Organosilane coatings applied on bronze:

influence of UV radiation and thermal cycles on the protectiveness
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Abstract

3-mercapto-propyl-trimethoxy-silane (PropS-SH) ougg, with or without the addition of
three types of oxide particles (Cg@ano-sized), Ti@(nano-sized) and L&z (micro-sized)),
were applied on quaternary bronze (Cu-Sn-Zn-Pb)estéd through natural and artificial
exposures. In particular, uncoated and coated smmyre exposed both in the coastal town
of Rimini (Italy) under sheltered/unsheltered caiodis and in a climatic chamber where the
samples underwent temperature/UV cycles, at conktanidity. The sample surfaces were
periodically characterized by SEM, EDS, micro-RanfahnlR and XRD techniques.
Moreover, during natural exposures, the leachingwas monthly collected, in order to
evaluate the release of the alloying metals froombe by Atomic Absorption Spectrometry
(AAS). The results showed that micro-scale cracking spalling phenomena took place
during natural exposure, partly limiting the prdiee efficiency of the organosilane coating.
In fact, UV radiation has a strong influence ontswpperformance, inducing structural
modifications of the polymer. Oxide particle- argpecially TiQ-charged coatings proved to

be more resistant to UV degradation.

Keywords: organic coatings; bronze; atmospheric corrosiéwvidegradation; IR

spectroscopy; thermal analysis.



1. Introduction

Bronze alloys have been widely used since anciem@stto produce artifacts, sculptures and
architectonic elements that are still exposed cu&ldo different weather and pollution
conditions [1,2]. The conservation of these workarb has been commonly tackled with the
use of protective treatments and coatings, whiehr@quested to be efficient in retarding the
corrosion attack and maintaining the original appeee. However, natural weathering may
impair the long-term persistence of their protemtigss, ease of maintenance as well as visual
aspect and unpleasant colour changes (yellowingstangly alter the artwork.

Nowadays, protective coatings are often based oyli@cesins, fluoropolymers and waxes,
containing or not containing corrosion inhibitors particular, Incrala® (a solution of methyl-
methacrylate/ethyl-methyl-acrylate copolymer, covitay benzotriazole), Soter (a
commercial product consisting of 20-24 wt% crystallwax, BTA and synthetic organic
polymer, dispersed in turpentine and ether), varioicrocrystalline waxes dispersed in white
spirit or double-layer systems, such as Incfalacwax, have been widely used [3-6].
Fluoropolymers have also been used and testedgls sbating systems or as topcoats because
of their high resistance to degradation [6,7]

Organosilane coatings attracted a significant rebeattention in recent years, due to their
protective efficiency towards the corrosion of savalloys [8-11]. Many studies investigated
the protective efficiency of silane coatings agaawgpper or bronze corrosion in artificial rain
or in solutions containing specific pollutants, nigi chlorides. They are focused on 3-
mercapto-propyl-trimethoxy-silane (PropS-SH) [13;13-mercapto-propyl-triethoxy-silane
[18], octadecyl-trimethoxy-silane [19], glycidoxygpyl-trimethoxy-silane [20], v -
aminopropyltriethoxysilane -APS) [21], or bis-[triethoxy-silyl-propyl]tetrasiidle [22]).
However, only few papers consider the coating tasce to environmental stresses, like UV
radiation, temperature or dry/wet cycles [6,7,12.5} or investigate the corrosion resistance

