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Abstract 

In this paper, the compositions of commercial lead and non-lead X-ray protective materials were 
investigated by material analysis methods as FTIR-ATR, SEM/EDS, and density measurement to 
estimate the content of the structures, which were not declared explicitly by the manufacturers. 
Moreover, Monte Carlo simulations were carried out with the estimated weight ratio of the element 
amounts and actual densities. Hypothetical compositions were also generated and all the 
compositions were evaluated in terms of weight per area values versus dose transmission values. 
The results show that non-lead materials are basically composed of antimony and bismuth. The 
commercial material with the lowest density showed insufficient attenuation performance, hence 
it should not be proposed for lightweight apron production. The simulation results indicated also 
that non-lead compositions that contain adequate amount of radiopaque elements can be 
environmentally friendly alternatives for lightweight aprons at 60 kV and 90 kV. Besides, at higher 
levels as 120 kV, non-lead compositions lose their weight advantage against lead compositions. 

Keywords: X-ray shielding, material analysis, Monte Carlo, lead, non-lead, lightweight apron. 

 

1. Introduction 

One of the aims of radiological protection is to protect human body from the harmful effects of 
ionizing radiation, specifically to manage and control exposures to ionizing radiation (ICRP, 2007). 
To achieve this goal, the system of protection has three fundamental principles: justification, 
optimization of protection and application of dose limits. Within this framework, the use of personal 
protective equipment like aprons, collars or caps that are composed of layers with x-ray shielding 
characteristics (Le Heron et al., 2010, Jones et al., 2013) can be a tool to effectively reduce the 
exposures and optimize the protection system. 

The common approach for designing the shielding materials is to incorporate radiopaque powders 
into polymer sheets to compose materials with the required level of protection and reasonable 
flexibility properties. The shielding layers in aprons are generally composed of polymers such as 
rubber or vinyl types and radiopaque powders that can contain lead (Pb), tungsten (W), bismuth 
(Bi), antimony (Sb), tin (Sn), barium (Ba) among others and their compounds. The mixed 
structures are manufactured in various thicknesses which are aimed to be equal to the required 
protection levels of pure lead (Pb) at specific thicknesses (e.g., 0.25 mm Pb, 0.50 mm Pb). 
Depending on the required lead equivalence, several layers of protective sheets can be 
joined/sewn together to form aprons or collar, among others. 
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The most common type of protective aprons contain lead. Nonetheless, non-lead aprons recently 
became more available. The heavy weights and the toxicity of lead are two main motivations for 
designing non-lead and lightweight materials by using alternative elements like bismuth, antimony, 
tin, tungsten, barium (Scuderi et al., 2006; Zuguchi et al., 2008; McCaffrey et al. 2007; Finnerty 
and Brennan, 2005). According to previous studies (Klein et al., 2009, Moore et al., 1992; 
Goldstein et al., 2004; Machan and Haskal, 2001), wearing heavy weighted aprons cause serious 
physical injuries when they are used for a long time. For this reason, lightweight aprons with 
reduced amount of lead or completely non-lead content were designed and produced by the 
companies with the claim of protection at required levels at lower weights. The actual compositions 
of protective sheets are confidential and in some cases patented (Bartal et al., 2018, Peters et al., 
2017).  

Lead-free and lightweight aprons are generally presented in market with eco-friendly labels which 
also promise wearing comfort with their reduced weights. In literature, the performance of 
commercial lead and non-lead aprons has been investigated in some papers (Lu et al., 2019, 
Shousha et al., 2011, Finnerty and Brennan 2005, Papadopoulos et al. 2009). According to various 
studies (Lu et al., 2019, Peters et al., 2017, Eder et al., 2010, Finnerty and Brennan 2005, 
Papadopoulos et al. 2009), some of the aprons that are in use cannot meet the required protection 
levels, which is conflicting with the claims of companies. However, as far as we know, the 
published studies mainly focused on the radiation protection measurements without relating this 
behavior with the actual composition. 

The main purposes of the present study are the followings: i) to determine the composition of lead 
and non-lead commercial protective sheets; ii) to compare the radiation attenuation behavior of 
the commercial and the hypothetically generated compositions by simulation.   

