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A B S T R A C T   

The paper presents data on the effect of γ-radiation on polymer composites based on polyimide track membranes 
filled with nanodispersed lead. The radiation-protective properties of the composites were studied by theoretical 
and experimental methods. To carry out experimental studies on the effect of γ-radiation on the composite, 
radioactive sources cesium-137 and cobalt- 60 were used. The calculated data of the linear attenuation coeffi-
cient of γ-radiation in the composite, depending on the initial energy of γ-quanta in the range from 0.5 to 5 MeV, 
are presented. The contribution of the photoelectric effect, the Compton effect, and the formation of electron- 
positron pairs to the total linear attenuation coefficient of the gamma radiation of the composite is estimated. 
When γ-radiation passes through 2.5 mm of the composite, the intensity of γ-radiation absorption decreases by 
17.7 and 4.4% at radiation energies of 0.5 and 5 MeV, respectively. It was experimentally established that the 
introduction of nanodispersed filler Pb into a polyimide track membrane made it possible to increase the linear 
attenuation coefficient of γ-radiation by more than 6 times at an energy of 0.662 MeV, and by a factor of 3.7 at an 
energy of 1.252 MeV as compared to pure polymeric material.   

1. Introduction 

Ionizing radiation is widely used in various human activities, 
including medicine, industry, agriculture, and scientific research. With 
the development of the use of ionizing radiation, the issue of protecting 
personnel working at enterprises using radiation technologies arises. 
One of the most promising methods of protection against radiation 
exposure is the use of a radiation shield. The selection of the composition 
of the radiation shield depends on many factors, such as energy, and the 
duration and type of ionizing radiation. It is known that the best fast 
neutron moderators are hydrogen-containing materials: polymers, metal 
hydrides, etc. (Preston and Tickner, 2017; Pavlenko et al., 2015a, 
2015b; Abdulrahman et al., 2020; Ibrahima and Mahdib, 2019). It is 
promising to use cadmium and boron-containing screens from slow 
(thermal) neutrons (Chrysanthopoulou et al., 2014). To protect against 
radiation in space, it is promising to use polymer composites, especially 
based on polyimide (Pavlenko et al., 2014, 2019; Yastrebinsky et al., 
2016; Zhang et al., 2021). To protect against X-ray and γ-radiation, 
protective screens are used, the filler of which are materials with a high 

atomic number and high density (W, Bi, Fe, Pb, Ni, etc.) (Sverguzova 
et al., 2019; Mollah, 2018). 

The necessary components for protection against a certain type of 
radiation are added to compositions to create structural elements - walls, 
partitions, etc. The most widely used are protective screens in the form 
of concrete structures. Yao et al. found that irradiation of heavy concrete 
samples with neutrons and gamma rays did not significantly change the 
mechanical and structural characteristics of the materials (Yao et al., 
2016). 

Tyagi et al. (2021) showed that for the creation of 
radiation-shielding concretes it is possible to use industrial waste, 
including metallurgical waste ¬ ferrous and non-ferrous slags. In addi-
tion, fly ash, silica and organic synthesis wastes can be used as fillers for 
radiation-shielding concretes (Tyagi et al., 2021). Akkurt et al. found 
that an increase in the nuclei of heavy metals in the composition of the 
filler of radiation-shielding concretes will have a greater effect than an 
increase in the amount of the added filler (Akkurt et al., 2006). 

Gamma-ray shielding based on glass compositions is widely used 
(Sayyed et al., 2021a; Yasmin et al., 2018; Abouhaswa and Kavaz, 
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2020). Bagheri et al. obtained radiation-protective borate glasses con-
taining barium oxide (II), bismuth oxide (III), lead oxide (II) (Bagheri 
and Shirmardi, 2021). It was found that the effective atomic cross sec-
tions of the glass samples improved by increasing their barium oxide (II), 
bismuth oxide (III), lead oxide (II) contents. Sayyed et al. found that the 
addition of MoO3 to borate glasses leads to an increase in the protective 
properties of glasses in relation to gamma radiation (Sayyed et al., 
2021b). For pure borate glass, the linear attenuation coefficient of 
gamma radiation was 0.557 and 0.218 cm− 1 at ionizing radiation en-
ergies of 0.184 and 0.81 MeV, respectively. With the introduction of 20 
wt% molybdenum (VI) oxide into borate glass, the linear attenuation 
coefficient of gamma radiation increased 1.6 and 1.74 times at ionizing 
radiation energies of 0.184 and 0.81 MeV, respectively. 

