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Abstract: With the development of nuclear technology application, radiation safety has been widely
concerned, and there is an urgent need for novel shielding materials. Among the various options
available, non-lead organic composite shielding material has emerged as a promising solution in
the field of radiation shielding due to its high strength, easy processing, and light weight. In this
study, tungsten/epoxy resin (W/EP) composite samples with tungsten weight fraction from 0% to
60% were prepared. The shielding and mechanical properties of W/EP composites were investi-
gated. The results show that the results showed that the higher the tungsten content, the greater the
shielding capacity of W/EP composites, particularly for low-energy gamma ray (y) shielding. How-
ever, the addition of tungsten reduces the impact strength and tensile properties of the material.
Overall, for 300 keV y-ray, W/EP with 30% tungsten content has comparable shielding capacity to
ordinary concrete. W/EP composite materials can serve as shielding materials for low-energy y-rays.
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1. Introduction

Nuclear technology is widely used in various fields, such as nuclear power plant,
nuclear medicine, nuclear agriculture, industrial irradiation, scientific research, etc.[1].
However, ensuring the safe use of nuclear technology heavily relies on radiation shielding
materials. Traditionally, lead bricks, plates, and sheets have been commonly used in radi-
ation shielding materials[2, 3]. Nevertheless, the utilization of lead products has raised
concerns over potential harm to human beings. In recent years, researchers have been ex-
ploring more environmentally friendly shielding materials with desirable properties like
lightness, non-toxicity, high mechanical strength, temperature resistance, and easy pro-
cessing[4-7].

Non-traditional y-ray shielding materials, including composites containing tungsten
[8, 9], nickel[10], rare earths[11], and metal-organic frameworks (MOFs)[12], have been
extensively studied with substrates such as epoxy resin[13], polyethylene[14], rubber[15],
polycarbonate[16], and plexiglass[17]. Among the fillers, tungsten has several advantages
as a y-ray shielding material, including its slightly higher shielding capacity compared to
lead at the same thickness and its non-toxicity. However, its high melting point, strength,
poor plasticity, and toughness make it difficult to process into complex shapes. Mixing
tungsten powder or oxide into polymers or easily-formed substrates can solve these prob-
lems. Research has been conducted on non-metallic radiation shielding materials with
tungsten as a filler, including tungsten with epoxy resin (EP) [18-20], tungsten powder
with rubber, tungsten powder mixed with ethylene propylene diene monomer rubber
(EPDM) [21], tungsten oxide mixed with concrete[22], tungsten mixed with polyphe-
nylene sulfide (PPS) [23], tungsten powder mixed with polypropylene (PP) [24], tungsten
oxide mixed with waterborne polyurethane (WPU) [25], lead and tungsten-doped silicone
rubber [26], tungsten with ternary tellurite glass[27], etc. Yan-Zhang et al. [18] prepared
and investigated tungsten/epoxy resin composites with heavy tungsten mass fractions,
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and found that the shielding capacity of the composite containing 90% tungsten mass frac-
tion was comparable to that of lead. Bashir Ahmed et al. [20] prepared and studied tung-
sten mixed with silicone resin shielding materials, and discovered that the mass attenua-
tion coefficient of the composite containing 88.1wt% tungsten could reach 0.1035 cm/g.
D.K. Gaikwad et al. [27] prepared and investigated tungsten-bismuth-telluride ternary
tellurate glass composites, and found that composites containing 20% WOs exhibited bet-
ter shielding capacity than concrete. Hoda Alavian et al. [28] investigated the effect of the
size and proportion of tungsten particles on the shielding capacity of low-density poly-
ethylene composites, and found that the mass attenuation coefficient increased with in-
creasing tungsten content. The size effect was more significant at lower tungsten propor-
tions. In general, these results show that the content and size of tungsten or tungsten oxide
can significantly affect the shielding capacity and mechanical behavior of tungsten com-
posites. The shielding capacity increased with increasing density of the composite mate-
rials, but at the expense of reduced mechanical properties.