For the first purpose, Fourier transform infrared spectroscopic method with attenuated total 
reflectance (FTIR-ATR), Scanning Electron Microscopy with Energy Dispersive Spectroscopy 
(SEM/EDS) and density measurements were performed. 

For the second purpose Monte Carlo (MC) simulations of the transport of ionizing radiation with 
the PENELOPE/penEasy code were carried out to analyze and compare the materials at same 
thicknesses (i.e., 0.25 mm, 0.50 mm, 1 mm, and 1.50 mm) in terms of dose transmission at 60 kV, 
90 kV, and 120 kV. In addition to that, the transmission results were discussed in terms of weight 
per area for each composition, and weights of the compositions were compared at the same lead 
equivalence levels.  

The main contributions of this paper can be listed as follows: 

• To evaluate the composition and density of commercial wearable x-ray shielding materials, 
making the simulations more realistically by the determination of estimated weight ratio of 
the element amounts and actual densities. 

• To compare the X-ray attenuation behaviors of the commercial and hypothetically 
generated compositions with the related weight per area values at the same lead 
equivalent protection level to determine the lighter compositions for lightweight aprons. 
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2. Materials and Method 
2.1.  Materials  

Four composite sheets, which are commercially used to produce aprons and similar wearable 
products were supplied from an apron production company. The information about the 
composition of the sheets was scarce and according to the labels, the two of the composite 
protective sheets were lead based (references; L1 and L2) and two were non-lead based 
(references; NL1 and NL2) protective sheets. These composite sheets were imported products 
from the UK, USA, and India (Figure 1) with known weight per area (Table 1). In the first stage of 
the study, the analysis was focused on determination of the densities, the polymer composition, 
the metal composition, and their weight ratios, which are required to perform MC simulations. 

 
Figure 1: Commercial samples.  

In the second stage, additional hypothetical compositions were designed and generated. The 
generated compositions and the commercial material compositions, which were determined by 
material characterization methods, were simulated under the same conditions via MC simulator. 
The hypothetical compositions were devised with the purpose of applicability as coating on textile 
surfaces similar to the studies (Aral et al. 2016, Aral et al. 2017) in which silicone rubber with 
tungsten, bismuth, tin, barium sulphate powders were applied on fabrics to design novel wearable 
x-ray protective materials. In this study, three new compositions with the content of silicone rubber, 
bismuth, and tin were generated to compare their X-ray attenuation behaviors with commercial 
samples which also would have potential to be used in future experimental studies. Despite the 
fact that polymer and metal particle mixtures are in heterogeneous form in practice; depending on 
geometrical limitations of simulation platform, the layers were generated as continuous and 
homogeneous forms in simulations.  

2.2.  Methods 

Thicknesses of each commercial sample were measured by a fabric thickness tester under the 
pressure of 5 g/cm2. Density measurements were done in an AccuPyc II 1340 gas pycnometer 
(Micromeritics, USA), with nitrogen gas at a pressure of 19.5 psi and equilibration rate of 0.01 
psi/min, in a 10 cm3 chamber. The average thickness and density was determined from five 
measurements for each sample. 

The FTIR-ATR analysis were carried out by using Nicolet 6700 FTIR Thermofisher 
spectrophotometer with a SmartOrbit Diamond ATR accessory, at a resolution of 4 cm-1 and 32 
scans and for each sample. The measurements were repeated two times by taking the scan from 
different zones on sample surface. 
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SEM and EDS analysis were done with JEOL JSM7001F Field Emission Scanning Electron 
Microscope at 20kV. The samples were coated with palladium-platinum by ion sputtering 
equipment before the analysis. SEM images were taken at 250x magnifications and backscattered 
electron (BSE) images were also taken. To determine the elements and weight ratios of each 
element in structure, two different samples from each material group and EDS data from at least 
five spots were taken. 

