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A B S T R A C T

The bonding properties of zirconium- and titanium-based conversion coatings were evaluated using model
conversion solutions of H2ZrF6 and H2TiF6 with addition of various organic additives (PAA, PVA, PVP).
Macroscopic testing techniques such as contact angle and pull-off adhesion measurements were performed on
galvanized steel sheets. Complementary to this, molecular studies were performed on model zinc substrates
using ATR-FTIR in the Kretschmann configuration. The macroscopic and molecular approaches showed a good
correlation demonstrating ATR-FTIR in the Kretschmann configuration to be a valuable tool to gain fundamental
insights in metal oxide-polymer interfacial phenomena. Zirconium-treated galvanized steel substrates were
shown to have a higher bonding affinity for the polyester coil coat primer than titanium-treated galvanized steel
substrates. The presence of organic additives did not further improve the bonding properties. Yet, organic ad-
ditives initially improved the interfacial stability of titanium-treated substrates. However, on the long term,
organic additives are shown to be detrimental for polyester coil coat adhesion. This adverse effect of organic
additives on the long term was assigned to its selective dissolution during immersion and was most pronounced
for titanium-treatments. The limited effect of organic additives in case of zirconium-treatments was attributed to
the higher portion of chemical interfacial bonds, as well as its tendency for crosslinking reactions causing en-
tanglement of polymeric compounds in the zirconium oxide structure.

1. Introduction

Recent restrictions on the use of carcinogenic hexavalent chromium,
as well as ecological concerns on the use of extensive use of phosphates
lead to the development of a new generation of surface treatments. [1]
Currently, zirconium- and/or titanium-based fluoroacid treatments are
considered as viable alternatives since they improve both corrosion
resistance [2–7] and paint adhesion [8–12] on both ferrous and non-
ferrous substrates [1]. To form a conversion layer, the initial native
oxide layer needs to be broken down [13]. In case of zirconium and
titanium-based treatments this is done by fluoride ions [14]. During the
anodic dissolution of native metal (hydr)oxides, cathodic counter re-
actions create local surface alkalization, which lead to precipitation of
zirconium- and titanium oxide [15–20]. Tetravalent elements are so-
luble only within narrow acidity ranges and the hydroxides M(OH)4 are
too polarized to be stable. [21] Consequently, because of their high

formal charge, Ti and Zr cations hydrolyse to hydrated oxides [21,22].
In the case of titanium oxide, spontaneous dehydration via oxolation
reactions leads to TiO2 which crystal structure (rutile or anatase) de-
pends on the acidic and temperature conditions. [14[21,23] Con-
versely, the high coordination number of zirconium (NZr = 8 vs NTi =
6) and resulting geometry (associated with its larger ionic radius) does
not allow the formation of compact condensation products.22] Instead,
amorphous oxy hydroxides are being formed. [21–25] Literature on
precipitation of Zr(VI)- and Ti(VI)-oxides from fluoroacid solutions are
very scarce. Verdier et al. showed that during the conversion of AM60
magnesium alloy, titanium occurred only in its oxide form (TiO2),
whereas zirconium, depending on the solution composition, was found
as oxide (ZrO2), oxyhydroxide (ZrO2-xOH2x) and hydroxyfluoride. [23]
This confirms the formation of amorphous zirconium oxyhydroxide
phases, which have been reported to have variable compositions de-
pending on the experimental conditions. [22] As such, the pH, Zr
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concentration, temperature and presence of anions in the conversion
solution determine the equilibrium between competitive olation
(leading to Zr−OH-Zr bonds) and oxolation (leading to Zr-O-Zr bonds)
reactions. [21,22] Finally, when forming solid phases, OH groups can
be replaced by anions, which effect diminishes with increasing pH [22].

