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ARTICLE INFO ABSTRACT

Keywords: When bronze or artificially patinated bronze is exposed to an outdoor environment that contains aggressive ions
Bronze such as sulphates, nitrates, and carbonates, the surface of the bronze changes its appearance due to the formation
Sulphide patina of corrosion products on the surface. Research is being conducted on versatile protective measures that can be
E::::::i(z; used to protect the surface from these changes. A recently synthesised fluoropolymer-based coating with mer-
Electrochemistry captopropyl groups, i.e. a 3-component fluoropolymer coating FA-MS-SH (silane-modified poly methyl-
FIB-SEM methacrylate (MS) with added mercaptopropyltrimethoxy silane (SH) and a fluoroacrylate (FA)) was explored in

XPS detail in this work where its protective mechanism on sulphide patinated bronze was investigated. Electro-
chemical tests were conducted on the sulphide patinated bronze with and without the 3-component coating FA-
MS-SH. Furthermore, FA, MS and SH alone and various combinations and concentrations of FA-MS were studied
in order to determine the protective effect and properties of each component. Colour change and contact angle
measurements were also defined. FIB-SEM measurements and GCIB-XPS depth profiles were carried out to study
surface bonding with the sulphide patina in detail.
A mechanism for the protection of sulphide patinated bronze was presented through the use of a multi-
analytical tool approach. It was shown that FA physisorbed on the patinated surface, while MS and blends of
the components chemisorbed on the layer of sulphide patinated bronze, also resulting in the surface being

efficiently protected from corrosion processes.

1. Introduction

Bronze surfaces, whether bare or patinated, are prone to change
when exposed to a humid aggressive environment, especially in polluted
urban atmospheres [1]. In order to prevent discolouration and retain the
artistic texture and appearance of bronze statues the protection of
bronze from corrosion is very important in the conservation of bronze
surfaces. Ideally protection should be clear, removable, and mitigate
corrosion [2].

Finding efficient coating for corroded or artificially patinated sur-
faces is of special interest and challenge at the same time. Up to two
decades ago, coatings have been developed and studied especially on
bare bronze surfaces, with majority of the research focused on inhibitor
interaction with bronze surfaces [3-5]. However, bare bronze behaves
very differently from patinated surfaces, when unprotected or protected,
having different affinity to form chemisorbed layer of benzotriazole-BTA
inhibitor on freshly prepared bronze surfaces and constituent metals and
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silicon [5,6]. First reports on protecting patinated surfaces date back to
2007 when electrochemical patina was formed simulating archaeolog-
ical patina and different inhibitors were tested, among which tolylme-
thylimidazole was most efficient, but less than BTA [7]. More studies on
effectiveness of inhibition efficiency were done on chemical, electro-
chemical, ancient and historical patinas [8,9]. Later on, different pro-
tections were studied on patinated bronzes including brown, chloride
and nitrate patina. It was found that different protection systems,
including inhibitors, waxes, Paraloid B44, protected patinated surfaces
to a different extent [10-13] while the effectiveness of inhibitors was
especially related to the chemistry of artificially patinated surface [14].
It was shown that methylbenzimidazole efficiently protected chloride
patina but not sulphide patina, where BTA was more efficient. In order
to efficiently protect patinated surfaces, it is of huge importance to
master the properties of naturally formed patinas [15,16] and artificially
formed patinas that also represent unique surface and unique properties
[17-19]. As such sulphide patina is of special interest since it is widely
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Table 1
Presentation of the samples tested by different techniques.

Sample Sample/ Electrochemical tests, XPS, AFM FIB-
coating” contact angle and colour SEM
measurements
Unprotected Yes
patina
Single MS (x =1, Yes Yes (MS10)
component 5, 10, 20)
coating FAS5 Yes Yes (FA5)
SH10 Yes
Double MS10-SHx Yes
component x=1,5,
coating 10)
FAx-MS10 Yes Yes (FA5-
x=1,5, MS10)
10)
Triple FA1-MS10- Yes
component SH5 (single
coating layer)
FA1-MS10-
SH5 (2
layers)
FA5-MS10- Yes Yes (FA5- Yes
SH5 (single MS10-SH5-
layer) single
layer)
FA5-MS10- Yes
SH5 (2
layers)

@ The number beside the description of the coating refers to the wt% in the
overall mixture.

adopted way of treating bronze surfaces used by conservators and re-
storers nowadays.

Fluoropolymer coatings with their unique properties have been
proposed for versatile applications.

Fluorine based superhydrophobic coatings have been developed by
functionalization of silica nanoparticles with fluorinated groups for the
use on aluminum, glass and silicon substrates with reported excellent
properties [20]. Due to their excellent mechanical properties, chemical
resistance, and non-stick properties, fluoropolymer coatings are used to
replace chromium electroplating on brass [20,21]. One study showed
that incorporating fluoroalkyl chains in silica-based coatings resulted in
crack-free layers, a smooth surface, high transparency, and increased
hydrophobicity, showing great potential for flexible photonic structures
[22]. Lately, protection from long-term corrosion has been demon-
strated using siloxane polyacrylic sol-gel coatings containing alkyl and
perfluoroalkyl chains developed for aluminum alloys [23].

