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A B S T R A C T

Radiation shielding composites based on polyimide and Bi2O3 were synthesized. Surface and physical-mechanical
properties of polyimide/Bi2O3 composites were studied. Bi2O3 particles were modified by poly-
methylphenylsiloxane for the uniform distribution of filler in composites. This paper presents data on the pro-
duction of composites in two ways: hot- and cold-pressing. The hot-pressing method for the synthesis of
composites is preferable compared to the cold-pressing method (the density increases by 10–12%, and the Vickers
microhardness by 10–20%). The results show that the introduction of Bi2O3 significantly increases the thermal
stability of the composites. At 680 �C, a polymer composite containing 10 wt% Bi2O3 retains 9.7% of its mass, and
at 60 wt% Bi2O3, retains 58.4%. The radiation-protective characteristics of the composites with respect to gamma
radiation were evaluated by experimental and theoretical methods. High radiation-protective characteristics of
the composites have been established in the gamma-quanta energy range of 0.1–1 MeV.
1. Introduction

The polymer composites are widely used in many industries [1, 2].
The use of polymer composites in space technology reduces the weight of
the final products, operating costs, and fuel consumption [3, 4, 5].
However, not all polymers can be used in the harsh conditions of outer
space. These conditions include deep vacuum, a sharp temperature drop
(from �170 to þ200 �C), ionizing radiation, vacuum ultraviolet radia-
tion, micrometeorite particles, atomic oxygen, etc. Under the influence of
these conditions, many polymers are destroyed, which leads to a serious
violation of their functionalities [6, 7, 8, 9, 10, 11].

PI is one of the few polymers capable of working in the harsh con-
ditions of outer space. PI is used due to its high strength properties, ra-
diation and chemical steadiness, which distinguishes it among
heterochain thermoplastics and determines long-term use in space [12,
13, 14].

The use of heavymetal oxides as a filler in a PI matrix can improve the
physico-mechanical and radiation-protective characteristics of the ma-
terial [15, 16, 17]. The selection of appropriate fillers and their con-
centration can adjust the final properties of the composite [18, 19, 20].
Radiation-protective composites based on PI and heavy metal oxides
can be used as a local protection for a spacecraft's electronic equipment.
Local protection is an additional screen designed to protect critical nodes
phenylsiloxane.
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and hardware components. The use of such a screen does not entail a
serious increase in the mass or dimensions of the spacecraft units and is
one of the most effective and cost-effective approaches to ensuring the
radiation protection of electronic equipment [21, 22]. The use of such
screens allows the use of commercial and industrial class chips instead of
radiation-resistant chips, which makes it possible to reduce the price of
electronic equipment and expand the range of components used.

In this work, Bi2O3 was used as a filler in a PI matrix (modification
α-Bi2O3). Bismuth oxide is a p-type semiconductor with a high density of
8900 kg/m3. In contrast to lead, bismuth oxide is non-toxic and has high
radiation-protective characteristics with respect to γ-radiation that are
almost as good as lead [23]. The use of bismuth oxide as a
radiation-protective filler in polymer matrices has been the subject of
much research [24, 25, 26]. The article [27] presents data on the intro-
duction of bismuth oxide (up to 60 wt%) to the isophthalic resin. The
isophthalic resin/Bi2O3 composites have thermal stability up to 200 �C.
Verdipoor et al. synthesized radiation-protective composites based on
silicone resin and Bi2O3 micro and nano-particles. The
radiation-protective composites were made of nanoparticles having
higher mass attenuation coefficients of γ-radiation relative to those made
of microparticles [28]. Kurudirek et al. found that the introduction of
Bi2O3 into borosilicate glass significantly increased the shielding capa-
bility of glassy rays [29].
.
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Fig. 1. The image of a water drop on the initial Bi2O3 (a) and modified Bi2O3 (b).
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The introduction of inorganic particles into the organic polymer is
associated with a number of technical difficulties, such as aggregation of
filler particles and changing the structure of the polymer matrix. To
obtain a uniform distribution of inorganic particles in the volume of non-
polar polymer matrices, which include PI, fillers are widely modified
[30]. Modification is carried out in order to create a hydrophobic particle
surface. Studies have shown that surface modification of the inorganic
filler leads to an improvement in the mechanical properties of polymer
composites [31, 32, 33, 34].