Improved paint adhesion has been ascribed to altered oxide physi-
cochemical properties upon zirconium-based treatment. As such, the
hydrophilic nature of hot dipped galvanized and Galvan coated steel
substrates is reported to increase upon zirconium-based conversion
treatment. [26] Increased surface free energies [27], electron donor
properties [28,29] and altered hydroxide fractions [11,29,30] have
shown to enhance chemical interactions with an organic layer. Mole-
cular studies at buried metal-polymer interfaces require the use of thin
organic film or metal substrates. This because industrial coatings and
substrates have high absorptive properties, hindering non-destructive
access to he buried interface using currently available surface sensitive
techniques. Harrick et al, developed attenuated total reflection –
Fourier transform infrared spectroscopy (ATR-FTIR) in Kretschmann
configuration, thereby demonstrating the feasibility to study the phy-
sics and chemistry of optical transparent semiconductor surfaces, by
means of total internal reflection [31]. Öhman et al. [32–35] integrated
this ATR-FTIR Kretschmann technique with an electrochemical cell
(EC), allowing simultaneous electrochemical and molecular character-
ization of the metal-polymer hybrid system during exposure to elec-
trolyte. Later, Taheri et al. adopted the in-situ ATR-FTIR approach to
study molecular organizations at buried metal-polymer interfaces
[11,36,37]. Today, ATR-FTIR Kretschmann is a well-established tool to
deduce chemisorption mechanisms on polymer coated thermally va-
porized model metal substrates [38,39] Nevertheless, its requirement
for optical transparent metal substrates comes with the need for com-
plementary methodologies studying (dis)bonding phenomena on in-
dustrial relevant substrates. One of these complementary techniques
concerns scanning Kelvin probe (SKP) studies allowing for Volta po-
tential surface mappings on industrial metal-polymer hybrid systems.
[40,41] Such SKP studies revealed a lowered potential difference at the
delamination front reducing the delamination rate [42,43] Next to
zirconium and/or titanium, fluoroacid-based treatments typically also
contain inorganic and organic additives which affect the conversion
oxide physicochemical and thus bonding properties. Inorganic additives
are known to improve conversion film formation as well as its barrier
properties adding corrosion resistance [5,9,44,45]. However, the im-
pact of organic additives is less described. There are various reasons to
add polymeric compounds to the conversion solution. Among others,
they are supposed to improve conversion coating homogeneity, as well
as enhance bonding properties to both the underlying substrate and
overlaying paint layer [46–48]. Common water soluble polymeric
compounds found in patents to be added to conversion treatments are
polyacrylic acid (PAA), polyvinyl alcohol (PVA) and polyvinyl pyrro-
lidone (PVP) [47–51]. It has been reported that polymeric additives are
more effective in a zirconium- than in a titanium-based coating due to
the ability of zirconium to act as a crosslinking agent [46]. Deck et al.
reported that the addition of polymeric additives improves both stabi-
lity and corrosion resistance of zirconium- and titanium-treatment of
aluminium, with polyacryl amide performing better than polyacrylic
acid [46]. Smit et al. investigated the effect of polyacrylic and tannic
acid added to the titanium-treatment of aluminium-manganese alloys
and confirmed the corrosion resistance to be improved significantly due
to organic additives [52]. However, longer immersion in NaCl solutions
leads to selective dissolution of the polymer film resulting in worse
corrosion protection performances than those obtained after titanium-
treatment without organic additives [52]. Since the majority of the
work on zirconium- and titanium-treatments focusses on corrosion re-
sistance and macroscopic adhesion testing, fundamental insights on the
bonding properties of zirconium- and titanium coatings are largely
missing. Yet similarities can be found in literature describing metal-
organic frameworks (MOFs). [53] MOFs are metal ions coordinated to

organic ligands forming one, two-or three dimensional structures,
mostly containing divalent transition metal cations [53]. However,
there is a high interest in increasing the charge of the metal cation to
strengthen the cation-ligand bond and thus its chemical stability
(especially in the presence of water) [53]. Ti(IV) is considered as a
highly attractive, yet challenging cation due to its high polarizing
power resulting in fast and spontaneous precipitation of TiO2 [53]. Zr
(IV) on the other hand, has shown to be a noticeable exception for
tetravalent cations based MOFs [54]. The high affinity between Zr(IV)
and carboxylate oxygen atoms gives stable Zr-MOFs in organic solvents,
water and acidic aqueous solutions. In alkaline aqueous solutions they
are found to be less stable due to replacement of carboxylate groups by
OH− anions. [54] Although such coordination chemistry cannot fully
be translated to metal oxide – polymer interactions, higher bonding
properties of zirconium than titanium oxide can be hypothesized from
this.

This work aims to describe the chemical conversion of galvanized
steel using model conversion solutions. Initially the conversion film
formation of galvanized steel is characterized by XPS surface analysis
using H2ZrF6 and H2TiF6 as conversion solution. Subsequently, the
bonding properties of the converted oxide surfaces are determined as a
function of fluoacid cation (Ti/Zr) and organic additives (PAA, PVP,
PVA) using contact angle and attenuated total reflection (ATR)-FTIR
measurements. Based on the contact angle measurements the surface
free energy of the variously treated galvanized steel substrates is cal-
culated according to the Owens, Wendt, Rabel and Kaelble (OWRK)
method, which allows differentiation between polar and dispersive
contributions [55]. Complementarily, ATR-FTIR measurements in the
Kretschmann configuration elucidate the interface chemistry at the
zinc-polyester coil coat interface revealing interfacial bonding me-
chanisms [56]. In the Kretschmann configuration thin metal films (50
nm) are deposited on an internal reflection element. The metal film
thickness is kept sufficiently low to allow access of infrared light
through the metal film, providing interfacial molecular information.
The use of such inverted geometry offers the possibility to introduce
aqueous media to the metal oxide-polymer interface. Consequently, the
stability of the established interface can be evaluated in-situ using ATR-
FTIR. There has been opted to use deuterated water (D2O) because the
OeD bending mode is positioned at a lower wavenumber compared to
the OeH bending mode (i.e. 1200 vs 1640 cm−1, respectively). This
shift allows in-situ study of the evolution of interfacial carboxylate
bonds positioned around 1610 cm−1 without interference of dominant
water signals. The evolving interface chemistry elucidated by ATR-FTIR
is subsequently correlated to pull-off adhesion measurements obtained
after 24 h immersion in an aqueous 0.05 M NaCl solution to study its
long term stability.

