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Abstract
An ancient Chinese bronze vessel represented a typical difficult situation for conservation: a large quantity of an unwanted pale green material of unknown nature adhered to a surface fully decorated with delicate relief. The diagnostic itinerary, beginning with in-situ Raman spectroscopy analysis and followed by scanning electron microscopy-energy dispersive spectroscopy and X-ray diffraction, was found to be advantageous in revealing the presence of both inorganic and organic compounds in the pale green material. Irradiation with pulsed Nd:YAG 1064 nm laser in LQS regime (100 ns) followed by chemical cleaning using a low-toxicity solvent mixture proved to be respectful towards the original patina of the bronze as well as of high efficiency. Tentative analyses with the Raman spectroscopy and hyperspectral imaging were conducted to provide further indications on quality and visual effect during the cleaning result assessment. In parallel with the analyses and interventions on the bronze vessel, experiments were also carried out on mock-up samples in order to further explore the Raman scatter property and reactivity with laser ablation of mixed materials. The study provided reference for the optimization of diagnostic and conservation for the bronze artwork with similar situation.
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Introduction
For bronze artwork cleaning, challenges frequently encountered include: the unwanted materials sometimes having complicated nature difficult to identify, the wide presence of surface cavities and fissures hard to clean inside but easy to retain external materials, and the substrate to conserve with historicized patina often mechanically and chemically sensitive [1].
Tackling all these concerns, the present work is an exploration of both analytical itinerary and intervention strategy. A precious ritual bronze Gu (wine vessel) of late Shang Dynasty (1600B.C.–1046B.C.) of Shanghai Museum was examined here, on which an unusual pale green material was widely found inside the submillimetric-sized cavities of the relief over the whole surface. Instead of beginning with X-ray diffraction (XRD) analysis most commonly used for corrosion products recognition, the identification of this material took the non-destructive in-situ Raman spectroscopic investigation as the first analytical step, which is capable of revealing both inorganic and eventual organic compounds without sampling. Interpretation of the unusual Raman spectra obtained were assisted with the following analyses with scanning electron microscopy-energy dispersive spectroscopy (SEM–EDS), and further verified with XRD analyses.
Conventional cleaning methods proved to be inadequate in this case. The application of Nd:YAG 1064 nm laser, as the most commonly used laser type in conservation laboratories and for metal cleaning [2, 3], was then investigated according to the identified composition of the target material. For the inefficiency of removing typical corrosion products and induction of surface discoloration, as often reported in the experimental studies on coins, small archaeological fragments or mock-up samples [4–7], laser cleaning is still not universally accepted for bronze cleaning [8]. However, the existing reports on real conservation task, mostly of outdoor bronze monuments but also museum collections are few in number but demonstrated significant potential of this method [9–13], used alone or in combination with other methods, in safe and efficient removal of thin corrosion products, environmental contaminants, aged restoration materials and derived degradation products, while convenience in cleaning surface with very complicated morphology is also observed [12, 14]. In the present study, adoption of laser was based on programmed comparative tests, while efforts were made towards both optimizing the laser operation on tridimensional object of extensive surface, and finding the ways to study the mechanism of laser-material interaction, with the aim of providing practical reference in a broader sense.
Moreover, multiple evaluation methods were explored to assess the cleaning results not only in qualitative dimension but also on general visual effect, of which the latter is often neglected in the laboratory studies. Besides routine microscopic observation, tentative analysis of Raman spectroscopy was adopted to evaluate the results on micro area on chemical level. The hyperspectral imaging increasingly used in artwork conservation field for the assessment of condition as well as the recognition of material and concealed information was also experimented here [15, 16]. As a method capable of acquiring material information in a wide spectral range and provide intuitive material distribution mapping based on their spectral data [17–19], it was used to assess the surface condition and visual effect of larger area, for which the direct observation and daylight photography have been so far the only commonly adopted methods.
Despite the case-specificity of artwork, this work was aimed at providing indications on the optimization of diagnosis and cleaning for bronze artwork surface with similar complicated situation.

Background
This Gu vessel of square section is of considerable dimension (height circa 36 cm) and shows significant morphological complexity with typical delicate relief decoration covering almost all the surface (Fig. 1a).[image: ]
Fig. 1a The square bronze Gu vessel with a total height of circa 36 cm. b Lower part of the Gu vessel. c Enlarged view of an area shown in (b) demonstrating concentration of pale green material in micro cavities. Area of the red square: circa 1 cm2. Scale bar in (c): 2.0 mm


Whether any intervention had been done to it before it was acquired by the museum was unknown. The alloy is leaded tin copper according to the analysis previous to this work through portable X-ray fluorescence, which revealed the contents of copper ranging from 59 to 77%, tin from 8 to 13% and lead from 12 to 16%. Although showing lead content higher than the most classic recipe for ritual bronze, this alloy composition is still in line with some reported archaeological findings of the same era [20, 21].
The bronze appeared to be in good condition with a homogenous metallic brown surface showing notable gloss. Typical stable patina including cuprite, malachite and azurite were widely present with varying thickness, from very thin layer to accumulation of almost half millimeter in height, which also appeared glossy. No obvious earthen contaminants were observed, however, legibility of the object was heavily obscured by the extensive presence of the before-mentioned material of unknown nature, which seemed to have a powdery-like consistency. Its pale green color raised concern of the detrimental “bronze disease”, the corrosion products of chlorides [22] (Fig. 1b). This material was immediately identified as the target of removal.