The traditional reagents for the modification of inorganic particles are
organosilicon compounds [35]. However, in some cases, it is difficult to
obtain a modified carrier with the desired properties (due to the
complexity of modifier synthesis, the incompatibility of the necessary
functional groups with the anchor grouping, etc.). In recent years, ref-
erences have appeared in the literature about the possibility of using
phosphorus derivatives, such as alkyl phosphonic acids and alkyl phos-
phates, for modifying the surface of oxides [36, 37]. The chemistry of
these compounds is markedly different from the chemistry of organo-
silicon, so in many cases, they may be useful and even indispensable for
obtaining modified surfaces. There are no works on the use of PMPS for
the modification of inorganic particles for the purpose of compatibility
with PI.

This paper presents data on the synthesis of polymer composites
based on a PI matrix and Bi2O3 modified with PMPS. Their surface,
physico-mechanical and radiation shielding properties were studied.

2. Experimental

2.1. Composites synthesis

PI was used as a matrix for the synthesis of composites in the form of
pressed powder (JSC Institute of Plastics named after G.S.Petrov, Mos-
cow, Russia). Bismuth oxide (α-modification) Bi2O3 (LLC VitaChem
Siberia, Novosibirsk, Russia) was used as a filler. For modifying the filler,
a high-temperature PMPS-4 liquid (LLC VitaChem Siberia, Novosibirsk,
Russia) was used. The chemical formula of the modifier is (C11H8OSi)n.
PMPS was applied to Bi2O3 particles and subjected to further mechanical
mixing. The modified Bi2O3 was dried at 120 �C for 3 hours. Heat
treatment of the modified filler provides chemical fixing and stability of
the modification shells. The modifier content was no more than 0.5 wt%
of the main mass of Bi2O3.

Polymer composites with different contents of Bi2O3 were synthe-
sized. For mixing the components, mechanical activation by dispersing in
a jet-vortex mill was used. Studies [38, 39, 40] showed that the use of
mechanical activation allows the achievement of a uniform distribution
of highly dispersed fillers in the polymer matrix. This method activates
the surface of the components and makes it possible to avoid aggregation
of the filler, retaining the high mechanical characteristics of the polymer
composite in a wide temperature range [38, 39, 40].
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Composite discs were obtained in two ways. In the first method, the
mixture was first pressed and then burned at a temperature of 250–300
�C for 1 hour. In the second method, the mixture was heated to a tem-
perature of 350–400 �C, kept for one hour, and then pressed. After
pressing, the polymer composites were cooled to room temperature at a
rate of 10 �C/min. The pressing pressure in both cases was the same, 150
MPa. The thickness of the composite discs was 3–5 mm.
2.2. Characterization techniques

Contact-angle measurements were performed at room temperature
using a Krüss DSA30 Drop Shape Analysis System.

The size and distribution of particles was measured with ANALY-
SETTE 22 NanoTecplus (FRITSCH).

Microphotography of Bi2O3 and the surface of PI/Bi2O3 composite
was performed using electronic microscope Tescan Mira 3 LMU.

The density (ρ) of the composites was determined by hydrostatic
weighing. First, the mass of the composite was determined in the air, then
in a distilled water. After weighing the PI/Bi2O3 composites in the air and
in the distilled water, ρ was found using formula (1):

ρ¼ m
m� m1

� ρw; (1)

wherem is the mass of the PI/Bi2O3 composite in the air;m1 is the mass of
the PI/Bi2O3 composite in the distilled water; ρw ¼ 0.998 g/cm3.

An STA 449 F1 Jupiter device for synchronous thermal analysis by the
company NETZSCH was utilized to carry out the differential thermal
analysis.

Microhardness measurement was performedwith the use of Duramin-
2 microhardness tester. The tester has a range of nine loads, from 98.07
mN (10 g) to 19.61 N (2 kg), which can be selected by the load-inter-
сhange mechanism. Loading and un loading of the indenter with the
chosen weight occurs automatically with the relevant information dis-
played on the test er's LCD touchpad.