2. Experimental

2.1. Materials

Hot-dip galvanized steel (GI) sheets with a 15 μm zinc coating and a
total thickness of 0.4 mm were sourced from Tata Steel I Jmuiden B. V.
They were ultrasonically cleaned in acetone and ethanol both for 10
min. This was followed with an alkaline cleaning step at elevated
temperature (60 °C) to remove surface aluminium, which results from
the galvanizing process. [57] Therefore, the samples (50 x 50 mm) were
immersed for 30 s in 1 M NaOH adjusted to pH 12 using concentrated
phosphoric acid, after which they were rinsed using demineralized
water and dried with compressed air.

2.2. Conversion treatment

To investigate the effect of the cation (Zr vs Ti) and organic ad-
ditives, model conversion treatments were prepared.
Hexafluorozirconic acid, 50 wt% in H2O (Sigma-Aldrich Chemistry) and
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hexafluorotitanic acid, 60 wt% in H2O (SigmaAldrich Chemistry) were
diluted to 0.01 M. The pH was adjusted to 4 using 1 M NaOH. The
polymer additives investigated as potential adhesion enhancers were
polyvinyl alcohol (PVA) molecular weight 145 000 (Sigma-Aldrich
Chemistry), polyvinylpyrrolidone (PVP) molecular weight 360 000
(Sigma-Aldrich Chemistry) and polyacrylic acid (PAA) molecular
weight 150 000 (Sigma-Aldrich Chemistry). They were added to the
fluoroacid solutions with a concentration of 0.1 g/L. To dissolve the
polymers, stirring at elevated temperatures was required. PVA and PAA
were fully dissolved after 30 min stirring at 70 °C, PVP required a
higher temperature and was dissolved after 12 h stirring at 80 °C.

2.3. Polymer coating

Samples were polymer coated with a model clearcoat formulation
with a polyester-based resin, Dynapol LH 820 (Evonik Industries AG)
supplied by AkzoNobel B.V. The hot-dip galvanized steel substrates
were spincoated at a speed of 1250 rpm for 40 s, whereafter they were
cured at 225 °C for 5 min. The dry film thickness was measured using an
Elcometer® 456 coating thickness gauge. The device was first calibrated
on uncoated GI using the ‘zero’ calibration method, which is ideal for
calibrating on uncoated smooth surfaces. The average thickness
achieved was 10± 2 μm. Zinc coated internal reflection elements
(IREs) used for attenuated total reflection (ATR)-FTIR studies, were
coated using a 30 μm bar coater. The resulting polymer film was cured
for 15 min at 130 °C, which is the maximum operating temperature for
the germanium IRE.

2.4. Pull-off adhesion test

Pull-off adhesion tests, according to the ASTM D4541-17 standard
were performed using the Elcometer® 106 Pull-Off Adhesion tester.
Prior to the adhesion testing, coil coated samples were submersed in a
0.05 M NaCl solution for 24 h. Subsequently, 20 mm diameter dollies
were attached to each coated sample using SG 300-05 adhesive
(SciGrip) and cured for 24 h at room temperature. Prior to testing each
sample was glued to a 4 mm thick carbon steel plate with cyanoacrylate
adhesive to prevent deformation of the 0.4 mm thick galvanized steel
substrates. Subsequently, the polyester coat was cut around the dolly to
avoid shear stresses on the dolly-polyester coat bond. The dollies were
pulled off at a rate of 10 mPa per second.

2.5. X-ray photoelectron spectroscopy (XPS)

XPS survey spectra were collected using a PHI5600 ci photoelectron
spectrometer (Physical Electronics) with an Al Kα monochromatic X-
ray source (1486.71 eV of photons). The vacuum in the analysis
chamber was approximately 9 × 10−9 Torr during measurements.
Measurements were performed with take-off angles of 45° with respect
to the sample surface. The reproducibility was verified by triplication of
the measurements. XPS data was analysed with PHI Multipak software
(V9.1.0.9).

2.6. Field emission auger Electron spectroscopy (FE-AES)

High-resolution mappings of the zirconium- and titanium treated
galvanized steel substrates were obtained using a JEOL JAMP9500 F
FE-AES spectrometer, employing an electron beam of 10 keV and 10.6
nA at an angle of incidence of 30°. The utilized magnification was
12,220 x for zirconium-treated GI and 20,000 x for titanium-treated GI.
This resulted in mapping areas of approximately 9 x 9 μm for zirco-
nium-treated GI and 6 x 6 μm for titanium-treated GI. The data was
extracted and processed using the JEOL Image Investigator V1.04
software.

2.7. Contact angle measurements

Contact angle measurements of variously treated GI were performed
using a OneAttension Theta Lite optical tensiometer (Biolin Scientific).
Milli-Q water, ethylene glycol and diiodomethane were the liquids used
to calculate dispersive and polar parts of the surface free energy (SFE).
The procedure involved placing a drop of liquid with a volume of 1.5 μL
on the surface of the sample, whereafter wetting force data were re-
corded for 10 s starting from the moment of liquid contact. The contact
angle at the metal-liquid-air interface obtained after 10 s of contact
with the solid substrate is presented in this work. SFE values were
calculated based on the OWRK method using the OneAttension soft-
ware. The reproducibility was verified by at least five measurements
per liquid and substrate, of which the values and their associated
standard deviations can be found in supplementary information. The
average contact angle value for each liquid/substrate was used for
calculating the SFE.