To estimate the weight ratios of each element in the structure, the mathematical relation of the 
mixture density was used by utilizing the measured densities of commercial samples and the 
compositional information from FTIR-ATR and EDS measurements.  The EDS results showed that 
the lead based samples contain polymer and lead, and non-lead samples contain polymer and 
two different metals in their structure. From this point of view, the relation of the mixture density 
(Equation 1) can be applied, where the density of polymer (𝑑!"#), the density of metal type-1 (𝑑$%), 
and the density of metal type-2 (𝑑$&) were known. Moreover, it is assumed that the total mass is 
equal to 1 to find the weight ratios. Correspondingly, the weight of polymer, metal type-1, and 
metal type-2 are denoted by 𝑤!"#, 𝑤$%, and 𝑤$&, respectively and the mathematical relation of 
these variables are given in Equation (1). For the samples with two metals 𝑤$%/𝑤$& ratio was 
determined/estimated by EDS and it is denoted by 𝛼. 

𝑑$'( =
1

𝑤!"#
𝑑!"#

+𝑤$%𝑑$%
+𝑤$&𝑑$&

 

 
𝑤!"# +𝑤$% +𝑤$& = 1 

 
𝑤$% 𝑤$&⁄ = 𝛼 

 

 
 
 

(1) 

 

By using the system in Equation (1), the solution for 𝑤$& and 𝑤$% can be derived in terms of the 
known variables as follows: 

𝑤$& =

𝑑!"#𝑑$%𝑑$&
𝑑$'(

−	𝑑$%𝑑$&
−𝑑$%𝑑$&(1 + 𝛼) + 𝑑!"#𝑑$&𝛼 + 𝑑!"#𝑑$%

 

 
𝑤$% = 𝛼	𝑤$& 

 

 
 

(2) 

 

After determining the approximate composition weight ratios, MC simulations were carried to 
compare the attenuation properties of the compositions under same condition. The simulation 
study was performed by using the MC simulator/code PENELOPE/penEasy (Salvat, 2014; 
Sempau et al 2011). PENELOPE describes the transport of photons, electrons and positrons in 
complex geometries and arbitrary materials and penEasy is a general-purpose main program for 
PENELOPE. It provides users with a set of source models, tallies, and variance reduction 
techniques that are invoked from a structured code. Users need only to input all the required 
information (radiation source characteristics) through a simple configuration file and through the 
usual PENELOPE data files (geometry and materials).  Cut-off energies were set to 120 keV both 
for electrons and positrons, thus secondary electron transport was neglected, assuming 
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secondary charged particle equilibrium, since kerma and dose are nearly equal for the energy 
range of interest in this work (up to 120 keV).  

Firstly, the photon fluence spectra for the radiation qualities of interest were determined with the 
XCOMP5R program (Nowotny, 1985).  A typical interventional radiology X-ray tube has been 
simulated (tungsten anode, anode angle of 11.5 degrees, 2.5 mm Al of minimum filtration). Several 
kilo-voltages peak have been simulated in the range commonly used in interventional radiology 
(60 to 120 kV) with an additional filtration of 0.1 mm Cu for all energies. The relative intensity 
versus energy spectrum of photons at 60 kV, 90 kV, and 120 kV calculated with XCOMP5R are 
shown in Figure 2. 

 
Figure 2: Energy spectrum of photons at 60 kV, 90 kV, and 120 kV with an additional filter of 0.1 mm Cu. 

The simulations were carried out under the same geometric conditions for each sample. The X-
ray source was located at 1 m from the protective layer, and the energy deposited was calculated 
in an air detector (1 cm-thick) placed at 1 cm from the end of the shield material. Subsequently, 
the absorbed dose can be calculated by taking into account the mass of the detector. The shield 
material was simulated as a layer of 9 cm x 9 cm x 𝑡, where 𝑡 denotes its thickness. The X-ray 
source was simulated with the angular aperture needed to cover the protective layer. 

The absorbed dose in the detector was also simulated without placing the protective samples on 
the simulation set-up for evaluating the transmission. The transmission was calculated by using 
Equation 3, where 𝐷 is the total absorbed dose amount in the detector after the interaction with 
the sample and 𝐷) is the total absorbed dose in the detector without the sample.  

