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The article presents the results of a study of polymer composite materials based on high-pressure polyethylene

CnH2n+2, boron carbide B4C and titanium hydride TiH2 for protection against the effects of neutrons and γ-quanta.

The article presents a technology for manufacturing materials with the following composition: CnH2n+2 — 40%wt.,

B4C — 5%wt., TiH2 — 55%wt. (PCM-TiH2-B4C) and CnH2n+2 — 95%wt., B4C — 5%wt. (PCM-B4C). The
flexural strength of PCM-TiH2-B4C is 12.5MPa, and that of PCM-B4C — 4.8MPa. The structure of the materials

is considered and described using electron microscopy, and flaw detection is carried out to assess the quality of

the resulting composites and remove defective samples. The interaction of ionizing radiation with materials was

simulated using the XCOM3.1 program. The neutron flux attenuation coefficient was determined experimentally:

at an energy of 2MeV for PCM-B4C it has a value of 73.3 cm−1, and for mboxPCM-B4C-TiH2 its value is —
128.5 cm−1 . The γ-quanta flux attenuation coefficient, established experimentally, was estimated: at an energy of

2.5MeV for PCM-B4C this coefficient has a value of 10.3 cm−1, and for PCM-B4C-TiH2 — 19.22 cm−1 .
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1. Introduction

Study of the ionizing radiation interaction with various

media is of key importance in the design of radiation

protective shields. Neutron and γ-radiation are a significant

problem in such areas as nuclear power engineering,

medicine and aerospace engineering [1]. Protective materials

against γ-radiation and neutrons are a basic class in the

nuclear engineering and radiological protection. Ionizing

radiation, such as γ-quanta and neutrons, may significantly

damage the nearby equipment and people due to its strong

penetrating power. Long-term exposure to radiation of

neutrons and γ-quanta may damage live tissues, electronic

components and structural materials [2,3]. Therefore,

development of effective materials for protection against

neutron and γ-radiation is an important task to ensure safety

and reliability in these areas. Traditional materials for the

protection against γ-radiation, such as lead, have limitations
due to the considerable weight of the protection and its

toxicity [4–6].
Recently composite materials were used as a promising

solution for protection against neutron and γ-radiation.

Combining various materials with unique properties, one

may achieve the improvement of the radiation protective

properties of a composite material, reduce weight and

improve safety [7–13].
A composite is known on the basis of polymer nano-

composites from epoxide resin and nanoparticles HfB2 [14].
This composite material has good γ-radiation attenuation

rates, but practically has no impact at neutron flux. To

improve the absorption of the neutron and γ-radiation, it is

necessary to create composite materials, which may handle

large number of radiations, which was studied in paper [15].
In the composite material presented in paper [15] the matrix

is polytetrafluorethylene (PTFE), and the filler — bismuth

oxide (Bi2O3), tungsten carbide (WC), titanium hydride

(TiH2), boron carbide (B4C). This composite material

handles well the moderation of fast neutrons down to

thermal ones, and the decrease in the intensity of neutron

radiation. However, paper [15] lacks data on absorption

of γ-quanta, which prevents full assessment of the material

protective ability.

Besides, materials with hydrogen in their composition are

also of great interest in the study of the issue of protection

against neutrons due to the hydrogen’s ability to moderate

fast neutrons down to thermal ones [16–18]. Compared to

ordinary hydrogen materials, metal hydrides, which are rich

in hydrogen, maintain their properties at high temperatures

and, moreover, have good mechanical properties [19–22].

Metal hydrides have a property of fully reversible hydro-

gen storage and good volume hydrogen capacity. Hydrogen

density makes it attractive as a neutron protection. In many

literature sources the potential use of metal hydrides as

nuclear materials in fast neutron reactors was investigated.

In the space industry the metal hydrides, such as titanium

hydride and lithium hydride, may be used as radiation

protection in spacecraft [23].
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This paper presents the study of the composite material

based on high pressure polyethylene (HPPE) with filler

from titanium hydride (TiH2) and boron carbide (B4C).
Physical and mechanical parameters of specimens were

evaluated, and experimental studies were conducted to

assess their radiation protective properties in respect to

neutron and γ-radiation.