Materials and methods
Microscopic observation
Microscopic observation was conducted in the preliminary investigation and later in evaluating the cleaning effects of different methods. Both a desktop Keyence VHX-5000 and a portable Dino-lite AM73915MZT were used on account of the complicated shape of the object.

Qualitative analysis
Raman spectra of typical areas with deposit before and after laser cleaning were acquired with a Renishaw inVia™ InSpect confocal Raman microscope, using an Nd:YAG 532 nm excitation through fiber-optic probe connected to an objective of 50x. Nominal laser power of 532 nm (25 mW) was reduced to 10%, 5% and 1% according to the yield of specific tested area. Data were first acquired by static scan in the range from 60 to 1840 cm−1, which was usually used for inorganic compounds, with exposition time from 5 to 20 s and repeated acquisitions from 10 to 40 times to better the signal to noise ratio. After obtaining more spectra demonstrating probable presence of organic compounds, extended scan in the range from 100 to 3200 cm−1 was performed for some areas with the exposition time of 20 s.
The SEM analysis was conducted with a FEI Quanta650 FEG scanning electron microscope. The analysis was carried out with secondary electron detectors, high vacuum mode, and accelerating voltage 15 kV. The EDS data were acquired with an Oxford INCA energy-dispersive X-ray spectroscope, using excitation voltage 20 kV with spot mode.
The instrument employed for XRD analysis was a Rigaku D/MAX 2550 X-ray diffractometer, using Cu Kα radiation, 40 kV/100 mA, angle range from 5 to 90°, and at a step length of 0. 02°.

Conventional cleaning agents
Hand tools of scalpel, needle and brush, and a 25 kHz ultrasonic scaler, Desply Cavitron® BOBCAT® were used for mechanical cleaning trial.
According to the results of the qualitative analysis, the chemical agents targeting to the identified inorganic phase were disodium, trisodium and tetrasodium salts of ethylenediaminetetraacetic acid (EDTA) at the concentration of 5% in water (w/v), with pH values equal to 4.7, 7.1 and 11.2 respectively. For the dissolution of organic phase, two ternary solvent mixtures were formulated through online tool INTERACTIVE SOLVENT AND SOLUBILITY TRIANGLE© developed by the Istituto Centrale per il Restauro of Italy [23].

Laser cleaning setup
The adopted El.en EOS Combo 1064 nm Nd:YAG laser cleaning machine has a flexible deliver system using optical fiber and allows working in both short free running (SFR) regime (pulse width from 30 to 110 μs) and long Q-switched (LQS) regime (pulse width of 100 ns). The attenuator lenses of lower transmittance reducing the nominal energy to 25% and 50% were used. These accessories of the same supplier are designed to be interchangeable with the lens cover on the end of the handpiece through simple screwing.

Hyperspectral imaging
A Themis Vision Systems NUV-NIR 350 portable scanning hyperspectral imaging camera was used to capture the hyperspectral data at different wavelength bands from 350 to 1000 nm at a spectral resolution of 1.5 nm. The imaging spectrometer is equipped with the PCO edge 5.5 sCMOS camera, illuminated by two halogen lamps, and the field angle is 30 degrees. The standard white board data and dark current data were obtained simultaneously during each scanning for the radiometric calibration. This instrument was applied to selected test area before and after cleaning.

Mock-up sample
In order to verify the interpretation of obtained Raman spectra and the mechanism of laser-material interaction, mock-up samples comprising powdery form of the substances found in the pale green material were made through the Shimadzu MP-35 briquetting machine. The powders were premixed thoroughly and then pressed inside a plastic sample holder under the pressure of 30 tons for 30 s. The prepared sample was a compact round disk with about 3.5 cm in diameter and 3 mm in thickness.


Results
Preliminary analysis
The pale green substance showed granular textures under microscope, different from the fine and homogeneous texture of chlorides corrosion [24] (Fig. 2). In more, this substance did not collapse at the touch of manual tools as normal powdery corrosions; instead, it was compact and firmly embedded inside the cavities.[image: ]
Fig. 2a Granular texture of the pale green material on the Gu vessel. b Chlorides corrosion on another bronze. Scale bar: 200 μm


The exterior surface uncovered from this substance presented stable patina with an unusual luster and felt very smooth, contrasting drastically with the coarse and dull aspect of the inner part of the vessel. The microscope imaging under raking light revealed parallel linear traces from the exposed lustrous zones, indicating mechanical working traces of polishing and flattening (Fig. 3), most probably left by agate spatula frequently used in the past on Chinese bronze to enhance the surface luster [25].[image: ]
Fig. 3Surface patina polished and flattened, showing parallel linear traces. Scale bar: 1000 µm