𝐷𝑜𝑠𝑒	𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 	𝐷 𝐷)⁄  (3) 
 

3. Results and Discussion 
3.1.  Commercial Material Analysis 
3.1.1. Thickness and Density 

In Table 1, the average thickness and density determined for the commercial materials are given. 
Additionally, weight per area (g/m2) of each sample was calculated by using these values and 
compared with the weight per area values declared by the companies. As it can be seen, the 
declared weights of the samples with lead content (L1 and L2) were a bit lower than calculated 
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weights, whereas the declared weights of non-lead samples (NL1 and NL2) were approximate to 
the calculated weights. 

 

Table 1: The experimental measured thickness and density and the calculated and the declared weight per area 
values  of commercial samples. 

 
Average 
Thickness 
(mm) 

Std. 
Dev. 
(mm) 

Average Density 
(g/cm³) 

Std. Dev. 
(g/cm³) 

Weight per 
area 
(Calculated) 
(g/m2) 

Weight per 
area 
(Company) 
(g/m2) 

L1 0.58 0.0158 4.38 0.0031 2540.8 2410 

L2 0.79 0.0114 4.35 0.0021 3416.9 3350 

NL1 0.49 0.0071 2.94 0.0028 1438.9 1450 

NL2 0.92 0.0045 3.33 0.0028 3054.3 3000 

 

3.1.2. FTIR-ATR Analysis 

FTIR-ATR analysis was used to determine the polymer types in the content of each commercial 
sample. In Figure 3, the FTIR-ATR spectra of L1, L2, NL1, and NL2 samples are given.  As it can 
be seen, L1 sample and NL2 samples have very similar spectra that can be interpreted as the 
polymer of the samples could be identical, which are the products of the same company. The 
distinct peaks in spectra of L1 and NL2, probable bonds with related wavenumbers can be seen 
as in Figure 3 as at 2980 –CH stretching, at 2926-2853 -CH2 asymmetrical stretching, at 1460- 
1450 -CH2 bonding, and at 1360-1330 -CH bending. In addition to these, the samples have similar 
characteristic absorption bands with polyvinyl chloride (PVC) with the –C-Cl bonding at around 
600 cm-1 (Jung et al., 2018,). 

 
Figure 3: The FTIR-ATR spectra of L1, L2, NL1, and NL2 samples. 

The spectrum of L2 gives peaks at around 2900, 1400, 1300, and 600 cm-1 similar to L1 and NL2 
samples which indicates that the main polymer structure is also PVC. Additionally, other peaks at 
around 1750, 1250, 1100, and 730 cm-1 can be occurred because of the presence of dioctyl 
terephthalate (DOTP) as plasticizer (Higgins, 2013) in L2’s structure. 
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The distinct peaks in the spectrum of NL1 shows that the material has similar characteristic 
absorption bands with ethylene propylene diene rubber (EPDM). The bands originating from the 
symmetric and asymmetric stretching vibrations of -CH3 are around 2950 - 2850 cm-1. The 
stretching vibrations of the CH groups of propylene are localized at around 1460-1360 cm-1. The 
bending vibrations of the CH groups of the double bond (-C=C-H) can be observed at 725 cm-1 
(Roucoules et al., 2007). 

Consequently, the results of FTIR-ATR analysis indicated that the polymer of L1, L2, and NL2 
samples are PVC and NL1 sample contains EPDM as the polymer.  

3.1.3. SEM/EDS Analysis 

With the integrated BSE and EDS analysis modules, SEM imaging device was utilized to 
determine the composition, to perform elemental analysis, and to obtain topographic images of 
the commercial materials. The SEM images of the samples show the topographic structure of the 
materials. In addition to that, BSE method is useful to visualize the elements with higher atomic 
numbers (Z), which produce more backscattering and thus, correspondingly, look brighter on the 
image. In Figure 4, 5, 6, and 7 SEM (left) and BSE images (middle) of L1, L2, NL1, and NL2 
samples are shown respectively at x250 magnitude. 

