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W-Bi,O3 composites were fabricated using the hot isostatic pressing technique for the first time. The duration
of the samples sintering was 3 minutes under conditions of high pressure and temperature. The study of
microstructural features and chemical composition of sintered samples was carried out using scanning
electron microscopy and energy-dispersive X-ray spectroscopy, respectively. The effect of temperature on
the quality of the obtained W-Bi,Os composites is determined. The densest samples were obtained at
a pressure of 5 GPa and temperatures of 25 °C and 500 °C, the densities of which were 18.10 and
17.85 g cm™, respectively. It is presented that high temperature exposure during sintering adversely affects
both the composite density and microstructure due to the redox reaction accompanied by the reduction of
Bi and the oxidation of W. The results of the W-Bi,Oz structure study using X-ray diffraction analysis
showed that all samples included the main bulk-centered cubic W phase. The presence of the WO, phase is
noted only when the sintering temperature is increased up to 850 °C, which is confirmed by the appearance
of diffraction peaks that correspond to 111 and 22—2 crystallographic planes. The shielding efficiency of the
W-Bi,O3 composite against gamma radiation using the Phy-X/PSD software was evaluated. A Co®® isotope
with an energy of 0.826—-2.506 MeV was used as a source of gamma radiation. The calculation results were
compared with those for Pb and Bi. Key shielding parameters such as the linear attenuation coefficient, half-
value layer, tenth-value layer, mean free path, and effective atomic number are determined. The calculation
results revealed that the W—-Bi,Oz composite surpasses Pb and Bi in its shielding properties, which makes it
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Introduction

Currently, microelectronic products are widely used in many
industries (electronic, nuclear, medicine, space, etc.), and the
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inexpensive and easy to process, but its toxicity can cause
serious harm to the human body and the environment.*™ In
this regard, there is a need to develop alternative materials that
will perform their function as shielding materials and be more
eco-friendly."

The authors of ref. 9 made a comparison between lead,
tungsten, and WC-Co composites obtained by hot pressing.
WC-Co and lead showed almost identical results in terms of
linear attenuation coefficient values of Cs'’ (1.06 and
1.05 cm ', respectively) and Co®° (0.64 and 0.62 cm ™", respec-
tively) gamma-radiation isotopes, while W showed more
outstanding results: 1.7 cm ™" for Cs"*” and 1.02 em ™" for Co®.
At the same time, pure W had the lowest value of the half-value
layer (0.407 cm for Cs'*” and 0.676 cm for Co®®). For WC-Co,
these values were 0.652 cm and 1.07 cm, respectively, compared
to 0.66 cm and 1.1 cm for Pb. In ref. 10, the properties of WC
and Pb with thicknesses of 0.1, 0.5, and 1 cm were discussed
and analyzed. The results of this work showed that WC in the
gamma radiation energy range of 0.160-0.662 MeV has practi-
cally equivalent linear and mass attenuation coefficients. The
authors of works'*>'**¢ synthesized light composites such as
high-density polyethylene and tellurite glasses with the addition
of barium oxide in various ratios and revealed that their prop-
erties as radiation protection materials are worse than lead
(lead density 11.34 g cm®, tellurite glasses density 5.29-
5.34 g cm* depending on composition), but the safety of such
materials puts them one step above lead protection. In
works,'”*? various lead-free composites (Sb/Bi, Ba/Bi, Sb/W, etc.)
and single-component materials (Bi, W, Sb, Ba, Cs, etc.) were
considered, and their comparison with Pb was performed.
These materials demonstrated shielding properties almost
equivalent to those of lead. Various cement compositions*® and
tungsten-based compositions*>* were also reviewed and
studied in detail. And composites with tungsten (W-C, W-Cu)
showed the best results of all the above materials. Thus, in ref.
21, a composite material of WC and ethylene vinyl acetate (WC-
EVA) in different ratios (50% EVA and 50% WC; 40% EVA and
60% WC; 30% EVA and 70% WC) was synthesized, and the
shielding efficiency of the samples was compared with that of
Pb of 1 and 2 mm thickness. The Cs'*” isotopes acted as the
radiation source. The shielding efficiencies of the WC-EVA
compositions under consideration were equivalent to each
other and exceeded the shielding efficiencies of lead by 5% for
1 mm thickness and by 9-10% for 2 mm thickness. Whereas, for
the 1! source, these values were 1.5 times the effectiveness of
lead shielding.

