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A B S T R A C T

This paper presents data about the radiation-protective characteristics of multilayer polyimide/lead (PI/Pb)
composites for X-ray radiation. Multilayer composites were obtained by collecting lead-filled polyimide track
membranes into a sandwich of the required thickness. ( Am)241 =(E   59.5 keV) and ( Cd)109 =(E   88 keV) isotopes
were used as an X-ray radiation source. To assess the effect of lead filler particle size on the radiation-protective
characteristics of a multilayer structure, data are presented on mathematically modeling the passage of
10–88 keV wavelength X-rays with through a composite. The experimental values of the attenuation coefficients
of X-ray waves for a multilayer structure are 12–15% higher than the calculated ones. The increase in the
attenuation coefficients obtained experimentally, compared with theoretical, is explained by using the proposed
multilayer structure with lead particles in the nanoscale range.

1. Introduction

A long spacecraft (SC) flight is accompanied by a significant in-
crease in the accumulated dose of ionizing radiation, which is detri-
mental to crew members. At ISS altitude, there are serious radiation
safety concerns. First, in the area of the South Atlantic, there is the so-
called Brazilian, or South Atlantic, magnetic anomaly. Here, the Earth's
magnetic field is unusually weak, and with it, the lower radiation belt
appears closer to the surface. Second, the cosmonaut in space is
threatened by galactic radiation – a stream of charged particles from all
directions and at great speed – generated by supernova explosions or
the activity of pulsars, quasars, and other anomalous stellar bodies
[1,2].

Primary cosmic rays consist mainly of protons (90%); α-particles
(7%); other atomic nuclei, up to the heaviest; and a small number of
electrons, positrons, and photons of higher energy [3,4]. The greatest
danger to the hull and elements of spacecraft located on its outer side
are the protons of the Earth's radiation belts, with an energy of
1–30 MeV, and electrons, with an energy of 1–5 MeV [5]. For the year
of flight at the ISS, the cosmonaut receives a dose of approximately
200 mSv/year [6]. For cosmonauts, the inner radiation belt protons
provide the highest consistent hourly dose, while the relativistic elec-
trons and/or bremsstrahlung in the outer radiation belt and solar

energetic particles provide the most extreme hourly doses [7]. The
bremsstrahlung an energy of 10–100 keV is formed resulting from re-
lativistic electrons interaction with the hull and various elements of the
spacecraft [8,9]. Auroral X-ray bremsstrahlung has been observed from
balloons and rockets since the 1960s and from spacecraft since the
1970s [10].

The bremsstrahlung radiation can greatly harm the health of as-
tronauts [11]. It is known that in SC orbits, where there are high fluxes
of energetic electrons, the absorbed radiation dose inside the SC is not
mainly determined by electrons, but by their Bremsstrahlung [12].
Fig. 1 shows that in a geostationary orbit, the absorbed dose of radia-
tion from hard electromagnetic radiation under the radiation protection
of 11 mm aluminum is more than two thousand times higher than the
dose of radiation from electrons that generate this radiation [13]. The
data presented in Fig. 1 are given for the situation when an aluminum
screen is modifying the incoming radiation and the radiation is ab-
sorbed by human tissue inside the screen. Therefore, using substances
with a large atomic number is avoided for structural materials in SC
and, most often, aluminum and its alloys are used [14–17]. X-ray
bremsstrahlung generated by the interaction of fast electrons with the
aluminum body of the SC causes potential damage to the health of the
crew inside the SC. The most vulnerable places on the ISS are the
cosmonaut cabins, where they rest. There is no additional mass, they
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are there without protective suits and only a metal wall several milli-
meters thick separates cosmonauts from outer space.

There has recently been active development to create additional
local radiation protection for cosmonauts inside SC, including the use of
vests [18–21]. Using pure metals to protect against X-ray brems-
strahlung inside the SC will significantly increase the payload mass,
which will lead to increased fuel consumption and an increase in the
cost of the space mission as a whole. In addition, pure metal does not
have the necessary flexibility to create radiation-protective vests for
cosmonauts.

Many studies in the field of protection against x-ray and gamma
radiation are devoted to developing polymer composites containing
metal or metal oxides as a filler [22–27]. Using fillers in the form of
nanosized particles significantly increases the radiation protective
characteristics of such composites in comparison to using coarse par-
ticles for the same wt% fillers [28–30]. The introduction nano-scaled
fillers into polymer matrices is more efficient in attenuating radiation
since nanomaterials are more uniform and have less agglomeration in
the composite and therefore can enhance the shielding ability of ma-
terial [31,32].