Recently, the direction for the development of radiation-protective 
screens based on polymers has become topical. They are characterized 
by a combination of high values of mechanical strength, ease of pro-
cessing and low cost. The addition of various fillers makes it possible to 
obtain polymer composites with desired functional properties, including 
those with high radiation-shielding characteristics. Particular attention 
has been paid to the technological features of the filler introduction. 
There are various techniques that allow the filler to be evenly distributed 
in the polymer matrix. For example, the use of the ultrasonic cavitation 
method which does not allow highly dispersed filler particles to aggre-
gate (Pavlenko and Cherkashina, 2019). Another promising method is 
the use of mechano-activation of filler and polymer particles during joint 
grinding in a mill (Cherkashina et al., 2019; Klyuev et al., 2010; Cher-
kashina and Pavlenko, 2018; Sirenko et al., 2017). However, the use of 
the above methods does not completely eliminate particle agglomera-
tion, especially when using nanofillers. Previously, the authors have 
developed a technique for the synthesis of polymer composites based on 
polymer track (nuclear) membranes filled with nanofillers in which 
agglomeration of the filler is completely excluded (Cherkashina et al., 
2020). Track (nuclear) membranes are thin polymer films in which there 
are many through nanoholes (tracks) (Apel, 1995; Ve-iter, 1994; Apel, 
2019). By the method of electrochemical deposition, it is possible to fill 
the tracks of polymer membranes with various metals (Zhu et al., 2015; 
Gupta and Kumar, 2019; Ferain and Legras, 2003). 

The most widespread are track membranes based on polyethylene 
terephthalate (Kaniukov et al., 2017; Satulu et al., 2019). There are also 
works on the synthesis of track membranes based on polypropylene, 
polyvinylidene fluoride, polyethylene naphthalate, polyethylene tere-
phthalate and other polymers (Kakitani et al., 2018; Schauries et al., 
2018; He et al., 2006; Starosta et al., 1999). In the previous work of the 
authors (Cherkashina et al., 2020), the possibility of creating 
radiation-protective polymer composites based on polyimide track 
membranes was shown. Polyimide is one of the most radiation-resistant 
polymeric materials (Wozniak et al., 2016). In addition, it possesses high 
physical, mechanical, and thermal properties, which significantly ex-

pands the field of application of composites based on polyimide (Pan 
et al., 2020; Liaw et al., 2012). The use of nanosized particles as a filler 
for track membranes will increase the radiation-protective characteris-
tics of the material as compared to the use of large filler particles 
(Özdemir et al., 2018; Malekzadeh et al., 2019). 

This work presents data on the assessment of the radiation-protective 
properties of a composite based on polyimide track membranes filled 
with nanodispersed lead. The radiation-protective properties of the 
composites were studied by theoretical and experimental methods. To 
carry out experimental studies on the effect of γ-radiation on the 

composite, radioactive sources cesium-137 and cobalt- 60 were used. 

2. Materials and research methods 

2.1. Synthesis of polyimide/lead composites 

Polyimide track (nuclear) membranes manufactured by It4ip 
(Belgium, https://www.it4ip.be) were used as a polymer matrix for the 
synthesis of the composites. The pore diameter was 200 nm, the pore 
density was 5 × 108 cm− 1, and the polyimide membrane was 25 μm 
thick. Electrochemical deposition was used to fill the membrane tracks 
with nanodispersed lead. For this, a lead cathode coating 210 nm thick 
was applied to one side of the polyimide track (nuclear) membrane. Lead 
coating on the membranes was carried out by the method of dual 
magnetron sputtering in an UniCoad 200 vacuum installation with an 
unbalanced magnetic system for 8 min. The electrodeposition of nano-
dispersed lead into the pores of the track membranes was carried out 
from an electrolyte solution based on lead tetrafluoroborate Pb (BF4) 2, 
at a fixed voltage of − 400 mV. 