The Raman spectra obtained from different areas of the pale green product were relatively similar (Fig. 4), but did not match those of any known bronze corrosion products. The bands commonly found below 1000 cm−1 were centered at ~ 379 cm−1, ~ 418 cm−1 and ~ 474 cm−1, among which the last one was usually the most intense. Weak signals centered at ~ 148 cm−1, ~ 219 cm−1, ~ 575 cm−1, ~ 645 cm−1 and ~ 750 cm−1 were sometimes observed. The bands over 1000 cm−1 are often attributed to the functional groups of organic materials: skeletal C–C stretching (~ 1060 cm−1 and ~ 1130 cm−1), CH2 twisting (~ 1296 cm−1), CH2 and CH3 bending (~ 1440 cm−1), and C-H stretching vibration mode (~ 2724 cm−1, ~ 2850 cm−1 and ~ 2880 cm−1) [26, 27, 28]. However, scrubbing repetitively the object surface with ethanol-soaked or acetone-soaked cotton swabs, no sign of the presence of organic product (dissolution, swelling or just turning sticky) was revealed.[image: ]
Fig. 4Raman spectra of the pale green material obtained from various areas. a Testing areas on different faces of the objects from which the spectra of static scan in (b) and of extended scan in (c) were obtained. Area i: spectra a and e; area ii: spectra b and f; area iii: spectra c and g; area iv: spectra d and h


The following SEM–EDS analysis revealed a surprising quantity of aluminum in the green material: around 30% (wt.) in average and sometimes over 50%, much higher than it could be in usual earthen contaminants. The content of oxygen was alike, or even higher than aluminum. Carbon (circa 20% in average) and copper were also present, and the content of the latter was usually around 5% but could be up to over 30% in some spots. Other elements frequently found were sulfur, lead, calcium and sometimes also silicon, which usually had the concentration below 2% except for lead. The concentration of lead varied notably from 1% to over 10% (Fig. 5).[image: ]
Fig. 5EDS results of two test areas demonstrating the presence of lead, sulfur and calcium


This unusually high content of aluminum is most likely due to contamination. A common conservation material containing aluminum is the abrasive corundum powder, which can be applied through sand blasting or manually with cotton swab or cloth. Considering that abrasion with corundum powder would result in a "matte" aspect, the agate spatula might be a follow-up intervention to recover the surface luster.
The presence of corundum was confirmed by XRD analysis. Moreover, calcium carbonate and cerussite were also revealed sometimes (Fig. 6). All the obtained spectra demonstrated noisy background. This indication of poor crystallinity could also result from eventual presence of organic materials.[image: ]
Fig. 6XRD pattern of the sample


This cross information allowed the interpretation of the Raman spectra. The peaks centered at ~ 379 cm−1, ~ 418 cm−1, ~ 575 cm−1, ~ 645 cm−1 and ~ 750 cm−1 are consistent with the spectra of corundum [29, 30], among which the ~ 418 cm−1 corresponds with the A1g vibration modes and the others correspond to the internal and external Eg vibration [31, 32]. Weak shifts sometimes found at ~ 280 cm−1 and ~ 1085 cm−1, as shown in Fig. 4d, are attributable to calcite (CaCO3), while the bands of low wavenumber at ~ 148 cm−1 and ~ 219 cm−1 might be due to the penetration of laser to the cuprite (Cu2O) of the substrate, which are attributable to the Eu mode and 2Eu mode respectively [33, 34]. It is difficult to determine if cerussite (PbCO3) were also revealed with Raman, since its characteristic peak centered at ~ 1054 cm−1, attributable to the CO32− v1 stretching vibrations [35, 36] is close to that centered at ~ 1060 cm−1 frequently found here.
The confusing strong peak centered at ~ 474 cm−1 revealed in almost all the spectra obtained and, in most cases, more intense than the characteristic band centered at ~ 418 cm−1 of corundum, was probably attributable to the S–S stretching vibration mode of covellite (CuS) [37, 38], considering that sulfur was also revealed with SEM–EDS. The corundum powder for abrasion, α-Al2O3, is reported to have relatively weak characteristic first-order Raman spectrum [30].
Spectra obtained from the mock-up samples (see Fig. 11) demonstrated that for covellite, even at the concentration as low as 1% (wt.) in the mixture with corundum or with corundum and cerussite, the characteristic peak at 474 cm−1 was still found to be very strong (Fig. 7). This concentration was already lower than what was revealed with SEM–EDS. The reason why XRD failed to reveal its existence might be the sampling bias, the low concentration or signal overlap. Actually, the greenish tones of the examined substance must be due to some forms of copper ion that immigrated from the substrate, and covellite might not be the only one.[image: ]
Fig. 7Raman spectra of mock-up samples: a pure corundum, b pure cerussite, c pure covellite, d 1% (wt.) cerussite in corundum, e 1% (wt.) covellite in corundum, f 1% (wt.) cerussite and 1% (wt.) covellite in corundum