Gulbin et al. established that using tungsten and lead oxide nano-
crystalline powders for radiation-protective materials allow a 1.34–1.43
times increased radiation protection efficiency compared to analog
material with coarse crystals [33]. El-Khatib et al. studied the effect of
particle size and weight percentage of CdO micro-sized and nano-sized
particles on the gamma radiation shielding ability of CdO/HDPE. The
experimental results reveal that, the composites filled with nano-CdO
have better γ-radiation shielding ability compared to that filled with
micro-CdO at the same weight fraction. A relative increase rate of about
16% is obtained with nano-CdO content of 40 wt% at 59.53 keV [32].

Mesbahi et al. showed applying nanoparticles in radiation-ab-
sorbing materials (PbO2, Fe O2 3, WO3, and H B4 ) leads to better neutron
absorption and dispersion of Roentgen- and gamma radiation. The
materials doped with nano-sized particles showed a higher neutron
removal cross-section (7%) and photon attenuation coefficient (8%)
relative to micro-particles [34].

This work is devoted to studying the radiation protective char-
acteristics of multilayer polymer composites for X-ray radiation as one
of the negative factors of outer space. Composites were prepared by
bonding several layers of polyimide track membranes filled with na-
nosized metallic lead. Polymer track membranes are the thin polymer
films (10–25 μm) with many through holes at the nanoscale. For their
synthesis, polymer films are irradiated with a stream of high-energy
heavy ions [35–37]. Each ion along its path damages polymer

molecules, leaving a trace known as a track (hence the name of “track”
membrane).

The mass attenuation and absorption coefficients of X-ray waves for
multilayer composites at various energies were studied experimentally
and theoretically.

2. Methodology

2.1. PI/nanodispersed Pb composite synthesis

To obtain flexible polymer multilayer composites, polyimide track
(nuclear) membranes manufactured by Ion Track Technology for
Innovative Products (it4ip), Belgium, were used as a matrix. The track
membrane was a thin polyimide film (25 μm thick) with many through
holes, a 200 nm diameter, and ⋅ −5 10  cm8 1 pore density. A micrograph of

Fig. 1. The ratio of equivalent dose (H )ab from hard electromagnetic radiation
to the equivalent dose from relativistic electrons (H )e in the orbits of a geos-
tationary satellite and SC ”Meteor-M″ No 1 under a screen of various thick-
nesses of Al.

Fig. 2. SEM images of the surface of the polyimide track membrane.
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the surface of the polyimide track membrane is shown in Fig. 2.
The introduction of a filler–nanodispersed metallic lead–was carried

out by the template synthesis method. This method is widely used to fill
the pores of track membranes with various metals and is well described
in Refs. [38–43]. The essence of this method is galvanic metal deposi-
tion from a solution of its salt into the etched through channels (pores)
of the track membrane. A lead-based metal coating deposited on one

side of a polyimide track membrane was used as a cathode for depos-
iting nanodispersed lead. The cathode was deposited by method dual
magnetron sputtering in a UniCoad 200 vacuum unit with an un-
balanced magnetic system. The coating thickness was 50 nm.

The electrolyte composition was lead tetrafluoroborate
Pb(BF )  – 2004 2 g/l, hydrofluoric acid HBF  – 454 g/l, and wood glue – 1 g/
1.

Fig. 3. The scheme for measuring the attenuation coefficient of the photon beam when passing through the studied composites: 1 – Dosimeter of X-ray radiation DKR-
AT1103 M; 2 – X-ray source; 3 – The investigated composite; 4 – Specialized rack; 5 – Platform; 6 – Tripod.

Fig. 4. The layout of the X-ray source in the ceramic matrix.
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The galvanic process was carried out at room temperature using an
IPC-Pro 3A potentiostat-galvanostat. The electrodeposition mode was
used at a 400 mV fixed potential for 27 min.

Forming the multilayer structure of the composite was carried out
by collecting lead-filled membranes into a sandwich of the required
thickness. Polyamic acid was used (manufactured by the Institute of
Plastics named after Petrov JSC, Russia) for bonding the filled mem-
branes with each other. Lead-filled polyimide track membranes with a
layer of polyamic acid, assembled into a sandwich of the required
thickness, were placed in a steel mold and subjected to hot pressing at
250–270 °C and 200 MPa for 30 min.

