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A B S T R A C T

Bronze reacts with oxygen, humidity, and pollutants in the atmosphere so that a patina forms. Natural exposure
to an outdoor atmosphere can be simulated and accelerated in order to achieve a patina that mimics outdoor
ancient patina. In order to avoid the uncontrolled dissolving of either the natural or artificially formed patina,
protection of the patina is needed.

In this study, a multi-component fluoropolymer based coating for the protection of bronze patina was de-
veloped. In order to provide various functionalities of the coating (such as the hydrophobicity of the coating
surface, obtaining interactions within the coating itself as well as a bronze substrate and inhibiting the corrosion
processes), a fluoroacrylate coating with appropriate adhesion promoter was suggested, with and without a
silane modified benzotriazole inhibitor. The protective efficiency and durability of the applied coatings were
investigated electrochemically using potentiodynamic tests and electrochemical impedance spectroscopy in a
simulated acid rain solution. All of the developed coatings showed a significant decrease in the corrosion current
density. The self-assembled single layer coating (FA-MS) also showed 100% inhibition efficiency. After ageing
the coating remained transparent and did not change by UV exposure and/or thermal cycling. The patina and
coating investigations using FIB-SEM and EDX showed that the latter coating (FA-MS) successfully covered the
surface of the patinated bronze. The mechanism of the bonding was proposed and supported with the spec-
troscopic observation of a thin and even coating.

1. Introduction

In order to avoid the dissolving of either natural or artificially
formed patinas [1], various protective methods have been applied in
practice, the most common being: waxes (bees wax, microcrystalline
wax, Carnauba wax), lacquers (Incralac, Paraloid B44), and, occasion-
ally, inhibitors dissolved either in wax or in lacquers [2].

There have been many reports about the inappropriate properties of
Paraloid (a thermoplastic acrylic resin) which is frequently used in
conservation practice [3–10]. It was reported that it decays quickly,
especially when used on artificially patinated bronze [11]. In this study
the aim was to develop a new, non-hazardous and efficient coating for
outdoor exposed patinated bronze surfaces.

Fluoropolymer based coatings on bronze were investigated back in
2003 [12]. These particular coatings were tested on bare bronze as a
new protective coating for the use on outdoor bronze monuments. Tests
were performed on Incralac in different combinations of waxes and
coatings based on hydrophobic fluoro-organic polymers. It was re-
ported that microbes could biodegrade the Incralac finish [12]. On the
other hand, in the case of fluoropolymer coatings, apart from good
protective properties, the lack of adhesive properties was addressed as
the main drawback of such polymer coatings [12]. The recent report on
comparison of performance of protective coating for outdoor bronze
included, beside multiple traditional and innovative coatings, fluor-
opolymer coating on bare and patinated bronze and by the use of
benzotriazole as the pretreatment [13]. The fluoropolymer coating was
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more efficient on patinated bronze [13].
The results of a literature search for fluoropolymer coatings cur-

rently under development have revealed their very versatile use for
different applications in aeronautics, electronics, and marine applica-
tions as an anti-fouling agent. Fluoropolymer coatings have been re-
ported to have anti-fouling properties when tested for mussel-controlled
growth [14]. Also, fluoropolymer coatings have been shown to extend
the shelf life of printed circuit copper boards by preventing oxidation
and corrosion [15]. Fluoropolymer coatings have also been deposited
by the chemical vapour method on copper surfaces; they exhibited
super-hydrophobic properties with contact angles greater than 160°
[16]. A perfluoroalkoxy composite polymer has been applied to dif-
ferent metallic materials, with the aim of achieving a high thermal
conductivity and a low corrosion rate [17].

Fluoropolymers have many favourable properties with regard to
corrosion protection such as low electrical conductivity, high hydro-
phobicity, and good barrier properties, as well as high photo, thermal
and chemical stability. Their disadvantages are: a low dielectric con-
stant, low adhesion, and limited solubility [18].