2.8. Attenuated total reflection – Fourier transform infrared spectroscopy
(ATR-FTIR) in Kretschmann configuration

The FTIR apparatus was a Thermo-Nicolet Nexus equipped with a
liquid-nitrogen cooled mercury-cadmium-telluride (MCT) detector and
a nitrogen-purged measurement chamber with a Veemax III single re-
flection ATR accessory with a mounted precision manual polarizer
(PIKE) set at 90° for p-polarized IR-light. Metallic zinc films were de-
posited on germanium IREs with a fixed face angle of 60 degrees (PIKE
Technologies) using pure zinc foil (Goodfellow, 99.95%) by means of a
high-vacuum (VCM 600 Standard Vacuum Thermal Evaporator, Norm
Electronics) evaporation system. The acquired zinc film thickness was
equals 50 nm and was measured by means of a quartz microbalance
thickness meter implemented in the PVD equipment. Because of the
high purity grade of the zinc source, there was no need to apply an
alkaline treatment prior to conversion. Yet, it should be noted that ATR-
FTIR measurements require the use of thermally vaporized model
substrates which differ from industrial galvanized steel substrates.
Variations are expected on the activity of the metal oxide layer, initial
and final hydroxide fractions and the thickness of the conversion oxide
layer. Nonetheless, complementary ATR-FTIR measurements are able to
provide complementary insights in the chemisorption mechanisms at
variously treated buried zinc-polyester interfaces, which accordingly
can be associated to the characteristics of variously treated galvanized
steel substrates. P-polarized IR-light was configured with an incident set
angle of 80 degrees. For the chemisorption studies infrared back-
grounds were obtained from the variously treated metallic coat films
deposited on IREs. For the stability studies, infrared backgrounds were
obtained after curing the polyester coil coat coating on the respective
metal oxides. The established interfacial chemistry was followed in-situ
during exposure to D2O (99.9%, Sigma-Aldrich Chemistry).
Consequently, the evolution of interfacial bonds may appear positive,
when being increased, or negative when being reduced relative to the
initial dry (cured) situation. Infrared spectra were collected every 300 s
and averaged from 128 cycles with a resolution of 4 cm−1. The control
of the spectra acquisition and incident angles was managed by the
OMNIC 8.1 software package (ThermoElectron Corporation, Madison,
WI).

3. Results

3.1. Formation of zirconium- and titanium-based conversion coatings

3.1.1. Elemental surface analysis, XPS and FE-AES study
The formation of a zirconium- and titanium-based conversion film

on GI was studied using XPS. The survey spectrum of untreated GI,
presented in Fig. 1(a), includes XPS peaks for oxygen, zinc, aluminium
and carbon. The presence of aluminium on untreated GI indicate that
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the applied alkaline cleaning procedure does not remove all surface
aluminium. However, subsequent zirconium- and titanium-treatment
efficiently removes remaining surface concentrations of aluminium, as
demonstrated in Fig. 1(b) and (c). Based on the zirconium-based con-
version mechanism proposed by Lostak et al. [19] it is suggested that
the zinc matrix is more noble compared to the aluminium impurities.
Hence, these aluminium impurities are being dissolved, while zirco-
nium oxide precipitates covering the galvanized steel surface. Previous
work compared polyester coil coat chemisorption mechanisms on na-
tive and zirconium-treated zinc and aluminium, which becomes im-
portant when substantial concentrations of aluminium remain present
at industrial relevant galvanized steel surfaces [39].

Furthermore, zirconium, titanium and fluoride XPS peaks were de-
tected in the relevant oxides, as shown in Fig. 1(b) and (c).

The elements traced in the XPS survey scans were converted to
atomic percentages using the sensitivity factors (S) provided by the
manufacturer. [58] It is known that the overlayer of ambient carbon
contaminants attenuates signals from the underlying surface [59]. As a
consequence, carbon and oxygen signals are predominant as illustrated
in Fig. 2(a). Furthermore, higher levels of fluorides are noted upon
zirconium- compared to titanium-treatment. The metal concentrations
at the variously treated galvanized steel surfaces are presented in
Fig. 2(b). This shows that aluminium concentrations are being reduced
from 7.2± 0.4 At. % for untreated GI to 0.9± 0.3 At. % for zirconium-
treated GI and 0.4±0.4 At. % for titanium-treated GI. Moreover, it can
be seen that the amount of surface zinc reduces, while zirconium
(14.0±2.1 At. %) and titanium concentrations (9.6± 1.5 At. %) in-
creases. Nevertheless, significantly higher zinc concentrations are noted
after titanium-treatment which suggests that the zirconium-based
conversion coating is either thicker or more homogeneous than the ti-
tanium-based conversion coating.

