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Abstract
In this paper, pulsed infrared thermography is applied to the study of a mold casting Chinese bronze lei 罍 dated to the late Shang dynasty (c.a.1250–1050 BC), currently housed in the Capital Normal University Museum. Many spacers and a defective area of this ancient bronze are partly covered with repair material. By analyzing thermographic images using a one-layer thermal diffusion model, it is found that the spacers were specifically made for this bronze. The thickness of the repairing material in the defective area is measured using thermal quadrupole modelling in multi-layer materials. This is the first application of this method to the field of cultural heritage conservation. These results provide a deeper understanding of the manufacturing process of ancient Chinese bronzes from the viewpoint of archaeological research. They also help assess the repair status from the conservation viewpoint.
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Introduction
In ancient China, the main technique used to produce bronze ritual vessels was mold casting, a method also known as piece-mold casting 块范法. A clay mold was created, often using a model of the object to be made. The mold pieces were then fired and reassembled around a clay core, leaving a narrow cavity that was filled with a molten bronze alloy. A hollow vessel would result after the removal of the entire mold system [1]. To preserve the integrity of the cavity, craftsmen sometimes put spacers into it, a technique similar to the chaplets used in lost-wax casting to fix the distance between the core and the mold. The usage of spacers has been studied since the mid-twentieth century. The Japanese scholar Matsumaru Michio and others carried out systematic studies on spacer by locating them from direct observation and ink rubbings of the bronzes [2]. The study of these artifacts is now much easier thanks to the development of imaging methods such as X-ray and industrial computed tomography (CT).
Many scholars have carried out X-ray and CT analysis of ancient Chinese bronzes to examine defects and repairs, as well as to investigate the casting process [3, 4]. However, both methods have problems. X-ray imaging is constrained by the transmission imaging principle. In vessels such as hu 壶, ding 鼎, gui 簋, the front and back walls will be overlaid together in the images, making it difficult to distinguish the characteristic properties, as mentioned in Ref. [4]. CT technology, on the other hand, solves the overlay problem, but is affected by safety, mobility and applicability issues. Other imaging techniques such as multi-spectral imaging (MSI), hyper-spectral imaging (HSI) and reflectance transformation imaging (RTI) etc. lack the ability to assess subsurface conditions.
Infrared thermography (IRT) is a non-contact, nondestructive testing (NDT) technique to detect surface and subsurface structural or material inhomogeneities based on the evaluation of surface temperature changes of an object. It can be carried out actively or passively depending on whether a thermal excitation is applied on the object or not. Photo-thermal excitation is the most common excitation method for IRT. It can be conducted using flash lamps, halogen lamps and lasers. Active thermography can be further sub-divided into pulsed thermography (PT), lock-in thermography (LIT), step-heating thermography (ST) and so on. Moreover, active IRT can be carried out in both reflection and transmission geometry depending on whether excitation and observation take place on the same or opposite sides of the object. There are two main applications for IRT: (1) qualitative applications, where defects and flaws are identified using image processing methods; (2) quantitative applications, where thermal parameters and features such as defect depth are determined using heat transfer theory [5, 6].
During the last two decades, IRT has been extensively applied to investigate different types of cultural heritages and artifacts with various thermal properties [7–9], such as historical buildings [10, 11], paintings on canvas or wood [12], murals or frescos [13, 14], plastered mosaics [15, 16], as well as metal artifacts [17–23]. The study of metal objects is typically conducted using pulsed IRT due to its relatively high thermal conductivity and diffusivity. In previous works, IRT is mostly applied to Western bronze statues casted by lost-wax method. A heat diffusion model for a single layer sample with finite thickness [17–22] is employed for pulsed thermography in reflection geometry. Furthermore, a double-layer structure is considered in Ref. [23], where thermal heat conductance is used to characterize the interface heat transfer efficiency. While mold casting bronzes are usually made in the shape of vessels, if necessary, IRT can be performed in both reflection and transmission geometry. Moreover, the bronze wall thickness is relatively thin and bare with complicated bronze corrosion products on both sides due to a long underground history. Therefore, a high acquisition frequency is required for a fast thermal transfer process and a thermal diffusion theory for a multi-layer structure is usually applied for analyzing the thermal behavior.
The purpose of this work is to examine a bronze vessel lei’s situation behind the historical restoration trace in order to analyze the original casting procedure and the current preservation status in the context of both archaeology and conservation. An unusually large number of spacers are found in the vessel, including some partially or fully covered by repairing materials. Additionally there is a large area with repairing marks. We conduct pulsed thermography measurements to determine the spacers’ material, shape and merging conditions with the vessel body. We also investigate the shape of the defects and the thickness of the repairing material on the large repairing area. An analytical model was applied to characterize the spacers quantitatively, assuming a single-layer structure, and qualitatively, assuming a double-layer structure. The thermal quadrupole method was utilized to analyze quantitatively the layered structures in the large repairing area.
Material and methods
Research object
The bronze ritual vessel lei, a wine container with many spacers, is inspected. The sample is 46 cm in height and barely decorated. It has two shoulder handles with hanging rings that flanked the body, and a belly handle on its back side, which helps to tilt the body when the vessel is in use, as shown in Fig. 1b. All three handles are in the shape of buffalo heads. The shoulder band is decorated with six whorl circles, which are evenly distributed between the two shoulder handles. The vessel can be typologically dated to the late Shang dynasty (c.a. 1250–1050 BC).[image: ]
Fig. 1Photographs of the Chinese bronze lei