of silane coatings on pre-patinated surfaces [125123]. In our previous works [12-15], 3-
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mercapto-propyl-trimethoxy-silane (PropS-SH) camtay or not containing CeO
nanoparticles was tested as a protective coatinguaternary bronze (Cu-Sn-Zn-Pb) exposed
to the outdoor atmosphere, within the frame ofseaech project devoted to the protection of
outdoor bronze monuments. According to these studi2,13], after 20 days of continuous
immersion in 3.5 % NaCl solution at 30 °C, PropS-&fdrded inhibiting efficiencies of 70%
or 100%, if a room temperature (RT) curing timel®for 60 days, respectively, was allowed.
Good protection efficiencies were also obtainedeurattificial outdoor exposure conditions,
simulated by Wet&Dry tests (reproducing exposurestagnant rain) or Dropping tests
(reproducing runoff conditions) in artificial aaidin. Under both conditions, PropS-SH showed
comparable protective efficiencies when applied pva-patinated and bare bronze, with
inhibiting efficiencies against metal release afattB83-86%. The exposure to runoff conditions
induced the formation of a Sn-enriched patina oitlwvthe silane coating adhesion was slightly
weakened [14,15].

The good protective properties of hydrolyzed Pr&rbeoatings are connected to the formation
of silanol groups (Si-OH) and to their subsequeamtdensation in a polymeric dense Si-O-Si
network. On copper and copper alloys, surface cbemiion of PropS-SH through metal
thiolate (Me-S-C) [16] and metal siloxane (Me-O-8onds [24] ensures desirable adhesion to
the metal substrate.

Exposure of organic coatings to UV radiation cavdpice oxidation of double bonds, polymer
segment scission and cross-linking, while high terapure and moisture can produce thermal
degradation and hydrolysis [25]. As far as silatrad are concerned, according to Bao et al.
[26] after UV-irradiation at 185 nm for 30 min inraPropS-SH films applied on silicon
substrates undergo Si-C breaks and SiOH groups ataym while irradiated propyl-
trimethoxysilane rather undergoes —COOH formatilbreversible structural changes also
affect hydrocarbon chains (possibly also those bdrtd Si atoms in silanes), as under UV

exposure they are subjected to photo-oxidationudmd) carbonyl and hydroxyl groups



formation [27-29]. Conversely, silane coatings sho&ked by hexamethoxymethylmelamine
resulted stable under UV-exposure [30].

It is reported that the stability and the proteetproperties of silane films deposited on
industrial metallic and non-metallic substrates niey modified by nanoparticle addition.
Accelerated weathering tests have shown that sitaadification with TiQ nanoparticles
permitted the preparation of transparent UV-pratectoatings for polycarbonate substrates
[31]. TiO2 can be an effective UV absorber, capable to candgificant protection against UV-
induced degradation of polymeric coatings, becanfseapid attenuation of the radiation
intensity by absorption and scattering [32].

On the other side, addition of Ce@a0O3, TiO2> nanoparticles to silane coatings appreciably
improved their protectiveness against corrosionnducontinuous immersions in 3.5% NaCl,
where after a 10 day curing they increased cornasioibiting efficiencies from 70 to 96 - 98%
[12]. In the case of Ceand LaOg, a specific inhibition of the corrosion of substarises,
thanks to their partial dissolution within the hgtird silane film and release of inhibiting
cations [33,34]. Nanopatrticles are also reporteldelp silane reticulation by forming Si-O-M
bonds (with M = Ti [35] or Ce [36]). Finally, nanaqticles (including Si@and ZrQ, CeAlGs,
beside Ceg) can act as filler in silane coatings, so imprgvihe silane barrier effect against
water ingress [33,37,38].

Natural exposures are reputed fundamental to dyathte coating performances in field,
because artificial tests necessarily tend to simghie exposure conditions and do not take into
account all the possible environmental stressegeiftleeless, scarce literature information can
be found about natural weathering of coatings @mbg, because these effects are detected in
the long period [3,39-41]. One test performed dang coatings [41] highlighted that, after 8
months, only two from five commercial silane cogtirwere still very protective and did not
alter the surface aspect of bronze. That reseadchad investigate the degradation mechanism

of the coatings.