The use of a fluoropolymer coating on bronze is also being explored
[6,24,25]. Such an idea has already been pioneered by Bierwagen et al.,
who tried to find longer lasting, durable, and corrosion resistant pro-
tection systems for bronze in order to replace waxes and acrylic-based
coatings (introduced commercially as product Incralac®) [6]. They re-
ported that a polyvinylidene fluoride coating showed excellent barrier
properties on bronze, but the adhesion was poor [6]. Covalent modifi-
cation of Laponite clay with fluoroalkyl silanes was reported to occur via
areaction between the hydroxyl groups on the edge of the clay sheet and
a silane bond to produce covalent siloxane bonds [24]. Such composite
films on bronze showed many improved properties, such as reduced
water sensitivity, polymer degradation by UV light and increased barrier
properties [24]. It was also reported that polyhedral oligomeric
silsesquioxane-POSS nanoparticles addition enhanced hydrophobicity
and protective efficiency of fluoropolymer coating on bare bronze while
mechanical properties decreased [25].

In B-IMPACT project, the newly developed fluoropolymer coating
FA-MS was shown to offer efficient and long term protection for aged
bronze surface simulating natural exposure of bronze to outdoor envi-
ronment [26]. In the following study from the same group of authors,
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Table 2

Contact angles values and colour variations in the various samples following the
application of different coatings, samples further explored by XPS are marked
with *.

Sample Sample/ Contact AL Aa Ab AE*
coating* angle/®
Unprotected Sulphide 92+5 / / / /
patina patina
Single MS1 78 £1 -10.3 1.9 3.1+ 11
component +0.3 + 0.3 +0
coating 0.2
MS5 76 £ 0 -16.3 2.3 3.7+ 17
+ 0.5 + 0.4 +0
0.2
MS10* 78 £1 -17.8 2.4 1.3+ 18
+0.8 + 0.4 +1
0.9
MS20 75+ 4 -15.8 1.5 1.5+ 16
+ 0.6 + 0.4 +0
0.1
FA5* 114 £ 2 -11.7 4.8 3.7+ 13
+ 0.7 + 0.2 +1
0.6
SH10 67 £10 —-14.5 3+ -1.1 15
+0.2 1 + 0.3 +0
Double MS10-SH1 69 + 2 -14 + 4.1 4.8 + 15
component 1 + 0.3 +1
coating 0.5
MS10-SH5 65+ 2 -14.9 5.9 10.5 19
+0.9 + +0.8 +1
0.7
MS10-SH10 62+3 —20.2 1.6 39+ 21
+ 0.5 + 0.3 +1
0.3
FA1-MS10 115.8 + -12 + 0.5 -2+ 13
0.6 1 + 1 +1
1.1
FA5-MS10* 1159 + -11 + 2.5 0.2 + 11
0.8 2 + 0.6 +2
0.6
FA10-MS10 114+ 2 -13 + -1 0.8 + 13
1 +0 0.2 +1
Triple FA1-MS10- 115.8 + -18 + 3+ 4+1 19
component SH5 0.7 2 1 +3
coating (single)
FA1-MS10- 113+1 -15+ 3.6 5.6+ 17
SH5 (2L) 2 + 0.5 +3
0.5
FA5-MS10- 116.4 + -21 + 2+ -1.2 21
SH5* 0.5 2 2 +0.6 +2
(single)
FA5-MS10- 112+ 2 —-15+ 0.8 0.8 + 15
SH5 (2L) 2 + 0.7 +2

0.4

the FA-MS coating and FA-MS-SH coating were studied on sulphide and
sulphate patinated surfaces in order to find efficient protection for such
surfaces [27]. 3-Mercapto-propyl-trimethoxysilane (Prop-SH) was
selected as the additive to a fluoropolymer coating due to studies re-
ported previously. Namely, propS-SH was proved to be very effective for
corrosion mitigation in copper [28], bronzes and gilded bronzes [13]
and patinated bronzes exposed to simulated natural environment [29].
In the following studies it was shown to give excellent protection also to
a sulphide patinated surfaces [19].

Using fluoropolymer coating FA-MS-SH [27], model of mechanism of
protection was then suggested but not verified with appropriate exper-
imental methods. In the present study, the different single, dual and
triple components of that coating are blended, electrochemically tested
and a few of them spectroscopically investigated on sulphide patinated
bronze in order to define effects of single, double, triple components of
the fluoropolymer coating and their relation to protective efficiency.

The focus of this work is to investigate the corrosion mechanism of a
fluoropolymer coating on sulphide patinated bronze. Firstly,
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Table 3

Electrochemical parameters E.q, (red from Figs. 2 and 3) and mean values of Ry,
as deduced from multiple linear polarization measurements and calculated
protection efficiency 1, according to Eq. (1).