To study the lateral elemental distribution of the converted GI

substrates FE-AES mappings were performed. Fig. 3(a) and (b) de-
monstrate the lateral zinc and zirconium distribution of zirconium-
treated GI, whereas (c) and (d) present the lateral zinc and titanium
distribution at the titanium-treated GI surface. The absence of surface
zinc at the zirconium-treated GI surface, as shown in Fig. 3(a), illumi-
nates that zirconium-treated GI is homogeneously covered by zirconium
oxide. Conversely, elemental AES mappings of titanium-treated GI de-
monstrates comparable surface concentrations of zinc and titanium
oxide. Consequently, whereas zirconium-treated GI results in a homo-
geneous zirconium oxide layer, titanium-treated GI results in a het-
erogeneous conversion oxide layer, containing both titanium- and zinc
oxide. The higher zinc concentration after titanium-treatment shown by
XPS analysis in Fig. 2(b), is thus clearly associated with a heterogeneous
surface. Meanwhile, FE-AES mappings illustrate negligible zinc con-
centrations at the outer zirconium oxide surface. Since, significant
concentrations of zinc (6.0± 1.7 At. %) were probed by means of XPS
after zirconium-treatment of GI, as shown in Fig. 2(b), this infers that
the respective zirconium oxide layers are thinner than the sampling
depth for XPS for AlKα radiation, which is known to situate between 3
and 10 nm. [60]

3.2. Bonding properties of zirconium- and titanium-based conversion
coatings

3.2.1. Contact angle studies on surface free energy (SFE)
The resulting surface free energies of variously treated GI substrates

obtained using the OWRK method are presented in Fig. 4(a) and (b),
respectively. Measured contact angle values, their averages and stan-
dard deviations are presented as supplementary information and in-
dicative for the reproducibility of the data shown in Fig. 4. The total
SFE (γtot) includes both dispersive (γd) and polar contributions (γp). The
former reflects van der Waals and London interactions, whereas the

Fig. 1. XPS survey scans of conventional galvanized steel GI, (a) without chemical conversion treatment (b) after zirconium-treatment and (c) after titanium-
treatment.

Fig. 2. Elemental composition of variously treated GI, based on XPS surface analysis (a) carbon, oxygen and fluoride contributions (b) metal contributions; zinc,
aluminium, magnesium, zirconium and titanium.
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latter represents acid-base and hydrogen interactions. [55,61] It can be
seen that the dispersive forces (35.0±3.3 mN/m) on GI remain more
or less unaffected upon the various conversion treatments. Contrary,
the polar SFE of untreated GI (2.2 mN/m) increases by approximately a
factor ten after both zirconium- and titanium-treatment without organic
additives (25.3 mN/m and 21.9 mN/m, respectively). This increase in
polar forces is associated with the high valence number of Zr(IV) and Ti
(IV) increasing the surface oxide polarizing power and thus its chemical
activity [53]. However, the addition of polymeric compounds to the
zirconium-treatment does not give any further increase in polar surface
forces. Similar surface free energies are noted after adding PAA and
PVA, whereas a reduction in polar surface forces can be seen after
adding PVP to the zirconium-treatment, as shown in Fig. 4(a). More

distinct variations in chemical polarity due to organic additives are
evidenced in case of titanium-treated GI, shown in Fig. 4(b). The ad-
dition of PAA slightly increases polar surface forces. However, an ob-
vious reduction in chemical polarity is noted with PVA and PVP addi-
tions. Nonetheless, dispersive forces remain equal to those obtained for
untreated GI.

3.2.2. ATR-FTIR studies on interfacial bonding mechanism
The effect of chemical conversion treatment on the molecular or-

ganisation at the polymer –metal interface is studied using ATR-FTIR in
Kretschmann configuration. Fig. 5 illustrates ATR-FTIR spectra ob-
tained without metallic film (blank), native zinc oxide (Zn), titanium-
treated zinc (Zn Ti) and zirconium-treated zinc (Zn Zr). The blank ATR-

Fig. 3. FE-AES elemental mappings of zirconium-treated GI with (a) zinc and (b) zirconium mappings and titanium-treated GI with (c) zinc and (d) titanium
mappings.

Fig. 4. Surface free energies of (a) zirconium- and (b) titanium-treated GI.
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FTIR spectrum of cured polyester coating is characterized by a strong
peak at 1715 cm−1 assigned to C]O stretch vibrations, a small sharp
peak at 1605 cm1 attributed to aromatic ring stretching vibrations and a
peak at 1550 cm−1 assigned to ring vibrations specific to the melamine-
based crosslinker. [62] Additional peaks in the lower wavenumber re-
gion are attributed to the polymer backbone of both the polyester resin
and the melamine-based crosslinker, as well as fillers present in the
paint formulation [62]. It can be seen that upon interaction with var-
iously treated zinc substrates the peak at 1605 cm−1 appear more broad
and intense. Since aromatic ring vibrations do not broaden in FTIR
spectra, this band is ascribed to asymmetric carboxylate (COO-as)
stretching vibrations associated to the formation of a newly formed
interfacial bond. [62,64] Furthermore, the carbonyl peaks observed on
zirconium- and titanium-treated zinc are positioned at higher wave-
numbers (1726 and 1729 cm−1, respectively) compared to untreated
zinc (1714 cm−1). From the coil coat formulation it is known that the
polyester resin contains both acid and ester functional groups, which
leads to two contributions at the carbonyl peak. Since ester carbonyl
bonds vibrate at higher wavenumbers (> 1720 cm−1) [63] compared
to acid carbonyl bonds (< 1720 cm−1), [63] this shift towards higher
wavenumbers indicates a reduced fraction of acid carbonyl bonds at the
conversion treated zinc interface. Consequently, protonated acid groups
(COOH) are being converted to deprotonated carboxylate groups (COO-
) at the zinc surface forming interfacial carboxylate bonds, which is in
accordance with the appearance of a broad carboxylate peak at 1605
cm−1. A similar bonding mechanism, i.e. interfacial carboxylate bond
formation with carboxylic groups specific to the polyester resin, is thus
revealed on both the native zinc oxide surface as well as the zirconium-
and titanium-treated zinc surfaces. Yet, a lower carbonyl (C]O) and
higher carboxylate (COO-as) peak intensity can be observed for zirco-
nium-treated compared to titanium-treated substrates. This demon-
strates a higher affinity of zirconium oxide for carboxylates bond for-
mation with the polyester resin. On the other hand, the shoulder
attributed to C–N = C bonds of the melamine-based crosslinker is more
pronounced at titanium-treated zinc substrates. This increase in mela-
mine (C–N= C) peak intensity is associated to a higher bonding affinity
of titanium-treated zinc for the melamine-based crosslinker. The me-
chanism of interfacial interactions between metal oxide and melamine-
based crosslinkers have been reported previously [39].