Due to the poor adhesion properties of fluoropolymers with mostly
fluoro-carbon functionality such as PTFE and PVDF, fluoroacrylate (FA)
was selected as a basis for coating development. Schematic presentation
of the possible bonding of the proposed multi-component coating on
aged bronze is presented in Fig. 1. Apart from fluoro-carbon function-
ality, it possesses additional functionalities such as an ester group
which can contribute to better adhesion. In order to further enhance
adhesion to bronze surfaces, adhesion promotors based on silane
modified methacrylic polymer (MS) were specifically prepared. Methyl
methacrylate including 3-methacryloxypropyltrimethoxysilane, with
either 5 or 10mol % of silane monomer, was used. Additionally, a

benzotriazole derivative (BS) was synthesised and tested.
The aim of this work is to present the development and evaluation

of protective coatings on artificially patinated quaternary bronze, in
order to find an effective solution for the protection of bronze surfaces
when exposed to an aggressive outdoor environment. Since the func-
tionalities of the coating such as the hydrophobicity of the surface,
achieving interactions within the coating itself, as well as with the
bronze substrate and inhibition of corrosion, are expected, it was sug-
gested that the following multi-component fluoropolymer based
coating be used: a fluoroacrylate coating (FA) with an appropriate ad-
hesion promotor (MS), with and without a silane modified benzo-
triazole inhibitor (BS). Two different application techniques were
planned: (i) with single layer application of all the pre-mixed compo-
nents (in this case the proposed arrangement of the components is a
self-assembly), and (ii) layer by layer applications of individual com-
ponents (in this case the components are placed layer by layer).

The protective mechanisms of the developed fluoropolymer coating
were explored by the use of different electrochemical techniques, i.e.
potentiodynamic measurements and electrochemical impedance spec-
troscopy in order to study the corrosion behaviour of fluoropolymer
coatings on aged quaternary bronze. Contact angle measurement,
colour variation after application of the coating and after UV exposure
were used to define hydrophobic and colour stability of the coating.
Surface sensitive techniques (FIB, EDX/SEM analysis) were used on the
coating that exhibited best properties.

2. Material and methods

2.1. Bronze and simulated patina

Bronze samples were cast in sand moulds having the dimensions
100mm×100mm×5mm, at a privately-owned foundry. The bronze
composition consisted of (Cu to balance): 6.9 Sn, 3.1 Zn and 2.0 Pb in
wt.%. This composition is typical of a quaternary as-cast bronze used in
an art foundry [19]. It exhibits a classical dendritic structure of an alpha
Cu solid solution surrounded by an interdendritic eutectoid which in-
cludes a high tin delta phase and immiscible lead globules.

Samples of dimensions 2.5× 5 cm (i.e. working electrodes for the
electrochemical experiments) were cut out from the 5mm thick plates
and abraded by means of 4000-grid SiC paper.

The samples were aged by a dropping test for a total Time of
Wetness (ToW) of 37 days [20] in order to simulate outdoor exposure in
run-off conditions. The preparation of aged patinas in these conditions
has been well reported [21–23]. After ageing, the surface macro-
scopically appears brown-black (Fig. 2a). The important property is that
patina achieved by such ageing consists of different corroded regions
(Fig. 2 b). The microstructure is changed due to galvanic coupling be-
tween the interdendritic and dendritic areas, inducing a decuprification
process with a relative increase in the Sn content, as also evidenced in
natural outdoor patinas [19]. Typical areas (A to C) are shown in
Fig. 2c; they were analysed by Energy dispersive spectrometry (EDS),
and the results are reported in Table 1. In the eutectoid area A, the high
tin delta phase remains uncorroded,containing only Cu, Sn and Zn
elements. Conversely, in the dendritic core corresponding to the copper
solid solution with a lower content of tin (area C), the corrosion attack
is pronounced. This was revealed by the high dissolution level of copper
accompanied by a relative enrichment in tin, and also incorporating
important amounts of environmental elements such as O and Cl. Along
the eutectoid/dendrite border (area B), the corrosion attack is less
pronounced as revealed by the low concentration of oxygen and no
detection of other environmental elements such as S and Cl.