2.2. Research methods

The crystal structure of nanodispersed lead was investigated using
X-ray diffraction (ARL X’TRA, ThermoTechno) with a αCuK source in
the θ2 −30 100o angle range in asymmetric coplanar mode with a
sliding angle of incidence =α 3o (θ-scan) to eliminate peaks from the
substrate. Phase identification and peak indexing were performed using
JCPDF [44].

The surface morphologies were examined using a scanning electron
microscope (TESCAN MIRA 3 LMU).

Studies to assess the radiation-protective characteristics of compo-
sites for X-ray radiation were carried out at the Center for Radiation
Monitoring, Belgorod State Technological University named after V. G.
Shukhov. A diagram of an experimental bench designed to determine
the attenuation coefficient of a photon beam passing through the stu-
died composites is shown in Fig. 3.

In the experiment, the differential and integral energy distributions
of the flux densities of the gamma rays in the incident radiation were
measured, from the source without radiation protective material and
behind the materials under study.

The studied composite was placed in a specialized rack placed on
the platform. The radiation source was installed in a ”glass” in the
center of the material, as close as possible to the end surface of the
material. ( Am)241 (half-life T1/2, 432.1 years; energy of the emitted
photons, E = 59.5 keV; activity of the radioisotope, μ4.6  Ci and ( Cd)109

(half-life T1/2, 461.4 years; energy of the emitted photons, E = 88 keV;
activity of the radioisotope, μ15  Ci) isotopes were used as an X-ray
source. The ( Am)241 and ( Cd)109 radionuclides were distributed inside a
ceramic matrix placed in a tungsten alloy insert (Fig. 4). The insert with
the matrix was placed in a monel metal capsule with a beryllium
window, welded using laser welding (Fig. 4). The DKR-AT1103 M X-ray
dosimeter was mounted on a tripod and fit snugly against the surface of
the material (Fig. 3). The distance from the source to the detector was
200 mm.

The transmitted radiation intensity was counted for 25 min for each
sample. All measurements were repeated five times at the same ex-
perimental conditions.

3. Results and discussion

3.1. Properties of the PI/nanodispersed Pb composites

The microstructure of the track membrane surface after galvanic
lead deposition is shown in Fig. 5. Analysis of the obtained SEM image
shows that during electrodeposition, the pores of the track membrane
are completely filled. An electron probe microanalysis of the synthe-
sized substance in the pores of the membrane was carried out. The
spectra of the energy-dispersive microanalysis of the track membrane
and filled pores are shown in Fig. 6. According to the obtained atomic
composition data, Pb atoms are concentrated at points 1 and 2 (Fig. 6b)
(the depth of electronic scanning in the material at 7 kV does not exceed
0.05 μm). The presence of other atoms of the elements was not fixed.

To perform an X-ray structural analysis of the compound obtained
in the pores of the track membrane, the polyimide layer was etched in a
25% solution of ammonia water, NH OH4 at room temperature for 4 h.
After removing the polyimide matrix (Fig. 7), the peaks at θ2 angles of
31.44o, and 108.92o, characteristic of (111), (222), and (333) lead planes,
respectively [45], are distinctly observed in the X-ray diffraction
spectra. The value of the constant face-centered cubic cell

=a 4.950 Å nm is in full agreement with the reference data, =a 4.959 Å
(PDF card No. 4–686); the average size of lead crystallites was

±25 1 nm.
Table 1 presents the physicomechanical test results for a multilayer

composite obtained by collecting lead-filled membranes into a 2.4 mm
thick sandwich. Analysis of the data obtained in Table 1 indicates the
high strength characteristics of the obtained composite (tensile strength

Fig. 5. SEM images of a surface of the track membrane after galvanic deposition
of lead.
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108 MPa, tensile modulus 2250 MPa). Polyimide without filler is an
insulator with a large volume resistivity >( 10 Ω m)14 . The introduction
of lead into the pores of polyimide membranes leads to a significant
decrease in volume resistivity (10 Ω m)3 , which indicates the metallic
conductivity (high resistance through the 50 nm lead film).