The aim of this study was to carry out a more catgphnd reliable evaluation of the protective
efficiency of PropS-SH coatings by performing bo#tural and artificial exposure tests, which
take into account the influence of UV radiation/parature cycles under humid conditions.
Specifically, the natural weathering tests weredtmted in the coastal town of Rimini (Italy),
close to an environmental monitoring station, whereoated and silane-coated bronze samples
were exposed in sheltered and unsheltered conslitiotih respect to sunlight and rain flow.
Some PropS-SH coatings also contained oxide pest{@eQ, LaOs, TiO2). Exposed surfaces
were periodically characterized by microscopic/$mscopic techniques and the leaching rain
was monthly collected, in order to evaluate theasé of the alloying metals. At the same time,
a similar set of samples was exposed in a clinch@nber fitted by a UV light source to clearly

discriminate the effects of thermal and UV cycling.

2. Materials and methods

2.1 Materials

Quaternary bronze coupons of the EN 1982-G85, UIRS$6C0 alloy (Cu: 88.8 / Zn: 2.4/ Sn:
4.4/ Pb: 3.9 wt%) with a cored dendritic microstuure (Sn microsegregation, Sn-rich eutectoid
at the periphery of dendrites, scattered Pb glabaihel some porosity, as described with more
details in [1,2]) were used as substrates.

The precursor used to produce the protective ocgatinbare bronze coupons was 3-mercapto-
propyl-trimethoxy-silane (PropS-SH, purity 95%, Atth cod. 175617), selected on the basis
of a previous work [13]. The PropS-SH prefilmindutmns containing or not containing 250
ppm of CeQ (nano-sized, Aldrich cod. 544841), Ti(hano-sized, Aldrich cod. 718467), and
La,Os3 (micro-sized, Aldrich cod. 199923) oxide partickeere prepared under controlled
conditions. In particular, an acidic (pH~4, by dotdi of some drops of a diluted sulfuric acid
solution) hydro-alcoholic solution of PropS-SH wasepared (90vol%/5vol%/5vol%-

ethanol/water/silane; absolute ethanol, Fluka ©2&60). The solution was stored at 5 °C in



order to increase its shelf life. The solution wasd at room temperature (RT) after at least 20
days of storage to reach a proper silane hydrqlysis storage was never extended over 3
months to avoid undesirable condensation phenofd@jaln fact, no variation of the coating
performances was detected within a storage tinervat of 20-90 days. Finally, for oxide
particle-containing coatings, these particles weadmixed and the suspensions were
ultrasonicated for 10 min before use.

The silane coatings, with or without the oxide jgéet, were obtained by 1h immersion of
bronze specimens in the prefilming solutions fokalWby fast withdrawal. A RT curing period

of 10 days was always ensured, before coating exp@sd analysis.

2.2 Tests

2.2.1 Weathering method: natural exposure

Natural exposure was performed on uncoated angesdaated samples of quaternary bronze.
The site chosen for the exposure was in the comstal of Rimini, close to an environmental
monitoring station. In this site, the recorded almainfall is, on average, about 600 mm/yr
and the total annual solar radiation is about 1480h/m2. According to the international
standard ISO 9223:2012 [43], the environment obsxpe can be classified in the classgs: t
(time of wetness about 2500 h/yr), (3Q: concentration< mg/m°), S (CI- dry deposition 3-

60 mg/(ntd)), urban (on the basis of N@oncentration, in the range 20-156/m°) and
urban/industrial (on the basis of RMoncentration, 30-7Qg/n?°). According to the previous
version of the international standard ISO 9223 #timosphere is considered to have a medium
corrosivity towards copper and zinc.

The specimens, sized 2.5 x 5 x 0.53cmere protected on the rear by an insulating acryl
lacquer and exposed, inclined at 45° and facindgt§ausuitably designed racks made of PTFE
on a wooden stand. Samples were exposed both lierglteand unsheltered conditions for 13

months. As regards the unsheltered specimens thh@lyacks were designed in order to allow



the monthly collection of the leaching rain, in erdo evaluate the release of the alloying
metals.

SEM/EDS observations were carried out on all theosgd surfaces at the end of the tests.