2.2. Development of the coating

2.2.1. Materials
The methyl methacrylate was provided by Akripol and the 3-

Fig. 1. Schematic presentation of the possible bonding of the proposed multi-
component coating to aged bronze.
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methacryloxypropyltrimethoxysilane was obtained from ABCR GmbH&
. As a fluoroacrylate commercial product, Funcosil AG from Remmers
was used. Lauroyl peroxide, 3-isocyanatopropyl triethoxysilane, diethyl
succinate and n-butyl acetate were obtained from Sigma Aldrich. 5-
Amino-1H-benzotriazole was purchased from Alfa Aesar and tetra-
hydrofuran (THF) from Acros Organics. P.A grade acetone was obtained
from Honeywell.

2.2.2. Syntheses
The individual components of the fluoro-based coating are pre-

sented in Fig. 3 and were synthesized as follows:

a) Adhesion promotor - Random copolymers of methyl methacrylate
and methacryloxypropyltrimethoxysilane (9:1 M ratio) - MS

The syntheses were performed in a batch reaction. Acetone was used
as a solvent and 2% lauroyl peroxide was used as an initiator. The
combined monomer concentration was 10% (based on the condensed
form of silane). The reaction temperature was 55 °C, and the reaction
time was 72 h. After the reaction the diethyl succinate was added to the
reaction vessel, and acetone was evaporated at reduced pressure and
room temperature to form a 20% solution.

Additional diethyl succinate and n-butyl acetate were added to form
5% solution in n-butyl acetate and diethyl succinate (1:1 mass ratio)
solvent mixture for layer by layer application.

• Fluoroacrylate – FA

A commercial solution of a fluoroacrylate was evaporated at 60 °C
for several days and redissolved in a mixture of n-butyl acetate and
diethyl succinate (with a 17:1 mass ratio) to form a 10% solution.
Additionally a 5% solution in a mixture of n-butyl acetate and diethyl
succinate (1:1 mass ratio) was prepared for layer by layer application.

• Silane modified benzotriazole inhibitor - N-5-benzotriazyl-N’-3-
proplytriethoxysilylurea – BS

N-5-benzotriazyl-N’-3-proplytriethoxysilylurea - BS was synthesized
by dissolving 0.134 g (1mmol) of 5-aminobenzotriazole in 3.5 g of dry

THF, and adding 0.248 g (1mmol) of 3-isocyanatopropyl triethox-
ysilane. The reaction mixture was left standing for 24 h at room tem-
perature, and then evaporated and dissolved in a mixture of n-butyl
acetate and diethyl succinate (1:1 mass ratio) to form a 1.5 wt. % so-
lution.

2.2.3. Application method
The individual components were applied to the patinated bronze

surface by means of two different application techniques by soft
brushing (approximately 30mg of the coating solution). The used ap-
plication procedures are described below.

In the layer by layer technique (abbreviation LbL), each component
of the coating (MS, FA or BS) was separately applied to the bronze
surface. A 24 h time interval between each layer application was made,
as described hereafter:

- LbL-FA-2MS - Two layers of the 5% MS solution were applied, and
then one layer of the 5% FA solution.

- LbL-FA-2MS-BS was obtained by first applying the 1.5% BS solution,
then two layers of 5% MS, and finally the 5% FA solution.

In the self-assembled single layer technique, the components of the
coating (MS, FA and/or BS) were pre-mixed and then applied to the
bronze surface:

- The FA-MS coating was prepared by mixing 1 part of the MS solu-
tion and 1 part of the FA solution, forming a 5% FA and 10% MS
polymer solution in a 1:1 mass n-butyl acetate and diethyl succinate
solvent mixture.

