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1. Introduction 
 

              The investigation of works of art and objects of archaeological value makes it possible to obtain 

information about the composition of these artifacts, the techniques used in the manufacturing process, in 

addition to helping to identify counterfeiting and restoration regions [1,2]. In artifacts such as canvases, 

sculptures, paintings, it is common for them to be manufactured using multilayers of pigments, such as the 

use of a canvas preparation layer, used to receive a visible polychromy of the canvas. Therefore, the 

characterization of the multilayers present in a work of art brings valuable information about the creative 

process, in addition to being useful in the verification of pigment layers used in the work's restoration process. 

             Due to the historical value of these objects, the scientific analysis of these works must take place 

through non-destructive testing techniques. One of the most used analysis techniques in archaeometry is X-

Ray Fluorescence (XRF). This technique is still being used, due to technological advances that have occurred, 

making it easier to use in works of art [3–6]. It is possible to deepen the information provided by the XRF 

data, from theoretical approaches [7–9]. For example, the calculation of the ratios of the areas of the energy 

peaks Kα, Kβ or Lα, Lβ of a determined chemical element allows us to conclude information about the 

thickness of the analyzed pigment layer [8,10–13]. 

The study of pigment thickness calculation has been widely used in works of art, especially in the 

calculation of thicknesses of gold over lead white pigment [13–17]. For this, the ratio of the areas of the Lα 

and Lβ peaks of lead identified by the XRF analysis is used. Determining the thickness of the layer makes it 

possible to investigate the process of creation of pigment layers, thus facilitating the process of conservation 

and restoration of the work. In addition, this approach contributes to the development of methods, which 

employ non-destructive techniques, such as XRF, to calculate layer thickness. 

 

2. Methodology 

 

2.1.  Calculation of layer thicknesses from attenuation data of a second pigment layer. 

 

            In this work, the case of attenuation by the second layer will be addressed. This case is called this 

because it is the approach of attenuation of the X-ray beam for two layers: a base layer and a second layer, 
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called coating. In this case, the X-ray beam emitted will result from the attenuation suffered by the base layer 

and finally by the coating layer. 

 

            To demonstrate the development of the attenuation equation by the second layer, the self-attenuation 

equation will be used [11,18], added by the term referring to the coating layer. To better exemplify the case, 

a case will be considered with the base layer composed of the white lead pigment and the coating layer being 

a chromium oxide layer.  
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µau(E0) is the attenuation coefficient of the gold layer for the E0 energy of the X-ray tube;;  µ3 is the attenuation 

coefficient of the chromium oxide layer for the Kα or Lα energy of the base layer element;  µ4 is the attenuation 

coefficient of the chromium oxide layer for the Kβ or Lβ energy of the base layer element; dcr is the thickness 

of the chromium oxide layer; ϕ is the angle of incidence of the X-ray beam; ϕ is the exit angle of the X-ray 

beam; x base layer thickness. 

        In this work, the thickness x of the base layer will be considered as coarse thickness. Thus, part 1 of 

equations (1) and (2) can be replaced by reason Pb(Kα/Kβ)∞ e Pb(Lα/Lβ)∞. 
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3. Results and Discussion 

 

3.1  Second Layer Attenuation Results 

        For attenuation by the second layer, layers of chromium oxide were painted over a thick layer of lead 

white on a canvas. For each layer, XRF spectra were collected. As the chromium oxide layers were painted 

over lead white, to identify the chromium oxide thickness it is necessary to calculate the Pb(Lα/Lβ) ratio. This 

experimental ratio was calculated using the ratio between the Lα and Lβ peak area values of Pb. These values 

will be identified as the experimental Pb(Lα/Lβ) ratio. 

        The XMI-MSIM [17] program was used to simulate XRF spectra. Spectra were simulated considering 

the lead white (PbCO3)2·Pb(OH)2 layer 300 µm thick, and the chromium oxide thickness ranged from 10 to 

80 µm. For each simulated spectrum, the areas of the Lα and Lβ peaks of Pb were calculated and then the 

Pb(Lα/Lβ) ratio was performed for each XRF spectrum. With this, it is possible to assemble the graph of figure 

3, which relates the simulated Pb(Lα/Lβ) ratio with the chromium oxide (Cr2O3) thickness values. 
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           The graph in figure 1 is described by the curve equation as y= 1.476e(-0.025)d . Using the classical 

equation (4), it is possible to observe the similarity between the mathematical model of the two equations. For 

a better comparison between the two equations, the theoretical values referring to the chromium oxide layer 

in equation (4) will be used. Below are the two equations for comparing the theoretical equation and the 

simulated curve equation. 
                                                               Theoretical equation of attenuation by the second layer 

                          𝑃𝑏 (
𝐿𝛼
𝐿𝛽
) = 1, 461 . 𝑒(−0,030)𝑑𝑐𝑟                                          (10) 

 
                                                                      Equation obtained by the simulated curve 

                          𝑃𝑏 (
𝐿𝛼
𝐿𝛽
) = 1,476 . 𝑒−(0,025)𝑑𝑐𝑟                                           (11) 

 

           It is possible to identify the similarity between the values identified in the two equations. It can be 

concluded that the simulated curve presents a behavior consistent with the theoretical equation. This makes 

the simulated results possible for comparison with experimental results, since the behavior of the simulated 

curve respects the behavior of the theoretical equation. From this observation, the simulated curve equation 

was used as the standard equation to identify the thicknesses of the experimental chromium oxide layers, as 

shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: graph of simulated Pb(Lα/Lβ) values versus chromium oxide thickness. 

Figure 1: graph of simulated Pb(Lα/Lβ) values versus chromium oxide thickness. 
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       The results of the experimental Pb(Lα/Lβ) ratio, identified in the simulated curve equation, were the 

values associated with samples with 1 layer, 2 layers and 3 layers of chromium oxide. Being related the 

thicknesses of 4.85 ± 0.01 µm for the experimental Pb(Lα/Lβ) ratio of 1 layer, 5.30 ± 0.01 μm for the 

experimental Pb(Lα/Lβ) ratio of 2 layers and 6 .87 ± 0.01 µm for the 3-layer experimental Pb(Lα/Lβ) ratio. 

From the third chromium oxide layer onwards, the values presented for the experimental Pb(Lα/Lβ) ratio no 

longer respect the behavior of the curve, becoming values with no common behavior between them. The 

justification for this behavior was the increase in the thickness of the chromium oxide layer, making a sample 

thick. 

 

4. Conclusions 

         Through this study, it was possible to verify the feasibility of employing the method of differential 

attenuation of X-rays characteristic of an element, to determine the thickness of pigment layers used in screens. 

Through theoretical modeling, it was possible to verify the application of equation (1) and equation (2) to 

determine pigment layer thickness, associated with comparison with simulated results. 

         A comparison approach between experimental results and simulated results was used. This approach 

was very satisfactory for the case studied. Comparing with the results of the experimental Pb(Lα/Lβ) ratio, it 

was possible to determine the thickness of 3 layers of chromium oxides. The study also allowed to verify the 

effectiveness of computer simulation of XRF, using the XMI-MSIM software. It is important to emphasize 

that simulation was an essential tool in the development of this work. If computer simulation were not used, 

it would not be possible to compare experimental and theoretical results. 
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