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Abstract
The fracture of a bronze object is usually accompanied by localized deformation. The deformed part often tends to spring back at an unpredictable moment after its shape is corrected. The reconstruction of the area adjacent to the damage should be sufficiently resistant to the stress derived from springback so that the whole structure can remain stable. However, the choice of gap-filling materials for bronze objects is typically based on personal experience, and there are few available studies on their pertinent properties. The present study focused on a typical situation of deformation, took the flexural modulus as a crucial parameter and explored the development of a protocol for selecting a gap-filling material for bronze restoration in terms of its mechanical property. The flexural modulus was measured for the main classes of materials in use, and the factors related to preparation that influenced performance were studied. Among the various materials tested, carbon fiber reinforced (CFR) materials exhibited an advantageous value of the modulus and notable operational convenience. Further tests were conducted to assess their chemical safety for application in a museum context, as well as their surface workability. After obtaining overall encouraging results, composites reinforced with CF cloth and chopped CF were applied to the reconstruction of different parts of an archaeological bronze vessel. Indications for future improvement in the experimental setup and some practical notes regarding the use of CFR materials were also provided in this paper.
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	CF
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	Carbon fiber reinforced

	FEA
	Finite element analysis

	GF
	Glass fiber

	GFR
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Introduction
One of the main challenges in the restoration of bronze objects is deformation that frequently accompanies structural fracture. In cases where the original shape is known with certainty, and its physical restoration is required by the commissioning party, shape correction is a technically demanding yet practicable intervention for bronzes that are not severely mineralized, which is also a prerequisite for the proper implementation of other interventions, such as reassembling and gap filling.
In general, reshaping bronze and metal objects is usually performed by applying a progressive load onto the deformed part in the direction opposite to the deformation using finger pressure, weight, clamps and/or a hammer with the assistance of shaped molds [1–9]. Due to the internal stress of the material, the metal sheet tends to spring back after the removal of the load, and overbending is necessary in shaping to compensate and obtain the desired shape [10]. While the amount of springback and necessary overbending can be calculated in industrial applications, the corrosion of bronze over time makes the operation unpredictable and even risky. Reactions between the metal and various agents in air, soil and waterlogged environments, such as moisture, gases, aerosol particles and salts, convert metallic elements into different kinds of corrosion products [11]. This process weakens the elasticity and other mechanical properties of metal to different extents and leads to the formation of internal defects. The ductility of a degraded alloy under cold working conditions can be significantly reduced, and heating above the recrystallization temperature for hot working is ethically unacceptable due to the risks of surface discoloration and metallographic alteration [12]. As a result, the allowed amount of overbending is often limited to prevent damage, which makes it difficult to achieve a "thorough" shape correction, especially for ancient bronze objects subjected to long-term degradation. Springback can occur both immediately and over time, even after subsequent reassembling and gap filling, causing deformation in the reconstruction of adjacent area and destabilizing the whole structure.
Therefore, it is important to fill gaps with materials of sufficient resistance to the stress caused by eventual springback of reshaped part. Whenever the reconstructed part maintains its shape and position, deformation of the contiguous area is prevented. Structural considerations may be one of the reasons why typical traditional strategies for filling gaps in metal objects adopted worldwide include soldering readily shaped metal or alloy sheets with materials that usually have compositions similar to those of the original to reconstruct gaps of larger dimensions [3, 4, 12–14]. Although soldering forms a stronger connection than adhesives and remarkably strengthens the joint where stress tends to concentrate, its use is very limited today due to the increasing emphasis on the reversibility of restoration. Thus, materials used to fill gaps are required to provide more effective stabilization of structures.
For filling gaps in deformed bronze and other metal objects, the materials reported in the existing studies include the metal patches above mentioned; soft solder as an auxiliary filler for the interstice between the metal patch and original part or used alone [3, 8, 14]; and resin systems reinforced with filler or cloth materials such as felt and glass fiber cloth [1, 3, 6, 15]. Although the metal restoration community shares a common perception of the importance of the mechanical properties of gap-filling materials, the selection of materials in everyday practice remains largely based on experience. The few available studies provide only some strength and surface hardness data [16–20]. The strength of materials actually indicates its performance at a maximum load before plastic deformation or failure occurs, and it cannot characterize the elastic strain, while the stress provoked by springback is within the elastic limit. The corresponding parameter used to measure the resistance of a material to elastic deformation is the elastic modulus (E), which is calculated as the ratio of stress to strain in the elastic range. A larger E value indicates greater stiffness and resistance to elastic deformation [21]. While this parameter, as well as other pertinent mechanical properties, are under persistent research related to the conservation of paintings [22–26], the concept of the elastic modulus is still unfamiliar to many bronze restorers. A recent study involving this parameter focused on the use of finite element analysis (FEA) to simulate the restoration of a severely mineralized thin-walled bronze object; the issue of deformation and reshaping was not considered [27]. For the topic discussed here, the characterization method and analytical itinerary have not been explored so far.
The present work included both material tests and restoration practices. The first was an explorative study on this mechanical property of various gap-filling materials used for bronze restoration. Instead of FEA, which is precise but case-specific, conventional mechanical testing was conducted in search of references applicable to a broader context. Given the anisotropy of many composite materials, the study focused on a relatively simple but typical situation to specify the mechanical value to measure; the deformation was concentrated in one area of the fracture outlining the missing part. The stress that the reconstructed part undergoes when springback occurs can be approximated to bending stress. Accordingly, the mechanical property for evaluation is the flexural modulus (Eflex) [28]. Although this simplifies the complex nature of stress and stress transfer in real situations, this parameter can express the tendency of a material to resist bending and its effect in stabilizing the structure of a deformed bronze object in long-term storage after restoration.
The flexural moduli of four classes of composite materials were measured in this study. Different types of powder reinforced composites, including pre-prepared commercial products, are used worldwide [16, 18, 29–33]. Glass fiber reinforced (GFR) composites are used for structural support and gap filling in metal restoration, although their use is reported less frequently than powder reinforced materials [6, 34–38]. Copper alloy sheet and mesh reinforced materials are frequently used in China currently as a convenient alternative to traditional arduous techniques. Instead of using a whole piece of copper alloy having the same thickness as the original object, thinner sheets that are easier to shape are used, and then resin is applied to fill the discrepancy in thickness. When the gap is large or has a complicated shape, frameworks made of pieces of sheet or metal meshes are also used (Fig. 1) [39, 40]. Carbon fiber reinforced (CFR) composites have been so far mainly used as auxiliary supporting structures in the cultural heritage conservation field [41–44], while their utilization as gap-filling material is discussed only at the experimental level [17]. These composites were explored here for their large elastic moduli and good deformation resistance that have potential for use in the discussed application scenario. As increasingly used substitutes for metal in industrial fields, the CFR materials have other advantages, such as high strength, light weight, and chemical and thermal stability, while the variety in product type offers versatility of use [45–47]. Inside each of the investigated classes, some factors of preparation were intentionally examined to verify their influence on the properties of the whole system and provide further indications for use in daily work.[image: ]
Fig. 1Framework structure composed of brass sheets to fill a gap in a bronze vessel, prior to the application of resin to the gaps left and the surface of the sheets. Photo by courtesy of Xinyue Yao