- The FA-MS-BS coating was prepared by mixing 1 part of the MS
solution and 1 part of the FA solution and dry BS forming a 5% FA,
10% MS polymer, and 1.5% BS solution in a 1:1 mass n-butyl acetate
and diethyl succinate solvent mixture.

In all cases the coatings were applied to the patinated surface by
using a brush, and were left to dry before the measurements began. The
coating thicknesses for different application techniques varied from
approx. 2 to 3 μm. The electrochemical measurements, contact angle
measurements, colour variation before and after UV exposure were

Fig. 2. (a) Macro, (b) optical microscopy observation, and (c) BSE image of the patinated bronze sample (ToW=37 days).

Table 1
Elemental composition of the investigated aged quaternary bronze in wt. %.

area O Al Si S Cl Cu Zn Sn Pb

A (delta phase) – – – – – 68 ± 2 0.7 ± 0.2 32 ± 1 –
B (eutectoid/dendrite area) 3 ± 1 – 0.2 ± 0.1 – – 81 ± 2 2.7 ± 0.2 12.7 ± 0.5 0.4 ± 0.2
C (dendrite centre) 24 ± 1 0.3 ± 0.2 2.5 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 49 ± 2 1.0 ± 0.2 22 ± 2 0.8 ± 0.3
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performed on samples before and after the coatings had been freshly
applied.

2.3. Measurement of the contact angle, colour variations and exposure in a
climate/UV chamber

Contact angle measurements were performed by means of the static
method, using the FTA 1000 DropShape Instrument B FrameSystem,
First Ten Angstroms. The droplet of distilled water (4 μl) was placed on
the bronze surface and the image was recorded. The static contact angle
was defined by fitting the Young – Laplace equation. Measurements
were performed at three different areas, and the averaged value was
expressed as the result.

Colour variations after the application of the fluoropolymer coating
were evaluated using a colorimeter i1 (X-Rite, USA), operating with a
45/0 measuring geometry illuminant D65 and a 5-mm sample aperture.
The total colour change, ΔE*, was calculated from Lab values (CIE 1976
(L*, a*, b*) colour space – CIELAB), measured on the patinated bronze
surface before and after applying the polymer layer, using following
equation:

ΔE* = (ΔL*² + Δa*² + Δb*²)1/2 (1)

A variation of ⊗E* ≤ 3 cannot usually be distinguished by the
naked eye, thus indicating that no significant visual impact of the
treatment needs to be reported. Measurements of the colour coordinates
at the same areas, before and after the application of the coatings, were
performed by using a jig.

The efficiency of protection against UV radiation of the FA-MS
coating was evaluated by using the UV radiation of 14.96 kW h/m2. The
program of the testing was based on the weathering method described
in the publication of Chiavari et al. [10]. The test was performed using
two climatic chambers: (1) a Q-sun Xe-3 test chamber, Q-lab, and (2) a
climatic chamber KK-340 CHLT, Kambič, for obtaining the defined UV
and freezing conditions, respectively. The test consisted of 17 cycles,
each cycle consisting of four steps: (step 1) a 2 h temperature ramp
(from 0 °C to 35 °C, the first cycle from room temperature to 35 °C, with
the UV light switched off), (step 2) 16 h of UV exposure (the UV light
switched on, the UV irradiance was 55W/m2 [24], at T 35 °C and a
relative humidity of 70%), (step 3) a 2 h temperature ramp (from 35 °C

to 0 °C, with the UV light switched off), and (step 4) 4 h of freezing (4 h
at 0 °C, with the UV light switched off). For these UV exposed samples,
visual observation as well as colour variation measurements were
performed before and after exposure, as previously described.