The most important parameter defining radiation shielding
materials is their density. An excellent alternative to lead is
tungsten, which has a high density and melting point and is
inexpensive.'”****>* However, due to the refractoriness of
tungsten, modern methods of powder metallurgy in the
production of radiation shields from it are expensive, and the
production process is very long.>® To solve this problem, it is
possible to use fusible materials as binders (matrix). In most
composites (with the exception of layered composites),
components can be divided into a matrix with reinforcing
elements included in it.>® For such purposes, carbon materials,
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copper, cobalt, bismuth, etc. are used as binder components in
tungsten-based composites.”*°

There are many methods of manufacturing composites
based on refractory materials: magnetron sputtering, gas sput-
tering, centrifugal sputtering, spark plasma sintering, 3D
printing technologies, selective laser melting, extrusion, inkjet
printing, hot stamping, etc.>>*'*” However, the high duration of
the processes suggests the need to use other synthesis methods,
the duration of which is shorter and the final result matches the
requirements for the material.

The purpose of this work is for the first time to obtain W-
Bi,O; composite via hot isostatic pressing, to analyze the effect
of high pressure and temperature on the samples sintering
process, to determine the dependence of microstructural and
structural parameters, chemical composition, and density on
sintering conditions, and to determine the shielding efficiency
against gamma radiation.

Experimental

All chemicals used were commercial reagents with analytical
purity (Sigma-Aldrich, USA). The initial material was a mixture
of powders obtained by grinding and mixing separately taken
powders W (99 wt%) and binding material Bi,O3 (1 wt%) using
a planetary Fritsch Pulverisette ball mill (FRITSCH Laboratory
Instruments, Idar-Oberstein, Germany). The duration of
homogenization was 3 hours at a rotational speed of 300 rpm.
The obtained powder mixture was molded into samples in the
form of 2.3 £ 0.1 cm tablets by cold solid-phase pressing.

Then, samples of W-Bi,O; composite material were obtained
by the hot isostatic pressing method for further studies. The
main point of the hot isostatic pressing method is the simul-
taneous thermobaric action on the closed volume. Each of the
samples was placed in a container that included a low-
resistance graphite mixture, which provides a rapid set of
high temperature values. High temperature values help to
achieve plasticity in the grains, as a consequence of which it is
possible to obtain materials with a density value close to the
theoretical one.** The high value of pressure applied to all
samples (5 GPa) contributes to the increase in the reaction area
due to the good compaction of the powder grains.

The main feature of this method is the high speed of the
process, which is ensured by the fact that the heating and
cooling of the produced samples occur under the constant
action of high pressure. In our experiments, the duration of the

Table1l Features of synthesis of composite materials based on the W—-
Bi,O3z system

Sample No. Sintering temperature, °C Pressure, GPa

2000 5
1500
1000
850
500
25

A U R W N
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samples sintering was 3 minutes, as described in detail in ref.
23. The samples were 2 x 2 cm? plates with a thickness of 2 mm.
Using this method, six samples of the same shape were
received. For each of the samples, there were different synthesis
conditions, as presented in Table 1.

The morphology and chemical composition of the composite
samples were studied using a Carl Zeiss EVO10 scanning electron
microscope (SEM) (Carl Ziess, Oberkochen, Germany) in combi-
nation with an Oxford energy dispersive X-ray spectroscopy (EDX)
detector (Oxford Instruments NanoAnalysis, Wiesbaden, Ger-
many). A statistical analysis of tungsten powder grain size was
performed using SmartSEM and Gwyddion software. Initial data
for the analysis was collected from at least three SEM images.

The calculation of the effective densities of the samples was
carried out using the method of hydrostatic weighing.*® The
main idea of this method is to measure sample mass, which
occurs in two stages: first in air and then in liquid with known
exact values of density. In our example, the liquid was distilled
water. The values of densities were obtained by calculation,
using the reference values of densities of separate components
of the composite and the results of hydrostatic weighing. The
formula for calculating the theoretical density (pwmeor) Of the
composite is presented below.