The CFR composites showing an advantage in flexural modulus were further tested to learn about their chemical safety for use on bronze and their surface hardness. The results were overall positive and indicated that these materials could be potentially used to fill gaps in bronze objects situated in a museum context. The CFR composites were applied to a Chinese bronze Ding (cauldron) vessel attributed to the Warring States Period (475 B.C. -221 B.C.) from Shanghai Museum (Fig. 2). The lid had typical bending deformation concentrated in one area along the central fracture. For the reconstruction of the loss adjacent to this deformation, conventional gap-filling materials were considered unqualified because of their mechanical properties or difficulties in their use in previous attempts. The application of CFR materials as an alternative, although with tentative feature and limited by the previous reconstruction partially kept, could be a practical reference for the usage of different types of CF products for interested restorers.[image: ]
Fig. 2a Lid of the Ding vessel before intervention (d = 28.5 cm). b Side view of the lid with red arrow indicating the predicted direction of eventual springback after reshaping and potential stress that the reconstructed part could undergo; c body of the Ding vessel before intervention (h = approximately 24.5 cm)



Materials and methods
Measurements of flexural modulus
The measurement was conducted through a three-point flexural test with a ZwickRoell Zwick Z100 TEW materials testing machine at a temperature of (23 ± 2) ℃ and a relative humidity of (50 ± 10) % following the procedure defined by the Chinese national standard GB/T 1449–2005 [48]. Most of the samples were prepared as rectangular coupons measuring 40 mm in length, 1 mm in height and 15 mm in breadth. This selected height approximated the average thickness of the deformed part of the lid of the bronze Ding vessel. The only exception was a sample prepared with layers of carbon fiber fabric through vacuum infusion and without further surface treatment, which measured approximately 0.7 mm in height.
All samples were tested with a span-to-depth ratio of 16:1. The strain was measured by a ZwickRoell multiXtens extensometer. The bending speed was set as 0.5 mm/min.
Table 1 lists all the samples with brief descriptions of their preparation and assigned abbreviations. UHU-plus Endfest 300 bicomponent epoxy resin, which was frequently reported for use in bronze and metal restoration, was selected to prepare all the samples [6, 32, 49, 50]. In addition to the common properties of epoxy resins, such as resistance to solvent, low shrinkage, strong adhesion and mechanical strength necessary for structural support [51–53], this transparent resin also has the advantages of being solvent-free, resistant to aging and weathering, and it does not develop heat during curing [54].Table 1Gap-filling material samples for the measurement of the flexural modulus