2. Materials and methods

2.1. Materials

To produce a composite material, the matrix was

(HPPE) of grade 15303-003, (purity > 99%, den-

sity 900−930 kg/m3, melting temperature 100−115 ◦C)
(OOO

”
Kazanorgsintez“, Russia), and the filler was two

compounds: 1) boron carbide (B4C), average particle

size 0.10−120 µm, ρ = 2.52 g/cm3, (OOO
”
Platina“, Rus-

sia) and 2) pellets of titanium hydride (TiH2) (GOST
14-1-2159-77), (OOO

”
RUSKHIM“, Russia). The average

pellet diameter was ∼ 0.2−2.5mm. After grinding the

average particle size was 0.20−150 µm.

2.2. Manufacture of composites

The composite material was manufactured in several

stages. The first stage was preparation of the fillers: pellets

of titanium hydride (TiH2) were ground in a ball impact

mill, with subsequent sieving through a sieve with cell size

of 64µm. Further the produced powder of titanium hydride

and carbide was placed in a ball mill without addition of

grinding bodies, where two components of the filler were

mixed. Then the produced mix was dried in an air oven at

110 ◦C, for 10min.

The second stage was polyethylene preparation: from

beads of (HPPE) using a jaw crusher (JC 6M) powder was
produced with size of 130−200 µm. HPPE powder was first

dried in an air oven at 70 ◦C, for 15min, with further sieving

through a sieve of 140 µm. Then the prepared material

(HPPE) was loaded in a ball mill with previously prepared

filler according to the ratio. After loading of the material,

the grinding bodies were added at the ratio of 20 : 1 by

weight. Further the materials were homogenized for 3min.

Then grinding bodies were withdrawn from the prepared

material.

Stage 3: the prepared material was exposed to hot

pressing in a die at specific pressure of 125MPa, using a

steel die with constant heating and soaking at 140−160 ◦C

for 20min. After die cooling, the material was withdrawn

and then polished. The finished specimens had dimensions

of L = 98mm, B = 22.5± 2.00mm, H = 98mm.

The same method was used to prepare the specimens that

contain only 5%wt. B4C.

2.3. Equipment and research methods

To study the structures, scanning electron microscope

(SEM) Tescan MIRA (Tescan, Brno, Czech Republic)

Table 1. Composite parameters

Material
Density, Nuclear Thickness,

g/cm3 density, cm−3 cm

PCM-V4C 0.9267 1.81 · 1023 15

PCM-V4C-TiH2 1.619 1.198 · 1023 16.29

Table 2. Mass fraction of substance in composite materials

Composite Name Percentage ratio, %

C 35.34

PCM-V4C-TiH2
H 7.97

B 3.91

Ti 52.78

C 82.6

PCM-VB4C H 13.5

B 3.9

of 4th generation with Schottky cathode was used. The

instrument makes it possible to make quality SEM-images

of the material surfaces and test the elemental composition

in real time. It has a convenient interface and simplifies data

collection on the local composition of specimens.

Bend tests were carried out using test machine

REM-100 (OOO
”
METROTEST“, Republic of Bashkor-

tostan, Neftekamsk, Russia). The bending strength was

determined using standard methods according to GOST

ISO 17138:2014. Loading was carried out for the three-

point bending tests.

Measurements of the energy distributions of fast neutron

flux and γ-quanta were carried out with spectrometer-

dosimeter SDMF-1608SN (OOO
”
ADC“, Moscow, Rus-

sia) [24] in the energy range of neutrons ∼ 0.8−16MeV

and γ-quanta ∼ 0.1−9MeV.

The source of fast neutrons and γ-quanta was a point

isotropic source with energy spectrum close to fission

spectrum U235.

3. Results and discussion

3.1. Material specifications

For the research, the materials were produced, which

contained the following components:

• HPPE (CnH2n+2) 40% (by weight), boron carbide

B4C — 5%, titanium hydride (TiH2) — 55% (material

designation PCM-TiH2-B4C).