To study the radiation-protective properties, the PI/Bi2O3 composite
was irradiated with γ-radiation at an energy of 400 keV and 662 keV. The
sources of γ-radiation were radionuclides 192Ir (400 keV) and 137Cs (662
keV). Gamma rays were recorded by the Gamma-beta-spectrometric
complex "Progress-BG". The gamma-beta-spectrometric complex error is
5%.

The linear attenuation coefficient (μ) of the composite was found
using formula (2):

N¼N0 � e�μ � x (2)

where N – the measured count rates in Gamma-beta-spectrometric
complex "Progress-BG" with the thickness PI/Bi2O3 composite, x (cm);
N0 – the measured count rates in Gamma-beta-spectrometric complex
"Progress-BG" without the PI/Bi2O3 composite.



Fig. 2. SEM images of the initial Bi2O3 (a,c,e) and modified Bi2O3 (b,d,f) at different magnifications.
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The mass attenuation coefficient of γ-radiation of the PI/Bi2O3 com-
posite was found using formula (3):

μm ¼ μ=ρ (3)

The XCOM programwas used for a theoretical calculation of the mass
attenuation coefficient of the composites. In the XCOM code, the energy
range between 1 keV and 100 GeV can be calculated [41].

3. Results and discussion

3.1. Modifying Bi2O3

To study the process of modifying Bi2O3, tests were performed to
determine the contact angle by the method of a spreading drop on the
3

surface of the initial and modified Bi2O3. Contact angle θ is a charac-
teristic of the hydrophilicity (hydrophobicity) of the surface of the ma-
terial. The smaller the angle, the more hydrophilic the surface. Baseline
Bi2O3 has a hydrophilic surface. The contact angle is 15� (Fig. 1 a). After
modifying, the contact angle of Bi2O3 is 96� (Fig. 1 b). An increase in the
contact angle indicates a positive adsorption of the oligomer (modifier)
and its uniform distribution on the outer surface of Bi2O3. PMPS liquid
imparts a hydrophobic character to the Bi2O3 surface, which will allow
Bi2O3 to evenly distribute throughout the entire volume of the non-polar
PI matrix.

Bi2O3 is modified via a physical interaction, the procedure involves
macromolecules of PMPS adsorbed onto its surface. A polar group of
surfactants is adsorbed to the surface of Bi2O3 by an electrostatic inter-
action. As a consequence, the physical attraction between the Bi2O3



Fig. 3. Particle size distribution of initial Bi2O3.

Fig. 4. Electron probe microanalysis of the near-surface (a) and deep (b) layers of modified Bi2O3.
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particles within agglomerates is reduced, making Bi2O3 particles easy to
incorporate into a polymer matrix [42].

Fig. 2 shows SEM images of the initial and modified Bi2O3 at different
magnifications. Microscopic analysis of the original Bi2O3 showed that
the particles are in the form of long needles. Particle size varies from 2 to
15 μm. What is also confirmed the particle size analyzer results (Fig. 3).
The SEM images shows that individual needle particles are combined
into large agglomerates with a size of up to 25 μm (Fig. 2 e). Based on the
microscopic analysis data the bismuth oxide used is the α-modification,
whereas γ-Bi2O3 is characterized by non-aggregated crystals of irregular
Table 1
Density of PI/Bi2O3 composite obtained by various methods.

Molding method Density, g/cm3

Bi2O3, wt%

0 10 20 30 40 50 60

Cold pressing 1.31 1.44 1.60 1.78 2.03 2.32 2.73
Hot pressing 1.43 1.61 1.77 1.99 2.23 2.57 3.05
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shape, resembling pyramidal and cubic forms [43].
Modifying the surface of Bi2O3 leads to a significant change in the