	Resin
	Reinforcing material
	Preparation
	Abbreviation

	QuickCopper bicomponent epoxy putty
Copper reinforced commercial product used in bronze conservation
	Manual mixing (M.M)
	QC

	UHU-Plus Endfest 300 bicomponent epoxy
Resin widely used in bronze conservation
	None
	 	M.M
	UH

	Talc powder
Widely used in China for being easy to carve
	600 mesh
	M.M. resin:powder = 1:1 (v:v)
	UH-T600-S

	600 mesh
	M.M. resin:powder = 2:1 (v:v)
	UH-T600-US

	325 mesh
	M.M. resin:powder = 1:1 (v:v)
	UH-T325-S

	Corundum powder
To explore the influence of the toughness of powder; not in practical use
	325mesh
	M.M. resin:powder = 1:1 (v:v)
	UH-C325-S

	Bronze sheet
Alloy composition: Cu92.4, Sn5.8, Ni1.3
	0.2 mm
	Resin applied to both sides until the whole thickness = 1 mm
	UH-BS02

	0.5 mm
	UH-BS05

	Brass sheet
Alloy composition: Cu62, Zn37
	0.5 mm
	UH-ZS05

	Bronze mesh
Alloy composition: Cu85-90, Sn5-15
	20 mesh
	Resin applied in mesh and on both sides until the whole thickness = 1 mm
	UH-BM20

	Brass mesh
Alloy composition: Cu65, Zn35
	20 mesh
	UH-ZM20

	Chopped glass fiber
Alkali-free, single fiber diameter ca. 10-20 μm
	3 mm (length)
	M.M. Resin saturated with fiber
	UH-GFF-S

	Glass fiber cloth
Alkali-free, plain weave, 200 g/m2, ca. 0.16 mm in thickness
	4 layers
	Hand layup (H.L.). Resin on the back and front were intentionally made thicker
	UH-GFC-4

	Chopped carbon fiber
PAN (Polyacrylonitrile)-based, single fiber diameter ca. 7–10 μm
	3 mm (length)
	M.M. Resin saturated with fiber
	UH-CFF-S

	3 mm (length)
	M.M. Resin unsaturated with fiber
	UH-CFF-US

	Carbon fiber cloth
TORAY PAN-based 1 K plain weave cloth, 120 g/m2, ca. 0.16 mm in thickness
	4 layers
	Hand layup (H.L.). Resin on the back and front were intentionally made thicker
	UH-CFC-4

	8 layers
	H.L. Resin on the back and front were intentionally made thicker till the whole thickness = 2 mm
	UH-CFC-8

	Sinopec CYD-128 bicomponent epoxy
Resin of low viscosity applicable to
vacuum infusion (V.I.)
	None
	 	M.M.
	CY

	Carbon fiber cloth
TORAY PAN-based 1 K Plain weave cloth, 120 g/m2, ca. 0.16 mm in thickness
	4 layers
	H.L. Resin on the outer surfaces of the first and last layer were thickened till the whole thickness = 1 mm
	CY-CFC-4

	4 layers
	V.I. UHU resin applied after laying up till the whole thickness = 1 mm
	CY-CFC-4-VI-UH

	4 layers
	V.I. Final thickness = 0.7 mm
	CY-CFC-4-VI




Further specifications about preparation were as follows:	For the resin-cloth system, the resin applied between layers was sufficient to impregnate each layer of cloth but did not form an interlayer accumulation. The resin on the front and back of the laid-up cloths (with a thickness of approximately 0.8 mm) was intentionally made thicker to reach the set thickness of 1 mm and avoid exposure of the cloth texture to the surface, which is undesirable in real situations.

	For the powdery reinforcing material, 50% in volume was the conventional upper limit adopted in the author's institution, while no other generic criteria were ever reported. The weight percentage at this volume proportion was approximately 53% for talc and 65% for corundum. Half of this quantity was also used to create the differentiation necessary for comparison.

	For the chopped fiber, "saturated" was defined as the maximum quantity of fiber that could be added before the mixture revealed poor workability (difficult to blend and/or spread). "Unsaturated" meant half of this quantity. Considering that the operation of the restorer is a factor that can never be separated from a real working situation, the experiment adopted this setup conditioned by personal judgment. Nonetheless, the amount of added fiber was found to be sufficiently stable among samples: the chopped CF accounted for approximately 4.7% of the total weight, while the chopped GF accounted for approximately 6.2%.