A visual inspection reveals more than 50 spacers on the vessel body. They belong to eight registers: two registers on the neck (6 spacers each); one on the shoulder (9 spacers); four on the belly (12, 9, 7, and 5 spacers); and one on the foot (8 spacers). The belly spacers are generally larger than those on the neck and foot. They can be classified into two groups in terms of their current conditions: (1) unrepaired spacers; and (2) repaired spacers. Furthermore, there is a large, repaired defective area on the front side of the vessel body. The diameter of this area is approximately 5 cm, as shown in Fig. 1a indicated by an arrow.
Pulsed thermography methods
In pulsed thermography, the front surface of the sample is heated by a short pulse of light. The heat generated at the front surface propagates to the interior of the sample. An infrared camera captures the time dependent temperature change on the surface of the object. The 1D time-dependent surface temperature increase [image: $$T$$] ([image: $$z=0$$]) for a homogeneous sample with semi-infinite thickness ([image: $$l=\infty $$]) is described by [24]:[image: $${T\left(0,t\right)}_{l=\infty }=\frac{Q}{e\sqrt{\pi t}} ,$$]

 (1)



where Q is the absorbed energy density on the surface, and [image: $$e$$] is the effusivity of the sample ([image: $$e=\sqrt{k\rho C},$$] with [image: $$k$$], [image: $$\rho $$] and [image: $$C$$] the thermal conductivity, density, and the specific heat of the sample, respectively).
For a slab sample of finite thickness [image: $$l$$], the temperature change at the front surfaces is:[image: $$T\left(0,t\right)=\frac{Q}{\rho Cl}\left[1+2{\sum }_{n=1}^{\infty }\mathit{exp}(\frac{-{n}^{2}{\pi }^{2}\alpha t}{{l}^{2}})\right],$$]

 (2)


for measurements performed in reflection [25]. The surface temperature evolves as [image: $${t}^{-0.5}$$] at early times, as expected from Eq. (1), and then approaches a stationary value when the heat reaches the sample’s opposite side. At thermal equilibrium ([image: $$t=\infty $$]), the surface temperature can be yield readily from Eq. (2) [26]:[image: $$T\left(0,\infty \right)=\frac{Q}{\rho Cl}$$]

 (3)



The sample thickness and thermal diffusivity ([image: $$\alpha =k/\left(\rho C\right)$$]) are related by a characteristic time [27][image: $${t}_{c}=\frac{{l}^{2}}{\pi \alpha },$$]

 (4)


which corresponds to the intersection point of the curves derived from Eqs. (1) and (3). We define the normalized temperature [image: $$V=T\left(0,t\right)/T(0,\infty )$$] and plot [image: $$\mathrm{ln}V$$] as a function of the logarithm of the normalized time [image: $$\omega ={\pi }^{2}\alpha t/{l}^{2}$$] (Fig. 2). The [image: $$\mathrm{ln}V$$] (solid line) follows the trend described by Eq. (2) and then Eq. (4). The first derivative of [image: $$\mathrm{ln}V$$] (dashed-dot line) is -0.5 at first and approaches zero for larger times. The second derivative (dashed line) is zero at early and later time periods, and reaches a maximum in between. Shepard et al. proposed to use the peak in the second derivative of the surface temperature to determine [image: $${t}_{c}$$] [27].[image: ]
Fig. 2Normalized logarithmic surface temperature and its first and second logarithmic derivatives as a function of the nondimensional time for a single-layer structure with finite thickness under pulsed thermal excitation