microstructure of the particles (Fig. 2 b, d, f). The needle particles present
in Fig. 2e disappear after modification. Particles become more rounded
with smooth edges. In addition, there is a significant decrease in aggre-
gated Bi2O3 particles after modification. Analysis of the microstructure of
the modified Bi2O3 particle surfaces showed a uniformly formed modi-
fication shell on the surface of monodisperse spherical oxide particles.
The authors assumed that the obtained powder is Bi2O3, the surface of
which is coated with PMPS polymerization products. The data obtained
from electron probe microanalysis of high-resolution scanning electron
microscopy as confirmation of the Bi2O3 surface modification. The
elemental composition of the Bi2O3 of the deep layer (the electron
scanning depth in the material at 7 kV does exceed 1 μm) and near-
surface layer (the electron scanning depth in the material at 7 kV does
not exceed 0.2 μm) are shown in Fig. 4. According to the data obtained,
the atomic composition in the near-surface layers of modified Bi2O3

shows concentrations of C, O, and Si atoms similar to those present in the
composition of PMPS. The presence of Bi in the near-surface layer of
modified Bi2O3 was not detected.



Fig. 5. SEM images of the surface of composites with 50% modified Bi2O3 content obtained by cold- (a, c) and hot- (b, d) pressing.

Table 2
Vickers microhardness (HV) for composites obtained by various methods.

Molding method Vickers microhardness (HV)

Bi2O3, wt%

0 10 20 30 40 50 60

Cold pressing 42.2 48.3 57.2 62.9 66.9 73.0 76.6
Hot pressing 50.3 58.9 65.8 71.5 78.7 84.9 90.1
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3.2. Physical-mechanical properties of polyimide/Bi2O3 composites

The synthesis of composite discs was performed in several ways. The
first method included cold-pressing with further calcination at a tem-
perature of 250–300 �C for 1 hour. In the second method, hot-pressing
was used at a temperature of 350–400 �C and a pressure of 150 MPa.
Table 1 presents data on the density of composites obtained by these
methods.

Analysis of the data in Table 1 showed that the introduction of a filler
leads to an increase in the density of the composites under study, both in
the first and second synthesis methods. The composites obtained by hot-
pressing have a 10–12% higher density compared with composites ob-
tained by cold-pressing. This is explained by the fact that when using the
hot-pressing method, heating the mold and holding at a temperature of
350–400 �C leads to a softening of the PI material and its transition to a
viscous-fluid state. Pressing such a viscous-fluid mixture at a pressure of
150 MPa provides high shear deformations, which leads to a uniform
distribution of fillers in the polymer melt [44]. In addition, when using
such a high specific pressure in the polymer composite, topochemical
reactions between its components will occur, which in turn will create a
strong connection between them and provide high density and strength
characteristics of the developed composite [45].

The physico-mechanical characteristics of compositions based on
polymeric materials substantially depend on the homogeneity of the
mixtures used. To assess the uniformity of the modified Bi2O3 distribu-
tion in the volume of the PI matrix, the microstructure of the obtained
composite surfaces was studied. Fig. 5 shows SEM images of the com-
posite surfaces with 50% modified Bi2O3 content obtained by cold- and
hot-pressing. Analysis of the composite surface microstructure obtained
5

by both methods showed a fine-grained structure.
However, the surface of the composite obtained by cold-pressing has

a loose structure with a large number of pores (Fig. 5a, c). The particles of
modified Bi2O3 are non-uniformly distributed in the PI matrix due to the
high aggregation of the particles. In spite of this, no microcracks or shells
were observed on the surface of the composite obtained by cold-pressing.
The composite produced by hot-pressing has a dense structure. Individ-
ual isolated pores were observed in the field of large filler particles.

To analyze the influence of the pressing method on the packing
density, surface structure, and thin surface layers of composites, the
microhardness of the material surface was studied. The hardness of the
material means its resistance to local plastic deformation when another
body, which is not subject to such deformation, penetrates it. When
evaluating the Vickers microhardness, a pyramidal diamond indenter
was pressed into the surface of the composites under a load acting for a
fixed time (not less than 15 sec.). The load in all dimensions was the
same, 200 g Table 2 presents data on Vickers microhardness for com-
posites obtained by cold- and hot-pressing.

Analysis of the data in Table 2 showed that the introduction of Bi2O3



Fig. 6. TGA curves for pure PI and PI/Bi2O3 composite.