Sample Sample/coating Ecorr/ R,/kQ n %
mv cm?
Unprotected patina Sulphide patina -72.2 4 -
Single component MS1 —48.7 21 81.3 +
coating 1.9
MS5 —-16.0 1300 99.2 +
0.9
MS10 —-54.9 4090 99.9 +
0.1
MS20 —43.5 8100 99.7 +
0.4
FA5 7.52 20 79.8 +
4.7
SH10 -32.6 5 24.3 +
16
Double component MS10-SH1 -176 6950 99.9 +
coating 0.1
MS10-SH5 -11.5 3700 99.9 +
0.0
MS10-SH10 —64.9 13,100 99.8 +
0.2
FA1-MS10 —106 2040 97.5 +
3.2
FA5-MS10 4.05 920 84.4 +
13
FA10-MS10 -114 3200 92.7 +
9.9
Triple component FA1-MS10-SH5 -114 7100 99.9 +
coating (single) 0.1
FA1-MS10-SH5 -91.7 7900 99.3 +
(2L) 1.1
FA5-MS10-SH5 —35.2 9580 99.4 +
(single) 0.9
FA5-MS10-SH5 —6.24 9300 99.2 +
(2L) 0.7

electrochemical methods were used to evaluate the corrosion protection
of the 3-component fluoropolymer coating (FA-MS-SH) on sulphide
patinated bronze, as well as the performance of each of the components
individually and various combinations thereof (FA, MS, SH). Colour and
hydrophobicity (contact angle) measurements were also performed.
Secondly, detailed surface analyses of the coated patinated bronze were
performed using focused ion beam scanning electron microscopy (FIB-

b)
O
HS CHy
o Foh L@ o—cH,
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SEM) and X-ray photoelectron spectroscopy (XPS) depth profiling in
association with gas cluster ion beam (GCIB) sputtering.

2. Material and methods
2.1. Preparation of samples and application of the coatings

2.1.1. Bronge and patination

The chemical composition of a quaternary as-cast sample of bronze
(CuSn6Zn4Pb2), determined after digestion by optical emission spec-
troscopy, was 88.10 wt% Cu, 5.28 wt% Sn, 3.84 wt% Zn and 2.71 Pb wt
%. Bronze samples were cut into discs of 15 mm diameter. All samples
were then ground with 1200-grit SiC paper and ultrasonically cleaned in
ethanol for 3 min.

The bronze samples were then patinated with a brown patina by 3-
ply brushing a heated (80 °C) bronze surface with 3 % KsS solution.
The surface was then rinsed with distilled water in order to remove any
poorly adhered flakes of CuyS from the surface. All chemicals were of p.
a. quality.

2.1.2. Preparation of the coatings

Fluoropolymer (FA) was obtained by drying a commercial solution of
polyfluoroacrylate (Funcosil AG by Remmers, Crawley, UK).

Methacryloxypropyl-trimethoxysilane (MS) was synthesised by
copolymerizing methyl methacrylate and methacryloxypropyl-
trimethoxysilane at a 9:1 molar ratio for 72 h at 55 °C, using acetone
as a solvent and 2 % lauroyl peroxide as an initiator. Synthesis of (MS) as
the adhesion promoter has been described in detail previously [26].
After polymerization, diethyl succinate was added and the acetone was
evaporated to form a 20 vol% solution. This solution was used as basis to
formulate different coatings.

3-Mercapto-propyl-trimethoxysilane (SH) as a coating and dieth-
ylsuccinate and n-butylacetate as solvents were obtained from Sigma
Aldrich.

For a layer-by-layer application, FA was dissolved in n-heptane to
form 1, 5 and 10 wt% solution. All other coatings were formulated in a
solvent mixture of diethylsuccinate and n-butylacetate in a 3:2 mass
ratio. For a layer-by-layer application the second layer (FA in n-heptane)
was applied after the first layer had dried and further cured at 40 °C for
2h.

All coatings were applied as described previously [26] using a
coverage of 4.4 + 2 mg per 15 mm diameter sample (around 25 g/m?).

c)

1) Si
\
O
/
H,C

Fig. 1. Components of the fluoropolymer coating: fluoroacrylate-FA (a), methacryloxypropyl-trimethoxysilane-MS (b), and 3-mercapto-propyl-trimethoxysilane-

SH (c).
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Fig. 4. FE-SEM image of the FIB milled cross-section of a FA5-MS10-SH5 coated sulphide patinated bronze (a), FE-SEM image b) and cps graph c) for different

elements along the line showed in b.
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Fig. 5. XPS survey spectra for the FA5 sample before and after sputtering with
10 keV Arjogo (sputtering time is designated on the right-hand side).

The coated samples were dried for around 2 h under room conditions
and cured at 40 °C and a relative humidity of 98 % for at least 20 h.

The designation of different coatings is composed of component
abbreviation and wt% content. For the SH component wt% is based on
dry MS content.

2.1.3. Application of the protective coatings and curing

The following coatings were prepared for electrochemical evalua-
tion: MS coatings applied over the patinated surface at concentrations of
1 wt% (MS1), 5 wt% (MS5), 10 wt% (MS10), and 20 wt% (MS20), SH
alone at a concentration of 1 wt% SH (indicated as SH10 - content based
on the dry MS content), and MS10 combined with either 1 wt% SH
(MS10-SH1), 5 wt% SH (MS10-SH5) or 10 wt% SH (MS10-SH10). The
different combinations were then combined with FA: 5 % FA (FA5), FA1-
MS10, FA5-MS10, FA10-MS10 and FA1-MS10-SH5, FA5-MS10-SH5. A
combination of the latter two mixtures was then tested using a 2 layer
application as well (FA1-MS10-SH5-2L, FA5-MS10-SH52L). Altogether,
the patina and 16 different coatings were analysed, including electro-
chemical testing, contact angle and colour change measurements
following application of the coatings (see Table 1).