It was then reasonable to take the bands in the range over 1000 cm−1 as a separate spectrum, which was found to be very similar with the spectra of some polymers in the Renishaw database of instrument: poly (ethylene-co-acrylic acid), poly (ethylene-co-ethyl acrylate), poly (ethylene-co-vinyl acetate) and poly (ethylene-co-methyl acrylate-co-acrylic acid). These materials are all easily found in market and can be the main component of some surface protectives. This also explained why the seemingly powdery substance was remarkably compact and adherent.
In the end of the preliminary analysis, it could be concluded that the examined material is a multi-phase mixture mainly composed of corundum powder and polymer. They are results of two different interventions, one for corrosion removal or surface polishing and the other for surface protection. It is impossible to know whether the corundum powder adhered to the residue of protective or the polymer was applied intentionally to the cavities where the residual corundum powder was mistaken as active corrosion products. The minor composition includes calcite (environmental contamination), cerussite (corrosion products of bronze) and probably covellite and other forms of copper ion or copper compounds. It was decided against further efforts on the identification of exact polymer type or the verification of the presence of covellite and eventual other minor composition, since the data obtained so far were sufficient for the consequent reasoning of intervention strategy: the deposit substance had to be removed in a way of high spatial precision, "broad-spectrum" to act on different phases and free from the concern of leaving further residue. The lustrous patina, in spite of being result of intervention, was already historicized and must be kept unaltered during the intervention.

Cleaning tests
Mechanical cleaning
The typical width of the gaps of the relief decoration filled with the multi-phase deposit were about 0.4 mm, while many cavities were even smaller. Cleaning with manual tools meant “digging out” this compact substance from numerous cavities, which was extremely time-consuming and prone to leave scratches. As for the ultrasonic scaler with which one could work faster, the flat-head insert cleaned efficiently the surface with less irregularity, such as the flat surface of the edge of the vessel’s mouth, but proved to be ineffective for the cavities of small dimension in relief decoration. The pin insert was found to be dangerous for tending to drill into the depth and damaging the patina (Fig. 8).[image: ]
Fig. 8a Insert with flat-head. Area before (b) and after cleaning with flat-head insert (c), scale bar: 2.0 mm. d Pin insert. Area before (e) and after cleaning with pin insert showing excessive cleaning (f), scale bar:1.0 mm



Chemical cleaning
Mixtures comprising of both organic and inorganic compounds, as revealed with Raman spectroscopy in this case, are particularly difficult to remove chemically, since most of the chemical agents used for bronze conservation work on either inorganic or organic phase. Acids and chelants are traditionally used for removing inorganic phases [39, 40], while organic solvents are commonly applied to dissolving organic matters [41–43]. Few single chemical agents capable of working on both phases, such as strong inorganic acids, are unacceptable to the conservation. The strategy in this work was to dissolve or extract one of the phases to provoke the structural collapse of the whole mixture, as observed on industrial metal–organic frameworks in the presence of water or organic solvents [44–46].
The first option was to remove the aluminum oxide chemically stable and insoluble in water. A commonly used method is using the chelating agents to form chemically stable connection with transitional metal ions [47], as reported in many studies on corrosion removal [48–52]. Among them, the chosen EDTA sodium salts aqueous solutions are widely used in bronze surface cleaning through chelation with various metal ions, such as those of copper, calcium and aluminum [50–56]. All the bisodium, trisodium and tetrasodium EDTA solutions worked already at the concentration of 5% with wet compress for 10–15 min. However, the chelation happened even faster on the surrounding bronze surface than on the green material and led to an evident discoloration of the patina (Fig. 9). The process was hence considered not selective and actually uncontrollable. Obviously, any other commonly used liquid agent would create the same risk for the inevitable diffusion to the surrounding areas even with supporting materials, considering the submillimetric dimension of these cavities. Moreover, residue of the aqueous agents must be removed thoroughly with laborious and invasive operation, such as repetitive wet compress with water, which could introduce further risk to the object. These efficient but risky agents were therefore excluded.[image: ]
Fig. 9Before (a) and after (b) cleaning with 5% EDTA-3Na in deionized water. Scale bar: 2.0 mm (a) and 1.0 mm (b)