Since the thickness of one polyimide track (nuclear) membrane was 
25 μm, the thickness of the resulting composite was also 25 μm. To 
obtain a composite with a greater thickness, the required amount of 
membranes filled with nanodispersed lead were glued. The membranes 
were glued using polyamic acid, which, upon hot pressing, turned into 
polyimide and firmly held the composite layers together. The synthesis 
of the multilayer structure of the composite is presented in more detail in 
(Cherkashina et al., 2020). 

The samples were examined by scanning electron microscopy using 
high-tech equipment of the TESCAN MIRA 3 brand. 

2.2. Effects of γ-radiation on materials 

2.2.1. Modeling of protective properties 
Modeling of the processes of the passage of γ-radiation through the 

materials under study was carried out at an energy of 0.5–5 MeV. It was 
taken into account that the attenuation of γ-radiation occurs due to the 
photoelectric effect, the Compton effect, and the effect of the formation 
of electron-positron pairs. For calculations, we used the well-known 
formulae describing the cross sections of these processes in a homoge-
neous material (Leo, 1994):  

1) To assess the contribution of the photoelectric effect, we used 
Equation (1): 

σf = 4π r2
e α4Z5Gf (E) (1)    

where ε = E/mec2, E is the energy of gamma quanta, mec2 = 0.511 
MeV is the rest energy of an electron, re = e2/mec2 = 2.8 10− 13 cm is 
the classical radius of an electron, α = 1/137 - fine structure con-
stant, and Z is the sequence number of the corresponding element.  

2) To estimate the contribution of the Compton scattering process, we 
used Equation (3): 

σK = 2πr2
e
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3) To estimate the contribution of the process of formation of electron- 
positron pairs at energies of γ-quanta in the range of their energies 
2mec2<E < 137mec2Z− 1/3, we used Equation (4): 

σP = r2
e α Z(Z + 1)

[
28
9

ln(2ε) − 218
27

]

(4) 

The cross-sections are related to attenuation coefficient according to 
Equation (5): 

μi = σi⋅NA⋅
∑n

1
ρj

Z2
j

Ai
(5)  

where μi is μf or μk or μp; σi is σf or σk or σp; NA – Avogadro’s number, 
equal to 6,02⋅1023; ρj – the density of the corresponding element, Zj – the 
sequence number of the corresponding element, Aj – the atomic mass of 
the corresponding element; n - the number of different atoms in a 
composite material. 

The total attenuation coefficient of γ-quanta in the materials under 
study consists of the sum of the attenuation coefficients from each 
process (Equation (6)): 

μ= μf + μk + μp (6)  

2.2.2. Experimental exposure to γ-radiation 
The determination of the radiation-protective properties of the ma-

terials under study was carried out experimentally using two different 
radioactive sources: cesium-137 and cobalt- 60. The energy of γ-quanta 
of the cesium-137 source was 0.662 MeV. The energy of γ-quanta of the 
cobalt- 60 source was 1.252 MeV. Measurements were made of the in-
tensity of absorption of γ-radiation without using the test material (I0), 
as well as measurements of the intensity of absorption of γ-radiation 
using a screen made of the test material with a given thickness d (I). The 
linear attenuation coefficient of γ-radiation was calculated based on 
Equation (7): 

I = I0⋅e− μ⋅d (7) 

The schematic of the experiment is shown in Fig. 1. The detector was 
used to calculate the equivalent dose rate without the test material, as 
well as the equivalent dose rate when using a protective screen. Lead 
blocks 10 cm thick were used as collimators. 

The μm in a composite based on polyimide track membranes was 
found as the ratio of the linear coefficient of γ-radiation attenuation (μ) 

to the density of the composite (ρ) according to Equation (8): 

μm = μ/ρ (8) 

MFP, which is defined as the average distance between two succes-
sive interactions of photons in an absorber (Bagheri et al., 2017a), was 
calculated for samples using Equation (9): 

MFP= 1/μ (9) 

The absorption of X-ray and γ-radiation by various substances can be 
characterized by the value of HVL, i.e., the thickness of the layer, which 
halves the intensity of the incident rays. The thickness of the half- 
attenuation layer was found by Equation (10): 

HVL= 0.693/μ (10) 