2.2. Electrochemical testing

Electrochemical testing of the patinated bronze and various coatings
was conducted in 1000-times concentrated urban rain at a pH of 5.4
with conductivity of 3.716 mS/cm at 22 °C that enables reliable elec-
trochemical measurements. The simulated urban rain solution con-
tained 685.7 mg S0%", 287.0 mg/L Cl~, and 943.2 mg/L NO3.

All electrochemical measurements were conducted using Gamry
Frameworks on a Gamry Reference REF 600+ potentiostat/galvanostat
in a three-electrode cell with an Ag/AgCl (sat. KCl) reference electrode
and a graphite counter electrode. All potentials in the text refer to the
Ag/AgCl (sat. KCI) electrode.

Firstly, open circuit potential was measured for at least 1 h, or until a
stable potential was attained. Linear polarization measurements were
then executed in the potential range +20 mV vs E, at a scan rate of 0.1
mV/s. A minimum of three measurements were conducted in replicate
and the average values and standard deviations then determined.

Protection efficiency, n, was calculated using the following Eq. (1):

n% = [1—(R,/R;") ] x 100 (€]

where R, is the protected and R, the unprotected polarization resistance
value, as deduced from linear polarization measurements. Polarization
resistance was defined as the tangent value fitted to the curve atj = 0.

2.3. Surface characterisation and spectroscopic analysis

2.3.1. FIB-SEM analysis

FEG-SEM FEI Helios NanoLab 600i with an energy dispersive X-ray
spectroscopy (EDS) detector (Aztec Oxford apparatus, SDD detector, WD
4 mm) was used for detailed study of the coated bronze. The sample was
Pt nanocoated in the range 15 x 5 pm. The in situ cross-sections were
obtained by FIB milling (Ga* ions). An accelerating voltage of 2 kV and
current intensity of 12 pA were used for the surface and cross-section
imaging.

2.3.2. Colour variations

Colour variations of samples were evaluated using the method pre-
viously presented [26]. The Lab values (CIE 1976 L*a*b* or CIELAB
colour space) were measured at three different areas on each sample,
both before and after the coating was applied. An il colourimeter (X-
Rite) device was used, which operates with a 45/0 measuring geometry,
a D65 illuminant and a 5-mm sample aperture. The total colour differ-
ence, AE*, was calculated using Eq. (2). The non-coated sample was
used as a reference for the calculation of AE*, where
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12

AE" = (AL + Ad™ + Ab™) @)
2.3.3. XPS and AFM measurements

XPS measurements were performed using a Supra+ instrument
(Kratos, Manchester, UK) equipped with an Al K, source, a mono-
chromator, and a charge neutralizer. The take-off angle of the analysis, i.
e. the angle to the surface, was 90°. The charge neutralizer was turned
on during acquisition of the XPS spectra. The binding energy (Ep) scale
was corrected using the C-C/C-H peak in the C 1s spectrum at 284.8 eV.
Data were acquired and processed using ESCApe 1.4 software (Kratos,
Manchester, UK). An analysis spot, 110 pm (diameter) in size, was
created in the center of the sputtering crater by rastering a 2 by 2 mm
sized spot with a gas cluster ion beam (GCIB) using 10 keV Arjogo. The
pass energy used to acquire high-resolution (HR) and survey spectra was
40 eV and 160 eV, respectively. Quantification to obtain a depth profile
was performed by normalizing the surface atomic concentrations to
100.0 %. A Shirley background subtraction was used [30].

AFM measurements were performed with an MFP 3D Origin Plus
instrument (Asylum/Oxford Instruments, Santa Barbara, CA, USA) in
tapping mode using an OMCL-AC240TS-R3 silicon cantilever (Olympus
Micro Cantilever, Taibei, Taiwan). The analysis was performed on a spot
size of 20 by 20 pm.

2.3.4. Measurement of the contact angle

Contact angle measurements were executed using the static method
with an FTA 1000 DropShape Instrument B FrameSystem (First Ten
Angstroms, Newark, USA). A 2 pL droplet of distilled water was
deposited on the samples (with at least three measurements made per
sample) and an image documented. The Young-Laplace equation was
used for fitting and determination of the contact angle. The results are
presented as the average of the three values measured.

3. Results and discussion

3.1. Hydrophobicity and colour change following application of the
coating

Average values of the sample surface contact angle measurements
and colour variations are given in Table 2.

The contact angle for the unprotected patinas was low (92 + 5°). The
application of single component coatings of MS and SH does not increase
the contact angle of the protected surface. When the FA5 coating was
applied to the patinated surface, the contact angle was increased (114 +
2°). Also, double component coatings with FA component had increased
value of a contact angle, similar was observed for triple component
coatings, whether applied as single layer or applied as two layers
(Table 2).