3.2. Theoretical calculations of the interaction of X-rays with PI/Pb
composite

To assess the influence of lead filler particle size on the radiation-
protective characteristics of the multilayer structure, mathematically
modeling the passage of 10–88 keV wavelength X-rays through the
composite was carried out. In the simulation, the influence of the filler
particle size was not included; only the percentage of atoms of each
element included in the PI/Pb composite was included. Material design
consisted of N layers =(N    80)max . The thickness of each layer

corresponds to the thickness of a 25 μm polyimide membrane. The films
are tightly pressed against each other. Between each film, there is a
50 nm thick lead sheet (the thickness corresponds to the thickness of
the lead cathode coating). The target thickness formula is

= ⋅ + − ⋅μT   N 25 m   (N 1) 50 nm. At =N    80max , the target thickness was
T = 2.4 mm. The density of the multilayer structure with lead was
4.21 g/cm3. The lead content is 76.14% (by weight). The chemical ele-
mental atomic composition of the multilayer structure is presented in
Table 2.

The mass attenuation and absorption coefficients of X-ray waves for
multilayer composites at various energies were studied experimentally
and theoretically. Linear attenuation coefficient is a constant that de-
scribes the fraction of attenuated incident photons in a monoenergetic
beam per unit thickness of a material. The absorption coefficient is a
constant that describes the fraction of absorbed incident photons in a
monoenergetic beam per unit thickness of a material [46].

Fig. 6. Spectrum of energy dispersive microanalysis of a polyimide track membrane (a) and in a filled pore (b).
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The attenuation coefficient of photon radiation includes the inter-
action coefficients due to the photoelectric effect, incoherent scattering
by coupled electrons (Compton scattering), and the formation of elec-
tron-positron pairs. For the photon energies under consideration from
10 to 88 keV, this is mainly a photoelectric effect. The absorption
coefficient also includes the interaction coefficients due to absorption
by the photoelectric effect, absorption by incoherent scattering by
bound electrons, and absorption during the formation of electron-po-
sitron pairs. At the photon energies under consideration, this is mainly
absorption by the photoelectric effect. The remaining effects were not
included in the calculations.

The expression describing the cross-sections of the process of the
photoelectric effect on an atom has the following form:
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electron radius, and =α 1/137 — the fine structure constant.

Since the multilayer structure under study consists of atoms of
several elements (C, N, O, H, Pb), the Bragg Rule (Bragg's composition
law) was used in the calculations:
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where S is the inhibitory ability of the composite, M is the molecular
weight of the compound, and ni is the number of atoms of the ith grade
with atomic mass Ai per unit volume.

Then, the attenuation coefficient of the X-ray flux due to the pho-
toelectric effect has the form:

⎜ ⎟= ⎛
⎝

+ + + + ⎞
⎠

μ πr α N ρ
Z
A

ρ
Z
A

ρ
Z
A

ρ
Z
A

ρ
Z
A

G E4 ( )f e α C
C

C
N

N

N

O

O
H

H

H
Pb

Pb

Pb
f

2 4
5 5

0

5 5 5

(3)

where ρi is the density of the corresponding element, Zi is the serial
number of the corresponding element, Ai is the atomic mass of the
corresponding element, and NA is Avogadro's number ⋅(6.02 10 )23 .

Fig. 7. X-ray diffractograms of electrodeposited matter in the pores.

Table 1
Physico-mechanical and electrical characteristics of the multilayer composite.

No Name of characteristics Indicators

1 Tensile strength, MPa 108
2 Elongation in tension, % 9.5
3 Tensile modulus, MPa 2250
4 Volume resistivity, ⋅mΩ 103

5 Heat conductivity coefficient, ⋅W/m K 11.2
6 Specific heat capacity from 20 to 300 °C, ⋅J/kg K ⋅2.7 103

7 The coefficient of linear thermal expansion −(20 250) Co , −K   1 ⋅32 106

Table 2
Chemical atomic elemental composition of a multilayer structure.

Atom content, wt%

C N O H Pb
16.25 1.81 5.16 0.64 76.14

Fig. 8. The change in the intensity of a photon beam of various energies due to absorption, depending on the number of layers N of the multilayer structure.
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Figs. 8–10 show the calculated data on the change in intensity of a
photon beam of various energies due to absorption (Fig. 8), due to at-
tenuation (Fig. 9), and due to absorption and attenuation (Fig. 10)
depending on the number of layers, N, of a multilayer PI/Pb structure.
From the obtained data, the values of attenuation and absorption
coefficients are close for all studied samples and X-ray energies, while
the attenuation coefficients are not much larger than the absorption
coefficients. The effects of X-ray absorption in the studied energy range
(up to 88 keV) in lead are mainly due to the photoelectric effect. And
the scattering effects are due to the Compton effect. For the X-ray en-
ergies under study, the contribution of the photoelectric effect and the
Compton effect is practically the same [47].

As the X-ray energy increases from 10 to 88 keV, the intensity of the
transmitted photon beam decreases markedly. A similar situation oc-
curs with an increase in the number of layers.