Five replicates of each sample were prepared in parallel, and the average value was calculated.

Chemical safety test of CFR materials
Risks of galvanic corrosion of engineering metals coupled to or in contact with carbon fiber composites have been reported [55–57]. However, this corrosion phenomenon is triggered by certain conditions: high humidity, weathering, salt solution and aggressive agents. In general, the controlled environment in a museum is free of these concerns, while CF materials are immersed in resin when used to fill gaps and not in electrical contact with metal.
The experimental setup used for the verification of chemical safety was inspired by the Oddy test protocol for conservation materials [58, 59], and a recent refined setup was adopted [60]. Three kinds of samples were prepared:	UHU-Plus resin saturated with chopped CF applied to the surface of a new bronze coupon.

	UHU-Plus resin saturated with chopped CF applied to a fracture in an archaeological bronze fragment with alloy composition similar to that of the Ding vessel.

	Monolayer of CF cloth impregnated with UHU-Plus resin and attached to the surface of a new bronze coupon.




Each sample was sealed in a glass container where 100% relative humidity was created using a semi-enclosed tube filled with distilled water. A blank sample using a bronze coupon without CFR material was also employed for comparison. The containers were placed into heating chambers set at 60 ℃ for 120 days. According to the van’t Hoff law, the reaction rate is 2–4 times the initial rate when the temperature is increased by 10 ℃, and thus this process was equivalent to over 26 years at room temperature [61]. The degradation was probably still more accelerated, considering the saturation of relative humidity.

Surface hardness test
It may be necessary to further polish or carve the surface of the reconstructed part to reproduce the decoration of the missing area. Proper surface hardness is hence required for good workability. A Shore D durometer was used to test the samples prepared in the same way with UH-T600-S, UH-GFF-S and UH-CFF-S as described in Table 1, following the procedure defined by the national standard GB/T 531–1999 [62]. The samples were made into blocks of dimensions 50 mm × 25 mm × 6 mm. On each sample, five points were measured every 6 mm, and the average value was calculated.

Bronze Ding vessel
Prior to this study, preliminary analyses on the alloy composition and condition of the Ding vessel were conducted. Despite the fracture and loss shown in Fig. 2, the vessel appeared to be in good condition, and no loose fragments were found; therefore, the analytical methods were limited to nondestructive methods. The results of portable X-ray fluorescence revealed a typical copper–tin–lead ternary alloy, specifically, approximately 65% copper, 13% tin and 22% lead on average. These data, although obtained with a semi-quantitative method, and a patina was present on the analyzed surface, were within the range of the reported alloy composition of bronze vessels of the same period [63]. Identification through insitu Raman spectroscopy using a fiber optic probe demonstrated that only stable corrosion products of cuprite, malachite and azurite were present.
Due to the impossibility of conducting destructive metallographic analysis as recommended in some studies [64, 65], the evaluation of the elasticity and possibility of reshaping was conducted manually in an experiential way. In response to finger pressure, the deformed part of the lid could return to its original position, while with an adjustable clamp, temporary overbending of modest extent could already be obtained without any heating when the screw was not fully tightened. Reshaping was hence considered feasible.
The conservation history of the bronze Ding vessel was unclear due to the lack of documentation; nevertheless, traces of past intervention were observed during surface cleaning. Alongside the main fracture of the lid, solder residues and surface discoloration due to heating were found (Fig. 3), which indicated unsuccessful or removed past intervention. The solder, carvable with a scalpel, was identified as tin–lead soft solder by scanning electron microscopy and energy dispersive X-ray spectroscopy. During the removal of the solder and the underlying oxidation, it was found that the fracture still had metallic luster, which also indicated the survival of metal underneath surface corrosion and hence, bending to a greater extent was possible.[image: ]
Fig. 3a and b Views of the inner surface of the lid with red arrows indicating residues of tin–lead solder. c View of the outer surface of the lid with red arrow indicating discoloration along the fracture


After cleaning the whole surface with the nonionic surfactant Tween 20 (5% in deionized water) and removing local loose corrosion products with an ultrasonic ablator, the central deformation was corrected by applying a progressive load in the direction opposite to the bending until achieving adequate overbending to compensate for the springback that occurred several times to different extents in this procedure (Fig. 4). Although the deformed part returned to the same level as the adjacent area after the operation, the laborious process of reshaping is often an indication of larger probability of springback over time. Thus, gap-filling material for the reconstruction of the loss should be more mechanically resistant to this risk.[image: ]
Fig. 4a Reshaping of the lid using clamps. b Overbending of the deformed part. c Side view of the lid after reshaping