Variations in the colour of the samples following the application of
different coatings were evaluated by colour differences (AE*), as pre-
sented in Table 3. The application of different coatings on the brown
patinated samples resulted in AE* values between 11 and 21 (see
Table 2). AE* for single component coating (MS) refer to values between
AE* = 11 (for MS1) and AE* = 18 (for MS10), the value for the most
concentrated single layer component (MS20) is AE* = 16. AE* for FA5
component is 13, for the SH10 AE* 15. Application of double
component coating (MS10-SH) with variation in concentration in SH
component result in values between AE* =15 and AE* = 21, the highest
AE* correspond to the most concentrated sample (MS10-SH10). Appli-
cation of triple component single application coating (FA1-MS10-SH5)
results in AE* = 19, whereas double layer application coating FAl-
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MS10-SH5 (2L) in the AE* = 17. Triple component coating with higher
amount of FA (FA5-MS10-SH5, FA5-MS10-SH5, 2L) result in AE* = 21
and AE* = 15. It can be seen from Table 2 that the standard deviations
for single component coatings are smaller than in the case of double
component coating, and they were even higher for triple component
coatings. This observation also reflects the uneven coating when applied
over the brown patinated surface, especially in the case of when fluo-
roacrylate (FA) component is present in the coating, which has been
already previously described [26].The main contribution to the colour
variations in all analysed samples corresponds to a change in lightness
(AL, see Table 2), with contributions also in Aa and Ab components.
According to a report by Mokritzky et al., colour differences (AE) values
between 11 and 21 correspond to a difference that would be noticeable
as two different colours to the standard observer (defined for the values
AE* > 5) [31]. It can be concluded that the application of coatings af-
fects the change in colour in all samples to the extent that the difference
in colour, i.e. mainly as the darkening of the samples, could be clearly
observed by the visual observation.

3.2. Electrochemical evaluation of single and combined coatings on
sulphide patinated bronze

The results of open circuit potential and linear polarization mea-
surements for the patinated bronze, both with and without the different
types of protective coating, are presented in Figs. 2 and 3. Corrosion
potential, E..r, and mean values of multiple measured polarization re-
sistances, R, were extracted from the linear polarization measurements
(see Table 3).

Open circuit potential is most negative in the sulphide patinated
bronze (Fig. 2a), while, in general, the MS coating shifts open circuit
potential to more positive values. Mean values of polarization resis-
tance, Ry, is the lowest for the sulphide patinated bronze without any
coating, and increases for the samples with MS coatings, with the MS1
sample having the lowest value (Fig. 2b, Table 3). Increasing the con-
centration of MS in the solution from 1 to 20 wt% increased the R, value
from 21 kQ cm? to 8100 kQ cm?. The application of an SH-only coating
does not protect the surface from the processes of corrosion, while using
combinations of MS10-SHx (x = 1, 5, and 10) resulted in very high R,
values. The concentration of SH in the solution does not have an impact,
as can be seen from the lack of impact on the R, values. Logarithms of
the R, values, with standard deviations of the replicate measurements,
are given in Fig. S1 in the Supplement.

When FAS5 or FAx-MS10 (x = 1, 5, 10) coating is applied, the open
circuit potential shifts to more positive values (Fig. 3a), except FA5-
MS10 which shifted to more negative potentials. Only slightly

increased R, value was observed for FA5 coating when compared to
unprotected sulphide patina. Application of the FAx-MS10 (x =1, 5, 10)
combination increased mean value of R, to 2040, over 920 to 3200 kQ
cm? with similar values and large standard deviation. Combinations of
FA-MS-SH resulted in very high mean values of R, with large standard
deviations, suggesting a protection efficiency of >99.2 %, as estimated
from Eq. (1) (Fig. 3d, Table 3). Linear polarization curves for the one
closest to mean values given in Figs. 2 and 3 are given in Figs. S1 and S2
in the Supplement.

It is important to note that reported variation of R}, values is not
uncommon for patinated bronze since patina may be quite uneven.
Furthermore, it shows that the system under investigation, which in-
cludes uneven patina and various coatings produces large variability of
measurements where proper use of statistical methods is very important.

3.3. FIB-SEM analysis

The in-situ cross sections of the FA5-MS10-SH5 coating on sulphide
patinated bronze at specific representative locations were observed in
order to estimate the thicknesses of the patina and coating. The choice of
this particular coating for FIB SEM analysis stems from our previous
coatings with similar concentrations applied over brown patinated
bronze [27]. The image of the cross section is presented in Fig. 4a, with
the line elemental compositions obtained from EDS analysis presented in
Fig. 4b.

The FA5-MS10-SH5 coating evenly covers the patinated surface. The
coating is 318-558 nm thick, while the sulphide patina layer is 231-855
nm thick. The patinated layer is not uniform, and horizontal cracks are
evident, confirming the presence of Cu,S, which is flaked and does not
fully adhere to the surface. Similar findings have been reported previ-
ously [19]. The FA5-MS10-SH5 coating covers the patinated layer and
adheres well to the surface, confirming the good barrier properties
shown by the electrochemical results. It can be observed from the line
elemental analysis that the outer layer consists of an organic coating, in
which the signals for S, O, and Cu intensify towards the center. Sulphur
is present in both the coating and the copper sulphide (i.e. the patina
layer), while oxygen is also present in the coating and to some extent in
the patinated layer. The FIB-SEM analysis showed that the FA5-MS10-
SH5 coating evenly covered the patina across the entire surface, to
varying degree of thickness.