The alternative was to dissolve the polymer phase with organic solvents nonreactive for the bronze substrate. In order to lower environmental and health hazards, ternary solvent mixtures of low toxicity were formulated through the open-source software INTERACTIVE SOLVENT AND SOLUBILITY TRIANGLE© developed specifically for the conservation field, an interactive tool based on the Teas solubility graph with automatic calculation module. Its database includes both the solubility parameters of toxic organic solvents to be substituted and the "solubility area" (a congregation of solubility parameters) of conservation materials to remove or dissolve (e.g., consolidant, protective, adhesive, etc.) (Fig. 10a). Two formulas were prepared with low-volatile solvents of isopropyl alcohol, nonane and methyl ethyl ketone in different proportions. The first mixture composed of 43% isopropyl, 18% nonane and 39% methyl ethyl ketone had the same solubility of tetrahydrofuran, a very strong but toxic solvent. The solubility parameters of the second, which was composed of 14% isopropyl, 47% nonane and 39% methyl ethyl ketone, was located in the center of the solubility area of a poly (ethylene-co-vinyl acetate) material, Elvax 40W. This product was the closest in nature to the organic phase of the examined material among all the materials in the database.[image: ]
Fig. 10a Interface of the software. The red point “1” representing the first formula overlaps the point “S” representing the tetrahydrofuran. The blue point “2” representing the second formula is located in the center of the solubility area of Elvax 40W, defined by the black dotted line. In the table are reported volumetric proportions of solvents used for the two formulas. b The pale green material spread to the surrounding area during the cleaning with organic solvents


The low volatility of these formulas permitted the application of wet compresses, while drops of solvents were added into compresses every 5 min. Both formulas began to work after about 30 min, leaving the green material increasingly loose, but showing no further improvement over one hour. It was difficult to verify whether the polymer was dissolved or just swelled. Unlike the easy removal when using the EDTA sodium solutions, laborious brushing was needed after the treatment of organic solvents, during which a large quantity of the deposit substance diffused to the surrounding areas (Fig. 10b), leaving the surface a whitish aspect even after following repetitive cleaning. This method was considered only suitable for a small quantity of material to remove.

Laser cleaning
Different from the laser cleaning for bidimensional object as painting, for which electromechanical platform could be used [57], the cleaning of tridimensional object with uneven surface has to be conducted through manually operating the handpiece as using other hand tools. This is a flexible process with less precision in irradiation fluence. To limit the laser beam irradiation to the target material and reduce risk of damage, the set smallest beam spot of 1 mm in diameter was chosen but used slightly out of focus up to around 1.5 mm in diameter. According to the literature and the experience of the operator, smaller spot leads to more intense interaction than bigger one at equivalent or even lower fluence, the out-of-focus mode could avoid excessive removal and sharp spot sign, making the cleaning effect more homogeneous [58]. Considering that the underneath situation and the thickness of the unwanted material were unknown and could vary from point to point, this operation also left space for the manual adjustment of working distance and fluence.
Initial tests were limited to the less obtrusive areas trying both of the two pulse widths, following a sequence from the lowest to higher fluences, and with both wet and dry cleaning. Attenuators were used to reduce the laser fluence. It was found that at the lowest energy of 37.5 mJ (obtained through selecting the set minimum energy scale of 150 mJ and using 25% attenuator) with LQS regime, from 2 to 6 pulses could remove most of the deposit materials of a single irradiated area in most cases. At the above-mentioned spot diameter, the fluence was 2.1 J/cm2, while the manual operation induced variation in spot size and consequent fluctuation in fluence around ± 30%. Wetting the surface with the mixture of water and ethanol (1:1 v/v) could improve the ablation and reduce discoloration risk of the exposed substrate. The frequency adopted was 2 Hz, with which efficient ablation was obtained and necessary movement of beam was possible, while further heating derived from high frequency could be avoided [59]. After obtaining satisfactory results on micro zone, the trial was extended to larger area. The surface after cleaning appeared much more readable without alteration of color or gloss (Fig. 11).[image: ]
Fig. 11Before (a, c) and after (b, d) laser cleaning of test areas. Scale bar: 2000 μm in (a) and (b), 5.0 mm in (c) and (d)


It was verified that even for the cavities smaller than the beam diameter, with the out-of-focus mode, the Gaussian pulse left the patina of surrounding bronze surface intact, of which the irradiation declined from the center to the margin. Using the same working parameter on different types of glossy patina typically found on this bronze, it was observed that within 2 pulses, the substrate was actually unaltered. Five pulses could induce very slight discoloration almost negligible, while 10 pulses could remove some malachite patina (Fig. 12). Therefore, at this fluence with controlled pulse number and timely movement of handpiece, the laser irradiation was in general safe to this bronze. Although it was impossible to define the exact destructive threshold of substrate due to the significant inhomogeneity of the surface, these experiments gave important indications for practice that when most of the pale green material was removed and the substrate began to expose, the operation should stop within 2–3 pulses.[image: ]
Fig. 12Before (a, c, e, g) and after (b, d, f, h) laser cleaning of test areas, which received 2, 5, 5 and 10 pulses respectively. Scale bar: 0.5 mm in (a, b, e, g, h), 1.0 mm in (c, d, f)