Past interventions were also revealed on the body of the Ding vessel; the main losses were found on three pods. The fractured part of one pod was connected with iron wires, while copper sheet was rolled and soldered outside to provide further support (Fig. 5). All these improperly added elements were removed. Fortunately, it was possible to identify their original height and shape from the remaining parts of the pods.[image: ]
Fig. 5a Copper alloy sheet soldered to a pod. b After removing the sheet. c After removing all the improperly added elements




Results and discussion
Flexural moduli
The average values of the flexural moduli of the examined samples are shown in Fig. 6 in increasing order. The same figure also shows the coefficient of variation to indicate the uniformity of the values for the replicates. Although the coefficients of variation of most samples were more than 5% and occasionally larger than 10% due to the inevitable nonuniformity derived from manual preparation, these values provided significant indications of differences in mechanical properties among the various classes.[image: ]
Fig. 6Average flexural moduli of each sample and coefficient of variation among replicates


The composites reinforced with CF cloth revealed values significantly larger than those of the other samples, indicating a minor displacement under elastic stress. In the context of filling gaps in bronze objects, these materials would be the most resistant to the eventual springback of the original bronze part among all the materials taken into examination, therefore demonstrating the potential to be used for reconstruction.
For the rest of the samples, the Eflex values of those reinforced with GF cloth (UH-GFC-4), with copper alloy sheets of 0.5 mm (UH-BS05 and UH-ZS05) and the commercial product QuickCopper were the highest, which were equivalent to approximately half the values of the CF cloth reinforced samples. It should be noted that it was difficult to form the copper alloy sheet of this thickness into a continuous curved surface under cold working. When using thinner sheets or meshes that were easier to shape, the values of the flexural moduli were small (UH-BS02, UH-ZM20 and UH-BM20), and they were even inferior to those of the samples reinforced with mineral powder and chopped fiber. The reason might have been the small flexural modulus of the resin. It was also observed that for the same kind of composite, a larger content of resin led to a lower resistance to elastic deformation of the whole system.
In addition to these general conclusions, some influencing factors in each class of samples were also observed, as illustrated in Fig. 7. Specifically:	The cloth type was the decisive factor for the cloth reinforced system. The CF product, although it appeared to be less dense than the GF counterpart used here, was apparently advantageous for providing stiffness. The influence of the number of layers was not clear in the current study, given that the values of UH-CFC-4 and UH-CFC-8 were similar. The resin type should have been influential, theoretically. However, manual preparation introduced uncertainty in the applied quantity, which might explain why sample CY-CFC-4 did not have higher Eflex. Vacuum infusion using less resin produced a composite with the greatest flexural modulus. However, the sample thus prepared was thinner, with the fabric texture exposed to the surface. When more resin was applied on the surface to reach the desired thickness, the mechanical property was significantly weakened, as observed for sample CY-CFC-4-VI-UH.

	When using a metal sheet to form internal reinforcement, the sheet of greater stiffness and thickness led to higher Eflex. Instead, thinner sheets or metal meshes might function as auxiliary supports for the application of resin but they did not enhance the elastic resistance due to the small modulus of the composite thus prepared. Using metal strips as a framework while leaving considerable gaps to fill with resin, as shown in Fig. 1, should provide little resistance, especially if the strips were not soldered.

	For the powder-reinforced composites, the hardness of the powder proved to be irrelevant. A larger amount of filler corresponded to a higher Eflex. The influence of its particle size was unclear because the nominal size of the talc powders used here was found to be inaccurate during preparation through sieving.

	The chopped CF, when added in a large quantity, produced a composite with a flexural modulus comparable to that of the powder-reinforced resin. Even with half the quantity, the modulus was still larger than that of the sample saturated with chopped GF.



[image: ]
Fig. 7Flexural moduli grouped according to classes of material


Through the sample preparation for this test, further physical properties of some composites were observed:	The weights of the CFR materials were significantly less than those of all the other composites, i.e., equivalent to approximately 70% of the GFR or talc powder reinforced materials and approximately 50% of the resin with 0.2 mm brass sheet in the core. The light weight could reduce the risk of detachment when used for reconstruction.

	The chopped fiber could notably reduce the flow of resin and facilitate forming during the curing of resin, which could take several hours. Moreover, the coefficient of variation of this class was found to be smaller than that of the powderreinforced composite, which indicated greater uniformity in the structure and mechanical properties. The reason might have been the sedimentation of the mineral powder [66]. Although the application of fiber as a reinforcing element has rarely been reported in the art conservation field [67, 68], this type of material demonstrated the potential to be used in the preparation of an easily formable gap filler.