2.2.2 Weathering methodlimatic chamber

The protection efficiency against UV radiation wvee@mined using a climatic chamber fitted
with a UV light source. The lamps emit predominardV radiation at a wavelength of 360
nm. The irradiation is performed using 125W lamgcpld inside the climatic chamber, 20 cm
away from specimens. Silane-coated samples underb@ncycles in climatic chamber

(Angelantoni, DY340) at a constant relative hunyiaif 70%. Each cycle consisted of 12 hrs:
4 hrs at 35 °C and 4 hrs at 0°C, with 2 hrs forhenperature ramp. The UV lamp was
switched on for 2 hrs, during the section of theleyat 35°C. During the tests, half of each
sample was screened from UV exposure, in orderidorichinate the contribution of UV

radiation from that of thermal cycling.

2.3 Characterization

During both natural and artificial exposure test® bronze surfaces were characterized as a
function of exposure time. The composition of théa was identified by a hyphenated system
SEM-EDS-Raman (Zeiss EVO 50 EP (extended presappgratus coupled both with an EDS
microprobe (software INCA 350, Oxford Energy) andaman spectroscope (Renishaw InVia
connected by Renishaw SCA, Structural and CherAicalyserA = 514.5 nm, 50 mW) as well

as by X-Ray Diffraction (Philips Diffractometer P¥W?29, 40 kV/30 mA, Cu K radiation).

In unsheltered natural exposure, the collected veas periodically analysed by Graphite
Furnace Atomic Absorption Spectrometry (GF-AAS KieiElmer AAnalyst 400) as described

in [2]. The efficiency of PropS-SH in terms of ibition of metal release in the rain was

quantified through the analyses of the metals tisslan the ageing solution. Specifically, the



Inhibiting Efficiency in terms of Metal Release IR, %) for each alloying element and for

the whole alloy was calculated using eqn. (1):

IEMR = Ysotve=Msolc 190 (1)

Msol,NC

Where: M is the considered metalsdMs the amount of metal leached in the rain sofuice.
Cu, inug cm?); NC is the non-coated and C is the coated coupoerefore, IEMR is 100% if
no metal is released from the coated coupon, andf @€ coated coupon releases as much
metal as the uncoated one.

The coated samples exposed to climatic chamber alsoeanalyzed by specular reflectance
FT-IR spectroscopy (Nicolet 550 Magna II), withigefl 80° grazing angle accessory and a
mercury cadmium telluride (MCT) detector, beford after the exposure to UV/thermal cycles
in climatic chamber, in order to detect structumaldification of the silane coatings.
Differential scanning calorimetry (Perkin Elmer, ©& analysis was carried out in order to
register silanes thermal transitions. Scanninga&f0 °C/min, nitrogen flow of 20 ml/minand
temperature range of -70+150 °C were used as operadnditions. Aluminium pans were
filled with ~ 4-5 mg of silanes, with or without the oxide pelds, and tested before and after
the exposure to UV/thermal cycles in climatic cheamb

Finally, colorimetric measurements were performethe CIELAB Space through Datacolor
Check 11 (illuminant D65, 10°observer, beam of d#é light of 6 mm). In this system, the
difference between two colours is expressed bylh@arameterdE= V(AL* 2+ da*?+ Ab*?),

whereL", a" andb’ represent the lightness, the red/green and thayblue axis, respectively.

3. Results and discussion
3.1 Natural Ageing
Fig. 1 shows a comparison of macroscopic imagdbhetamples after natural exposure (13

months, sheltered/unsheltered samples). Qualitatifferences between the uncoated and



coated bronze specimens are clearly visible in Ejgwhich also highlights the beneficial

influence of the oxide particles added to PropS4&bistly in the case of TEO

Fig. 2 shows the high-magnification SEM images gédibronze surfaces as a function of
exposure geometry (sheltered vs. unsheltered); a8emonths of natural exposure in the
coastal site of Rimini. Higher magnification desanith X-ray EDS maps are shown in Fig. 3

for PropS-SH in sheltered conditions.
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Fig. 1. Macroscopic images of samples after natural exgodil8 months).