Localized micromelting considered as the cause of the surface discoloration phenomenon is a main concern in laser cleaning bronze [60]. Whether and to what extent the typical micromelting happened is decisive in evaluating the suitability of laser cleaning. Figure 11a and b were photographed using respectively magnification of 20 × and 10 × of the employed microscope device, while Fig. 12 was taken using magnification around 60x, which were within the limit of perception of naked eye observation. The dimension of this object excluded the possibility of observation under SEM–EDS, further magnifications with video microscopes were used to observe the area after cleaning. As shown in Fig. 13, no alteration sign was observed under the magnification of 50x. Only under the magnification of 200x, suspected micromelting in localized micro areas was observed, whilst most of the patina remained unaltered. From a practical view, alteration in such a scale could actually be taken as negligible, considering that the physical and/or chemical alteration risk of this microscopic level could hardly be excluded from any kind of intervention.[image: ]
Fig. 13Areas before (a) and after (b) cleaning under magnification of 20x. Scale bar: 2000 μm. The rectangular area corresponded with the view of (c) under magnification of 50x (scale bar: 1000 μm), the oval area corresponded with the view (d) under magnification of 200x (scale bar: 200 μm), with red arrows pointing at the suspected micromelting


Although successful cases using SFR are also reported [2, 11, 14], in the present case this regime required much higher fluence to remove the material and was much less efficient than the LQS mode, whilst leading to thermal effects even with wetting agent. Evident micromelting, discoloration, and partial removal of patina were observed (Fig. 14). It was therefore considered improper for this bronze. The thermal damage was probably due to the reduction of metal heating of this longer pulse, accompanied with increase of cleaning threshold and consequent risk of massive heating [2].[image: ]
Fig. 14Before (a, c) and after (b, d) laser cleaning of test areas with irradiation in SFR regime using the same spot size and frequency with LQS regime. b Inefficacy cleaning with localized discoloration using lower fluence (3.4 mJ/cm2). d Removal of both unwanted material and patina with extensive discoloration using higher fluence (5.6 mJ/cm2). Scale bar: 1.0 mm in (a) and (b), 5.0 mm in (c) and (d)


In parallel with the initial trial on the bronze, further study on the mechanism of laser-material interaction was conducted to explore eventual reference significance of this case. Corundum powders are reported to be insensitive and transparent for the 1064 nm wavelength of Nd:YAG laser [61, 62]. Laser beam was found to penetrate directly Elvax 40W and another poly (ethylene-co-acrylic acid) polymer samples during the experiment. The reason why laser irradiation worked on the mixture material on bronze, but not on the mock-up samples, might be various. The explosive evaporation of the wetting agent during the first one or two pulses could bring away part of superficial particles through transient forces [63]. During the following pulses when wetting agent already evaporated, spallation was very likely to happen, considering the ejection of flake-like debris during the cleaning of this bronze. Cuprite and malachite of the substrate, which were already formed before the application of these past interventions, absorbed the energy of penetrating laser, which led to the thermal expansion and further facilitated the detachment of the deposit materials [64]. What is more, the particles of corundum powder have been reported to act as lenses and create optical field enhancement effect [61], while the laser might still exercise thermal effect on the polymer of low-optical-absorbance [65].
Mock-up disk samples containing accessory components also revealed noteworthy phenomenon. Experimental irradiation on the mock-up samples showed that both cerussite and covellite are sensitive to laser. Covellite at a concentration of 1% (wt.) in corundum improved significantly the interaction between laser and material. Irradiation on the sample with 1% of cerussite in corundum caused only slight ablation traces which recovered almost immediately, but the cover slip put on the surface of the sample collected ejected materials during ablation, indicating that the laser-material interaction (Fig. 15) was significantly enhanced than on pure corundum. It was probable that, the ablation that happened to the reactive particles induced thermal load or mechanical wave, which in turn transferred to the surrounding particles.[image: ]
Fig. 15Disk samples after laser ablation using the same spot and energy as on the bronze: a pure corundum, b pure cerussite. c 1% (wt.) cerussite in corundum, d pure covellite, e 1% (wt.) covellite in corundum and f 1% (wt.) covellite and 1% (wt.) cerussite in corundum. Cover slips put on the samples during laser ablation: g on the pure corundum pill and h for 1% (wt.) cerussite in corundum sample


Unlike the selective evaporation commonly observed in stone artifact cleaning, the spallation mechanism is not selective and less controllable [66]. The aforesaid lense effect and thermal load could also bring potential risk to the bronze substrate [64, 67]. However, the thickness of the deposit accumulation made this process less risky, while the wetting agent limited the thermal risk at least in the beginning of the ablation. To avoid eventual discoloration derived from excessive irradiation, it was chosen to limit strictly the pulse number as before-mentioned. Despite the small part of deposit material sometimes left in the marginal area of the cavities, laser cleaning demonstrated evident advantages over the other methods for this case in efficacy, efficiency and safety.