Fig. 6(a) and (b) show the obtained interfacial chemistry between
variously treated zinc substrates and the polyester coating upon adding
the polymeric compounds of interest (PAA, PVA and PVP) to the zir-
conium- and titanium–treatments respectively. It should be noted that
these spectra were collected using the conversion treated zinc sub-
strates as a background, which means that the chemical structures as-
sociated with the organic additives are included in the background.
Despite the inclusion of organic additives in the background, it can be
seen from Fig. 6(a) that the carbonyl (C]O) peak intensity of polyester

coated zinc increases for zirconium-treatments containing organic ad-
ditives compared to zirconium-treated zinc without organic additives as
shown in Fig. 5. This higher C]O peak refers to more carboxylic groups
(COOH or COOR) at the converted oxide interface which are not in-
volved in interfacial carboxylate bond formation (COO−). Conse-
quently, the presence of organic additives does not further improve the
bonding properties of zirconium oxide, which agrees with the similar or
lowered polar component of the SFE given in Fig. 4(a).

To verify the degree of interfacial bond formation the COO−
as/C]O

peak area ratio is calculated, which requires deconvolution of the car-
boxylate peak into its two components, being COO−

as and C–N = C. This
was done using the following fitting parameters: (1) COO−

as subpeak
centered at 1595±6 cm-1, with a FWHM of 56± 4 cm-1 and (2) C–N=
C subpeak centered at 1552± 10 cm-1, with a FWHM of 25±3 cm-1.

Fig. 7 presents the COO−
as/C]O and COO]−

as/C–N = C peak area
ratios, based on the peak areas presented in Fig. 6(a) and (b). The re-
sulting COO−

as/C]O peak area ratio, shown in Fig. 7(a) represents the
affinity of the conversion treated zinc substrates for carboxylate bond
formation. The higher this ratio, the more carboxylate bonds are being
formed at the respective oxide surface. Consequently, zirconium-treated
zinc substrate possess a higher carboxylate bonding affinity compared
to titanium-treatment. Yet, the presence of organic additives does not
further enhance carboxylate bond formation. On the contrary, PAA and
PVA are shown to reduce the chemical reactivity of zirconium oxide.
From the obtained COO− and C–N = C peak areas, competitive in-
terfacial interactions with polyester resin and melamine-based cross-
linker were verified using the COO−

as/C–N = C peak area ratios, as
presented in Fig. 7(b). The lower COO−

as/C–N = C peak area ratios for
titanium-treated zinc substrates refer to a higher bonding affinity for
the melamine-based crosslinker compared to zirconium-treated zinc
substrates. This bonding affinity for melamine-based crosslinker ap-
pears to be further enhanced by adding organic additives to the tita-
nium-treatment.

3.3. Effect of zirconium- and titanium-based conversion coatings on the
interfacial stability in an aqueous environment

3.3.1. In-situ ATR-FTIR study on chemical interfacial bond degradation in
the presence of D2O

The stability of established interfacial bonds on variously treated
zinc substrates was evaluated during immersion in aqueous environ-
ment. To avoid interference in the carboxylate region from OeH
bending vibrations, polyester coated substrates were exposed to D2O.
[39] A background was collected after curing of the polyester coating
on variously treated zinc surfaces. Therefore, all positive FTIR signals
during immersion represent additional chemical bonds in the interfacial
region, whereas negative signals are attributed to a loss of chemical
bonds with respect to the dry state. Fig. 8(a) shows in-situ ATR-FTIR

Fig. 5. (a) ATR-FTIR spectra of cured polyester coating applied on blank IRE (without zinc film) and variously treated zinc substrates (b) zoom in polyester coating
interaction with variously treated zinc substrates.
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spectra of zirconium-treated zinc. Two distinct phases can be differ-
entiated. Initially, the intensity of the asymmetric carboxylate peak
positioned at 1611 cm−1 increases, referring to an increasing number of
interfacial carboxylate bonds. This increase in carboxylate bond for-
mation can be explained by the introduction of D2O at the interface
encouraging ester hydrolysis and thus forming more reactive carboxylic
acid species. [38,64,65] In case of zirconium-treated zinc, maximum
COO-(as) peak intensity is noted after 2.5 h of exposure to D2O, in-
dicated by the blue curve. Subsequently, the asymmetric carboxylate
peak gradually reduces while shifting towards lower wavenumbers.
This shift indicates weakening of interfacial bonds and thus an early
state of disbondment. [66] Therefore, the real onset of disbondment
occurs when maximum carboxylate peak intensities start reducing
again, as depicted in Fig. 8(b). Finally, after 5.5 h the asymmetric
carboxylate peak area turns to zero. Longer immersion times result in
negative peak areas indicating loss of chemical interfacial bonds as
compared to the dry state to which the in-situ spectra are normalized.
Therefore, this point at 5.5 h in the case of zirconium-treated zinc is
defined as the onset of disbondment.