Sheltered Unsheltered

10



| PropS-SH+TiQ (e) | PropS-SH+La0sz (d) | PropS-SH+Ceg(c) | PropS-SH coated (b)| Uncoated bronze (a) |

Fig. 22 SEM-BSE images of corroded bronze surfaces aftem&Bths of natural exposure
under sheltered (left images) and unsheltered t(fighges) conditions (500X): uncoated (a)

and PropS-SH coated (b-e) specimens (plain PropSEHPropS-SH+Ceflc); PropS-
SH+La0s (d); PropS-SH+TiQ(e)).
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On PropS-SH-coated bronze (Fig. 2b), cracking spalling of the silane coating were
observed. In particular, in the detachment aresheltered samples (Fig. 3), corrosion products
started to grow on the metal substrate. In thespkes, the surface coating has a double-layer
structure, consisting of an internal layer of Pr&t$ (indicated by an arrow) and an external
layer of PropS-SH mixed with corrosion products degosits, as shown by the X-Ray maps

in Fig. 3.

Cukal ClKal

S Kal Si Kt

Fig. 3: EDSX-Ray maps of the surface of PropS-SH coated4ar after 13 months of natural
exposure, under sheltered exposure conditionsailfogv in the SE image indicates the

internal layer of PropS-SH.

Unsheltered exposure conditions generally leadhiglzer incidence of spalling by comparison
to sheltered conditions (Fig. 2), due to the chalacechanical action of the rainwater and to
the higher irradiation energy. By comparison tosheltered ones, in the unsheltered samples
only a single layer of PropS-SH is visible (Fig, gyobably due to the leaching action of
rainwater, which did not allow the persistencehef duter cracked deposition layer. From these

SEM observations the thickness of PropS-SH coulélbe estimated and corresponded to

about 3-4 um.
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Fig. 4. BSE image (4000X) of PropS-SH coated bronze susfafier 13 months of natural
exposure, under unsheltered conditions.

After 13 months of exposure, the specimens pratebie oxide particle-charged coatings
showed a reduced spalling phenomenon on both skeid unsheltered exposure conditions,
especially in the case of Ti@Fig. 2e).

On coupons with ceria- and lanthania-charged cgstfiRig. 5a,b), small exfoliation sites were
visible at higher magnification, where EDS demaatsil the local coating removal. On the
contrary, in the case of titania-charged coatingig.(5c), localised SEM-EDS analyses

highlighted much smaller defects where the proteatbating was still present.

Fig. 5: SEM-BSE images of defects on (a) PropS-SH+£ €8 PropS-SH+L#Ds, (c) PropS-
SH+TiO, coatings after 13 months of natural exposure, uandsheltered conditions.

At the end of the exposure period, while on unab&t®nze cuprite, nantokite and posnjakite
were detected by XRD and Raman micro-spectrosaofiyei corrosion products, all the coated
samples only showed the presence of cuprite. Tiggests that, in spite of the above described
local micro-damages, all PropS-SH-based coatingtiapg restricted the formation and
evolution of corrosion products.
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As regards metal release from PropS-SH-coatedesfia unsheltered conditions, the leaching
rain analysis showed that during the13 months pbewre the application of the silane coating
induced a decrease of copper dissolution. Speltfficthe average monthly Inhibition
Efficiency in terms of Cu Release (IEMR eqn. (1)) for plain PropS-SH was around 30%,
while the addition of nano-sized particles to ti@® coating lead to an increase of the average
monthly IEMRcyup to 45%.