Combined application of laser and chemical methods
In order to minimize the eventual micromelting, after using LQS regime with the above-mentioned parameters to remove the bulk of the multi-phase deposit, the irradiation was stopped and the cleaning was continued with the organic solvent to achieve further improvement in cleaning effect. The agent used was the mixture substituting tetrahydrofuran (43% isopropyl, 18% nonane and 39% methyl ethyl ketone), which worked slightly faster than the other one. It was delivered with wet compress for 15 min, followed by the brushing with medium stiff bristles. Residues thus brushed out of the cavities were taken away with cotton swab moistened with the same agent. This operation was repeated when necessary. When an adequate effect was obtained for the inside of cavities, the surrounding areas were also swabbed thoroughly with this mixture till no whitish aspect or sticky touch was perceived.
The combined application led to a cleaning result more thorough and homogeneous than laser used alone (Fig. 16). The bronze after cleaning had a homogeneous aspect and good legibility, with all the lustrous patina intact (Fig. 17).[image: ]
Fig. 16Area before (a) and after laser cleaning (b) and laser-chemical cleaning (c). Scale bar: 5.0 mm

[image: ]
Fig. 17Different parts of the Gu vessel: before (a, c, e) and after cleaning with laser cleaning and residue removal with solvent mixture (b, d, f)



Analysis for evaluating the cleaning effects
Besides direct observation, video microscope was the commonest instrument in cleaning result evaluation as seen in Figs. 11, 12, 13, 14 and 16, which supported the adoption of laser and laser-chemical methods.
Tentative analyses with Raman spectroscopy and hyperspectral imaging system were performed to introduce more objective dimensions in assessment. The Raman analysis was conducted on the areas analyzed in the preliminary diagnostic stage before cleaning. Given the impossibility of recording the spectra exactly from the same spot, more micro zones were analyzed to make up for this disadvantage in repeatability. Most of the spectra collected after cleaning were those of cuprite, malachite, azurite and sometimes cerussite, indicating that the pale green material has been removed from the bronze substrate. These results supported the efficacy of the cleaning. Although the preservation of the original substrate could be hardly verified in this way, the laser alteration product of bronze substrate, the tenorite (CuO) was not found in the test areas [2, 68]. Characteristic bands of aluminum oxide were found nowhere, while those of calcite and quartz were revealed in a few areas, indicating the residual earthy deposit. Only very few spectra still demonstrated the characteristic peak of the polymer in the range over 2700 cm−1 but quite deformed (Fig. 18). It could be confirmed in the qualitative dimension that the cleaning had successfully removed the unwanted materials while conserving the patina of original surface.[image: ]
Fig. 18Raman spectra obtained from one cleaned area revealed the malachite of the substrate and organic residue of deposit


In addition, the Raman spectra of a larger flake of debris (about 1 mm2) collected during the ablation confirmed the interpretation of the organic part in the preliminary investigation (Fig. 19). The spectrum of this film-like debris contained exactly the same bands with those over 1000 cm−1 in the spectra of the pale green material obtained before intervention, which indicated the absence of laser-induced decomposition or degradation generated and probably also limited thermal effect during the cleaning. The observed rupture and ejection of debris during laser cleaning was also reported in the literature on the removal of aged conservation material [10].[image: ]
Fig. 19Raman spectra of: a film-like debris collected during laser cleaning, b deposit on the Gu vessel, c Elvax 40W, d a poly (ethylene-co-acrylic acid) polymer


The hyperspectral imaging here was applied to the comparison between cleaning effects of laser-chemical and manual-chemical cleaning in a macroscopic level. The middle part of the Gu, which could be positioned parallel to the camera, was selected. The condition before intervention was documented through acquiring the spectral data of the unwanted materials, malachite and cuprite patina. Using these spectra as sampling references, distribution of these materials on the same areas was mapped after cleaning (Fig. 20). Although the slight deviation of image taking position introduced change of illumination and consequently some minor divergences present in the two mappings, the results were still illustrative: the green-colored area representing unwanted materials disappeared after cleaning with either of the methods, leaving the underlying malachite and cuprite visible. The analysis confirmed that with laser cleaning it is possible to achieve visual and qualitative effect comparable to manual cleaning on a macroscale, while saving three-fourths of the operation time (Fig. 21).[image: ]
Fig. 20Spectra acquired before cleaning. The green, blue and red colors on mapping images indicate unwanted materials, cuprite and malachite, respectively

[image: ]
Fig. 21Spectral Angle Mapper (SAM) classification was used. a and c: before cleaning; b and d: after cleaning. The rectangular I: area cleaned with laser-chemical method; the rectangular II: area cleaned with manual-chemical method. The colors indicate the same materials as in Fig. 20


According to the encouraging results of all these analyses, it is possible to conclude that, although the laser-induced microscopic alteration could not be totally avoided, more effective cleaning in unit time could be achieved with laser than organic solvent and manual cleaning, while the respect towards original substrate is much better than ultrasonic ablator and chelants. With the assistance of organic solvent mixture as a post-treatment, the cleaning efficacy and visual effect after cleaning are further improved. The cleaning of the whole surface was then proceeded with the laser-chemical method.