1
= — 1
Ptheor V’ ( )
X XBi,
V= W + +BiO3 (2)
Pw  PBi,0,

where V is the composite volume, cm?; x is the percentage
content of the composite component; p is the density of the
composite component, g cm .

The effective densities (per) of each sample were compared

with the theoretical density using the expression:

M
Per = 3p X P10 (3)
Prg = p’ff x 100% (4)
theor

where p, is relative density, %; M is mass of composite in air, g;
m is mass of composite in liquid, g; pu,o is liquid
density, g cm >,

Expression (3) shows how close the values of the effective
density of samples are to the theoretical one for W-Bi,O;
composition in percentage terms.

The relative porosity (Py) of the samples was calculated by

the following formula:
Pre = 100% — Prel (5)

The phase composition and lattice parameters were investi-
gated by X-ray diffraction (XRD) analysis using a PANalytical
EMPYREAN powder diffractometer (Malvern Panalytical Ltd,
Malvern, UK) with Cu-Ko radiation. Diffraction lines were
recorded for 20 = 20-106° in 0.02° increments. Evaluation of
the volume fractions of individual phases was performed using
the PowderCell 2.4 program.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The shielding efficiency of gamma radiation was evaluated
by simulation using the Phy-X/PSD software package.** The
source of gamma rays was Co®® with energies of 0.826-2.506
MeV. This software was used to calculate the following param-
eters: linear attenuation coefficient (LAC), half-value layer
(HVL), tenth-value layer (TVL), mean free path (MFP), and
effective atomic number (Z.¢). The estimated parameters were
compared with Pb and Bi, the results for which were also ob-
tained using Phy-X/PSD.

1 Ny
LAC = L (Mo 6
wn(): )
In 2
MFP — L ()
= TAC’
In 10
TVL = 1oc, ©)

where p is the density of the material; x is the material thick-
ness; N, is the intensity of the incident gamma radiation on the
shield; N is the intensity of the gamma radiation that has passed
through the shield.

It should be explained that the HVL is the thickness of the
shield material, after which the intensity of directional ionizing
radiation will decrease by a factor of two. TVL also characterizes
the thickness of the material, but to attenuate radiation by
a factor of ten. These values serves as a characteristic of the
material's protective properties against the effects of IR. The
effective atomic number (Z.g) of a material is equivalent to the
atomic number, and the higher it is, the more effective the
shielding of gamma radiation. MFP is the average distance
a gamma ray can pass without collision, after which its direc-
tion or energy changes.

Results and discussion

The results of the density and porosity evaluation of the W-
Bi,O; composite are shown in Table 2. It can be seen that the
highest density value of 18.10 g cm > corresponds to the sample
sintered at 25 °C (sample No. 6). The sample with the lowest
density value of 16.98 g cm™> was sample No. 1, obtained at
2000 °C. Relative density analysis presented that it is sufficiently
high for all samples and is 89.13-95.01%. At the same time, the

Table2 Results of effective, relative density and porosity parameter of
W-Bi,Oz composites

3

Sample No. Pefy g CM Prel, % Pret, %
1 16.98 89.13 10.87
2 17.29 90.76 9.24
3 17.45 91.06 8.94
4 17.36 91.11 8.89
5 17.85 93.70 6.30
6 18.10 95.01 4.99

RSC Adv, 2023, 13, 24491-24498 | 24493
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Fig. 1 SEM image of the initial W powder (a) and grain size distribution diagram (b).

relative porosity decreases with the sintering temperature
decreasing from 10.87 to 4.99%, which indicates a small devi-
ation from the theoretical values and corresponds to a high
degree of sample compaction.

Fig. 1 depicts the SEM image of the surface of the initial
tungsten powder (a) and the grain size distribution (b). It is seen
that tungsten grains smaller than 480 nm occupy about 26% of
the entire area. Based on the results of the Gaussian function
approximation, a grain size distribution diagram was plotted.
The most probable grain size of the W powder is 488 nm.

The analysis of SEM images (Fig. 2) revealed that with the
sintering temperature increasing for the W-Bi,O; composite,
defects on its surface and in the volume arise. Microstructure
defects are especially noted for sample No. 1 (Fig. 2a), which was
obtained at the highest temperature.