When the sample consists of two layers and the second layer can be considered as semi-infinite, the surface temperature decay is [28]:[image: $$T\left(0,t\right)=\frac{Q}{{e}_{1}\sqrt{\pi t}}\left[1+2{\sum }_{n=1}^{\infty }{\left(\frac{{e}_{1}-{e}_{2}}{{e}_{1}+{e}_{2}}\right)}^{n}exp\left(-{n}^{2}\frac{{l}_{1}^{2}}{{\alpha }_{1}t}\right)\right],$$]

 (5)



where [image: $${e}_{1}$$] and [image: $${e}_{2}$$] are the effusivities of the first and the second layer. The first derivative of T logarithm with respect to time logarithm is plotted in Fig. 3. A peak is observed because the thermal wave encounters an interface of materials with different thermal properties. The peak position is related to the thickness and thermal diffusivity of the first layer, and its amplitude is determined by the ratio of the effusivities of the two layers. By analyzing this curve, we can characterize the material characteristics of different layers [29]. When the second layer cannot be considered as semi-infinite, the peak amplitude and position will both depends on the properties of the second layer the logarithmic derivative will be larger than − 0.5, the value that describes a semi-infinite structure. In this case, the analytical solution becomes complicated and requires tedious calculations, especially in finding the roots of complex transcendent equations [26].[image: ]
Fig. 3First logarithmic derivative of surface temperature for a double-layer structure with semi-infinite second layer under pulsed thermal excitation


A simpler solution is to solve the multilayer heat conduction problem using the thermal quadrupole method [30], which allows us to derive algebraic solutions in the Laplace domain. The dependence of the ‘Laplace temperature’ on different layer parameters can be analyzed in Laplace space, and the return to real temperatures is done by applying numerical algorithms. For 1D multilayered materials, the numerical inverse Laplace transform of an analytical solution is possible for many configurations and is often much faster and more accurate than finite difference or finite element techniques for the same configuration. It has also been shown to be applicable for 2D and 3D configurations [31]. In the thermal quadrupole method, the response of a multilayer system is calculated using matrix multiplication, as shown in Eq. 6, where [image: $${{\phi }_{in }, \theta }_{in}, { \, \, \phi }_{out}$$] and [image: $${\theta }_{out}$$] are the input and output Laplace temperatures and flux (i.e. the four poles) and [image: $${\mathrm{M}}_{i}$$] is the transition matrices relative to layer [image: $$i$$].[image: $$\left[\begin{array}{c}{\theta }_{in}\\ {\phi }_{in }\end{array}\right]=\prod_{i}^{n-layers}{\mathrm{M}}_{i}\left[\begin{array}{c}{\theta }_{out}\\ {\phi }_{out }\end{array}\right] \mathrm{with } {\mathrm{M}}_{i}=\left[\begin{array}{cc}\mathrm{cosh}(\sqrt{\frac{p}{{\alpha }_{i}}}{l}_{i})&amp; \frac{\mathrm{sinh}(\sqrt{\frac{p}{{\alpha }_{i}}}{l}_{i})}{\sqrt{\frac{p}{{\alpha }_{i}}}{k}_{i}}\\ \sqrt{\frac{p}{{\alpha }_{i}}}{k}_{i}\mathrm{sinh}(\sqrt{\frac{p}{{\alpha }_{i}}}{l}_{i})&amp; \mathrm{cosh}(\sqrt{\frac{p}{{\alpha }_{i}}}{l}_{i})\end{array}\right]$$]

 (6)



The Laplace variable is [image: $$p$$] and [image: $${l}_{i}$$], [image: $${\alpha }_{i}$$] and [image: $${k}_{i}$$] are the thickness, thermal diffusivity and thermal conductivity of the layer [image: $$i$$], respectively. Here we ignore the convective heat loss and thermal resistance between layers. A double-layer model is presented in Fig. 4.[image: ]
Fig. 4Schematic of heat transfer modeling for a double-layer structure


