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Introduction

Fluoropolymer coatings, in particular polyvinylidene fluoride (PVDF), showed outstanding performance in outdoor applications, as exterior durability, excellent chemical resistance, good flexibility, low dirt retention, photo-stability and good moisture and fungus resistance, as reported in [START_REF] Iezzi | Acrylic-fluoropolymer mixtures and their use in coatings[END_REF]. Unfortunately, this coating exhibited poor adhesion properties on bronze substrates, due to the fact that such coating is bonded to substrate surface by very weak Van der Waals forces [START_REF] Malshe | Fluorinated acrylic copolymers: Part I: Study of clear coatings[END_REF]. So, to increase the adhesion on bronze substrates, this polymer was usually blended with an acrylic-based or silicon-based polymer [START_REF] Malshe | Fluorinated acrylic copolymers: Part I: Study of clear coatings[END_REF][START_REF] Satoh | Preparation of super-water-repellent fluorinated inorganic-organic coating films on nylon 66 by the sol-gel method using microphase separation[END_REF][START_REF] Baradie | Novel fluoro-terpolymers for coatings applications[END_REF]. Bierwagen et al. found that this type of fluoropolymer blended with acrylic coating acted as a strong barrier under electrochemical tests and so it showed very high corrosion resistance properties [START_REF] Bierwagen | Developing and testing a new generation of protective coatings for outdoor bronze sculpture[END_REF]. In addition, as the ideal coating for conservation applications should be removable, this polymer could be also easily removed using a polar solvent, such as acetone [START_REF] Sadat-Shojai | Polymeric Coatings for Protection of Historic Monuments: Opportunities and Challenges[END_REF]. For all these reasons, a fluoro-acrylate (fluorocarbon functionality together with adhesion provided by other groups, FA) was selected as a promising protective treatment for corrosion protection of outdoor bronzes in the field of Cultural Heritage. An adhesion promoter, a silane modified poly-methyl-methacrylate (MS) was also mixed together with the fluoropolymer and the blended coating (FA-MS) was applied by spraying on a representative bronze substrate. In particular, this coating was tested on pre-patinated quaternary bronze (Cu-Sn-Zn-Pb) aged by accelerated dropping method, simulating the unsheltered exposure of outdoor bronzes, already verified in previous studies [START_REF] Chiavari | Predicting the corrosion behaviour of outdoor bronzes: assessment of artificially exposed and real outdoor samples[END_REF][START_REF] Bernardi | The atmospheric corrosion of quaternary bronzes: The leaching action of acid rain[END_REF]. The aim of this study is to assess the protectiveness of fluoro-acrylate polymer for the conservation of outdoor bronzes for Cultural Heritage applications. The coated surfaces were characterised by X-ray Photoelectron Spectroscopy (XPS). The corrosion behaviour was studied by the analysis of the weathering solution used for the accelerated ageing, as well by surface and cross-section characterisation of the FA-MS coating after dropping. Finally, the performance of the coating was compared with the surface evolution of the uncoated prepatinated bronze substrates under the same experimental conditions.

Materials and methods

Materials

Quaternary bronze (Cu-Sn-Zn-Pb), supplied by Livartis d.o.o. Foundry (Ljubljana, Slovenia) in as-cast condition, showed a chemical composition (wt%) of: 6.9±0.6 Sn, 3.1±0.4 Zn, 2.0±0.9 Pb, Al, P, Mn, Si (traces), Cu to balance. This bronze alloy had the typical microstructure of as-cast bronze, with a dendritic network including shrinkage cavities due to cooling during casting. Quaternary bronze substrates were pre-patinated by dropping test for a Total Time of Wetness of 87 days [START_REF] Masi | Corrosion protection of outdoor bronze : historical quaternary alloy and modern alloy with artificial patination[END_REF]. These patinated substrates were used as representative samples for coating application, but also as reference and named "uncoated sample". A fluoro-acrylate polymer (FA) was selected as candidate coating for the protection of historical bronze (Cu-Sn-Zn-Pb). In order to improve the adhesion on the bronze substrate, a silane-modified poly-methyl-methacrylate (MS) was mixed with the fluoropolymer (FA). In particular, 5 wt% FA and 10 wt% MS were mixed together in solvent mixture solution made of 50 wt% of n-butyl acetate and 50 wt% diethyl-succinate. This coating (FA-MS) was then applied by brushing on the bronze samples.