2.4. Electrochemical measurements

The electrochemical measurements were performed in a solution
which simulated a highly polluted urban environment and contained:
14.4 mg/L Ca2SO4·2H2O, 15mg/L (NH4)2SO4, 19.1 mg/L NH4Cl,
15.1 mg/L NaNO3, 39.3 μL of HNO3 65%, 3.2mg/L CH3COOONa and
0.8 mg/L of HCOONa. The pH and conductivity of the prepared solution
were 3.3 and ˜345 μS/cm respectively. This solution represents 10-fold
concentrated acid rain from the Bologna region [21–23], and is desig-
nated as "simulated urban acid rain".

A three-electrode corrosion cell was used, with a volume of 22 cm3.
The working electrode had a surface area of 3.14 cm2. For the elec-
trochemical tests a Gamry 600 potentiostat/galvanostat, expanded with
a Gamry Instruments framework module, was used. All potentials are
reported with respect to the SCE scale.

The screening experiments consisted of a 1-hour stabilization period
at open circuit potential (OCP), followed by electrochemical impedance
measurements (EIS) using a perturbation voltage signal of 20mV (rms)
applied over the frequency range from 50 to 5mHz. Seven data points
per decade were recorded. This was followed by potentiodynamic
measurements. First a cathodic sweep was performed from OCP to
–0.25 V, and then an anodic sweep from OCP to + 0.50 V, at a scan rate
of 0.167mV/s.

The long-term experiments consisted of consecutive EIS measure-
ments at 1 h, 24 h, 1 day, 3 days, 1 week, and each further week up to 4
weeks. At the end of the experiment, cathodic and anodic potentiody-
namic measurements were performed as described above. After each of
the EIS measurements in the long-term experiments, the solution was
renewed.

The values of the corrosion current from the potentiodynamic ex-
periments, jcorr, which are given in the tables, are of an informative
nature only. They are presented in the Tables in order to numerically
illustrate the Figures.

Fig. 3. Scheme of proposed reactions for the synthesis of: (a) the copolymer MS and (b) N-5-benzotriazyl-N'’-3-proplytriethoxysilylurea.
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2.5. Surface characterisation and spectroscopic analysis

FEG-SEM FEI Helios NanoLab 600i equipment coupled to an EDX
system (Aztec Oxford apparatus, SDD detector, WD 4mm) was used for
observations of the fluoropolymer coated patinated bronze. All the
samples were carbon nanocoated by sputtering using a Leica ACE 600
for improving conductivity. Surface examinations were performed, and
in situ cross sections atspecific representative locations were observed.
The in situ cross sections were obtained by Focused Ion Beam (FIB)
milling (Ga+ ions), as detailed in [19]. For the surface and cross-section
imaging, an accelerating voltage of 5 kV and a current intensity of
86 pA were used. The EDS X-ray imaging was also performed using an
Oxford AZTEC system.

X-ray Photoelectron Spectroscopy (XPS) analyses were carried out
on a ThermoScientific K-Alpha system using a monochromated Al-Kα
source (hν =1486.6 eV). The photoelectron emission spectra were re-
corded in direct N(Ec). The X-ray spot size was about 400 μm in dia-
meter, whereas the pass energy was fixed at 130 eV with a step of 1 eV
for the surveys. Ionic sputtering of the surfaces was performed by
means of an Ar+ ion beam accelerated under 200 eV at a low current
for 30 s, in order to remove carbon surface contamination. The XPS data
were fitted by using Thermo Scientific™ Avantage Software, and the
Shirley method was used for the background subtraction of all the
peaks.

3. Results and discussion

First the developed coatings were electrochemically investigated in
simulated urban rain, and then the coating was spectroscopically stu-
died.

Four different multi-component fluoro based coatings were in-
vestigated, applied to patinated bronze samples. The coatings were
applied to the patinated bronze surface using two different techniques:
by a "self-assembly" single layer of a mixture of all the components (i.e.
the samples FA-MS-BS and FA-MS), and by layer by layer techniques
(samples LbL – FA-2MS, LbL- FA-2MS-BS).

