value found in the case of the samples containing Sb ( -1.195 V), indicating that the Er does not seem to be affected in
a significant way by the presence of Sb or Pb in the zinc coating. This can be expected due to the slow amount of the Sb or Pb

contents. From the extrapolation of the Tafel straight line to the Flade potential (Figure 9) it was possible to determine the
exchange current density at the Zn/ZnO interface, ir?],f . This value was 0.590 mAcm-2. It is a value little smaller, but having
the same order of magnitude, than that found in the case of samples containing Sb in the coating. These facts are showing that
the presence of Sb or Pb in the zinc coating does not significantly modify neither the Er nor the ir?], f e

Finally, from the Tafel slope (Figure 9) it was possible to calculate the charge transfer coefficient of the oxidation
reaction at the Zn/ZnQO interface in the case of samples containing Pb.

In Figure 10 it is plotted the relation between the film peak charge density and the sweep rates for the hot-dip
galvanized steel sheets samples with Pb in the coating. These data must be compared with those of Figure 5 related to the
samples with Sb addition. From these plots the previously observed phenomena of the involved charges in the voltammetries
of the samples containing Pb (Figure 10) and that containing Sb (Figure 5) confirm that the last ones are larger. This is more
clearly seen at high sweep rates, were both systems attain a constant charge peak condition (1.5 mCcm in the case of Sh and
2.60 mCcm2 in the case of Pb). This result must be attributed to the film itself taking into account that no significant
differences have been obtained in relation to their roughness factors. This means that the ZnO films on the surface of the

samples produced in the presence of Sb in the bath are more passivating than those produced in the presence of Pb in the bath.
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Figure 10 - The relation between the peak charge density of the film (qr,) at different potential sweep rates.
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Figure 10 presents peak charge density versus the potential sweep rate. Initial charge density: 0.75 mCcm2. Electrolyte solution: 0.3 molL*
H3BOs + 0.15 molL-* Na2B4Oy; reference electrode: Hg/Hg2Cl2/KCI 1.0 molLL. Source: Own authors.

If the difference is in the film, it would be important to determine some specific property of it. The general treatment
including the ohmic model used in the present paper allows the determination of the ionic resistivity of the film during the
growing process and not even only at the peak condition. This analyze is presented in the sequence for both systems.

From the values of the ohmic drop potential (E, — n¢p) and In iy in Figures 4 and 9, the curves i versus Eqs can be built
for both cases, with Sb or Pb in the bath (Figures 11 and 12). From these Figures, it is possible to calculate the film
overpotential (nr) for any value of the charge density or current density in the film, beyond the peak conditions. This is done by
determining for the same current density the difference between the potentials between the curve i versus Ens and those for
each sweep rate in the voltammograms (see two examples in each figure for different current densities). This procedure allows
the determination of the ionic resistivity (ps) during the film growth taking into account from reference D'Alkaine, et al., (2004)

the following Eq.:

¢

pr =g
"V g, ®)

where ps is the average ionic resistivity of the film; # is film overpotential,; Vs is the volume per unit charge of the film; gy is
the charge density of the growing film and i is the current density.

It is worthwhile to note that the V¢ value is theoretically given by Eq. 4 (D'Alkaine, et al., 2004).

M
nF.o (4)

Vf:

where M is the molecular weight of the film; n.F is the charge needed to the formation of one mol of the film, with F the
Faraday constant and 6 the ZnO film density (6.06 g.cm™).
As stated before, the determination of each ¢ for each i during a voltammetry is made from the differences between

the specific curves given in Figures 11 and 12.
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Figure 11 - Voltammetric growths of ZnO on galvanized steel sheets containing Sb.
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Figure 11 presents the voltammetric growths of ZnO on galvanized steel sheets containing Sb togheter with the plot of the calculated i / (E —
nr) relation at the metal/film interface, considering go = 0.55 mCcm and from Figure 3. Electrolyte solution: 0.3 molL? H3BOs + 0.15 molL"
! Na2B4Oy; reference electrode: Hg/Hg2Cl2/KCI 1.0 molL . Source authors.