3.4. XPS analysis

A detailed XPS study was conducted to determine the bonding
properties of the multi-component fluoropolymer coatings applied to the
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Fig. 9. HR a) C 1s, b) F 1s, ¢) Si 2p, d) O 1s, and e) S 2p spectra for the FA5-MS10 sample before and after sputtering with an Ar{ygo ion beam (sputtering time is

designated for every spectrum), and f) the corresponding XPS depth profile.

sulphide patinated bronze. For the XPS study, the following coatings on
sulphide patinated bronze were analysed: FA5, MS10, FA5-MS10 and
FA5-MS10-SHS5.

3.4.1. FA5 coating on sulphide patinated bronze

Fig. 5 shows survey spectra for FAS5 coating on patinated bronze
obtained before and after sputtering for 300, 600, and 900 s with 10 keV
Ar{ooo. Before sputtering, the surface contained signals for F, C, O and N.
The signals for F, C, O are from fluoropolymer (see Fig. 1a). Oxidized
adventitious carbonaceous species may also contribute to the C and O
signals. After sputtering for 300 s with 10 keV Ar{ogo, the signals show
that CusS covers the substrate, i.e. Cu 2p, Cu LMM, Cu 3p, Cu 3s, S 2p,
and S 2s, indicating that the coating has been partially removed, and
also that the signal originates from the surface of the substrate (CusS on
patina). Moreover, after 300 s of sputtering, Sn 3d and Pb 4f signals also
develop, as the substrate also contains Sn and Pb. At the same time, the
signal for F-containing species (F 1s), which are part of the coating, also
significantly decreases.

Fig. 6 shows the HR spectra in the FA5 sample measured before and
after each sputtering cycle during the depth profiling. The spectra

representing the topmost position (the lowest spectra in Fig. 6a) contain
peaks on the more positive Eg side of the main peak, and correspond to
carbon bonded to three and two flourine atoms (CF3 and CF,, binding
energies at approx. 294 and 292 eV, respectively, as indicated by the
dashed lines). These peaks significantly decrease after the first sputter-
ing cycle and disappear after 90 s of sputtering. Moreover, the spectral
features corresponding to the COO (ester) with binding energy at 289
eV, and C=0 groups at 286 eV, remain intense after the second sput-
tering cycle (Fig. 6a). The latter means that the fluoropolymer is ori-
ented with CF3 and CF, towards the surface, and with the ester and C=0
groups towards the substrate, as shown in Fig. la. The HR non-
normalized F 1s spectra in Fig. 6b further confirm this. The lowest F
1s spectrum, representing the surface before sputtering, is the most
intense, and this then drops significantly after each sputtering cycle. In
addition, the lowest O 1s spectra in Fig. 6¢, representing the topmost
position, are broader than those representing the position closer to the
surface (the highest spectra in Fig. 6¢). An additional contribution to the
O 1s signal, that may result in the broadening of spectra for the topmost
surface, may also arise from the presence of oxidized adventitious
carbonaceous species. The position of the center of the O 1s spectra,
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with an Arjygo ion beam (sputtering time is designated for each spectrum), and h) the corresponding XPS depth profile.

however, remains constant during sputtering. The latter indicates that
the fluoropolymer is not chemisorbed on the substrate, which probably
explains the lower protection efficiency in comparison to other coatings.
The corresponding depth profile, based on the HR spectra obtained
during depth profiling of the FA5 sample, is shown in Fig. 6d. Since the
substrate contains Pb and Sn, and is covered with Cus,S, the atomic
concentration at the surface increases in line with the sputtering time.

3.4.2. MS10 coating on sulphide patinated bronze

Fig. 7 shows survey spectra for the MS10 sample. The surface consists
of Si, C, and O signals (the lowest spectrum in Fig. 7 represents the
measurement before sputtering). After 900 s of sputtering, the signals for
Cu 2p and XPS-induced Cu LMM become intense (and signals for S 2s
and S 2p also develop), indicating that the sputter beam has partially
removed the coating and that the excitation signal has reached the
substrate.

Fig. 8a shows the HR C 1s spectra, with spectral features representing
COO, C=0, and C-C/C-H. The most significant change in the shape of
the C 1s spectra occurs after 1080 s of sputtering, corresponding to

changes in COO and C=0. Simultaneously, the same change occurs in
the Si 2p spectra. The feature at Eg 103 eV, representing silanes (an
intense signal up to 960 s of sputtering, positioned at the dashed line 1 in
Fig. 8d), and the feature at Eg 100 eV (dashed line 2, Fig. 8d), correspond
to SiC, which might be present on the substrate surface due to the use of
SiC grinding papers in the preparation of samples.

Fig. 8c shows the O 1s spectra, with two spectral features marked by
the dashed lines 1 (Egz = 533.4 eV) and 2 (Eg = 532.0 eV). We assumed
that the O environment at dashed line 2 represents the O species in the
MS10 coating (such as O in C=0/COO groups), while its appearance at
dashed line 1 is most likely related to the O atoms (attached to Si) that
connect the MS10 to the substrate. Fig. 8c shows that the most signifi-
cant change in the O environment occurs between 960 s and 1080 s of
sputtering, where the main peak shifts from position 2 to position 1
(Fig. 8c). The latter may indicate that MS is adsorbed on the surface via
O atoms. This adsorption occurs on the CuyS, with the signal first
appearing after sputtering for 960 s (Fig. 8d). The MS10 coating is also
thicker than FAS5, as shown by the fact that in the former the signal was
obtained from the substrate after a longer sputtering time.
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Fig. 11. Topography of the a) FA5, b) MS10, ¢) FA5-MS10, and d) FA5-MS10-SH5 samples along with the contact angle for each coating.