The average value of measurements was determined by Equation 
(11): 

< x >=
x1 + x2 + … + xn

n
=

∑n

i=1
xi

n
(11) 

The variance of the mean value was found by Equation (12): 

S2
<x> =

(x1− < x > )
2
+ (x2− < x > )

2
+ … + (xn− < x > )

2

n⋅(n − 1)
(12) 

The standard deviation of the mean value was determined by 
Equation (13): 

S<x> =

̅̅̅̅̅̅̅̅̅

S2
<x>

√

(13)  

3. Results and discussion 

3.1. Physical and mechanical properties of composites 

Fig. 2 shows an SEM image of the initial polyimide track (nuclear) 
membrane (a) and the membrane after electrochemical deposition at a 
fixed voltage of − 400 mV (b). Data analysis Fig. 2a showed that the 
track exit holes in the form of circles with a diameter of ≈200 nm are 
clearly visible on the track membrane surface. Track outlets are 
randomly spaced from each other. One can notice both the presence of 
single tracks and the overlap of several tracks (Fig. 2a). According to 
Fig. 2а, the track concentration was calculated, which is ≈ 5 × 108 cm− 2. 

Electrochemical deposition made it possible to completely fill the 
tracks at the nanoscale level (Fig. 2b). According to the data of energy 
dispersive analysis, the tracks of the polyimide membrane are filled with 
metallic lead. To assess the degree of filling of the membrane tracks with 
nanodispersed lead, the polymer was removed by keeping the composite 
in a 25% solution of ammonia water NH4OH at room temperature for 2 
days. With these parameters of the solution, the polyimide membrane 
completely dissolves, while nanodispersed lead is inert to this solution. 
SEM-images of the obtained array of nanowires after chemical dissolu-
tion in a 25% solution of ammonia water NH4OH of a polymer mem-
brane are shown in Fig. 3. 

Fig. 3 shows that after removal of the polyimide matrix, lead nano-
wires of regular tubular shape remain. The average nanowire diameter is 
180–200 nm. Fig. 3 shows that it is noticeable that the nanowires do not 
stick together “into bundles”, whereas in other works it is described that 
after removal of the matrix, nanowires can tilt and “stick together” into 
bundles, which is associated with the effect of surface tension and arises 
when the wires are “released” from the polymer matrix during its 
removal (etching) (Frolov et al., 2014). It can also be noted that some 
nanowires are partially empty (Fig. 3). The incompleteness of the entire 
volume of the nanoscale with lead is possibly a consequence of the filling 
of the track with oxygen (O2) released during electrochemical 
deposition. 

Based on the data presented in Figs. 2 and 3, it was found that the Fig. 1. Scheme of the experiment to determine the radiation-protective prop-
erties of the materials under study. 
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proposed method allows filling the track channels of the membrane with 
nanodispersed lead. Thus, a composite was obtained in which nano-
dispersed filler made of metallic lead is uniformly distributed, and in 
which agglomeration of the nanofiller is completely excluded (Fig. 2b). 
Since the thickness of the obtained composite is due to the thickness of 
the track membrane - 25 μm, several layers were glued using polyamic 
acid to form a composite of greater thickness. Fig. 4 shows a cross sec-
tion of a multilayer composite formed by hot pressing of 40 layers of 
polyimide track membranes filled with Pb. Fig. 4 shows that the layers 
are quite tightly adjacent to each other, thereby forming a single com-
posite without cracks and delamination. 

3.2. Theoretical calculations of the transmission of γ-radiation through a 
composite 

For theoretical calculations of the transmission of γ-radiation 
through the developed composite based on polyimide track membranes, 
we used its atomic chemical composition (Table 1). 

The density of the developed composite based on polyimide track 
membranes filled with nanodispersed Pb was 4.21 g/cm3. The distance 
between the lead particles in the tracks was taken as 350 nm (the 
average distance between the tracks). The thickness of one polyimide 
track membrane filled with nanodispersed Pb is 25 μm. On one side of 
the polyimide track membrane, metallic lead (Pb) was sprayed - a lead 

foil with a thickness of 0.06 μm. Thus, the total thickness of one track 
film (one layer) is 25.06 μm. 