Table 3
Weight level in PI/Bi2O3 composite samples.

Temperature (�C) Weight level, %

Bi2O3, wt%

0 10 20 30 40 50 60

450 97.3 97.3 97.3 97.3 97.3 97.3 97.3
500 96.5 96.5 96.5 96.5 96.5 96.5 96.5
550 89.9 90.6 91.4 92.1 92.8 93.6 94.3
600 56.6 60.7 64.7 68.8 72.8 76.9 80.9
680 0 9.7 19.4 29.2 38.9 48.6 58.4
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filler significantly increases the microhardness of the composites, higher
Bi2O3 content corresponds to higher Vickers microhardness. This is true
for composites obtained by both cold- and hot-pressing. The increase in
Vickers microhardness with increasing filler content is due to the fact
that Bi2O3 has a harder surface. The hardness of Bi2O3 on the Mohs scale
is 4–5 [46], while the hardness for PI on the Mohs scale is only 1 [47]. In
[48, 49], it was shown that the introduction of inorganic particles
significantly increases the microhardness of polymer composites.

As can be seen in Table 2, the Vickers microhardness strongly depends
on the method of synthesis of the composite. When using the hot-pressing
method, the Vickers microhardness is 10–20%more for composites made
by cold-pressing for the same composition. This is consistent with the
Fig. 7. DTA curves for pure P
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SEM images data of the composite surfaces. The looser surface structure
obtained by cold-pressing will have a lower microhardness (Fig. 5 a, c).
The more dense structure with a maximum degree of packing and min-
imal porosity (Fig. 5 b, d) obtained by hot pressing will have a high
microhardness. The strong variation in microhardness, by 10–20%, with
the use of various methods for the synthesis of composites is also related
to the high error of the instrument used in measuring Vickers
microhardness.

Based on the obtained data on density, surface microstructure and
microhardness, the hot-pressing method for the synthesis of composites
is preferable. The hot pressing method allows more dense composites to
be obtained, which will lead to a significant increase in their physico-
mechanical characteristics.

To reveal the influence of the filler on the heat resistance of the ob-
tained composites, a thermogravimetric analysis of composites with
different Bi2O3 contents was carried out. Thermogravimetric analysis is a
method of studying physico-chemical and chemical processes and re-
actions based on recording the thermal effects (enthalpy changes)
accompanying the transformations of substances under temperature
programming conditions [50]. The study of thermal characteristics was
carried out in the range from 20–700 �C. Fig. 6 shows the TGA curves of
pure PI and composites containing up to 60% wt. modified Bi2O3. Fig. 6
shows that pure PI is stable to 425.6 �C, without loss of mass on the TGA
curve. At a temperature of 680 �C, complete thermal decomposition of
I and PI/Bi2O3 composite.



Table 4
Elemental atomic composition of the composites under study.

Bi2O3, wt% Atom content, wt%

С N O H Bi

0 68.11 7.57 21.62 2.70 -
10 61.30 6.81 20.49 2.43 8.97
20 54.49 6.05 19.36 2.16 17.94
30 47.68 5.30 18.22 1.89 26.91
40 40.86 4.55 17.09 1.62 35.88
50 34.06 3.78 15.96 1.35 44.85
60 27.24 3.03 14.83 1.08 53.82

Table 5
Mass attenuation coefficient of γ-radiation (μm) PI/Bi2O3 composite samples.

Bi2O3 wt% μm, cm2/g

E, keV

400 662

XCOM program Experiment XCOM program Experiment

0 0.11 0.12 � 0.01 0.08 0.08 � 0.01
10 0.26 0.27 � 0.03 0.11 0.13 � 0.01
20 0.38 0.38 � 0.03 0.13 0.15 � 0.02
30 0.49 0.50 � 0.04 0.17 0.16 � 0.01
40 0.57 0.53 � 0.06 0.19 0.21 � 0.03
50 0.68 0.64 � 0.06 0.21 0.23 � 0.03
60 0.75 0.76 � 0.07 0.22 0.24 � 0.03
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the PI occurs. The results obtained for the thermal stability of PI are
consistent with the literature data [51, 52]. It is known that the intro-
duction of inorganic filler significantly increases the thermal stability of
polymers [53, 54, 55]. This is clearly seen in Fig. 5; as the content of
Bi2O3 increases, the rate of mass loss for the composite decreases.
However, a slight mass loss in composites begins at an 80–120 �C, which
is most likely due to the loss of sorbed and hydroxyl water contained in
Bi2O3 [56]. Table 3 presents data on the thermal stability of the
composites.