Considering that the IEs derived from both eledissuical tests and accelerated ageing tests
reported in [12,14,15] and related to 10 day-cucedtings ranged from 70 to 98%, this
efficiency decrease is probably due to the synecgedfect of the environmental conditions
and in particular to the influence of the UV compnnof solar radiation and thermal cycles,
not taken into account in previous tests. Thergforthe next section, the results of accelerated
ageing tests by climatic chamber with UV radiatemd thermal cycles are presented and

discussed.

3.2 Climatic chamber (UV + Thermal cycles)

So as to separately evaluate the influence of tegiynre and UV radiation on the corrosion
behavior of PropS-SH-coated surfaces, during thidtiecycles in climatic chamber half of
each sample was UV-screened. At the end of thenesiroscopic observations showed a
visible yellowing on all areas exposed to UV raidiat(Fig. 6). The Ti@-charged coating was
the least affected by this phenomenon. Colorimeteasurements confirmed the visual
observation. In fact, colour variations for sammg&posed only to thermal cycles were always
lower than 2, so not significant considering thaEs=3 is assumed as the perceptibility
threshold in the field of cultural heritage [15]n @e contrary, among samples exposed to

thermal/UV cycles only Ti@charged coating revealed\& equal to 32, while the other
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coatings presented higher values (up to 10, ircéise of plain PropS-SH and PropS-

SH+La0s).

PropS-SH PropS-SH PropS-SH PropS-SH
+ LapO3 + CeQ + TiO,

2cm

Fig. 6: Macroscopic images of samples after UV/T cycleslimatic chamber. The lower half
of each sample (lighter area) was screened fromrabifation, whilst the upper half was
exposed to both UV radiation and thermal cycles.

SEM observations showed that on silane-coated m@es many white globules are always
visible which correspond to the Pb globules of ¢uaternary alloy. Uncharged PropS-SH
coatings underwent localized exfoliation in areggosed to UV (Fig. 7a), particularly where
the coating was thicker. In the presence of oxatéigles these exfoliations are rare, particularly
when TiQ particles are added to the coating (Fig. 7b), sstigg an improvement against the
coating degradation. On UV-screened surfaces,kihi of alteration was never observed,
indicating a negligible influence of thermal cyctas silane degradation.

The combined action of thermal and UV cycles induee peculiar modification of the
polymeric film. In fact, the formation of dark roded spots was observed mainly on PropS-SH
(indicated by arrows in Fig. 7a) and PropS-SH#Qzawhile they were much less pronounced
in the presence of Ce@nd TiQ (Fig. 7b). These spots are clearly connected tgltitgo-

induced degradation of the coatings.
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Before ageing

After T cycles After T+UV cycles

=

PropS-SH (a)

PropS-SH
+TiO2 (b)

Fig. 7: SEM-BSE images (2000X) of PropS-SH (a) and PrSpiS-TiO; (b) coated bronze
before and after thermal and UV ageing by climetiamber. The arrow indicate the dark
rounded spots discussed in the text.

To get into this point, a characterization of tige@ PropS-SH-coated surfaces and PropS-SH-

based coatings was performed through FTIR spedpyscXRD, as well as Differential

Scanning Calorimetry (DSC).

3.3 FTIR Spectroscopy

Fig.8 shows a comparison among the FTIR spectiaatetl on 10 day-cured coatings, before

(spectrum 1, green) and after ageing, that is afftermal cycles (spectrum 2, blue) or UV-

thermal cycles (spectrum 3, red).
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Transmittance

1710 cmt

3350 cmrt 1
1 —PropS-SH i E 882 cmL
2 —UV protected PropS-SH [

3 —UV exposed PropS-SH
1040 cmt

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Fig. 8: FTIR spectra of PropS-SH coatings before ageingotspm 1), after thermal ageing

in UV-protected areas (spectrum 2) and after theageing in UV-exposed regions

(spectrum 3).

Considering as a reference the spectrum of theag&cdred silane coating, it can be noticed
that thermal ageing produces a decrease in thesityeof the peaks at 3350 and 882%tm
(corresponding to the symmetric stretching of Ord &i-OH bonds, respectively), if

compared to the band between 1200 and 100&omesponding to the Si-O-Si polysiloxane
asymmetric stretching [18,44,45].