The protection efficiency of the MS10 coating was very high at 99.9
+ 0.1 % (Table 3), and had low contact angle 78 + 1° (Table 2). The
higher protection efficiency of MS10 in comparison to FA5 is most likely
related to the chemical bond between the coating and the substrate,
which was absent in the FA5 coating as deduced from observing HR
spectra for O 1s.

3.4.3. FA5-MS10 coating on sulphide patinated bronze

For this coating, the changes in C 1s and F 1s spectra in Fig. 9a and b
show that the topmost species are F-containing species derived from CF,
and CFs.

Since the MS10 coating provided good protection, the binding of FA
and MS, and their binding to CuyS, are of particular interest.

Below the FAS layer is the MS10 layer — the latter can be seen in
Fig. 9c, where the peak for Si 2p is not pronounced before sputtering, but
becomes very intense after the first sputtering cycle of 360 s. As for the
MS10 sample, the FA5-MS10 coating most likely bonds to the CusS via O
atoms, since the same transition from the position marked by dashed
line 2 to the position at dashed line 1 occurs at the end of the sputtering
process (from 1080 s to 1440 s sputtering, Fig. 9c). At the end of sput-
tering (from 1080 s to 1440 s), the signal for the S-containing species (S
2p spectra in Fig. 9e) increases when the excitation signal reaches the
CuyS present on the substrate. The corresponding depth profile is shown
in Fig. 9e.

The protection efficiency of FA5-MS10 coating was 84.4 + 13 %,
while the contact angle was 115.9 + 0.8°.

3.4.4. FA5-MS10-SH5 coating on sulphide patinated bronze

For further study by XPS, FA5-MS10-SH5 coating was chosen over
FA1-MS10-SH1, which showed higher protection efficiency, due to our
previous papers when we used the same blend of the three components.
For FA5-MS10-SH5 coating over patinated bronze, it was observed that
the topmost position consists of F-containing species originating from

10

CF3 and CF». The signals representing these species become less intense
with sputtering, as can be seen in Fig. 10a and c (the signal for C 1s drops
faster than that for F 1s because the XPS relative sensitivity factor for F
1s is much higher than that for C 1s). The topmost position also likely
contains oxidized adventitious carbonaceous species (positioned at
dashed line 2 in Fig. 10b). The position at dashed line 3 in the O 1s
spectra corresponds to the O-containing species in MS10. As in the MS10
and FA5-MS10 samples, the position of the most intense peak in O 1s
shifts to a more negative Eg when enough coating has been removed by
sputtering for the excitation signal to reach the CuyS-covered substrate
(this occurs after 2925 s, where the signal for S 2p at the position of the
dashed line 1 in Fig. 10d, which is from Cus,S, also becomes intense). A
less intense, but nevertheless evident signal in the S 2p spectra develops
at a more negative Ep (positioned at dashed line 2, spectra after
765-2265 s of sputtering). This signal may correspond to a layer of
mercaptopropyltrimethoxy silane (5SH) below the MS10 layer. Disul-
phide bonds may also potentially be found as a result of inter molecule
polymerization. The MS10 layer is below the FA5 layer, as shown by the
fact that the spectra of the first sputtering cycles do not show a peak in
the Si 2p spectra until 225 s. A peak in the Si 2p spectra developed later
(after sputtering for 465-2325 s). The spectra measured before and
during sputtering up to 465 s show signals at a more positive Ep
compared to the characteristic position of CuyS (at dashed lines 3 and 4,
Fig. 10d). The latter is most likely the result of partial oxidation of the
thiol groups located closer to the uppermost position of the surface.

As shown in Fig. 10f and g, the shape of the XPS-induced Auger Cu
LMM and Cu 2p spectra were similar on all the substrate surfaces,
including FA5, MS10, FA5-MS10, and FA5-MS10-SH5, in which the
sputter beam removes the coating such that the excitation signal reaches
the substrate. Fig. 10g shows no shake-up satellites at the position of the
dashed lines, indicating that the surface is composed only of Cu(l)-
species and/or metallic Cu (i.e. no Cu(Il) was present on the surface).
On the other hand, the shape of the spectra in Fig. 10f shows that the
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Fig. 12. Schematic representation of the potential protection mechanisms of the a) FA5 coating, b) MS10 coating, ¢) FA5-MS10 coating and d) FA5-MS10-SH5
coating on brown patinated bronze. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

oxidation state of Cu is Cu(I), with the most intensive feature marked by
the dashed line 3 in Fig. 10f. The XPS-induced Cu-LMM spectrum for the
Cu species has four characteristic features, as marked by the dashed lines
1-4. The intensity of feature 3 in comparison to the other three features
is characteristic for the oxidation state of Cu(I) [32]. Most likely, the
surface of the bare substrate (before coating) is primarily composed of
CuyS, with a small amount of Cuy0. The depth profile for the FA5-MS10-
SHS5 sample is given in Fig. 10h.