Whereas, sample No. 3 (Fig. 2b) has smaller defects, and
their quantity decreases with the reduction of the sintering
temperature to 1000 °C. Samples No. 5 (Fig. 2c¢) and No. 6
(Fig. 2d), obtained at 500 °C and 25 °C, respectively, whose
density is the highest, have significantly fewer defects compared
to samples obtained at higher temperatures.

The results of the chemical composition analysis (Fig. 3)
showed that the content of the oxygen phase increased with the
rise in sintering temperature.

Samples synthesized in the temperature range from 25 °C to
500 °C have a higher tungsten content, indicating a denser
structure (samples No. 5 and No. 6). The increase in oxygen
content in samples No. 1 and No. 3 (temperatures of 2000 °C
and 1000 °C, respectively) may be due to the course of the redox
reaction (RR) with the rising sintering temperature. Obviously,

Fig. 2 Results of SEM investigation of W-Bi,Os composites: No. 1 (a), No. 3 (b), No. 5 (c), No. 6 (d). Insets: enlarged SEM images.
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Fig. 3 Distribution map of the chemical elements of the W-Bi,Oz composites: No. 1 (a), No. 3 (b), No. 5 (c), No. 6 (d).

the structure defects of samples No. 1 and No. 3 are directly
related to the increased oxygen content (Fig. 3a and b). In this
case, bismuth oxide is reduced to metallic bismuth while
tungsten is oxidized and becomes WO,, which is confirmed by
the results of XRD analysis (Fig. 4). Probably, the occurrence of
RR can be called the main cause of defects appearance.

XRD results revealed that all samples include bulk-centered
cubic W phase, and the presence of the WO, phase is noted
when the synthesis temperature is increased up to 850 °C,
which is confirmed by the appearance of diffraction peaks
which correspond to 111 and 22—-2 crystallographic planes. The
volume fraction of bismuth oxide in the sintered material is
1 wt% and it cannot be fixed on the diffractograms, since this
amount of phase corresponds to the detection limit of the
method. The presence peaks corresponding to the WO, phase
can be associated with the oxidation temperature of tungsten,
the value of which under normal conditions is in the range of
400-490 °C. However, under high pressure and limited volume
conditions this value can increase. It explains the absence of the
oxide phase in the sample obtained at 500 °C and the appear-
ance of the same phase in the sample obtained at 850 °C.

Fig. 5a presents the dependence of the pure W and tungsten
oxide WO, phases content in the W-Bi,O; composite materials
on the sintering temperature.

It can be seen that the increase in the volume fraction of WO,
occurs with the rise of the samples sintering temperature. So, in
sample No. 6 sintered at 5 GPa and 25 °C, there is no WO,
phase, as well as in sample No. 5 obtained at 5 GPa and 500 °C.
However, as the sintering temperature increases from 1000 to

© 2023 The Author(s). Published by the Royal Society of Chemistry

2000 °C (samples No. 4 and No. 1, respectively), the WO, phase
appears and the W content decreases from ~91% to ~83%
(sample No. 1 obtained at 2000 °C).

Fig. 5b depicts the dependence of the W lattice parameter on
the sintering temperature. It shows that when the temperature
increases up to 1500 °C, the W lattice parameter rises, and then,
when the temperature increases up to 2000 °C, the lattice
parameter remains unchanged. In this regard, we can assume
that bismuth is insignificantly soluble in tungsten.

The shielding efficiency against gamma radiation was ob-
tained from the W-Bi,O; sample with the highest density
(sample No. 6, density 18.10 g cm ™) and compared with those
for Pb and Bi to demonstrate the advantages of the composite
material compared to other high-Z materials. Fig. 6 presents the
dependence of parameters characterizing the shielding effi-
ciency against gamma radiation in the energy range of 0.826-
2.506 MeV.

Fig. 6a suggests that the W-Bi,O; composite material has
a higher LAC value, which indicates its efficiency with respect to
the compared materials. In this energy range, the main mech-
anism of interaction of gamma rays with high atomic number
materials, such as W, Pb, and Bi, is Compton scattering, which
depends on Z and density.*>** Thus, when reaching an energy of
0.826 MeV, the LAC value for the W-Bi,O; composite is
1.19 cm ', whereas for Pb and Bi, it is 0.97 and 0.85 cm ™7,
respectively.