The images were taken from the same area where the bright (i.e., white) regions in BSE images 
can be seen clearly, which indicates that there are distributed particles with high-Z elements.  To 
find out the element types, EDS analyses were carried out by collecting data from different parts 
of the samples and the results show that L1 and L2 samples were consisted of only lead (Pb) as 
the high-Z element in their structures (Fig. 4 and 5). 

    
Figure 4: SEM (left), BSE (middle) images of L1 sample at X250 magnitude and EDS spectrum (right) of L1. 

     
Figure 5: SEM (left) and BSE (middle) images of L2 sample at X250 magnitude and EDS spectrum (right) of L2. 

 

The SEM and BSE images of NL1 and NL2 samples were given in Fig 6 and Fig 7. The elemental 
analysis by EDS showed there are two different metals in both of the structures: antimony (Sb) 
and bismuth (Bi) (Fig 6 and Fig 7). The BSE images were observed in detail and some of the 

L1 

L2 
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particles that can be seen brighter than other particles were analyzed finely at higher 
magnifications. The analysis focused on the brightest regions (marked on the Fig. 6 and Fig. 7) 
and the corresponding EDS spectrum (Fig 6 and Fig 7) dominantly indicated the peaks related to 
bismuth element, which has higher Z (ZBi= 83) than antimony (ZSb=51). Additionally, only antimony 
and bismuth elements were found in both of the NL1 and NL2 samples that the materials were 
verified as non-lead material without any traces of Pb in their structures. 

To specify the elemental composition of the samples in terms of weight ratios, the semi-
quantitative data were collected by EDS method from various region on the sample. The 
commercial materials are mixed and heterogeneous structures composed of low (i.e.; C, O) and 
high Z materials (i.e.; Pb, Sb, Bi), which makes it difficult to obtain normalized weight ratios 
precisely by EDS. Due to the limited accuracy of detecting the amounts of low-Z elements (Z<11) 
such as carbon and oxygen in EDS method, in this study we focused on the ratios of heavy 
elements (i.e., the weight ratio of Sb to Bi) and incorporated the density relations to get weight 
ratios more accurately. The average weight of antimony and bismuth elements were identified and 
the weight ratios of them were calculated (wSb/wBi). Results showed that the average weight ratios 
of antimony to bismuth elements (wSb/wBi) are 9.866 and 6.110 for NL1 and NL2 samples, 
respectively.  

     
Figure 6: SEM (left) and BSE (middle) images of NL1 sample and some of the detected and marked particles consist of 
Bi element. EDS spectrum of NL1(right). 

    
Figure 7: SEM (left) and BSE (middle) images of NL1 sample and some of the detected and marked particles consist of 
Bi element. EDS spectrum of NL2 (right). 

Moreover, as it can be observed also in BSE images of NL1 (Fig. 6) that the intensity of particles 
(i.e, bright regions) per area were seem less than NL2. This supports the idea that NL1, which is 
the composition with the least density in all four commercial sample (Table 1), was 
manufactured by adding lower amounts of radiopaque powders into the polymer matrix. 

3.1.4. Weight ratio calculations 

The main aim of the characterization was only to focus on the determination of the weight ratios 
of the polymers and the radiopaque elements. The weight ratios of the elements in materials are 
needed to generate and simulate the compositions in PENELOPE (MC) simulator. In this part of 

NL2 

NL1 
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the study, Equations (1) and (2) were used to calculate weight ratios of lead, bismuth, and 
antimony by assuming that metals are in element form to simplify the analysis. More complex 
material characterization analysis is required to observe that which of the probable compounds 
(e.g., PbO, PbO2, Sb2O3, Sb2S3, B2O3 etc.) are found in the structure of each sample which also 
include polymers and other additives. In this study, from the perspective of radiation interaction 
with matters, we prefer to concentrate on the elements with radiopaque character and omitted to 
analyze whether the elements are in compound form with other radiation-transparent and low-Z 
elements as oxygen, sulphur etc. Therefore, for the weight ratio calculations the density of lead, 
bismuth, and antimony were used and the densities are as follows, dPb: 11.35 g/m3, dBi: 9.75 g/m3, 
dSb: 6.69 g/m3, and the densities of flexible dPVC and dEPDM are 1.15 g/m3 and 1.10 g/m3, 
respectively. 