Figure 12 - Voltammetric growths of ZnO on galvanized steel sheets containing Pb.
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Figure 12 presents the voltammetric growths of ZnO on galvanized steel sheets containing Pb together with the plot of the calculated i /(E —
nr) relation at the metal/film interface, considering go = 0.75 mCCm2 and from Figure 7. Electrolyte solution: 0.3 molL* H3BOs + 0.15
molL ! Naz2B4Oy; reference electrode: Hg/Hg2Clo/KCl 1.0 molL-1. Source authors.

From Figures 11 and 12 the variation of the ionic resistivity during the growth of both films were calculated. These
results are shown in Figures 13 and 14. It can be observed that in both cases of Figures 13 and 14 the ionic resistivity of the
films passes through a minimum which corresponds to the maximum in terms of current density in voltammetric Figures 2 and
7. This has been explained by the passage of the current in the initial thin aged film, having a thickness equal to qo. This

generates the injection of recombining point defects and, consequently, the decrease of the ionic resistivity (inversely
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proportional to the concentration of point defects). On the order hand, the growth of the concentration of recombining point
defects (interstitials cations and cationic vacancies) in the film lead to the recombination reaction (interstitial cation + cationic
vacancies — lattice) originating, subsequently, the growth of the ionic resistivity, generating the minimum (D'Alkaine &
Santanna, 1998), (D'Alkaine, et al., 2004), (D'Alkaine, et al., 2007), (Boscheto, 2008), (D'Alkaine, et al., 1993).

Figure 13 - lonic resistivity vs. film charge density for different sweep rates indicated in the figure. The case of galvanized
steel with Sb. Electrolyte solution: 0.3 molL H3BO3 + 0.15 molL* Na,B4Oy; reference electrode: Hg/Hg»Cl,/KCl 1.0 molL™.

D
Sh(Zn) ”
O 10mVs
10 e 7 .
=] 2
= m 200
& & 400
= 8t 5 4
3 A
£ 6} 4
=
=
@
S .
=2
=
=
0 1 L L L 1 'l L

0 2 4 6 8 10 12 14 16
film charge density / mCem™

Source Authors.

Figure 14 - lonic resistivity vs. film charge density for different sweep rates indicated in the figure. The case of galvanized
steel with Pb. Electrolyte solution: 0.3 molL! H3BO3 + 0.15 molL* Na,B4Oy; reference electrode: Hg/Hg.Cl,/KCI 1.0 molL™.
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It is worthwhile to notice that hot-dip galvanized steel sheets produced with Sb in the bath present less corrosion than

those produced with Pb in the bath. This fact can be explained comparing the ionic resistivity values of both samples, in the
12
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same sweep rate. The data show that the ionic resistivity becomes up more quickly, leading to more efficient passivation, in the

case of the hot-dip galvanized steel sheets produced with Sb than those with Pb, in agreement with the corrosion results.

4. Conclusion

Two galvanizing steel cases were analyzed from the point of view of their passivating films. One produced with the
addition of antimony in the bath and the other with the addition of Pb.

It was observed in both cases in the voltammetric results a similar behavior of passivating films of those in pure zinc.
It was possible to verify that in the Zn/ZnO interface the oxidation processes in both cases, with Sb or with Pb in the bath,
follow a process which can be described by a Tafel reaction and that the Flade Potential and the transfer coefficient do not
varied with the presence of Sh or Pb in the bath. Nevertheless, the exchange current at the Zn/ZnO in the case of the system
containing Sh in the bath is near a half of the value of that corresponding to the sample containing Pb in the bath. This is a first
indication that the presence of Sb in the bath in comparison with Pb generates a more anticorrosive film. This date can be
confirmed by the determination of the ionic resistivities of the films during the film growths, which indicate that the films with

Sb arrives to passivate the metal more easily than those with Pb.
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