• HPPE (CnH2n+2) 95% (by weight), boron carbide

(B4C) — 5% (material designation PCM-V4C).

Table 1 presents physical values of the studied materials

necessary to calculate the full sections of interaction. Table 2

specifies the mass fraction of the substance in composite

materials.
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Figure 1. Schedule of dependence of applied load on specimen

deformation.

3.2. Studies of strength characteristics

of material

Specimens of composite materials were studied on test

machine REM-100. Data of specimen three-point bending

testing are provided in Figure 1.

The curve shows the results of the study of strength char-

acteristics of composite materials which contain B4C (boron
carbide) in the amount of 5%wt., and also additive TiH2

(titanium hydride) in the amount of 55%wt.. The curve

reflects the dependence of limit stress (σ f ) on deforma-

tion (ε f ) in three-point bending. Composite PCM-V4C, B4C

(5%wt.) demonstrates high limit stress (above 12MPa).
When composite was tested PCM-V4C-TiH2 with boron car-

bide and titanium hydride content in the composition (B4C

5%wt.+TiH2 55%wt.) specimens demonstrated average

value of 4.8MPa. Both materials demonstrate plastic behav-

ior, but the composite only from B4C (5%wt.) reaches

higher deformation value (ε f ≈ 14%), while addition of

TiH2 results in the reduction of the limit deformation. Note

that compared to the specimen of borated polyethylene the

composite with the content of titanium hydride (TiH2) lost

61.60% strength, which is related to higher % of filling.

Based on the produced data, one may conclude that the

composite material containing 55%wt. TiH2 and 5%wt.

B4C, demonstrates satisfactory strength under three-point

bending, providing for stable mechanical characteristics.

Even though its limit stress is lower compared to pure

B4C (5%wt.), the material maintains sufficient structural

capacity, which makes it promising for use in the items that

require balance between strength and plasticity.

Addition of TiH2 helps to change the damage mechanism,

potentially improving the energy capacity of deformation

and providing for a combination of strength and deformation

properties, which may be critical for engineering solutions,

which require control over damage and improved impact

strength.

3.3. Specimen microscopy

Using the method of scanning electron microscopy,

microphotographs of composite material fracture were ob-

tained PCM-V4C-TiH2 (Figure 2).
The main purpose of microscopy is visual inspection

of particle size and distribution in the material. To

obtain a fracture, a standard method was used for liquid

nitrogen freezing of specimens applied to obtain a clear

undistorted structure of the specimen, which is critical for

microstructure analysis. It is especially true for brittle

materials.

Figure 2, a clearly shows particles of fillers, which are

evenly distributed in the matrix. At larger magnification

of Figure 2, b and c the particles of irregular shape with

rough edges become more discernible. Particle size may be

defined using Figure 2, c. The bulk of the particles have the

size of up to 20µm. Due to various contrast in SEM-images,

it is possible to identify the particles association. Since

titanium (Ti) in the composition of titanium hydride has a

higher atomic number, it releases more secondary electrons,

which makes its areas lighter, while boron carbide absorbs

more electrons and emits less secondary electrons, which

makes its areas darker. Therefore, different contrast in the

images is caused by the difference in the atomic structure of

the materials, their interaction with the electron beam and

as a result the number of the emitted secondary electrons.

Discernible particles of carbide have a large structure with

size of ∼ 10−20 µm.

Figure 3 presents SEM-images of various fields of com-

posite fracture PCM-V4C. Figure 3, a shows discernible par-

ticles of boron carbide with irregular shape. In Figure 3, b

you can see distribution of particles inside the composite,

and the availability of empty cavities, which are not filled

with the particles, since the composite has small filling

percentage.

4. Measurement results

4.1. Modelling

Modeling was done for a homogenous mix of composite

with the purpose to detect the mechanisms to attenuate the

photon radiation, to analyze the contribution of major inter-

actions (photo effect, Compton effect, coherent scattering,

pairing) to the full section of interaction of γ-quanta with

the material, comparison of photon radiation attenuation in

different composites, study of the changes in the nature of

interaction of γ-quanta with the substance upon addition of

TiH2 and detection of differences between PCM-V4C and

PCM-V4C-TiH2.