Fig. 5 shows the data on the calculated linear attenuation coefficient 
of γ-radiation (μ) in the investigated composite based on polyimide track 
membranes, depending on the initial energy of γ-quanta in the range 
from 0.5 to 5 MeV. Fig. 5 also shows the contributions of the photo-
electric effect (μf), the Compton effect (μk), and the electron-positron 
pairing effect (μp) to the total (μ) linear attenuation coefficient for 
γ-radiation. Analysis of the data obtained showed that at a γ-radiation 
energy of 0.5–0.75 MeV, the photoelectric effect makes the greatest 
contribution to the μ. At γ-radiation energies above 0.75 MeV, the 
Compton effect makes the greatest contribution. At a γ-radiation energy 
less than 3.37 MeV, the contribution of the formation of electron- 
positron pairs is not observed, and at a γ-radiation energy higher than 
3.37 MeV, the contribution of the formation of electron-positron pairs 
gradually increases and at an energy of more than 4 MeV its contribution 
becomes much larger in comparison with the Compton effect. At γ-ra-
diation energies above 4 MeV, the contribution of the photoelectric ef-
fect and the Compton effect gradually decrease, while the contribution 
of the formation of electron-positron pairs begins to increases (Fig. 5). 

For comparison, Fig. 6 shows the curves of the calculated linear 
attenuation coefficient of γ-radiation in the investigated composite 
based on polyimide track membranes and in a material made of pure 
lead (Pb), depending on the initial energy of γ-quanta in the range from 

Fig. 2. Polyimide track membrane: a) initial, b) after electrochemical deposition.  

Fig. 3. SEM images of replicas of nanodispersed lead in track membrane channels.  
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0.5 to 5 MeV. According to Fig. 6, a material made of pure lead has better 
radiation-shielding properties in comparison with the investigated 
polymer composite based on polyimide track membranes. It is notice-
able that the curve of the dependence of the linear attenuation coeffi-
cient of γ-radiation Pb is located above the curve of the considered 
composite (Fig. 6). However, the density of Pb is 11.35 g/cm3, and the 
density of the developed material is 4.21 g/cm3. Thus, the density of the 
polymer composite is 2.7 times less than the density of Pb. In this case, 

sufficiently high values of the linear attenuation coefficient of γ-radia-
tion of the composite remain (Fig. 6), which is explained by the high lead 
content of 76.14 wt% in (Table 1). 

Fig. 7 shows the curves of the γ-radiation intensity attenuation in the 
composite based on polyimide track membranes depending on the 
number of layers (N). The dependences are presented for two energies 
0.5 MeV and 5 MeV. From the graphs shown in Fig. 7, it is noticeable 
that with an increase in the layers, an increase in the absorption of 
γ-radiation is observed. In this case, for an energy of 0.5 MeV, the 
attenuation of the intensity of γ-radiation is much greater than for an 
energy of 5 MeV with the same number of layers. When γ-radiation 
passes through 50 layers, the intensity of γ-radiation absorption de-
creases by 8.8 and 2.1% at radiation energies of 0.5 and 5 MeV, 
respectively. When γ-radiation passes through 100 layers, a decrease in 
the intensity of γ-radiation absorption by 17.7 and 4.4% occurs at ra-
diation energies of 0.5 and 5 MeV, respectively (Fig. 7). 

3.3. Radiation-protective characteristics of the composite 

For the purpose of the investigation five multilayers composites 
based on polyimide track membranes consisting of N = 160 layers were 
produced. The resulting protective screen was about 4.00 mm thick. The 
MKS-01R radiometer-dosimeter recorded the average flux value in a 
detector F (E, d) when using a protective of a fixed thickness, as well as 
the average flux value in the same detector volume, F (E, 0), in the 
absence of any shielding material. The measurements were carried out 
for two shield different radioactive sources 137Cs and 60Co. Based on the 
obtained data and formula (1), the experimental values of the linear 
attenuation coefficient of γ-radiation were calculated (Table 2). Table 2 
also presents data on the mass attenuation coefficient of γ-radiation, the 
mean free path (MFP), and the half-attenuation layer (HVL) of the 
composite based on polyimide track membranes. 