Artificial ageing by dropping All the uncoated and coated samples were exposed to artificial acid rain solution by dropping test for a total time of Wetness of 10 days. This type of accelerated ageing method simulates unsheltered exposure of bronze objects in atmospheric conditions. In order to ensure that only the coated surface (25×25 mm 2 ) of each coupon was directly exposed to acid rain, the other surfaces were protected by epoxy resin. The artificial rain solution was prepared according to the composition of natural acid rains collected during the winter months in Bologna. The chemical composition of the artificial solution is reported in previous study [START_REF] Chiavari | Atmospheric corrosion of fire-gilded bronze: corrosion and corrosion protection during accelerated ageing tests[END_REF]. Dropping test consisted of two weekly cycles of 3 days of dropping / 1 days of dry and 2 days of dropping / 1 day of wet were performed up to a total Time of Wetness (ToW) of 10 days per sample. The samples were placed at a 45° angle on plastic sample holders. At least two samples for each coating were simultaneously tested. A peristaltic pump dropped artificial acid rain solution on the samples by means of capillary tubes with an almost constant dropped volume of 60 mL/h on each exposed sample, as reported in [START_REF] Bernardi | The atmospheric corrosion of quaternary bronzes: The leaching action of acid rain[END_REF]. The runoff solution dropped on each sample was separately collected in canisters. Mass measurements were carried out using a digital balance KERN AGB210_4 with repeatability of ± 0.1 mg and mass variation was calculated by the difference between the initial weight of the sample and the weight of the corroded samples at different ageing times during weathering. Each time the weathering solution was renewed during dropping, an amount of each solution was stored in HDPE bottles, in order to analyse the metallic ions release. These solutions were acidified with HNO 3 65% suprapur, in order to prevent absorption of metals on the interior of the bottles and dissolve any metal complexes, and stored at 4 °C. The concentration of Cu was analysed through Atomic Absorption Spectrometer (AAS) Perkin-Elmer AAnalyst 400 (with both Flame and electrothermical atomization) and Perkin-Elmer PinAAcle 900Z, with Transversely Heated and longitudinal Zeeman background correction. The protective efficiency of the tested coatings was quantified through the metal release in the ageing solutions. In particular, the Inhibiting Efficiency in terms of metal release (η M ) was calculated using Eq. ( 1):
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where M sol is the amount of metal in the ageing solution (Cu in µg cm -2 ); NC is the uncoated sample and C is the coated sample as reported in [11].

Surface and cross-section characterization XPS analysis was carried out on coated pre-patinated bronze by FA-MS before ageing. The photoelectron emission spectra were recorded using a monochromatised Al Kα (hν = 1486.6 eV) source on a ThermoScientific K-Alpha system. The X-ray spot size was about 400 μm.

The pass energy was fixed at 130 eV with a step of 1 eV for surveys and 40 eV with a step of 0.1 eV for core levels. Ionic sputtering of the surfaces was made by Ar + ion beam accelerated under 200 eV low current for 30 s. The Shirley's method for the background subtraction was applied for all the peaks. In-situ FIB cross-sections were carried out on the uncoated and coated samples after dropping test (ToW=10 days). Before FEG-SEM observation, the samples were coated by an amorphous graphite layer with a film thickness of around 10 nm (applied by sputtering). For FIB cross-section preparation, each sample was then tilted at 52° and a platinum (Pt-C) layer of about 1 μm was first laid down for surface protection on the selected area. Then, FIB milling by Ga + ions was applied. For all the samples, representative areas were chosen, producing cross-sections from 100 to 130 µm in length. SEM observation and EDS analysis were carried out using an acceleration voltage of 10 kV.

Results and discussion

Pre-patinated Cu-Sn-Zn-Pb coated by FA-MS The surface characterization of Cu-Sn-Zn-Pb coated by FA-MS was mainly performed by XPS. The coating surface was smooth and uniform, showing that the coating is able to cover well the pre-patinated substrates. In addition, on the top surface, the FA-MS coating showed the presence of intense C 1s, O 1s and F1s peaks with minor Si 2p, S 2p and N 1s features, as depicted in the XPS survey reported in Figure 1. Very small amounts of alloying elements (mainly Cu 2p and Pb 4f) were detected in traces and considered as pollution from surface preparation.