The immersion times required to observe disbondment (COO−
as peak

area equal to zero) on variously treated zinc substrates, are summarized
in Fig. 9. Zirconium-treated zinc appears to improve the interfacial
stability of polyester coated zinc more efficiently than titanium-treated
zinc. On the other hand, the effect of organic additives added to zir-
conium-treatments is less pronounced than when added to titanium-
treatments. Comparing the three additives, PAA yields the best per-
formance in stabilizing the zinc-polyester interface in presence of D2O.

PVA and PVP are shown to improve interfacial stability when added to
titanium-treatment, but slightly reduce interfacial stability when added
to zirconium-treatment.

3.3.2. Pull-off adhesion tests
Pull-off adhesion tests have been performed after 24 h immersion of

polyester coated substrates in 0.05 M NaCl solution, which results are
given in Fig. 10. A pull-off failure stress of 7.2± 1.6 MPa was noted for
untreated GI. After zirconium- and titanium-treatment the pull-off
failure stress increased to 9.3± 1.6 MPa and 8.6±1.3 MPa, respec-
tively. The larger increase in adhesion strength in the case of zirconium-
treatment (± 30%) compared to titanium-treatment (± 20 %) is in
line with the higher polar contribution of SFE demonstrated in Fig. 4
and the higher elemental concentration of Zr compared to Ti shown in
Fig. 2(b).

Adding polymeric compounds to both zirconium- and titanium-
treatment reduces the adhesion strength. This is most obvious for the
titanium-treatment of GI which gives an adhesion strength of 8.6± 1.3
MPa without organic additives and 5.0±0.8 MPa with organic ad-
ditives. Consequently, the adhesion strength reduced significantly after
24 h of immersion in aqueous environment. With a reduced failure
stress of ca. 42 % for titanium-treated zinc and ca. 13 % for zirconium-
treated zinc upon the addition of organic additives. In contrast to the
initial advantageous effect of the polymeric compounds added to the
titanium-treatment demonstrated by ATR-FTIR, the final adhesion
strength after longer immersion times becomes thus even worse than
untreated GI.

Fig. 6. ATR-FTIR spectra of cured polyester coating applied on (a) zirconium-treated zinc and (b) titanium-treated zinc substrates.

Fig. 7. ATR-FTIR peak area ratio obtained for variously treated zinc substrartes (a) COO−
as/C]O ratio representative for carboxylate bond formation with polyester

resin, (b) COO−
as/C = NeC ratio representative for competitve interaction with melamine-based crosslinker.
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4. Discussion

It was shown that Zr- and Ti-based conversion treatment mainly
affects the polar part of the SFE, whereas dispersive forces remain more
or less equal to untreated GI. This increase in polar forces is associated
with the high valence number of Zr(IV) and Ti(IV) increasing the sur-
face oxide polarizing power and thus its chemical activity. [53] This
explains the higher bonding affinity for polyester coil coat upon zir-
conium-and titanium-treatment of zinc compared to untreated zinc.

However, the addition of polymeric compounds to the zirconium-
treatment does not give any further increase in polar surface forces. On
the contrary, in the case of PVA and PVP polar surface forces are even
being reduced, which is far more pronounced for titanium-treatment
compared to zirconium-treatment. Moreover, interfacial ATR-FTIR
chemisorption studies demonstrated that the presence of organic ad-
ditives does not further improve the bonding properties of zirconium-
and titanium oxide, which agrees with the reduced polar component of
the SFE.

Whereas the SFE greatly alters upon adding organic additives to the
titanium-treatment, variations in SFE are much more limited when
adding those organic additives to zirconium-treatment. It is suggested
that the limited impact of organic additives on the SFE of zirconium-
treated GI relates to the tendency of zirconium to precipitate as an
amorphous oxyhydroxide inducing crosslinking reactions with the
polymeric compounds. [22] This is expected to result in entanglement
of the additives within the zirconium oxide layer [23,46]. On the other
hand, titanium oxide is thermodynamically stable in a crystalline oxide
structure and does not show these crosslinking capacities [21]. As a
result, separated layers of titanium oxide covered by a polymeric films

are expected, which might explain the higher impact of organic com-
pounds on the SFE of titanium-treated GI. The proposed oxide struc-
tures are given in Fig. 11]. Although the crosslinking capacities of zir-
conium, as well as the different nature of precipitation products when
comparing zirconium- and titanium oxide have been frequently re-
ported. [21,23,46] Experimental validation of the entanglement of or-
ganic additives in the conversion oxide structures is highly challenging.
This because the precipitated oxide layers are rather thin (25–50 nm).
Dominating mixing effects during depth profiling might induce pre-
ferential sputtering, which affects the shape of the depth profile. [67]
Therefore, acquired sputter profiles will be hard to interpret which is

Fig. 8. in-situ ATR-FTIR spectra of zirconium-treated zinc with 30 μm polyester coat as a function of exposure time to D2O.