The three-component fluoropolymer coating FA5-MS10-SH5 ach-
ieved a protection efficiency of 99.4 + 0.9 %, and the highest contact
angle measured was measured on this coating with value 116.4 + 0.5°.
When comparing protection efficiency to MS coating (99.9 %), the three
component coating exhibited higher contact angle which is also the
preferable property, while MS10 coating had low contact angle
measured (Table 2).

3.5. AFM analysis

The FAS5 coating had a relatively high contact angle due to the
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hydrophobic nature of the fluoroacrylate coating, although the surface
was relatively flat and had few surface irregularities (Fig. 11a). The
MS10 coating (Fig. 11b) was very smooth and evenly covered the sur-
face of the patinated bronze. The smooth coverage is likely related to the
low contact angle measured for this type of coating (78 + 1°). The FA5-
MS10 coating (Fig. 11c) was relatively rough and had scratches from the
grinding process and/or brush marks, resulting in a relatively high
contact angle (115.9 + 0.8°). A similar surface was observed on samples
with the FA5-MS10-SH5 coating (Fig. 11d).

3.6. Mechanisms of protection

A schematic representation of the fluoroacrylate-FA molecule on the
sulphide patina is given in Fig. 12a. The XPS analysis revealed that the
fluorocarbon chains are oriented towards the outer surface of the
coating, resulting in high hydrophobicity and a contact angle of 114 +
2°. The oxygen in the ester groups are directed towards the substrate,
which consists mainly of cuprous sulphide. Due to the lower protection
efficiency (79.8 %), it is suggested that physisorption occurs. However,
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lower protection efficiency may be also due to different other factors like
patina unevenness.

Once the concentration in the supporting solvent is sufficient, MS
offers a high protection efficiency of >99.9 %, while at 78 + 1° the
contact angle in this coating is low. A schematic representation of the
orientation of the methacryloxypropyl-trimethoxysilane-MS molecules
is presented in Fig. 12b. Silane groups are detected throughout the
coating at various sputtering depths, as shown by the XPS analysis
presented in Fig. 8. A change in the oxygen signal at the coating-bronze
interface indicates that the coating might be adsorbed to the surface via
O atoms attached to the Si of the silane groups.

The mechanism of protection of the FA-MS coating is presented in
Fig. 12¢, with its protection efficiency on the sulphide patina being
>84.4 + 13 %. XPS analysis showed that fluorocarbon chains of the
fluoroacrylate (FA) are present at the surface of the coating, as can be
observed from the peaks in Cls high resolution spectra (Fig. 9), which
also resulted in its high hydrophobicity of 115.9°. The absence of silicon
at the surface indicates a good separation between the FA and MS
components of the coating. Si is, however, present throughout the entire
depth of the coating and the proposed method of bonding to the sulphide
patina is, again, via the silanol groups of the MS molecule.

A schematic representation of a possible mechanism of protection for
the FA5-MS10-SH5 coating on brown patinated bronze is given in
Fig. 12d, in which sulphur atoms from the mercaptosilane are marked in
red. XPS analysis showed different peaks for organic sulphur throughout
the coating (S 2p in Fig. 10), indicating that mercaptosilane did not
preferentially attach to the surface of the brown patina but rather
remained evenly distributed throughout the coating. This could explain
its low protection against corrosion in comparison to results from the
literature [27,28,29].

In addition to the original thiol form of sulphur in the 3-mercapto-
propyltrimethoxysilane-SH molecule, oxidized species, such as disul-
phide and sulphur species containing oxygen of unknown origin, could
also be identified.

4. Conclusions

Fluoropolymer-based protection systems were tested in order to find
the optimal method of protection for the application of sulphide pati-
nated bronze surfaces in outdoor environments. The following conclu-
sions were made:

e A three-component fluoropolymer coating containing fluoroacrylate
(FA), silane-modified poly methylmethacrylate (MS) and mercapto-
propyltrimethoxy silane (SH) - (FA-MS-SH coating) was studied
together with single component applications (FA, MS, SH) and
combinations thereof (FA-MS, MS-SH, FA-MS-SH).

After protecting samples with each of the applied coatings, a dark-
ening occurred in all samples, with the change in colour, i.e. a change
in (AL).

Electrochemical testing was conducted to evaluate the protection
efficiency. The corrosion study in concentrated simulated rain
showed that when brown patinated samples were protected by single
components such as SH and FA, the resulting protection efficiency
was low. MS protection was also very efficient (>99.9 %), but the
contact angle of the coating was low. Using a blend of MS, FA and SH,
however, resulted in both, a high protection efficiency of 99.9 % and
high hydrophobicity.

A detailed XPS study made it possible to propose the potential re-
action mechanism of the various protective coatings on the sulphide
patinated bronze. The protection efficiency varies due to differences
in the affinity of the constituent components of the coatings studied.
FAS5 physisorbed on the surface, while MS10, FA5-MS10 and FA5-
MS10-SH5 chemisorbed on the surface. FAS is arranged with CF3
and CF, groups on the outer part of the coating containing fluo-
roacrylate (FA5, FA5-MS10 and FA5-MS10-SH5), resulting in higher

Progress in Organic Coatings 172 (2022) 107071

hydrophobicity. MS10 attaches to the surface via silanol groups,
while in the case of FA5-MS10-SH5 protection, attachment to the
surface occurs via silanol and -C-S- groups.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.porgcoat.2022.107071.
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