The effect of the Ar + sputtering is evident on the top surface of FA-MS, as O 1s, F 1s and S 2p showed a strong decrease in peak intensity, while Si 2p was only detected after etching. In particular, C 1s showed higher intense peak at lower BE values (C-C, C-H) and the features at higher BE centred at 291.4 eV and 293.8 eV linked to F 1s were not detected after etching. Moreover, O 1s and F 1s showed a less intense peak, as well as S 2p that showed just a small peak centred at 163.4 eV and sulphate features were not observed anymore, as it was for the core level before etching. The behaviour described for FA-MS before and after Ar + ion sputtering was also confirmed by atomic quantification reported in Table 1. This is probably due to the inhomogeneity of the coating made of the two different components (the fluoro-acrylate and the adhesion promoter). So, on the top surface, the coating showed enrichment in F 1s (intense peak at BE=688.6±0.1 eV related to the bond with C), which mostly disappeared after etching, due to an increase of C 1s in correspondence with C-C and C-H compounds (BE=284.2±0.1 eV). In addition, on the top surface, S 2p showed a peak centred at BE=168.7±0.1 eV, characteristic Counts (a.u.)

Binding energy (eV)

of sulphates, that was not present in the theoretical chemical formula of the coating. This peak strongly decreased after etching, while small Si 2p at BE=102.2±0.1 eV to be ascribed mainly to silane was found, indicating the presence of methacryloxy-propyl-trimethoxysilane (MS). Accelerated ageing of coated and uncoated Cu-Sn-Zn-Pb substrates Cumulative gravimetric measurements of the samples at the end of dry periods of dropping test are reported in Table 2. Significant differences in the mass variations were observed for uncoated and FA-MS coated samples. In particular, uncoated bronze showed a linear trend of mass decrease, while the coated samples showed a very low mass variation.

Regarding FA-MS, the mass increase was observed since the beginning of the ageing, just after 3 days of ToW and then remained constant. This could be due to some water trapped within the polymer, as the same weight increase was measured also after storing the samples in desiccator for a week.

In parallel, the analyses on the ageing solution were also performed and Cu ions releases were calculated at increasing ToW (Table 2). The achieved results are in accordance with the gravimetric measurements. The uncoated sample showed a negative linear trend with a total Cu release up to 1600 µg/cm 2 at 10 days of wetness, indicating a strong corrosion/dissolution impact highlighted by the weight loss evolution. The samples coated by FA-MS showed a slight positive linear trend and with a marked lower slope by comparison to the uncoated sample and the total Cu release was lower than 15 µg/cm 2 . Inhibiting efficiency of FA-MS related to Cu release was calculated in accordance with Eq. ( 1) and a value of η Cu =99±22was measured, indicating an excellent performance of the coating during dropping test. In order to explain the results of mass variations and Cu ions release, surface and crosssection observations of uncoated and coated samples were carried out. They are reported in Figures 2 and3. SEM observation of uncoated Cu-Sn-Zn-Pb, aged by dropping, confirmed that the continuous runoff during the ageing induced a strong surface corrosion, compared to pre-patinated surface characterised in [START_REF] Masi | Corrosion protection of outdoor bronze : historical quaternary alloy and modern alloy with artificial patination[END_REF]. Corrosion of the uncoated sample is nonhomogenous, highlighting the bronze microstructure. In particular, due to dropping also dendrite borders showed strong corrosion and several cracks on corrosion products. The corrosion attack is preferentially developed between the Cu-rich core and the Sn-rich areas of eutectoid. Interdendritic areas with Cu-Sn eutectoid (white areas) seem not corroded at all. In addition, the presence of the polishing grooves revealed on the micrograph reported in Figure 2. It is confirmed is representative of the natural phenomena: the corrosion attack is linked to an internal phenomenon inducing a corrosion patina of Sn-rich products (decuprification) and the dropping facilitates the leaching of Cu metal ions rather than the deposit of corrosion products, as already observed in [START_REF] Bernardi | The atmospheric corrosion of quaternary bronzes: The leaching action of acid rain[END_REF]. X-ray maps of the uncoated corroded surface (Figure 2) showed that O element is the main aggressive environmental element, while S and Cl (not reported here because Cl signal was very low and the map not satisfactorily resolved) were only locally detected in the most corroded areas. Three different areas are characterised by different elemental distributions. In particular, dendrite cores are containing mainly Cu-O with ratio Cu/Sn values by weight of 12, while dendrite borders are characterised by tin-rich areas (Cu/Sn=0.3) due to strong decuprification process, where the eutectoid is apparently unaffected by corrosion as oxygen element was detected in very low amount about 1.5 wt%.