Fig. 9. Delay time for carboxylate disbondment during immersion in D2O, observed using in-situ ATR-FTIR.

Fig. 10. Pull-off adhesion strength of polyester coating to GI as a function of
chemical conversion treatment.
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further complicated by the coexistence of carbon signal associated to
ambient contamination [67,68]. Especially, small fatty acids strongly
adsorb to metal oxide surfaces upon immediate contact to atmospheric
environment, which hinders unambiguous assignment of carbon signal
to the respective organic additives [69,70].

The entanglement of organic compounds into the zirconium oxide
structure, as shown in Fig. 11(a), reduces available Zr4+ cationic
bonding sites, which is held responsible for the lower binding affinity of
zirconium-treated zinc upon adding organic additives. For titanium-
treated zinc, carboxylate bonding affinity did not alter upon adding
organic additives. However, a higher portion of C–N = C bonds were
noted associated to a higher amount of melamine-based crosslinker at
the titanium-treated interface. It is well-known that titanium due to its
small ionic radius is even more acidic than zirconium [21]. Conse-
quently, due to its high positive partial charge, its tendency to donate
hydroxide ions is very low. Because of this, electrostatic interactions
with the highly polarized titanium oxide structure and electron-rich
nitrogen ring structures are hypothesized as favoured interaction me-
chanism. Previous work demonstrated that electrostatic interactions
between metal oxides and electron-rich ring structures can play a pre-
dominant role in interfacial metal-molecule interactions since they
were held responsible for the in-plane orientation of the carboxylic
bonds [71]. A comparable interaction mechanism is proposed between
titanium-treated zinc substrates and the electron-rich ring structures of
the melamine-based crosslinker.

During ATR-FTIR studies it becomes clear that the effect of organic
additives on the interfacial stability of carboxylate bonds is susbtan-
tially more pronounced when added to the titanium-treatment, com-
pared to zirconium-treatment. However, ATR-FTIR studies in dry con-
sitions elucidated electrostatic interactions with melamine-based
crosslinker as major bonding mechanism for titanium-treated zinc
substrates. Therefore, improved carboxylate bond formation during wet
conditions might be associated to initial dissolution of organic ad-
ditives, followed by carboxylate bond formation between hydrated
polyester resin and hydroxylated titanium oxide.

Nevertheless, this initial positive effect of organic additives on the
delay time for carboxylate disbondement canot be extended to the long
term macroscopic stability of titanium-treated GI. Pull off testing after
24 h submersion in 0.05 M NaCl solution demonstrated reduced failure
stresses of 13 % and 42 % due to the presence of organic additives at
zirconium- and titanium treatments, respectively. As illustrated in
Fig. 11(b), the lack of crosslinking ability of titanium oxide is expected
to result in more discrete layers of polymeric compounds and titanium
oxide. Because of this, added organic compounds becomes more sus-
ceptible to dissolution in aqueous environments. Conversely, in the case
of zirconium-treatment, organic additives are expected to be entangled

in the zirconium oxide structure, which limits their impact on inter-
facial stability. It is expected that these variations in conversion oxide
layer-build, are responsible for the various impact of organic additives
on the interfacial stability of zirconium- and titanium-treated zinc
substrates. Moreover, titanium-treatment of zinc increases electrostatic
interactions with the melamine crosslinker of the polyester coil coat,
which are more sensitive to water replacement, compared to chemical
carboxylate bond formation.

5. Conclusions

The formation of zirconium and titanium oxide layers on GI from
model conversion solutions without additives was evidenced by XPS
and FE-AES surface analysis. It was shown that both zirconium- and
titanium-treatment increased the polar component of the SFE by a
factor ten, improving polar interactions across the interface. In line
with this, ATR-FTIR studies demonstrated increased carboxylate bond
formation upon zirconium- and titanium-treatment. However, adding
polymeric compounds to the conversion solutions did not further en-
hance interfacial bond formation. On the other hand, interfacial stabi-
lity of zinc upon titanium-treatment containing organic additives was
shown to increase during initial exposure in aqueous environment.
Nevertheless, after 24 h exposure to an aqueous environment, the pull-
off adhesion strength significantly reduced due to addition of polymeric
compounds to the titanium-treatment. This disadvantageous effect was
associated to the selective dissolution of polymeric compounds during
immersion. Consequently, although organic additives initially improve
interfacial stability, their presence becomes detrimental during pro-
longed immersion. This adverse effect was most obvious for titanium-
treatment compared to zirconium-treatment, giving a reduced adhesion
strength of 40 and 14 %, respectively. The lower impact of organic
additives in case of zirconium-based conversion coatings was attributed
to the entanglement of organic compounds in the zirconium oxide
structure as well as to the higher portion of chemical interfacial bonds.
Variations in stability of titanium versus zirconium-based conversion
coatings with organic additives, are thus associated to different pre-
cipitation properties of these tetravalent cations, resulting in a different
conversion layer build-up and interfacial bonding properties. Further
research is required to develop a surface sensitive approach to accu-
rately determine the layer composition of these ultrathin conversion
coatings.
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