Experimental design
A schematic diagram of the pulsed IR thermography experiment for the investigation of the bronze lei is shown in Fig. 5. A reflection experimental geometry is adopted. Two flash lamps with 4.8 kJ energy in total are used to excite the sample. The flash duration is 2 ms. The thermal emission is detected using a cooled long wave infrared camera with a HgCdTe (MCT) detector with spectral response from 7.7 to 9.3 μm and 320 × 256 pixels. The noise equivalent temperature difference (NETD) is less than 20 mK at 25 °C. The full frame rate is 225 Hz, and higher sampling frame rates are possible with sub-windowing modes. The bronze vessel’s wall thickness was measured by a special caliper gauge with the accuracy of ± 0.15 mm.[image: ]
Fig. 5Experimental setup for the inspection of the sample lei


Two experimental campaigns are carried out with different experimental parameters. In the first campaign, measurements are taken of all the visible and suspected spacers. The frame rate used is 2000 Hz with a window size of 80 × 64 pixels and 2 s capturing time. For this parameter settings, the flash excitation will be captured by several frames. t = 0 frame is defined as the frame that the IR camera has the highest averaged digital level. In the second campaign, measurements of the repaired area are taken. The frame rate is 225 Hz with full window size and 5 s capturing time.
Results and discussion
Spacers
The two types of spacers, with repairs and without repairs, are shown in Fig. 6. The spacers on the top two registers have no repairing marks. The edges are clear with rust around the spacer, as shown in Fig. 6a. Spacers with repairs are mostly found on the third to the sixth registers. In some cases, the repair material only covers the edges of a spacer, but sometimes it covers the whole area, as shown in Fig. 6b. With so many spacers in use, one will wonder whether those spacers were specifically made for this vessel or whether they were recycled from failed products. Other matters for investigation are how the alloy composition compares with the main body, and the condition of the casting under the repairs. Therefore careful examination is carried out to investigate the following aspects in a non-contact fashion: the shape of the spacers, their materials, and the relationships between them and the main body.[image: ]
Fig. 6Photograph of two types of spacers a without repair and b with repair


Shape
The IRT method is firstly used to examine the situations below the repairing layer. A typical spacer with edges covered by repairs is shown in Fig. 7 as an example. Figure 7a is the photograph of the spacer and (b-d) are its thermal images at different times after flash excitation. The longer the delay, the deeper into the object we can observe. When the flash pulse arrives, the temperature of the repairing material is higher due to higher absorptivity and emissivity. After 25 ms, as shown in Fig. 7c, the thermal energy has diffused into the subsurface, causing the central area to become enlarged. Figure 7d reveals the spacer’s original shape under the surface repair, as indicated by the dashed square. Meanwhile, it can be observed that the gap on the left side of the spacer is more pronounced than on the right side.[image: ]
Fig. 7Photograph (a) and thermal images (b–d) of the spacer with repairs on the edge (the flash frame (b), 25 ms (c), and 500 ms (d) after flash excitation). Each of the thermal images are optimized in contrast


Figure 8 shows the photograph and thermal images of an area fully covered by repairs. After examining the sequential thermal images, we find that under the surface repair, the irregular shape soon becomes a square shape, as shown in Fig. 8c and d. At later time the square shape becomes not so obvious in Fig. 8d is due to the repairing material layer is uneven. Most of the spacers are in rectangular or square shape, judged by direct observation and by IR thermography, indicating that they are specifically prepared for the use as spacers.[image: ]
Fig. 8Photograph (a) and thermal images (b–d) of the repair covered area (the flash frame (b), 25 ms (c), and 500 ms (d) after flash excitation). Each of the thermal images are optimized in contrast


Material
If the spacers were specifically made for this object, were they made using an alloy with the same composition as the body or not? We selected a belly spacer with clear edges and a clean surface to investigate its thermal parameters. The central area on the spacer and an adjacent area on the main body are selected, as shown in Fig. 9a. Their cooling curves after flash lamp excitation are plotted in Fig. 9b. The thermal response of the two areas is very similar, with only the first few frames not overlapping with each other. The second derivative of the surface temperature in logarithmic scale further supports this argument. As shown in Fig. 9c, the earlier peak is due to the flash duration effect, which normally lasts a few milliseconds, and the second peak (marked by black stars in Fig. 9c) can be used to determine the characteristic time [image: $${t}_{c}$$] [32], as illustrated in Fig. 1. From the measured thickness of 2.1 mm at these positions and the characteristic times [image: $${t}_{c}$$] of 114 ms and 108 ms, we obtain the material thermal diffusivities of 12 mm2/s and 13 mm2/s for the spacer and the main body. Similar values have been obtained for measurements taken on other spacers and areas of the vessel. As a consequence, it is likely that the spacer and the main body are made of the same type of alloy. Errors could be due to the inaccuracy of the thickness measurement and thin rust layers on the front and back surface.[image: ]
Fig. 9Single-layer structure analysis: a the thermal image of a spacer and the adjacent area; b the original data in log–log scale with 7th order polynomial fitting and c the second derivative of the fitting curve in log scale with the pointed flash peak and marked 1st layer characteristic peak