3.1. Electrochemical tests on the fluoropolymer coatings

The corrosion potential Ecorr and the polarization resistances Rp of
the patinated aged bronze and the different applied coatings are shown
in Fig. 4a and b, respectively. The Rp values were evaluated from the
impedance measurements which were performed during the long-term
experiment in simulated urban acid rain.

The corrosion potential of the uncoated patinated bronze (i.e. the
aged bronze sample) has an initial value of 0.003 V and increases slowly
up to 0.10 V, after 4 weeks of immersion. The increase in the potential

accounts for the possible growth of an oxide film, i.e. Cu2O. The dif-
ferent protection systems (coated patinated bronze) exhibited different
starting corrosion potentials at a 1 h exposure. The most stable corro-
sion potential occurred in the case of FA-MS, which stayed at around
0.045 V, whereas in the case of FA-MS-BS there were fluctuations in the
corrosion potential, indicating the instability of the coating during the 1
month exposure period.

The evolution of polarization resistance over time, evaluated from
the impedance data of the different fluoropolymer coatings, is pre-
sented in Fig. 4b. These results were derived from the raw impedance
data (Supplementary-Table 1) by means of the selected fitting proce-
dure using one or two time constants. Rp values were estimated as the
sum of partial resistances, subtracted by solution resistance.

The polarization resistance for coated samples values evaluated
from the impedance values which were close to 1MΩ cm2 are much
higher when compared to the values for the uncoated aged bronze
sample. The FA-MS coating showed the highest Rp values, with a value
of 5.6MΩ cm2 at the end of 1 month exposure. The long term behaviour
of FA-MS is very stable. Also, FA-MS-BS showed good performance
during 1 month exposure, with values of 1.8MΩ cm2. The LbL-FA-2MS-
BS experienced a drop in impedance after 3 and 4 weeks of exposure,
whereas the LbL-FA-2MS was stable throughout the exposure period
with an impedance value of 1.2 MΩ cm2after 1 month of exposure.
Among the tested fluoropolymer coatings on aged bronzes, the FA-MS
showed the best performance.

The potentiodynamic behaviour of the five different coatings ap-
plied to aged patinated bronze test specimens is presented in Fig. 5. The
jcorr values were determined from the polarization measurements which
were performed after 1 month of exposure.

A slight variation in the estimated Ecorr observed for the aged bronze
and the differently coated aged bronze was observed (Fig. 5). The un-
coated aged bronze underwent rapid dissolution, as can be seen from
the large increase in current density on the potentiodynamic curve
(Fig. 5) with jcorr of 1.95 μA/cm2. The different protective coatings af-
fected both cathodic and anodic polarization, as can be seen from the
decrease in the cathodic and anodic current densities in the different
parts of the potentiodynamic scans. The largest decrease in cathodic
current densities was observed in the case of the FA-MS fluoropolymer
coating. As well as this, the anodic current densities are lower in
comparison to the uncoated aged bronze in the potential region from
0.0 V to 0.4 V. Not very typical passive regions can be observed, but the
anodic current densities are much lower than in the case of the aged
patinated bronze. The lowest anodic current density was observed in
the case of the FA-MS-BS coating with benzotriazole acting as anodic
type of inhibitor. In the case of this coating jcorr amounted to
0.0065 μA/cm2, whereas in the case of the FA-MS coating it was the
lowest, with an estimated value of 0.002 μA/cm2. The layer by layer

Fig. 4. (a) Ecorr and (b) Rp results in the case of the fluoropolymer coatings on aged bronze during 1 month of exposure in simulated urban acid rain.
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application method proved to be efficient with jcorr 0.015 μA/cm2 for
LbL-FA-2MS, and 0.039 μA/cm2 for LbL-FA-2MS-BS, but less than the
previously observed coatings. This means that better corrosion beha-
viour was observed in the case of the FA-MS coating, when compared to
FA-MS-BS coating with benzotriazole. It is also clearly seen that the
single application exhibits better efficiency, by a factor of ten, than the
layer by layer application.