Material safety
At the end of the 120-day experiment, the blank sample and the exposed surface of the bronze coupons with CFR materials demonstrated significant darkening, while the areas surrounding the applied CFR materials were protected, probably due to contamination of the resin during sample preparation. After part of the composite was removed, the underlying surface was observed to remain glossy, and no evidence of corrosion was observed. The composite did not provoke any corrosion on the fracture of the archaeological fragment (Fig. 8).[image: ]
Fig. 8a and c Bronze coupons with CFR materials before the experiment. b and d Bronze coupons after the experiment, with half of the CFR composites removed. e and f Blank sample before and after the experiment. g Archaeological bronze sample before the experiment. h Archeological bronze sample after the experiment, with half of the CFR composite removed. i Enlarged view of the fracture of the same archaeological bronze sample after the experiment, with half of the CFR composite removed


The relative humidity of the experimental setup was actually much higher than most indoor environments. Therefore, the results indicated that the examined CFR materials were chemically safe for use on bronze objects in a museum context with environmental monitoring and control.

Surface workability
The average Shore D hardness values of the three samples are shown in Table 2. For the points tested on each sample, the coefficients of variation did not exceed 2.5%. The results were also in accordance with subjective perception during the carving trial: it was easier to sculpt the surface of the sample prepared with chopped CF than the other two samples, while the relatively lower hardness of the CFR composite with the reinforcement of cloth form has been reported [69]. For reconstruction of surfaces with decorations in relief, the workability of the CFR composite was hence considered advantageous.Table 2Shore D hardness values of the samples


	 	UH- T600-S
	UH-GFF-S
	UH-CFF-S

	HD
	76.2
	74.2
	68.8





Gap filling of Ding vessel
The decision to apply CFR materials to the Ding vessel was made after deliberation and an unsuccessful attempt prior to the present study.
First of all, the simpler solution of taking the mold from the original counterpart and subsequent resin casting was unlikely not only because of the asymmetry and irregularity in the profile of the lid (Fig. 9) but also because this type of gap filler was considered mechanically unreliable in terms of resistance to the springback of the adjacent part.[image: ]
Fig. 9Asymmetry and irregularity of the profile of the lid


Since Ding vessel was previously taken as an object for the didactics of traditional restoration techniques inside the institution, conventional methods were adopted using a few pieces of copper alloy sheet to approximately form the shape of the missing part, followed by application of resin to the gaps in the joints and the surface of the sheet to obtain the desired thickness and a more exact profile.
The central part with an approximately flat profile was reconstructed with a brass sheet of 0.5 mm thickness. However, for the curved marginal area, even with a ductile brass sheet as thin as 0.2 mm, the hammering and bending necessary for forming already led to localized unevenness that protruded from the expected shape (Fig. 10). Further division into more pieces and leaving more gaps, as shown in Fig. 1, at the risk of weakening the structure was not undertaken. Moreover, the UHU-plus resin used, similar to other epoxy resins preferred in bronze conservation, was a slow-curing material; the fluidity made the formation of a curved surface difficult, even when the resin was reinforced with 50% talc powder by volume. Therefore, only the reconstruction of the flat central part was realized properly and kept. For the connection between this part and the original, localized tin–lead soldering was applied to some spots, and resin was used subsequently to fill the remaining gaps in joint. The choice to use soldering, albeit based on experience and institutional conventions, was also guided by practical factors. The significant probability of springback of the reshaped part necessitated a strong connection method. In comparison, resin bonding forms weaker connection than soldering, and its efficacy will be further compromised due to the excessive gaps in the joint of the original and the metal sheet which is difficult to cut precisely. Some of the old soldering craters were used after chemically removing the surface oxidation using ion-exchange resin (the strong cation exchanger AMBER SH of Bresciani s.r.l., a styrene–divinylbenzene copolymer with the sulfonic group) [70, 71]. This prevented destruction caused by making new craters. To search for a gap-filling material that could balance adequate mechanical properties and convenience in applications, the restoration plan of Ding vessel was suspended.[image: ]
Fig. 10a Brass sheet cut according to the profile of the fracture. b Attempt at reconstruction with pieces of brass sheet. Red arrows indicating some typical areas that protruded excessively


Based on the results of the present study, a new solution with CFR materials was proposed. The CF cloth reinforced composites demonstrated a large flexural modulus, which was desired for the structural stabilization of bronze. For ease of handling, the chopped CF reinforced material also revealed some particular advantages. For reversibility, according to the experiences during the material tests, these composites were comparable with the commonly used resin reinforced with powdery fillers.
The missing part of the lid was reconstructed following these steps (Fig. 11):	The outer surface of the missing part was formed with sculpture clay.

	The gypsum mold was taken from the sculpture clay, and the clay was removed afterward.

	A thin layer of UHU-Plus resin saturated with chopped CF was applied inside the mold.