In Equation (1) we defined the weight ratios of one type of metal to the other metal, which is 
denoted by α for the structures consist of two different metal types as NL1 and NL2 samples where 
αNL1= 9.866 (wSb/wBi) and αNL2= 6.110 (wSb/wBi). 

The calculations were carried out by solving Equation (2) with α values, the measured densities 
of samples (dmix) (Table 1), the densities of each metal and polymers. Thus, for the commercial 
samples weight ratio of the polymers and weight ratios of Pb, Sb, and Bi were calculated and 
given in Table 2. 

Table 2: The densities and the content of the commercial samples and the generated compositions 

 Density 
(g/cm³) 

Polymer Weight ratio of 
polymer (%) 

Metals Weight ratios of metals 
(%) 

L1 4.39 PVC 17.93 Pb Pb 82.07%  
L2 4.35 PVC 18.15 Pb Pb 81.85% 
NL1 2.94 EPDM 25.59 Sb+Bi Sb 67.56% Bi 6.85% 
NL2 3.33 PVC 21.82 Sb+Bi Sb 67.19%, Bi 10.99% 
Bi80 3.82 SR 20 Bi Bi 80% 
Bi25Sn50 3.13 SR 25 Sn+Bi Sn 50% Bi 25% 
Bi15Sn60 3.10 SR 25 Sn+Bi Sn 60% Bi 15% 

 

Bi80, Bi25Sn50, and Bi15Sn60 compositions are hypothetically generated mixtures which are 
designated to be applied on textiles as coating. Bismuth is one of the most commonly used 
element in x-ray shielding application with high atomic number (ZBi= 83) and in Bi80 sample the 
weight ratio of bismuth was determined as 80% where the weight ratio of the polymer was 20%. 
Bi25Sn50 and Bi15Sn50 samples were generated with lower bismuth ratio where tin was used as 
the other radiopaque element with moderate atomic number (ZSn=50) and lower density (dSn=7.31 
g/cm3) which is also a commonly used element in x-ray shielding materials (McCaffrey et al., 2007, 
Zuguchi et al., 2008). The idea of combining high-Z and moderate-Z materials is based on 
optimizing the attenuation properties by taking consideration the density and so the weight of the 
shielding material (Jones et al., 2013, Mc Caffrey et al., 2009). As it can be seen, this technique 
is also exploited in commercial samples NL1 and NL2, in which bismuth and antimony elements 
were found in their structures.  

For manufacturing materials with X-ray shielding ability, the total weight ratio of the radiopaque 
powder, which will be embedded in polymer is limited and depends on several factors. The 
viscosity of the polymer, the density of the powder, and the particle size of powder are some of 
the parameters that affect the constraint on the weight ratio of the radiopaque powder. According 
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to the previous experimental observations, the mixture cannot be properly applied on surfaces 
when the volume ratio of the powder was above a specific ratio in silicone rubber matrix. These 
ratios depend on the particle size (e.g. micro or nano sizes), the type and the viscosity of the 
polymer, and the density of powder. Although reducing the weight ratio of the radiopaque powder 
enables the manufacturing of the composition, there is a clear tradeoff in terms of achieving the 
required x-ray attenuation.  If the powders with high densities as tungsten (dW= 19.3 g/cm3), lead, 
and bismuth are used, it can be possible to reach 80-85% weight ratios, on the other hand, if the 
powders with lower densities as barium (dBa=3.5 g/cm3), antimony, tin, and their compositions are 
used, due to their higher volume ratios, the applicable amounts decrease. In this study, the 
generated compositions of Bi80, Bi25Sn50, and Bi15Sn60 were designed by also taking into 
consideration of the practical issues of manufacturability. Similarly, the analysis showed that the 
total weight ratio of powders in the commercial samples, where PVC and EPDM were used as the 
polymer, also vary around 75-82% (Table 2). 

For the generated compositions, silicone rubber (dSR: 1.11 g/cm3) was chosen as the polymer 
which was also used in previous experimental studies (Aral et al., 2016, Aral et al., 2017) because 
of its compatibility to the cotton surfaces that form strong adhesion.  