The radiation-protective characteristics of the polymer composite 
based on polyimide track membranes presented in Table 2 were deter-
mined taking into account the confidence interval. The confidence in-
terval was found through the Student’s parameter t and the standard 
deviation of the mean value of the studied parameter. 

Analysis of the data in Table 2 showed that with increasing energy, 
the linear and mass attenuation coefficients of γ-radiation in the com-
posite based on polyimide track membranes decreased. 

To compare the radiation-protective characteristics, Table 3 presents 
data on the linear and mass attenuation coefficient of the investigated 
polymer composite based on polyimide track membranes and known 

Fig. 4. SEM image of a cross section of a multilayer composite.  

Table 1 
Atomic chemical composition of the developed composite based on polyimide 
track membranes.  

Atom content, wt% 

Oxygen Nitrogen Hydrogen Сarbon Lead 

5.2 1.8 0.6 16.3 76.1  

Fig. 5. Calculated μ in the investigated composite.  

Fig. 6. Curves of the dependence of the linear attenuation coefficient of γ-ra-
diation for Pb and a composite based on polyimide track membranes. 
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radiation-protective materials. Table 3 presents data for polymeric 
materials, various types of concrete, and various types of glass. 

Analysis of the data presented in Table 3 shows that of all the ma-
terials presented, the proposed composite based on polyimide track 
membranes has the highest values of the linear and mass attenuation 
coefficients. The introduction of a nanodispersed filler into a polyimide 
track membrane makes it possible to increase the linear attenuation 
coefficient of γ-radiation by more than 6 times at an energy of E = 0.662 
MeV, and by a factor of 3.7 at an energy of E = 1.252 MeV compared to 
pure polyimide material (Cherkashina et al., 2021). Compared to the 
known types of concrete (ordinary and steel-scrap concretes), the com-
posite based on polyimide track membranes has a higher density and a 
higher μ. At an energy of E = 0.662 MeV, the value of the linear 
attenuation coefficient of γ-radiation of the considered composite is 

almost 4 times higher than that of ordinary concrete, while the density is 
1.8 times higher. When comparing the considered polymer composite 
and Bi2O3 glass 30 wt%, it can be noted that the density of Bi2O3 glass is 
16% higher than the composite based on track membranes. However, 
the linear attenuation coefficient of the composite based on track 
membranes is 82% higher than that of Bi2O3 glass. Most likely, this is 
due to the content in the composite based on track membranes of a large 
amount of Pb particles (76.14 wt%), on which more γ-quanta are 
possibly scattered. 

In addition, it can be assumed that the use of the proposed tech-
nology for creating a composite, in which the particles of the Pb nano-
filler do not undergo aggregation, also influenced such high values of the 
radiation-protective characteristics of the composite. To confirm this 
theory, Table 4 presents the data on the values calculated according to 
the known formulae and the values obtained experimentally. 

Analysis of the data in Table 4 shows that the experimentally ob-
tained values of the linear attenuation coefficient of γ-radiation of a 
polymer composite based on polyimide track membranes are 15.6% and 
10.7% higher than the values obtained theoretically at an energy of 
γ-radiation 0.662 and 1.252 MeV, respectively. It is known in the liter-
ature that the use of nanofillers in comparison with microfillers leads to 
a significant increase in the radiation-shielding properties of composites. 
For example, it was shown in (Tekin et al., 2017) that the use of 
Nano-WO3 leads to an increase in the mass attenuation increase rates 
from 3.54 to 7.96% (E from 0.662 to 1.407 MeV) compared to the use of 
Micro-WO3. 

Sadeghi et al. also studied the effect of micro- and nanoparticle size 
on gamma-ray mass attenuation values (Sadeghi et al., 2020). The au-
thors studied composites based on silicone rubber with different con-
tents of micro and nanoparticles WO3, BaSO4, PbO. The investigated 
nanoparticles of lead oxide and tungsten oxide had a size not exceeding 
200 nm. Studies carried out by Sadeghi et al. have established that 
nanocomposites have the best radiation-shielding characteristics 
compared to micro-composites. The work (Li et al., 2017) studied the 
radiation-protective properties of Epoxy resin matrix composites filled 
with dispersed micro and nano gadolinium oxide (Gd2O3) particles of 
different contents. Nano-Gd2O3 composites have a better ability to 

Fig. 7. Attenuation of the intensity of γ-radiation in a composite based on polyimide track membranes, depending on the number of layers: a) 160, b) 10,000.  