	Four layers of CF cloth were subsequently applied, and then the inner surface was finished with another thin layer of resin saturated with chopped CF.



[image: ]
Fig. 11a Inside of the gypsum mold of the missing part. b Application of resin saturated with chopped CF. c Application of the first layer of CF cloth


Considering that the previously soldered brass sheet in the central part was still effective and its removal could eventually bring new risk to the object, this partial reconstruction was kept. All the metal surfaces and fractures in contact with CFR materials were sealed with epoxy resin beforehand to further ensure isolation.
Every layer of CF cloth was applied before the curing of the resin in the previous application to obtain a more compact structure, as performed in sample preparation. The reconstruction with the brass sheet in the center was already close to the level of the inner bronze surface after the application of the first layer, and the following three layers were applied only to the marginal area. The CF cloth was no doubt much easier to form, and only a few small detachments were found between the layers at the edge of the lid (Fig. 12). It was much less arduous to cut this material than metal sheet, but the edge frayed easily, and this material must be handled very carefully.[image: ]
Fig. 12Edge of the reconstruction. Red arrows indicate small detachments


Despite the need to improve the abovementioned operational details, the overlapped CF cloth system demonstrated significant stiffness that was perceived as comparable to metal. Although not placed directly to the central part of the original surface, it was reasonable to suppose that, according to the mechanical test results, this reconstruction would have a greater resistance to the springback stress transferred through the brass sheet than any other materials tested here, including the brass frame in pieces, and hence could contribute to the stabilization of the whole structure as expected.
On the outer surface composed of chopped CF reinforced composite, the missing rope motif was successfully reproduced using manual carving tools. Although this material was originally dark in hue, its surface was easy to color. A mimetic pictorial retouch, as required by the institution, was executed using colored acrylic varnishes (Fig. 13).[image: ]
Fig. 13a Reconstructed part retouched for grounding color and painted with the decorative motif. b Reconstructed part during carving of the decorative motif. c Upper surface of the lid after restoration. The small gap on the margin was filled with a piece of brass using the traditional technique before this study. d and e Side views of the lid before and after filling gaps


The reconstruction of the pods should not only restore the shape but also provide sufficient support for the weight of the body. The conventional technique using metal sheets was not practiced to avoid foreseeable similar difficulties in forming. It was also doubtful whether sufficient support could be achieved in that way.
The inside of the remaining part of each pod contained a fired and solidified clay core used during mold casting of the bronze [72]. This allowed the addition of an insert structure without direct contact with the bronze. To further prevent the risk of drilling, a "sheathing" structure was designed: a thin 4-mm-diameter solid CF rod was inserted into the clay core inside the upper part of the pod for approximately 15 mm, and its other end extended directly to the estimated bottom of the pod. A CF tube of 4 mm in internal diameter and 6 mm in external diameter was used as a sheath for the part of the rod exposed from the clay core (Fig. 14). Both the rod and tube were TORAY PAN-based 3 K plain weave wrapped products. The UHU-Plus resin mixed with chopped CF was applied to the rod-clay and rod-tube interfaces.[image: ]
Fig. 14a Schematic diagram of the internal structure of the pod seen in Fig. 6. b CF inserts and restoration of the same pod. c Inserts in the other two pods, where the CF tube also extended to the bottom since the lower parts were missing


A strengthened support was thus obtained with holes of limited dimension formed in the clay core, which allowed the selection of a gap-filling material purely based on operational convenience. Provided that the three pods differed slightly in shape, the UHU-Plus resin saturated with chopped CF was used, which could remain sufficiently plastic for molding for several hours with minimum fluidity. It was easy to perform the subsequent polishing step. Pictorial restoration was also carried out to imitate the original condition of the surface (Fig. 15).[image: ]
Fig. 15a Reconstruction of a pod with resin saturated with chopped CF. b Body of the Ding vessel after restoration. A small gap in the upper part of the body was filled with a brass piece using the traditional technique before this study


Thus far, the gap filling process of the Ding vessel illustrated an application scenario of the CFR materials, with the related technical details being informative in terms of handling properties and behavior. It is important to note, however, that some strategies in this study were conditioned by the requirements of the institution and are now used in a limited range. For example, the techniques of soldering and surface finishing to achieve mimetic visual effects are still preferred in China, while they are now applied only to objects of more recent date or private commissions internationally [73, 74]. Moreover, the decision of preserving the previously added brass sheet is an expedient resulting from the difficult binary choice between the immediate risk of removing the newly applied solder and the potential long-term risk associated with this preservation, which may raise queries. This dilemma also highlights the drawbacks of the traditional technique’s lack of reversibility when compared to CFR materials.
At the end of the intervention, surface protection was not applied because only innocuous patina was present on this vessel. The strictly monitored and controlled microclimate of the institution provided further guarantees of conservation. Periodic examination of the condition of this object has been planned.