The contents of generated compositions were given in Table 2. The densities of Bi80, Bi25Sn50, 
and Bi15Sn60 compositions were calculated and also given, where the densities of Bi80, 
Bi25Sn50, and Bi15Sn60 are 3.82 g/cm3, 3.13 g/cm3, and 3.10 g/cm3, respectively. 

3.1.5. MC Simulations 

The simulations were carried out for the commercial sample compositions and the hypothetically 
generated compositions for textile coating at 0.25 mm, 0.50 mm, 1 mm, and 1.50 mm thicknesses 
under the same conditions. The transmission values (i.e., 𝐷 𝐷)⁄ )  were calculated by MC simulation  
for each thickness at 60 kV, 90 kV, and 120 kV tube voltage levels. The results from MC 
simulations were plotted (indicated by MC in the legend) in Figures 8, 9, and 10 and curve fitting 
(CF) is applied to MC results that aimed to minimize the squared error with the model function of 
dose transmission. In addition to that, under the same conditions the simulations were performed 
for 100% lead (Pb) at 0.125 mm, 0.25 mm, and 0.50 mm thicknesses which indicate the lead 
equivalency for the comparison of the attenuation behavior of the samples with mixed structures 
and to calculate the lead equivalent thicknesses. 

For all energy levels, L1 and L2 commercial samples with lead content and Bi80 sample with 80% 
wt bismuth have 0.125 mm and 0.25 lead equivalency at lower thicknesses compared to the 
samples that contain moderate Z elements, namely antimony and tin. 

Moreover, the behaviors of NL2 and Bi25Sn50 have similarities where Bi15Sn60 composition can 
reach same lead equivalency at higher thicknesses. In all compositions, NL1 shows the weakest 
attenuation behavior which have higher 𝐷 𝐷)⁄ 	values at each thicknesses.  
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Figure 8:  At 60 kV MC simulated D/D0  values of the commercial and generated compositions at given thicknesses. 

  

 
Figure 9: At 90 kV MC simulated D/D0  values of the commercial and generated compositions at given thicknesses. 
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Figure 10: At 120 kV MC simulated D/D0  values of the commercial and generated compositions at given thicknesses. 

The comparison of 𝐷 𝐷)⁄ 	of the compositions is important to evaluate the shielding capacity of the 
materials. On the other hand, as it is mentioned before the weight of the material is also very 
critical parameter for designing wearable shielding products. Please note that, the compositions 
with the content of moderate-Z elements as NL1, NL2, Bi25Sn50, and Bi15Sn60 have lower 
densities compared to L1, L2, and Bi80 that have higher densities (Table 2). Therefore, the 
tradeoff between radiation attenuation and the weight per area of the compositions should be 
considered. This kind of analysis may reveal the advantages of low-density protective 
compositions in terms of the radiation attenuation when the weights of compositions are kept 
constant.  

We carried out weight analysis to understand the protective abilities of the compositions. To obtain 
the weight of a sample at a certain thickness, the weight per area (i.e.: g/m2) of each composition 
were calculated by using the densities (Table 2). Figure 11, 12, and 13 show the weight per square 
meter versus 𝐷 𝐷)⁄  values. The results showed that, except NL1, all the other compositions 
reached 0.25 mm Pb equivalent attenuation (i.e., 𝐷 𝐷)⁄  values of 0.04785 and 0.17615 at 60 kV 
and 90 kV, respectively) around 3300-3450 g/m2, where NL1 reached these values at 3880 g/m2 
for 60 kV and at 3612 g/m2 for 90 kV. Consequently, the simulation results of NL1 with the density 
of 2.94 g/cm3 and the estimated element content (Table 2) indicated that, this composition is not 
proper for designing lightweight aprons. 