These variations could be explained as the evaolufdhe system from hydrolysed silane

into a reticulated configuration, characterizecchye-like (peak at 1157¢H cyclic (peak at
1040cm?t) and long open chain (broad bands between 1090 @2@ cnt) polysiloxane
structures [44-46].

While the thermal cycles accelerate the 3-D resitoh, the UV radiation seems to cause
damages in the siloxane structure. In particuaglso suggested by Bao et al. [26], breakages
of the Si-C bonds and conversion into silanol geoape suggested by the more intense band
observed in spectrum 3 between 3700 and 3206, connected to O-H stretching, and the
increased peak at 1411¢mattributed to OH bending [47]. Fig. 8 also highlis that this is

accompanied by photo-oxidation of the hydrocarbleairts of PropS-SH, as revealed by the
17



onset of a peak at 1710 ¢pconnected to the formation of carbonyl groups2@8,49]. The
partial decomposition of the polysiloxane net ipeoted to produce degradations products with
shorter chain length, which could be responsibkhefppearance of the small round dark spots
observed after thermal/UV cycles and shown in Fig.

Concerning the influence of oxide particles ongbhgormance of PropS-SH under UV/thermal
cycling, in Fig.9 FTIR spectra obtained after thalraycling on UV-protected (a) or UV-
exposed (b) areas are compared. The spectra ethtafter only thermal cycling (Fig.9a) are
very close to each other, while differences areectetl after UV irradiation (Fig. 9b). In
particular, oxide particles appear to afford a Iiiers influence against degradation, because
IR spectra show: (i) a decreasing band intensityOfd stretching according to the following
order: PropS-SH > PropS-SH+Ce® PropS-SH+L#0s > PropS-SH+TiQ (indicating a
decreasing tendency to Si-C bond breakage andsd@oup formation in the presence of the
different particles, particularly Tig; (i) a lower relative intensity of the band &@4D cm!
(cyclic polysiloxane or long open-chain groups)thwiespect to that at 1157 ¢nicage-like
polysiloxanes) [44] in the presence of particlerged silane (suggesting a higher reticulation
degree when particles are added); (iii) a smatignisity of the peak at 1710 dgrconnected

to the hydrocarbon chain photo-oxidation, in pétcharged silane coatings and particularly

in the case of Ti@
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Fig. 9: FTIR spectra measured on PropS-SH coatings withitbout metal oxide particles:

(a) after thermal cycles; (b) after thermal/UV @gl

XRD patterns for plain PropS-SH-coated bronze arepared in Fig. 10, so as to highlight the
influence of exposure to thermal cycles and UVatdn on the structure of the organo-silane
layer. The main contributions to these XRD pattemesdue to the substrate (the most intense
peaks being attributed to the Cu-rich matrix, wiks intense peaks due to Pb globules).
However, the sample exposed to accelerated agathgtvermal cycles (no UV) shows the
presence of broad diffraction bands at lobvehgles (boxed area in Fig. 10), due to basal
spacing corresponding to d=0.58 nm and d=0.39 aspectively. These bands, likely related
to partially crystalline phases, are compatiblélite mercaptopropyl-siloxane chain length (~
0.6 nm) and (200)1(11) plane spacings of cristobalite (82-1560 ICDDFyrespectively.
Therefore, these patterns may be related to theirmdaked structural modifications of the
silane network conformation, due to the organizaiio layered structures, where the basal
spacings correspond to the distances of theseslayer

The peaks and bands related with silane structodsfivations are not detectable after addition
of UV radiation, suggesting that the high seveoitguch exposure conditions leads to a more

disordered silane structure.
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Fig. 10: XRD spectra (Cu K) measured on the PropS-SH coated bronze befonatoti
chamber exposure, after thermal cycling and affteimbal cycling +UV. The boxed area in
the XRD pattern of the thermally cycled sampletgrat?2) is discussed in the text.