Modeling was carried out using software XCOM 3.1

(M.J. Berger, J.H. Hubbell) with the built-in library of partial

interaction sections. The data output by the software is

12 Physics of the Solid State, 2025, Vol. 67, No. 3
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Figure 2. Composite material fracture microphotographs PCM-V4C-TiH2 .

carried out in full and partial microscopic mass sections

of interaction (6m), however, for more convenience further

you can see full and partial microscopic sections (σ ), the
transition to which was done using formula:

µ =
µm

ρ
, (1)

where µm — mass section of material interaction, cm2/g;

ρ — nuclear density of material, nucleus/cm3. According

to the data of modeling results analysis for composite

PCM-V4C Figure 4, a, in virtue of high content of light

elements (1H, 10B, 12C), for photons with energy of more

than 0.2MeV the contribution of photo effect practically

disappears. In the range of 1−7MeV the main mechanism

of attenuation is the Compton effect, which prevails due to

high probability of photon interaction with electrons of light

atoms. The contribution of formation of electron-positron

pairs starts manifesting itself at energies from 5MeV, but be-

comes considerable only at higher energies (above 10MeV).
Analysis of modeling for composite PCM-V4C-TiH2 (Figu-
re 4, b) showed that addition of TiH2 changes the nature

of interaction of γ-quanta, causing increased contribution

of photo effect in the range of 0.1−0.7MeV, which

is related to the presence of titanium having a higher

atomic number. Coherent scattering of photons in bonded

electrons also increases substantially compared to material

PCM-VV4C, especially in the low energy field. The

contribution of formation of electron-positron pairs becomes

noticeable already at 5MeV, which differs this composite

from PCM-V4C, where this effect starts appearing at higher

Physics of the Solid State, 2025, Vol. 67, No. 3
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Figure 3. Composite material fracture microphotographs PCM-V4C.
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Figure 4. Dependence of full and partial sections of photon radiation interaction with materials of composites PCM-V4C (a) and

PCM-V4C-TiH2 (b).

energies. In the range of 1−7MeV the Compton effect still

prevails, but the interaction section is in general higher than

in PCM-V4C, due to the contribution of other processes.

Therefore, modeling confirms that modification of the

material composition makes it possible to control the

interaction mechanisms of γ-quanta, optimizing protective

properties of composite depending on the range of radiation

energy.

4.2. Experimental studies

This paper measured energy spectra of fast neutrons and

γ-quanta for composite PCM-V4C and special composite

protective material PCM-V4C-TiH2. Measurement results are

presented in Figures 5−10.

Figure 5 shows measured energy distributions of γ-quanta

flux density, and Figure 6 presents energy distributions

of neutron flux density using composite materials as a

screening material and without one.

From Figure 5 it follows that both composites substan-

tially decrease the γ-quanta flux in the entire energy range,

especially in the area of low energies (< 1MeV), where

photo effect prevails. At energies 1−7MeV the attenuation

is mostly due to Compton effect. In the range above

7MeV the process of electron-positron pairs formation

starts contributing, being especially noticeable at energies

above 8MeV. PCM-V4C-TiH2 (dotted line) attenuates the

γ-quanta flux more than PCM-V4C. This is due to the

fact that the presence of TiH2 increases the contribution

of photo effect in the area of low energies and formation

of electron-positron pairs in the field of high energies.

12∗ Physics of the Solid State, 2025, Vol. 67, No. 3
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Coherent scattering also plays a role at low energies,

especially for PCM-V4C-TiH2. Figure 6 demonstrates

that both composites reduce the intensity of neutron flux,

especially in the field of low and medium energies (down

to 8MeV). Attenuation of the neutron flux is related to

scattering and absorption mechanisms, including elastic and

inelastic scattering, and also capturing reactions. The data

analysis shows that composite PCM-V4C-TiH2 demonstrates

more pronounced reduction of neutron flux compared to

composite PCM-V4C. This is related to the presence of

titanium hydride (TiH2), which effectively absorbs and

moderates neutrons, increasing the share of elastic scattering

in hydrogen nuclei. At energies above 8−10MeV the

differences between composites become less pronounced,

since there nuclear reactions of interaction with heavier

elements prevail.