Data of Fig. 6 and Table 3 shows that the thermal stability of the PI
less than the PI/Bi2O3 composites. It's known that thermal stability of the
inorganic compounds is greater than thermal stability of polymers [57,
58].

Fig. 7 shows the DTA curves of PI and PI/Bi2O3 composite samples.
The DTA curve of pure PI is characterized by a long exo-effect with a
marked maximum at 670�С, corresponding to the maximum decompo-
sition rate of the PI. Also on the DTA curve of pure PI, there is a small
endothermic peak at 425.6 �C. On the TGA curve, this temperature cor-
responds to the beginning of the thermal degradation of the PI. In
addition, several pronounced peaks appear on the DTA curves of the
composites. The endo-effect at 84.5 �C in the low-temperature range
(80–120 �C), accompanied by a change in the mass of the samples, was
Fig. 8. Curves of the mass attenuation coefficient of gam
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related to the loss of sorbed and hydroxyl water in Bi2O3. Also, the DTA
curves of composites are characterized by an extended endo-effect with
marked maxima at 611.1 and 627.9�С. This endothermic effect appears
to be due to recrystallization of Bi2O3 [56].

3.3. Radiation shielding properties of polyimide/Bi2O3 composites

Evaluation of the radiation shielding properties of polyimide/Bi2O3
composites with respect to gamma radiation were estimated by the data
of the mass attenuation coefficient of γ-radiation (μm). The mass atten-
uation coefficient of γ-radiation was calculated experimentally and
theoretically using the XCOM program. This program allows you to
calculate the gamma radiation attenuation coefficients for mixed sub-
stances, depending on their chemical (atomic) composition. Table 4
presents the elemental atomic chemical composition of the composites
under study.

Fig. 8 shows the curves of the dependence of the gamma radiation
mass attenuation coefficient as a function of the energy of gamma rays.
The energy of gamma rays ranged from 0.1–1 MeV. As expected, with an
ma radiation of composites as a function of energy.
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increase in the content of Bi2O3, an increase in the mass attenuation
coefficient was observed in the entire investigated energy range. The
curves are linear in nature and are located one below the other.

Table 5 presents a data of mass attenuation coefficient of γ-radiation
PI/Bi2O3 composite samples, based on calculated and experimental data
at the same effective γ-radiation energy (400 keV and 662 keV). The
experimental values accounted for the error of the Gamma-beta-
spectrometric complex "Progress-BG" (5%).

Table 5 shows high accuracy of the mass attenuation coefficient of
γ-radiation calculated with the XCOM program, and experimental data
obtained with of the Gamma-beta-spectrometric complex "Progress-BG".
The difference between μm which is calculated in the XCOM program
and μm which is obtained with of the Gamma-beta-spectrometric com-
plex "Progress-BG" was around 7–12% (the largest and smallest values
were taken into account taking into account the measurement error).

4. Conclusions

It is shown that the modification of Bi2O3 with PMPS fluid makes the
surface of the filler hydrophobic. The uniformly formed modification
shell on the surface of monodisperse spherical Bi2O3 particles has been
established.

When using the hot-pressing method, the Vickers microhardness is
10–20% more than composites obtained by cold-pressing, for the same
composition. The introduction of Bi2O3 significantly increases the ther-
mal stability of composites. At 680 �C, a polymer composite containing
10 wt% Bi2O3 retains 9.7% of its mass, and at 60 wt% Bi2O3, retains
58.4%.

High radiation-protective characteristics with respect to gamma ra-
diation, in the 0.1–1 MeV range, for the composites have been estab-
lished by theoretical and experimental methods.
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