To further investigate the repairing materials, we choose four areas on the lei’s belly, marked with colored squares in Fig. 10a. They are numbered from 1 to 4 on the thermal image in Fig. 10b. No. 1 and 2 are spacers fully covered by repairing materials and No. 3 and 4 are with repairs only on the edge. Figure 10c shows the first derivative of the logarithmic surface temperature. Curves 1 and 2 show the typical behavior of a two layer structure, while curves 3 and 4 demonstrate a single layer behavior. The presence of a two-layer structure excludes the possibility that the hole was a through hole before repair. Therefore, it is unlikely the spacer would have loosened and gone missing. The negative peaks pointing downwards indicate that the repairing material has a smaller effusivity than the bronze substrate. The amplitude of the curves 1 and 2 indicates a large effusivity difference between the two materials. Therefore, we can conclude that the repairing material is likely to be color matched plaster rather than metallic material. It is not possible to identify the first layer thickness or thermal parameter from the peak’s position accurately from Fig. 10c, since the substrate thickness has a significant effect when it is relatively thin.[image: ]
Fig. 10Single and double-layer structure analysis. a Photograph, b thermal image of four spacers and c first derivative of a 7th order polynomial fitting of the surface temperature


Merging
During casting, the spacers are surrounded by molten metal poured inside the cavity from the sprues of the mold system. The merging conditions of different spacers could be different, depending on how quickly the molten metal meets the spacer. Even the edges of the same spacer could show differences in different directions. By carefully studying the IRT data of each spacer on the belly, we find that 23 out of 30 spacers have their lower edge merged better with the main body of the vessel under the repairing material, as shown in Fig. 11a, b. For vessel shaped bronzes, it has been generally agreed that the sprues were designed at the bottom of the vessel in the mold system. The orientation of the better merged edges might also support this conclusion. Moreover, we find there are small voids filled with repairing material originating from air bubbles formed in the casting procedure, as illustrated in Fig. 11c.[image: ]
Fig. 11Merging conditions


Repairs on the defective area
In the previous section, we mainly focused on the shape, material and merging conditions of the spacers within the main body. On this lei vessel, there is also a large (5.0 cm in diameter) repairing mark on the belly. We therefore took IRT measurements of this area. Photographs, as shown in Fig. 12a, reveal that this area is covered with repairing material, which prevents us from inspecting the condition of the subsurface. A thermal image immediately after flash excitation is shown Fig. 12b, where the boundary of the repairing area are clearly visible. Figure 12c, d are the thermal images taken 0.64 s and 2 s after flash excitation, respectively. It is revealed that under the surface there is an oval-shaped metal material with two crescent-shaped areas on each side of it, which are filled with more repairing material deeper inside the body.[image: ]
Fig. 12Photograph of the defective area (a) and corresponding thermal images of the flash frame, and 0.64 s and 2 s after flash excitation (b–d)


The region marked with a red square in Fig. 12c has been examined in more details. Three areas are selected, as shown in Fig. 13a. The IR signal decay (symbols) and the corresponding polynomial fittings (lines) are shown in Fig. 13b. The first derivative of the fitting curves (orange) and experimental data (blue) in log–log scale are plotted in Fig. 14a, c, e. It can be seen that the fitting curves are in good agreement with the original raw data and precisely reproduce the flash and layer peaks’ position. All curves show a clear flash peak, as indicated in the figures. The curves at position 1 and 2 display strong 1st-layer peaks, as described in Fig. 3. The flash peak is superimposed over the 1st-layer peak at position 1. At position 2, the double-layer structure is assured by visual observation from the inner side of the lei vessel. The curve at position 3 shows a single layer behavior, which is in line with our expectations.[image: ]
Fig. 13a Thermal image of the top right corner of the repaired area, b the surface temperature decay in log–log scale (symbols) and the polynomial fitting (lines)