Conclusions
The present study explored a protocol for the selection of gap-filling materials for bronze restoration in terms of their mechanical properties. Although the load condition is specific and more complicated for each case of deformed bronze, it was still possible to define the crucial property for the selection of a material according to the main mechanical risk and provide objective indications for daily work.
The preliminary protocol presented here was based on comparative analysis. Depending upon the preparation of the sample, these results for flexural modulus and surface hardness should not be considered standard values but a means to characterize differences between classes of materials. Some findings are nonetheless valid for samples with sizes and/or preparations different from those considered in this study: the weakening of mechanical properties with increasing resin content, the influential factors for each class specified in 3.1, and the superior reinforcement effect of CF cloth.
Future studies are expected to provide more precise values and further discoveries about the influence mechanisms of various factors with the improvement of the experimental setup, such as:	Increasing the number of parallel replicates of each sample to increase the accuracy of the measurement.

	Improving the controls of the experiment for better comprehension of the influence mechanisms of some factors, e.g., quantifying the resin added to each layer of CF or GF cloth, monitoring the particle size of mineral powder through a laser analyzer, and comparing the effects of fibers of different length [75, 76]. A model of the relationship between the amounts of powder and fiber reinforcing element and mechanical properties can be obtained with more refined experimentation to understand the upper limit of addition of filler. For both types of materials, the available literature showed that a larger quantity does not necessarily correspond to better elastic modulus or strength [77–79], although increasing hardness with increasing quantity of fiber was reported [80, 81].

	Adopting modulus test equipment compatible with thinner samples (e.g., a Dynamic Mechanical Analyzer) and comparison of data obtained using different test procedures. In this study, the minimum sample thickness permitted by the test machine was 1 mm. However, the study of composites containing fewer layers of CF cloth is potentially useful for the restoration of many thin-walled bronze objects that easily deform.

	Including more product types for testing, in particular, cloth with twill weave is more adaptable to complicated shapes to prevent detachment at the edges among layers, and cloths of various densities [82–84], etc.

	Comparison of long-term performance to provide a more comprehensive vision. For example, the creep properties, and change in the chemical and mechanical properties of different materials after accelerated degradation [85, 86].




In terms of practical applications for gap filling, the CFR materials studied here could be utilized in situations where soldering is not permitted yet resistance to elastic deformation is necessary. The reshaping process aimed at plastic forming as described in this study may not be practiced in many institutions that only permit moderate reshaping, for example, reducing the height discrepancy in a joint through temporary loading and subsequent fixation with adhesive. In such cases, springback is more likely to occur in the short term, making it necessary to reconstruct adjacent losses with a material of larger elastic modulus. There are numerous potential application scenarios, for instance, for bronzes that have not undergone deformation but have experienced material loss in critical areas subjected to elastic stress. All these considerations are equally applicable to objects made from metals other than bronze. While further research is necessary, as is the case with any newly employed materials, this type of composite offers an alternative method for restorers, which may not necessarily be the optimal choice, but possesses notable advantages in terms of certain mechanical properties and operational convenience. Prior to and during its application, considerations should be taken into account as follows:	A deliberate evaluation of the necessity for reshaping should serve as the first step based on the certainty of object’s original shape, ethical guidelines specific to the context, exhibition intentions, skills of personnel, and so forth. It should be noted that in many institutions, graphic representations and replicas capable of effectively conveying the original aspects of an object are now preferred over directly conducting this intervention on an original object.

	Two technical prerequisites should be considered. First, does the bronze still demonstrate sufficient elasticity for reshaping? Its suitability should be verified because it may be impossible to correct the deformation of a fragile bronze object. Second, is the bronze object kept in a museum with a controlled environment? These materials are not recommended for use outdoors. The institution owning the Ding vessel has optimal and comprehensive control of the environment, while in some museums where the control of condition is less strict, a GF composite for total or partial substitution in the interface can be considered. Acidic environments are reported to be especially risky for CFR materials [87].

	Cloth should be precisely cut to match the profile of the fracture in a bronze object in order to minimize gaps in the joint where is subject to the concentration of stress. The larger quantity of resin contained in the poorly matched joints will lead to inferior mechanical property, as revealed in this study. The margin of the CF cloth is prone to fraying, which can alter the contour. This can be prevented by pretreatment with adhesive [88].

	The light weight of CFR materials can reduce the risk of detachment of the reconstructed part during handling of the object, especially in situations similar to this Ding vessel studied here. However, in cases where the weight difference between the reconstruction and original part may cause unsteadiness of the object, the application of CRF materials should be reassessed or avoided.
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