Secondly, at 60 kV and 90 kV levels, NL2, Bi25Sn50, and Bi15Sn60 compositions performed 0.25 
mm Pb equivalent transmission at similar weights with L1, L2, and Bi80, even approached the 
same  𝐷 𝐷)⁄  values at slightly lower weights (Fig. 11 and 12). However, at 120 kV, compositions 
with high weight ratios of Sn and Sb and comparatively low content of Bi (i.e., NL1, NL2, Bi25Sn50, 
and Bi15Sn60), can reach the same transmission levels at higher weights (Fig. 13). Consequently, 
these observations can be interpreted as the aprons with high content of moderate-Z elements 
(e.g., Sb, Sn) and low content of high-Z elements (e.g., Bi) similar to NL1, NL2, Bi25Sn50, and 
Bi15Sn60 compositions cannot reach the required protection with low weight advantage at 120 
kV. In other words, a product that will be manufactured by this kind of composition cannot be 
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presented as light weighted if it is required to meet standard protection levels such as 0.25 mm 
Pb at 120 kV. On the other hand, during the applications at lower energy levels such as 60 kV, 90 
kV; non-lead compositions similar to NL2 and Bi25Sn50 can meet the protection requirements 
with slightly lower weights which can be also labelled as environmentally friendly. 

 
Figure 11:The weight per area values of the commercial and generated compositions versus D/D0 at 60kV. 

 
Figure 12: The weight per area values of the commercial and generated compositions versus D/D0 at 90kV. 
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Figure 13: The weight per area values of the commercial and generated compositions versus D/D0 at 120kV. 

 

 
Figure 14: Fluence graphs of L1 and NL2 compositions and the energy spectrum at 90 kV. The thickness of L1 and 
NL2 were taken as 0.762 mm and 0.981 mm respectively, which correspond to 0.25 mm Pb equivalent thicknesses at 
90 kV. 

The normalised energy distribution of the photon beam reaching the air detector was presented 
in Figure 14 for L1 and NL2 materials at same lead equivalent thicknesses for the 90 kV beam.  
Additionally, the normalised energy distribution of the unattenuated 90 kV beam can be seen and 
mean energies of all beams were given. The thickness of L1 and NL2 were taken as 0.762 mm 
and 0.981 mm respectively, which correspond to 0.25 mm Pb equivalent thicknesses at 90 kV. 
Therefore, D/D0 values of L1 and NL2 are equal to 0.178 at 90 kV. 

As photons of low energies are more attenuated than high energy photons, the mean energies 
after the shields were higher than initial mean energy of the beam. However, material NL2 contains 
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antimony, which gives rise to characteristic X-rays at very low energies (26.4 and 29.7 keV) which 
help to explain why materials with a higher content of Sb showed a worse performance than those 
with Bi and Pb. 

 

4. Conclusion 

The composition of protective layers in lead and non-lead aprons is mostly confidential for 
commercial products. In this study, the proposed material analysis methods enabled to determine 
the elements of and their weight ratios, approximately. The type of the polymer in lead and non-
lead materials were determined by FTIR-ATR method. Both, semi quantitative EDS analysis and 
density measurements were utilized for the elemental analysis and weight ratio estimations. The 
analyses showed that two different lead based materials contain around 82% Pb. Non-lead 
materials contain Sb and Bi in their structure at certain amounts and do not contain any traces of 
Pb. 

The radiation analyses, which were carried out by using MC simulation, indicated that higher 
amounts of Pb and Bi in composition lead to higher attenuation at same material thicknesses 
compared to compositions containing moderate-Z elements. On the other hand, non-lead 
compositions can perform better protection performance in terms of weight per area at 60 kV and 
90 kV. Consequently, if compositions are designed adequately by considering the weight ratios of 
radiopaque elements, non-lead compositions can be lighter alternatives as the companies have 
claimed.  Nonetheless, at 120 kV levels, non-lead compositions with high amounts of Sb and Sn 
do not have weight advantage over the compositions with high amounts of Pb and Bi. 

Also, the analysis showed that one of the non-lead commercial material which is used 
commercially in lightweight aprons have low amounts of radiopaque elements and insufficient 
protection performance.  Accordingly, it should be emphasized that, users/consumers should be 
careful while choosing the lightweight aprons since these aprons may not meet the protection 
requirements despite their comfort.  
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