3.2. Hydrophobicity and colour variations

The results of contact anglemeasurements and colour variations are
presented in Table 2. The contact angle with water for bare bronze was
68°, whereas the values obtained after the fluoropolymer coating had
been applied to the samples were between 102° and 116°. This suggests
the formation of a hydrophobic surface after the application of the
fluoropolymer.

The changes in the colour of the samples after the application of the
different fluoropolymers cannot be distinguished by the naked eye
(Table 2). The results of the visual observations are in good agreement
with those obtained by measurements of the total colour change on the
basis of CIE 1976 (L*, a*, b*) colour space. Actually, the ΔE* values for
all the samples were less than or equal to 1. Additionally, according to
the report by Mokrzycki et al. [25], no colour difference can be dis-
tinguished since the ΔE* has a value of less than 1. So it can be con-
cluded that the application of the selected fluoropolymers does not
affect the colour properties of the patinated bronze. Apart from this, the
FA-MS coating remained transparent, and its colour did not change in

the case of UV exposure and thermal cycling (ΔE*=1).

3.3. Properties of the fluoropolymer FA-MS coating

According to the above already-mentioned results, when the FA-MS
fluoropolymer coating was deposited on the patinated bronze surface as
a "self-assembly" single layer (i.e. as a mixture of the FA and MS com-
ponents) better protective behaviour against corrosion was observed, as
well as no colour modification. For this reason this type of coating
appears to have the best properties, as well as being the most adequate
candidate for outdoor bronze protection. The results of the microscopy
investigation by FEG-SEM are presented in Fig. 6. It can be seen that the
coating covers the surface of the patinated bronze evenly (Fig. 6a); such
even covering the corrosion structure being previously evidenced in
Fig. 2, and the imperfections were microscopically defined as corrosion
areas at the dendrite centres [20]. Except for a few microporosities
observed as micro-bubbles, the coating layer is dense and has good
adherence (Fig. 6b). From the FIB cross-section, the average thickness
of the coating was determined to be about 2 μm (Fig. 6b-d), in-
dependently of the patina thickness, which could be very thin as re-
vealed in the case of the eutectoid area (Fig. 6c), or thick in the case of
the centre of the dendrite (Fig. 6d). A developed network of nano-
porosities was observed within the artificial patina which can be linked
to the phenomenon of decuprificationand agrees well with observations
of outdoor bronze impacted by direct exposure to acid rain [19].

The elemental distribution within the coating/patina/bronze system
can be seen from the X-ray maps performed across the FIB cross-section,
which are presented in Fig. 7. The coating layer is not uniform in
composition. In particular, the F element was detected in the internal
part of the polymer, coupled with intense C and O signals. This che-
mical inhomogeneity supports the idea of using several polymers in this
formulation since it reveals that the application of such a coating per-
mits diffusion within the patina, significantly improving wettability
performance. This was observed for all the coating elements (C, F and
Si). This result confirms the good ability of this coating to affect the
entire surface including the patina, which explains its very good cov-
erage quite independently of the patina thickness.

XPS was performed in order to better determine the chemical
structure of the formed fluoropolymer top layer on the patinated
bronze. The XPS survey spectra before and after Ar+ etching 30 s at
200 eV are presented in Fig. 8. The atomic quantification of the FA-MS
coating is reported in Table 3. From the results of the XPS profile
spectra, it can be seen that, before etching, the upper outer part of the
layer consists mainly of the elements C, O and F. From the results of the
XPS survey after etching, it was concluded that the FA-MS polymer is
very sensitive to this decontamination step. The very slight Ar+
sputtering induced a chemical modification of the top surface, revealed
by a variation in the intensity and position of some element peaks. As is
shown Table 4, this is proved by a variation in the O 1 s signal, and a
pronounced decrease in the F content, whereas the C 1 s peaks are in-
tensified, but with a loss of C–F binding. Thus part of the fluor (5.6 at.
%) is related to a redeposition of F after stripping/etching of the ex-
treme surface.