Fig. 9. The change in the intensity of the photon beam of various energies due to attenuation depending on the number of layers N of the multilayer structure.

Fig. 10. The change in the intensity of the photon beam of various energies due to absorption and attenuation depending on the number of layers N of the multilayer
structure.

Table 3
The calculated values of the mass attenuation and absorption coefficients of X-
ray waves for a multilayer structure =(N    80)max and lead.

E, keV Mass attenuation
coefficient,

=μ (cm /g)at
2

Mass absorption
coefficients,
μ (cm /g)ab

2

+μ μat ab(cm /g)2

Multilayer
structure

Lead Multilayer
structure

Lead Multilayer
structure

Lead

10 94.35 123 94.32 123 188.68 246
20 63.15 82.8 55.04 68.3 115.19 151.1
40 10.17 13.3 9.15 12 19.33 25.3
60 3.45 4.48 3.13 4.10 6.58 8.58
80 1.59 2.05 1.45 1.9 3.05 3.95
88 1.32 1.63 1.25 1.48 2.57 3.11
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Table 3 presents the calculated mass attenuation and absorption
coefficients of X-ray waves for a multilayer structure at different wave
and lead energies for comparison.

A comparison of the calculated mass attenuation and absorption
coefficients of X-ray waves for the multilayer structure and pure lead
shows that the calculated coefficients of the proposed composite
structure are 22–24% lower than the values of pure lead (Table 3). If we
compare the density of the multilayer structure (4.21 g/cm )3 and lead
(11.3 g/cm )3 , then the density of the metal will be 2.6 times higher than
the density of the proposed composite structure. Thus, for using ra-
diation-protective material, the developed composite structure has
improved overall mass characteristics compared to pure lead.

3.3. Experimental results of X-ray interaction with PI/Pb composite

The linear attenuation coefficients μ( ) of X-ray can be extracted by
the standard equation:

= ⋅ −N N e μd
0 (4)

where N — the measured count rates in detector with the thickness
absorber, d (cm); N0 — the measured count rates in detector without the
thickness absorber.

The mass attenuation coefficients of X-ray was found as a ratio of
the linear gamma photon attenuation coefficient μ to material density ρ:

=μ
μ
ρm (5)

Table 4 presents the experimental data on the linear and mass at-
tenuation coefficients of X-ray waves for a multilayer structure

=(N    80)max at E = 59.5 keV ( Am)241 and E = 88 keV ( Cd)109 .
An analysis of the data in Table 4 shows that for the energies under

consideration, the experimental values of the attenuation coefficients of
X-ray waves for a multilayer structure are 12–15% higher than the
calculated ones. The 12–15% significantly larger than the error of the
devices in the experiment. The measurement error (5–7%) is by errors
in the detector during pulse counting, as well as errors in measuring the
thickness of the sample.

The increase in the attenuation coefficients obtained experimen-
tally, compared with theoretical, can be explained by the use of the
proposed multilayer structure in which lead is present in the nanoscale
range. Nanosized particles are known to significantly increase the ra-
diation resistance of the material to gamma, X-ray, and neutron ra-
diation compared with micro-sized particles [28–30]. The introduction
nano-scaled fillers into polymer matrices is more efficient in attenu-
ating radiation since nanomaterials are more uniform and have less
agglomeration in the composite and therefore can enhance the
shielding ability of material [31,32]. Since the simulation did not take
into account the influence of the filler particle size, using nanodispersed
lead, in the authors’ opinion, led to an increase in the attenuation
coefficients of X-ray radiation in this work.

4. Conclusions

The possibility of obtaining a multilayer polymer structure by
”bonding” several layers of polyimide track membranes filled with

nanodispersed metallic lead was established. High radiation protective
characteristics are shown for X-ray radiation in synthesized multilayer
polymer composites. For the considered X-ray energies (10–88 keV),
the experimental attenuation coefficients of the X-ray waves for the
multilayer structure are 12–15% higher than the calculated ones. The
12–15% difference is much larger than the error of the devices in the
experiment, which proves that the use of the proposed multilayer
structure, in which lead particles are present in the nanoscale range,
increases the attenuation coefficients of x-ray radiation compared with
the use of coarse particles. The results can be used to create promising
radiation-protective shields and vests for cosmonaut protection during
long space missions. Further research will be aimed at studying the
radiation-protective characteristics of the proposed from charged par-
ticles of the cosmic spectrum.
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