To produce the results of full sections, we use the known

equation for
”
unscattered“ component of radiation:

FH(E) = F0(E) exp
(

−nσ (E)x
)

, (2)

where n — nuclear density of material (nucleus/cm3),
σ (E) — target cross section (cm2), x — specimen

thickness (cm).
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Figure 5. Measured energy distributions of γ-quanta flux density.
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Figure 6. Measured energy distributions of neutron flux density.
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Figure 8. Distributions of full section from threshold energy of

neutrons.

Full sections may be calculated using formula (3):

σ (E) = (1/(nx)) ln
(

F0(E)/FH(E)
)

. (3)

Results of calculations of full sections using formula (3)
for neutrons are presented in Figures 7 and 8 and for

γ-quanta in Figures 9 and 10.

These figures show the dependences of full section of

interaction (in barns) on energy of neutrons (MeV) for two

composites. The main results may be noted. In Figure 7

in the area of low energies (up to 4MeV) the interaction

section is noticeably higher, which is related to elastic and

inelastic scattering of neutrons. As neutron energy increases,

the full section gradually decreases, being stabilized in the

range of 8−15MeV. Composite PCM-B4C-TiH2 demon-

strates slightly larger section, especially in lower energies,

which is explained by additional contribution of interaction

with hydrogen atoms (from TiH2). In Figure 8 you can

see that in the area of low energies (up to 4−5MeV), the
section is noticeably higher, which is related to processes

of neutron moderation and absorption. As the threshold

energy increases, the full section decreases, especially after
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6−8MeV, where other scattering mechanisms prevail. As in

the first case, PCM-B4C-TiH2 demonstrates a slightly larger

section, which confirms its higher efficacy in absorption and

scattering of neutrons compared to PCM-B4C. Addition of

TiH2 promotes more effective moderation of neutrons.

Special attention should be paid to data in Figure 9, where

the wide area of resonant structures is seen. In this figure

the resonant structure manifests itself as oscillations in the

range of 0−2MeV. In the area of E < 1MeV a peak of full

section is observed, which is explained by the resonance

capture of neutrons in boron carbide (effective section of

B-10 neutron absorption) and potential scattering at TiH2.

The difference between PCM-B4C and PCM-B4C-TiH2 is

explained by the fact that TiH2 additionally interacts with

the neutrons, creating additional dispersion. As for the

resonance structure in the range of 1−3MeV, in this area

one may see well the oscillations of full section, caused by

resonance scattering in titanium nuclei. Titanium (especially
isotope Ti-48) has several resonance levels of neutron cap-

ture in this energy range. Hydrogen in the composition of

titanium hydride may transfer some energy to the neutron,

modifying its kinematic spectrum. Oscillations in B4C,

related to excited states of nucleus. The difference between

curves PCM-B4C-TiH2 and PCM-B4C is especially visible,

the solid line with TiH2 shows a large full section, which

means additional absorption of neutrons and scattering at

TiH2. In the area above 3−4MeV the resonance absorption

decreases, and contribution of inelastic scattering becomes

dominating. Full section reduces, but oscillations remain

subtle, being related to reactions of inelastic scattering in

atoms of titanium and nuclear reactions with participation of

B4C, including nucleus splitting. After 6MeV the difference

between PCM-B4C and PCM-B4C-TiH2 decreases, since

the effect of neutron moderation becomes less significant.

Contributions TiH2 and B4C determine a complex pattern

of peaks and droops in the section, with a trend towards

decrease after 6MeV. Contribution of TiH2 is expressed in

the decrease of total section in the area of 1−4MeV, which

is explained by scattering and absorption in titanium. Main

differences between PCM-B4C-TiH2 and PCM-B4C are due

to the presence of titanium and hydrogen, which improve

the probability of scattering, increasing the integral section.