Thus only the quantitative data obtained before etching have to be
taken into account (Table 3). With respect to the C 1 s peak, two peaks
at 291.4 eV and 293.8 eV, corresponding mainly to C–F2 and C–F3 re-
spectively [26], were observed, which is in agreement with the atomic
C/F ratio.

The Si content remains very low at the limit of detection, but even if
the Si 2p peak is poorly resolved, the peak value at 101.9 eV can be
attributed to the Si-O-Si bonds in the polysiloxane.

From the results of the XPS investigations, it can be concluded that a
protective mechanism formed on aged bronze is dependent on a che-
misorbed layer, which is achieved by bonding to copper and tin with
the formation of hydrogen and metal-siloxane bonding [27–29]. Over
the crosslinked part of the coating of a siloxane layer, it is assumed that

Fig. 5. Cathodic and anodic curves for the aged bronze sample and different
applications of fluoropolymer coatings in simulated urban acid rain, scan rate
1 mV/s.

Table 2
Measured contact angles and total colour change of the FA-MS-BS, LbL-FA-2MS-
BS, FA-MS and LbL-FA-2MS samples.

Coating Contact angle/⁰
*

Total colour change after application of the
coating (ΔE*)

Aged bronze 68 /
FA-MS 108 <1
FA-MS-BS 116 <1
LbL-FA-2MS 109 <1
LbL-FA-2MS-BS 102 <1
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fluoroacrylate part is adsorbed via dipole interactions of ester groups,
and hydrophobic interactions, as well as by the entanglement of
polymer chains. This outer part shows hydrophobic properties.

According to the results presented in Table 3, the contact angle of the
aged bronze changed from 68° to 108° for the FAeMS coating. This
mechanism is schematically presented in Fig. 1.

Fig. 6. SEM images of the FA-MS coated surface on patinated as-cast bronze. (a) Surface observation and FIB milling cross-section of: (b) global observation, (c and d)
detailed views of respectively (c) the bronze eutectoid area (a very thin patina layer) and (d) the dendrite centre (a thick patina layer with nanoporosities).

Fig. 7. X-ray maps of the FA-MS coated pre-patinated sample centred in the corroded layer (SE image, C, O, F, Si, Cu, Sn and Pt).
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The results of the electrochemical studies which were performed
over a period of 1 month using simulated urban acid rain showed that
the developed fluoropolymer with adhesion promoter (FA-MS) sub-
stantially improved the polarization resistance of the aged patinated
bronze. Even though this coating is only a few μm thick, it provides
good protection. The coating does not change after ageing by immer-
sion in urban acid rain, as well as remaining transparent, and main-
taining its protective properties.

4. Conclusions

Multi-component fluoropolymer based coatings for aged bronze
were developed, and their electrochemical behaviour was studied in
simulated urban acid rain in order to assess their protective efficiency.
Different application techniques of fluoropolymer coatings were eval-
uated. The following conclusions were drawn:

• The FA, MS and BS components were investigated on bronze, which
had been aged in simulated outdoor conditions; different application
methods of components were used such as layer by layer technique
and single-layer mixture of all components.

• The results of electrochemical impedance spectroscopy measure-
ments over a 4-week exposure period showed that FA and MS
components, when applied as a single-layer mixture of its two
components (FA-MS), behaved in the most stable manner, and re-
sulted in very high polarization resistances during this exposure
period.

• The coating FA-MS also has high hydrophobicity, smoothly covers
the surface of aged bronze, and does not change in colour either
when applied or after aging in a UV/climatic chamber.

• The fluoropolymer coating FA-MS as such exhibits excellent pro-
tective and durable protection for aged bronze in outdoor condi-
tions.
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