Thermal analysis of PropS-SH before and after ¥p@sure to UV/thermal cycles in climatic
chamber is reported in Fig. 11 together with the&C2Brves relevant to the oxide-based silanes
after UV/thermal cycles. PropS-SH (1) exhibits asgl transition temperatureg, Bt -50 °C
and, except a very slight inflectionsaB3 °C, no other thermal transitions are eviderdirilar
behaviour was detected for the oxide-based silémésre the UV/thermal treatment (not
showed): all the samples exhibit the same tramsitio the range of -50 + -45 °C and 33-35 °C,
respectively.

After the UV/thermal cycles, some changes occtihérecorded DSC thermograms. In PropS-
SH (2) the glass transition temperature is shifmgards higher values and a broad peak
associated to an endothermic transition is cleasiyle. The same trend is shown by the oxide-
charged PropS-SH (3,4,5), however the peak asasdhe increase ofybecome less evident,
according to the following order: PropS-SH+Ge(PropS-SH+LgO3> PropS-SH+TiQ.

The broad peak detected in PropS-SH after UV/thecy@es can be ascribed to low melting
oligomers formed during the degradation processidad by UV, in agreement with the
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suggestions of FTIR analysis (breakage of polysitex bonds, indicated by the relative
increase of peaks connected to silanol groups negpect to those connected to polysiloxane
bonds). These degradation products could be regpensf the more disordered structure
detected by XRD analysis on UV-irradiated silan@asies.

In the presence of particle-charged silane, bathddgtrease of the endothermic peak intensity
and the shift towards more negative values of h@f Tompared to that measured on plain
PropS-SH) point to a higher resistance to degradabn particular, the latter finding indicates
that the reticulated silane remains flexible inidex temperature range, due to the persistence
of a more continuous net of polysiloxane bonds.

FTIR and DSC tests results suggest that the studielé particles improve the PropS-SH
coating performances against UV/thermal degradatiaimly by assisting silane reticulation.
More specifically, a more densely polymerized latructure appears less prone to
photodegradation. Titania was the most effectiid®yparticle type, likely because beside a

net forming capability it also afforded a specditivity as a UV light absorber.
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Fig. 11:. DSC analysis of PropS-SH silanes. Before ageingp®SH (curve 1); after
UV/thermal ageing in climatic chamber: PropS-SHvew), PropS-SH+Ti&(curve 3),
PropS-SH+Ce®(curve 4), and PropS-SH+i@s (curve 5).

4. Conclusions

The results showed that on silane based coating®+acale cracking and spalling phenomena
take place during natural exposure, partly limitihgir protective efficiency. The addition of
oxide particles slightly reduced the tendency talsaspalling, especially in the case of 7iO
which also ensured negligible color changes. Expogutemperature/UV cycles showed that
while thermal cycles in humid atmosphere stimulsilane reticulation, UV radiation is
responsible of the degradation process of the esiteet and the impairment of the coating
performances. Degradation is connected to breakguaysiloxane bonds and photo-oxidation

which induced formation of silanol and carbonylgps.
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These tests indicate that the improvement of tboe$4SH coating stability under UV exposure
afforded by dispersed oxide particles is mainlyramted to their capability to act as network
formers. Photostability is highest in the presenic&€iO2 nanoparticles, likely because, beside
their contribution to silane polymerization, thegncabsorb UV radiation so reducing more
significantly the coating damage.

These findings suggest testing more extensivelyldvitadditives, such as Tiand others,

in order to improve the UV resistance of silane gndrantee the protected surfaces a natural
aspect. Also addition of lanthania nanoparticlastéad of microparticles) could give
improved coating performances. In fact, nanopasiclan be more finely distributed in the

coatings and can introduce a higher density ofgasdn the silane network.
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