The results of the calculation of the half-value layer thickness
(Fig. 6b) showed that W-Bi,O; has the lowest HVL values
compared to Pb and Bi. Thus, at an energy of 2.506 MeV, the

RSC Adv, 2023, 13, 24491-24498 | 24495
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Fig. 4 XRD results of the W-Bi,O3 composites.

HVL for Pb is 1.4 cm, whereas it is 1.6 cm for Bi and 0.91 cm for
the W-Bi,O; composite. The same can equally be reported for
the TVL calculating results. The values correlate perfectly with
the HVL values. It is shown that the W-Bi,O; composite mate-
rial also has the lowest TVL values, which are 3.04 c¢cm at
aradiation energy of 2.506 MeV. These results demonstrate that
W-Bi,0; composite has the best mass-dimension parameters of
all the investigated materials. Therefore, it is recommended to
make shields of 2 mm thick and more for effective protection
from gamma radiation in the energy range of 0.826-2.506 MeV.
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The results of mean free path calculations presented in
Fig. 6d showed that for the energy of 2.506 MeV, the MFP value
for W-Bi,03; composite is 1.3 cm, for Pb it is 2.02 cm, and for Bi
it is 2.3 cm, which also indicates the superiority of the
composite material over the compared materials.

Fig. 6e shows a graph of the dependence of the Z.¢ on the
gamma-ray energy. Calculating of Z.¢ values is presented only
for the W-Bi,O3; composite, since for pure Pb and Bi these
values are constants. The Z.y characterizes the interaction of
gamma-quants with the medium of a certain composition. The
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Fig. 5 Dependence of the phase content (a) and of the tungsten lattice parameter (b) on the sintering temperature of the W-Bi,Os composite.
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value of the parameter demonstrates that the shielding effi-
ciency of a given composite material will be no worse than
shielding by a material with the corresponding atomic number.
The graph illustrates that the change of Z.¢ for the considered
composite material in the range of 0.826-2.506 MeV is insig-
nificant. Depending on the energy of gamma rays, the value of
the Z.¢ decreases within hundredths of a fraction (Z.g = 73.52 at
energy 0.826 MeV and Z.¢ = 73.49 at energy 2.506 MeV), but the
reduction of this parameter cannot greatly affect the properties
of the composite as a radiation shield, because the reduced
parameter is too small.

Conclusions

W-Bi,0; composite samples were synthesized using hot
isostatic pressing. The study of the effect of high pressure and
temperature conditions on the microstructure and density
showed that at a pressure of 5 GPa with increasing temperature
from 25 to 2000 °C the number of defects in the W-Bi,O;
composites rose, and the density values decreased from 18.10 to
16.98 g cm ™, while the calculated values of porosity increased
from 4.99 to 10.87%, respectively.

The results of structure studies of the W-Bi,O; composite
show that all samples have bulk-centered cubic W phase, and
the presence of the WO, phase is observed when the sintering
temperature rises up to 850 °C, which is confirmed by the
appearance of diffraction peaks which correspond to 111 and
22—2 crystallographic planes. An increase in the WO, phase
content with the rising sintering temperature was noted. When
the temperature changes to 1500 °C, the W lattice parameter
growth is observed, and then, when the temperature increases
to 2000 °C, the lattice parameter remains unchanged. In this
regard, it can be assumed that bismuth has insignificant solu-
bility in tungsten.

The shielding effectiveness of the W-Bi,O; composites
against gamma radiation using the calculation method in the
PhyX-PSD software has been evaluated. Co®® isotopes with
energies of 0.826 to 2.506 MeV were used as gamma radiation
sources. For comparative analysis, simulations were performed
for such materials as Pb and Bi. Calculations showed that W-
Bi,O; composites are the most promising among the materials
considered for use as radiation shields. W-Bi,O; composite is
most effective in the region of lowest energies (0.826-1.173
MeV), whereas when exposed to gamma radiation with energies
from 1.173 to 2.506 MeV, it is necessary to produce shields with
higher mass-dimensional parameters, namely, with a thickness
in the range from 1.5 to 2 mm.
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