Discussion
The adopted analytical itinerary proved to be adequate for the identification of the main compositions of the discussed unusual pale green material, which corresponded to different past interventions.
In specific, in-situ Raman spectroscopy analysis, through which fast and non-destructive examination of numerous areas of this Gu vessel was conducted, played a fundamental role in the revelation of the presence of both inorganic and organic compounds behind the “deceitful” aspect of the unusual material on surface and in the programming of subsequent investigation and intervention. In case the more conventional instrument for bronze degradation, XRD, were used at first, the presence of the organic part in the mixture is likely to be neglected, considering that XRD can hardly analyze the non-crystalline structure of many organic materials. The high sensitivity of Raman spectroscopy demonstrated advantage in revealing accessory components of low concentration, which XRD prone to miss out. Here the reasonable suggestion of the presence of covellite based on Raman results provided further guidance on mock-up samples preparation for studying the difference in Raman scatter yields among various compounds in mixture and the influence of accessory elements on laser-material interaction as well. Compared with other methods for the identification of organic materials, such as High Performance Liquid Chromatography-Mass Spectrometry, Raman analysis, with the features of being intuitive, rapid and sample-free, made the identification of the organic part in the mixture less laborious.
Guided by the results of preliminary analyses, the conservation strategy adopted here satisfied both the conservation need and visual integrity, and complied with the contemporary conservation trends for being residue-free and eco-friendly. The homogenous cleaning respecting the original patina of such a large surface demonstrated the practical utility of laser in removing the coating or material of external provenance from bronze, as reported in most of the successful cases [10–13], even when the main components of the unwanted material were not strong absorbers of the laser used. The successful application in this case might be attributable to multiple conditions: the significant difference in thermal conductivity between these materials and metal substrate, the clear boundary in the interface, the influence of laser-sensitive accessory components, and the absorbing underlying substrate, etc. The micromelting was observable only in microscopic level, as revealed in some other reported cases [58, 69], therefore was regarded as acceptable. It is also to note that recovery from this phenomenon over time is reported [70].
While Nd:YAG 1064 nm laser again proved its versatility in cleaning materials of various types, other operation parameters are significantly case-dependent [2, 3], considering the diversity in alloy composition and conservation condition among different bronzes, and the difference in pulse durations even belonging to the same regime among various apparatus. Although the pulse width of 100 ns used here has also been applied with success in some other cases with less thermal effect observed [9, 12], in other reports the longer pulses in SFR regime was found more suitable [3].
Even on the same object, as shown in this case, adjustment of parameters in spot size, fluence and pulse number was inevitable and actually necessary for adapting to the complicated morphology of surface. Therefore, “manual skills” required in using conventional restoration manual utensils is also important for working with laser, for example, the operation with out-of-focus mode [58] which proved to be a safe operation mode especially when working with small spot is necessary. The timely cease of laser pulse is especially important for bronze, since the laser often works in a less selective mode on this kind of substrate [67]. As observed here, the initial exposure of the substrate should be taken as a sign for reducing pulse number or stopping irradiation, considering that another method could work well on the residue of unwanted material after the laser-induced rupture of its structure. Actually, the possibility of combining laser with other cleaning methods as one of the main optimization routes [12, 70] should be taken into account in the initial trial.
As for the cleaning effect evaluation, the Raman analysis also provided significant results in qualitative dimension, showing capability of revealing eventual residue of organic materials. Compared with portable XRF and portable FTIR already applied to the evaluation of laser and other cleaning intervention [11, 13, 71], the result of Raman spectroscopy is less representative for the micro dimension of its test area, but more precise for such a complicated and uneven surface of this Gu vessel. Examination of more areas could compensate the insufficiency in representativeness.
The hyperspectral imaging analysis conducted here documented in an intuitive and objective mode the entity of removed material and the condition of the substrate exposed after cleaning, giving indication on both the efficacy and safety of the intervention on macroscale. Elimination of the illumination deviation still demands more delicate strategy, such as using closed sample room and employing positioning.

Conclusions
The study provided reference for the optimization of investigation and conservation for the bronze artwork with similar situation, in which undocumented past interventions give rise to surface degradations much more complicated than usual corrosion products.
In-situ Raman analysis can give fast indications on the complexity in composition and help in optimizing the following diagnostic itinerary. The same instrument can also be a prospective method for qualitative assessment of cleaning effects on bronzes with complicated surface with unevenness.
The hyperspectral imaging analysis can actually investigate much larger area, therefore is a potential method for macroscale evaluation in both qualitative and visual dimensions.
The applicability of laser to the removal of materials of external provenance and the derived products in real bronze conservation task is a great advantage, since these materials are usually difficult to remove using conventional methods. The findings that various laser-material interactions different from the most familiar selective evaporation can happen on one hand indicates wider application prospects of laser, on the other calls for more attentive operation skills to limit the micromelting phenomenon. Combining laser and other methods demonstrated noteworthy practicability.
Considering that various degradation products and earthen contaminants are usually present in mixture on bronze surface, the simple but intuitive method of experimenting on mock-ups is significant for a better interpretation of complicated spectra, and exploration of the interaction between laser and mixed solid particles. The latter is still difficult to foreseen according to the existent studies on pigments [72], hence future mechanism study is needed.
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