[image: ]
[image: ]
Fig. 14The first derivative of the fitting curve (orange) and experimental data (blue) as a function of time in log–log scale (a, c, e) and the thermal response calculated from a double-layer thermal quadrupole model (b, d, f) for the three marked positions with [image: $${l}_{1}=$$] 0.1, 0.8 and 2.5 mm, respectively


To obtain quantitative information, thermal quadrupole simulations were performed for the three positions using a double-layer model. The thermal parameters required for the simulations are listed in Table 1. The thermal parameters of the bronze substrate is measured with the flash method in reflection geometry. The IR signal decay curve is fitted using Eq. 2 for a single-layer, finite-thickness plate. The result is in agreement with the value obtained using the different methods described in Sect. 4.1.2. The repairing material’s parameter is taken from pure plaster [33]. The lei’s wall thickness at position 1, 2 and 3 are measured as 2.5 mm, i.e. [image: $${l}_{1}+{l}_{2}=2.5 \mathrm{mm}$$], where [image: $${l}_{1}$$] and [image: $${l}_{2}$$] refer to the thickness of the plaster and the bronze substrate, respectively. When [image: $${l}_{1}$$] is 0.1 mm and 0.8 mm we have the 1st layer peak of the simulation curve at the same position of the experimental data at position 1 and 2, respectively. For position 3, [image: $${l}_{2}$$]= 0 and the simulation result is in good agreement with the experimental data.Table 1List of sample thermal properties


	 	Thermal diffusivity
	Thermal conductivity

	Plaster
	0.375 mm2/s
	0.301 W/(m K)

	Bronze
	12 mm2/s
	43 W/(m K)




The observation of the subsurface condition in this area leads us to recover the conservation condition. This large area defect is probably formed during or after excavation, but it could also be caused by casting flaws. Walls with inhomogeneous thickness can form in the casting process if the molten bronze cools before it completely fills the mold cavity, or if the mode cavity is thinner in some areas. In some extreme cases, misruns will occur leaving through holes on the vessel wall. This type of defect is often found away from the sprues and accompanied with porosity due to the shrinkage in the solidification process when there is insufficient liquid metal. From Fig. 12c we can see that the metal in the central area is porous, which could be due to misrun in the casting process or degradation of the material due to rusting. However, in both cases, the strength is significantly reduced in this area. Therefore, the previous conservator did not only fill the surrounding area but also covered the central metal part with repairing material. If the cause of this defect is related to the original casting flaw, rather than purely from damage before or after excavation, it might be connected to the large number of spacers inserted, which slows down the speed of molten metal filling up the cavity. Further investigation is required by examining more objects.
Conclusion
In this paper, pulsed IRT is successfully employed in the study of a mode casting bronze lei from ancient China. This object contains many spacers together with a large repairing area, attracting researcher’s attention in both the fields of archaeology and conservation. First, the spacers are investigated. Thermal images reveal that most of them have regular shapes and similar thermal properties as the main body. Therefore, we conclude that these spacers were likely made specifically for this vessel, rather than recycled. By examining the thermal images of all the spacers, a better merging direction around each spacer can be determined, which helps us to confirm the sprues position on the foot. Secondly, IRT is also applied to study a large repaired area. Thermal images show that under the surface there is a porous metal part surrounded by two crescent-shaped areas with thicker repairing material. With the help of the thermal quadrupole model, the thickness of the repairing layer is determined. Results reveal that this area is significantly weaker than expected and requires careful checks on a regular basis. This defect could be caused by damage during or before excavation. It could also be related to a casting flaw or misrun, since too many inserted spacers slow down the speed of molten metal filling the cavity.
Preliminary results shown in this paper demonstrate that the IRT technique is a competitive NDT method to investigate vessel shaped bronzes. Analytical solutions can be used to characterize the object’s material and size. However, artifacts, especially from ancient times, usually present more complicated structures and conditions, where purely analytical solutions become cumbersome. The thermal quadrupole method can be effectively used to model heat conduction problems in multilayer systems. Needless to say, multiple NDT methods can be applied to reach a more comprehensive understanding of an ancient artifact.
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