In interdendritic areas, only Pb globules, not miscible in the α-Cu solid solution matrix, were remarkably involved in the dissolution phenomena. Finally, the observation of in-situ FIB cross-section of uncoated and coated samples by FA-MS after dropping is reported in Figure 3. For accelerated aged uncoated Cu-Sn-Zn-Pb samples (Figures 3 a-b), internal cracks within the corrosion (patina) were detected and some of the corrosion products forming surface patches were lost after the ageing process. The corrosion structure is not uniform within the whole cross-section, and it is more developed in
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correspondence with the interdendritic borders. In particular, a thick corrosion layer of about 3 µm is observed in the interdendritic areas, exhibiting a two-layer structure: a thin internal corrosion layer (< 300 nm) and an external homogenous and dense outermost laye, but with some nano-metric porosities close to the external/internal layers interface. However in the dendrite core, corrosion produces a thinner layer of about 1.5-2 µm, also characterised by a two layer structure but with an external one revealing an homogenous distribution of nanometric interconnected pores, as observed for the pre-patinated quaternary bronze [START_REF] Masi | Corrosion protection of outdoor bronze : historical quaternary alloy and modern alloy with artificial patination[END_REF]. The observed corrosion behaviour is in good accordance with previous results achieved in quaternary bronze with different compositions, as reported in [START_REF] Bernardi | The atmospheric corrosion of quaternary bronzes: The leaching action of acid rain[END_REF]. The α+δ eutectoid only reveals a thin corrosion film on the Cu-rich α-phase close to the surface. Investigation of the cross-section of the FA-MS coated sample is illustrated in Figures 3 c-d, showing FEG-SEM images of the FIB cross-section. FA-MS is highly sensitive to the electron beam. Thus during the FIB session, the coating also showed some peeling and degradation due to electron and ion beam. The FIB cross-section showed the corrosion layer relative to the pre-patination process and revealed also some coating accumulation characterised by higher coating thickness (here not reported) relative to some shrinkage porosity in the bronze substrate. Generally the FA-MS layer is thin, characterised by a mean thickness of 2 µm, except in correspondence of the coating accumulation areas, where the thickness ranges from 5.5 to 7 µm. In addition, the coating layer showed few porosities and the coating/substrate interface followed the substrate morphology, but it also revealed some nano-porosities of the coating. 

Conclusions

The following conclusions can be drawn: • The FA-MS coating showed good performance for the protection of pre-patinated Cu-Sn-Zn-Pb bronze, shown by gravimetrical and leaching ion analysis measured by Atomic Absorption Spectrometer.

• From the observation of in-situ FIB cross-section, this coating formed a thin continuous and uniform layer with very few µm-sized pores.

• The inhibiting efficiency was measured up to 99 %, on the basis of the evolution of the Cu ions released in the weathering solutions during the accelerated ageing process.

Figure 1 :

 1 Figure 1: XPS survey of the surface coated by FA-MS before ageing.

Figure 2 :

 2 Figure 2: EDS X-ray maps of uncoated Cu-Sn-Zn-Pb surface after dropping (ToW=10 days).

Figure 3 :

 3 Figure 3: FEG-SEM images of in-situ FIB cross-sections of uncoated (a and b) and FA-MS coated Cu-Sn-Zn-Pb (c and d) after accelerated ageing.

Table 1 :

 1 XPS atomic concentrations of the main elements of FA-MS top surface before and after Ar + sputtering.

				C 1s			N 1s	O 1s	F 1s	Si 2p	S 2p	
		CC, CH	C-O, C-N	O=C-O	CF 2	CF 3	N-C, N-O		CF 2	CF 3	Si-O-Si	S-C	SO 4
	Before												
	etching												
	Peak BE(eV)	284.7	286.4	288.8	291.4	293.8	399.5	532.8	687.3	688.6	-	163.2	168.7
	at%	39.5	13.5	4.5	5.8	2.0	3.4	15.7	1.0	11.9	-	0.1	2.5
	After												
	etching												
	Peak BE(eV)	284.2	286.2	288.3	-	-	400.0	532.1	687.3	688.5	102.2	163.3	168.2
	at%	63.7	12.4	3.3	-	-	3.1	10.8	2.9	2.6	0.4	0.4	0.4

Table 2 :

 2 Cumulative mass variation per unit area (mg/cm 2 ) as a function of Time of Wetness (ToW); cumulative concentration of Cu ions released in the artificial rain, normalized to the surface, as a function of ToW.

			Time of Wetness (days)	
		3	5	7	10
		Cumulative mass variation (mg/cm 2 )		
	Patinated,	-0.3±0.2	-0.5±0.2	-0.9±0.3	-1.4±0.4
	uncoated sample				
	Patinated, FA-MS	0.17±0.04	0.13±0.05	0.11±0.04	0.091±0.04
		Cumulative Cu ions release (µg/cm 2 )		
	Patinated,	429±66	718±134	1167±222	1617±255
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