Upon spectra integration, these oscillations are smoothened,

since resonance peaks and inelastic interactions in the

energy range are averaged. Error of energy calibration

(≤ 2.5%) also impacts the precision of section value

definition. Upon integration of spectra this problem is

naturally resolved (Figure 10).
From the provided results for the full section of neutrons

it is clear that material PCM-V4C-TiH2 has advantages

compared to protective material PCM-B4C in the energy

range from 2 to 10MeV of around ∼ 200mbarn, at energies

from 11.3 to 12.4MeV there is no difference, however, with

further increase of the energy the material PCM-V4C-TiH2

has an obvious advantage (due to inelastic scattering of fast

neutrons in nuclei of heavy elements).
From the provided results of full section for γ-quanta you

can see that material PCM-V4C-TiH2 has an obvious ad-

vantage to PCM-V4C (∼ 250mbarn in the entire presented

energy range of γ-quanta).
Based on the produced data on energy distributions

of neutron (γ-quanta) flux density F0(E) and energy

distributions of neutron (γ-quanta) flux density downstream

the studied specimen FH(E), the attenuation coefficient was

calculated using formula (4):

K =
F0(E)

FH(E)
. (4)

Table 3 presents estimate data on coefficient of neutron

flux attenuation by studied materials, and Table 4 — data

on coefficient of γ-quanta flux attenuation.

Therefore, addition of TiH2 to protective material from

borated polyethylene in the above quantities increases its

protective characteristics for fast neutrons. In the same

manner for γ-quanta the addition of a heavy component

to borated polyethylene improves protective characteristics

of such composite material.

Physics of the Solid State, 2025, Vol. 67, No. 3
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Table 3. Data on coefficient of neutron flux attenuation by studied materials

Coefficient of neutron flux attenuation by studied materials, cm−1

Material Neutron energy E, MeV

0.81 1.1 2.0 4.0 7.0 10.0 13.0 16.0

PCM-B4C 1183.8 428.1 73.3 37.7 6.7 5.6 4.7 4.6

PCM-V4C-TiH2 993.8 472.4 128.5 59.9 12.6 9.9 7.3 5.6

Table 4. Data on coefficient of gamma-quanta flux attenuation by studied materials

Coefficient of gamma-quanta attenuation with studied materials, cm−1

Material Energy of gamma-quanta E, MeV

0.2 0.6 0.8 1.6 2.5 4.0 6.0 9.0

PCM-B4C 10.31 11.34 10.32 10.32 10.3 10.35 10.52 11.43

PCM-V4C-TiH2 11.37 14.9 14.67 19 19.22 16.9 15.57 12.65

Therefore, it may be concluded that composite material

PCM-V4C-TiH2 is quite a good compromise between pro-

tection against neutrons and protection against γ-radiation,

at least in the studied range of radiation energies, and has

good physical and technological properties to manufacture

reactor protection compositions.

5. Conclusion

The advantage of PCM-B4C-TiH2 above PCM-B4C practi-

cally in the entire energy range (except for E < 1.5MeV) is
explained by the fact that titanium hydride (TiH2) contains

hydrogen, which more effectively moderates neutrons due

to elastic scattering. Despite the fact that titanium itself

plays a role in inelastic scattering, the main role in neutron

energy reduction is played by hydrogen in TiH2, and not

titanium itself. At E < 1.5MeV the advantage stays with

B4C, since boron has very high section of thermal neutron

absorption.

Therefore, addition of heavy material to borated polyethy-

lene in the above quantities does not deteriorate its protec-

tive characteristics for neutrons, and with titanium hydride it

even somewhat improves them. For γ-quanta the addition of

a heavy material to borated polyethylene naturally improves

protective characteristics of such composite material.

It should also be noted that composite material

PCM-V4C-TiH2 is quite a good compromise between

protection against neutrons and protection against gamma-

radiation, at least in the studied range of radiation energies,

and has good physical and technological properties to

manufacture protection compositions.
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