Table 2 
Radiation-protective characteristics of the investigated polymer composites.  

No Characteristic Energy of γ-radiation, MeV 

0.662 1.252 

1 μ, cm− 1 0.71 ± 0.07 0.32 ± 0.02 
2 μm, cm2/g 0.17 ± 0.02 0.08 ± 0.01 
3 MFP, cm 1.41 ± 0.14 3.13 ± 0.19 
4 HVL, cm 0.97 ± 0.07 2.16 ± 0.12  

Table 3 
Comparative data of radiation-protective characteristics of the investigated 
polymer composite based on polyimide track membranes and known radiation- 
protective materials.  

No Material Density, 
(g/cm3) 

Energy, MeV 

0.662 1.252 

, cm− 1 
m, cm2/ 
g 

, cm− 1 
m, 
cm2/g 

1 Composite based 
on polyimide track 
membranes 

4.21 0.71 
± 0.07 

0.17 ±
0.02 

0.32 
± 0.02 

0.08 
± 0.01 

2 Polyimide ( 
Cherkashina et al., 
2021) 

1.43 0.117 0.081 0.085 0.059 

3 Ordinary concrete ( 
Bagheri et al., 
2017b) 

2.3 0.179 0.078 – – 

4 Steel–scrap 
concrete (Bagheri 
et al., 2017b) 

4.0 0.300 0,075 – – 

5 Bi2O3 glass 30 wt% 
(Kirdsiri et al., 
2011) 

4.887 0.39 0.08 – – 

6 PbO glass 40 wt% ( 
Kirdsiri et al., 
2011) 

4.374 0.41 0.0947    

Table 4 
Сalculated and experimental results on the radiation-protective characteristics 
of the investigated polymer composite based on polyimide track membranes.  

No Data type Energy, MeV 

0.662 1.252 

SYMBOL 
109 \f 
"Symbol", 
cm− 1 

SYMBOL 109 
\f 
"Symbol"m, 
cm2/g 

SYMBOL 
109 \f 
"Symbol", 
cm− 1 

SYMBOL 109 
\f 
"Symbol"m, 
cm2/g 

1 Сalculated 0,614  0,289  
2 Experimental 0.71 ±

0.07 
0.17 ± 0.02 0.32 ±

0.02 
0.08 ± 0.01  
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shield X and γ rays than micro-Gd2O3 composites, and an enhanced ef-
fect of ~28% is obtained with Gd2O3 content of around 5 wt% at 59.5 
keV. 

4. Conclusion 

In this study, the linear and mass attenuation coefficients of γ-radi-
ation of a polymer composite based on polyimide track membranes filled 
with nanodispersed lead were studied. It has been established by the 
method of physical and mathematical modeling that at an energy of 
γ-radiation from 0.5 to 0.75 MeV, the photoelectric effect makes the 
greatest contribution to the linear attenuation coefficient. At γ-radiation 
energies above 0.75 MeV, the Compton effect makes the greatest 
contribution. At a γ-radiation energy less than 3.37 MeV, the contribu-
tion of the formation of electron-positron pairs is not observed. 

The introduction of a nanodispersed filler into a polyimide track 
membrane made it possible to increase the linear attenuation coefficient 
of γ-radiation by more than 6 times at an energy of E = 0.662 MeV, and 
by a factor of 3.7 at an energy of E = 1.252 MeV as compared to a pure 
polyimide material. 

The experimentally obtained values μ of the polymer composite 
based on polyimide track membranes are 15.6% and 10.7% higher than 
the values obtained theoretically at the γ-radiation energy 0.662 and 
1.252 MeV, respectively. The high values of the radiation-protective 
properties of the composite are due to the proposed technology for 
creating the composite, in which the particles of the Pb nanofiller do not 
undergo aggregation. 

The obtained multilayer composites based on polyimide track 
membranes and nanodispersed lead can find application in the medical 
and nuclear industries. On their basis, it is possible to manufacture 
flexible radiation-protective screens and vests to protect personnel from 
X-ray and gamma radiation. 
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