Among the matrices, epoxy resin is an engineering plastic that offers excellent me-
chanical properties and is widely available, easy to process and shape. By adding tungsten
powder filler to the epoxy resin matrix, W/PE composites with various complex shapes
can be prepared. Move over, W/EP composites are considered environmentally friendly
materials. Their mechanical and shielding properties, especially at low tungsten weight
fractions, require further investigation. In this study, MCNP5 was used to simulate the
shielding properties of W/EP composites. Samples of W/PE composites with different
tungsten contents were prepared and evaluated for impact strength, tensile strength, and
shielding capacity against y-rays.

2. Materials and Methods
2.1. Gamma attenuation theory

According to the exponential attenuation law[29, 30], narrow y-rays pass through
shielding materials as expressed in formula (1):

I =Ie #d )

where, 1 represents the linear attenuation coefficient; I, and I denote the initial and at-
tenuated intensities of y-rays passing through the shielding material, respectively; and d
(cm) refers to the thickness of shielding material. As a result, we can derive formula (2)
for calculating the linear attenuation coefficient p (cm) from formula (1):

U= L"(;o/I) (2)
The shielding properties of materials can also be characterized using other parameters,
such as the mass attenuation coefficient u,, (cm?/g), half-value layer HVL (cm), and ten-
value layer TVL (cm). The quantity u,, represents the ability of a substance to shield -
rays per unit mass thickness, and is related to p by the formula u,, = u/p. The HVL and
TVL are defined as the essential thickness to decrease the incoming photon by the factor
of half and tenth value, respectively. They can be calculated using the following formulas:
HVL = Ln2/u, TVL = Ln10/pu.

2.2. Calculation model

A Monte Carlo transport code was employed to calculate the linear attenuation coef-
ficient of shielding materials for narrow y-rays. The calculation model consisted of a lead
chamber, lead collimators, sample, detector, and y-ray source. The sample was positioned
between the source and detector, with the y-ray source located within the lead chamber.
The longitudinal section of the model is illustrated in Figure 1. A tally card (F5 card) was
utilized to determine the count at the detector position, with statistical errors of the results
less than 2%.
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Figure 1. vy Shielding calculation model.

2.3. Experiment
2.2.1. preparation of W/EP Samples

Tungsten powder, with a diameter of 100 nm, was purchased along with epoxy resin
(E51), curing agent diethylenetriamine (DETA), acetone, silicone coupling agent, and
toughening agent polyether amine D-230. The nano-tungsten powder underwent modifi-
cation through the addition of a coupling agent. Specifically, 100 g of tungsten powder
was mixed with 100 mL of acetone, to which 2g of silicone coupling agent was added. The
mixture underwent ultrasonic dispersion and magnetic stirring for 30 minutes each. After
allowing the mixture to settle for 10 hours, it was filtered and subsequently dried at 80°C
for 24 hours. As a result, nano-tungsten powder was prepared via surface treatment with
a silicon machine coupling agent.

Different tungsten content W/EP samples were prepared by adding 0 g, 2.76 g, 6.20
g, 10.62 g, 16.53 g, 24.8 g and 37.2 g of tungsten powder to 20 g E51, resulting in tungsten
weight fractions of 0 wt%, 10 wt%, 20 wt%, 30 wt%, 40 wt%, 50 wt%, and 60 wt%. The
mixture was magnetically stirred at 40°C for 1 hour, followed by the addition of 1.8 g
DETA and 3 g D-230. After stirring at room temperature for 30 minutes, the samples were
vacuum defrosted, poured into molds, and cured at 40°C for 15 hours. Four parallel sam-
ples were prepared for each composition.

2.2.2. Impact strength and tensile test

The impact strength of the samples was tested using a touch screen-controlled,
simply supported beam impact testing machine (ZLCJZL-50), as shown in Figure 2(a). The
impact strength test was conducted in accordance with standard GB/T1043.1-2008, "De-
termination of Impact Properties of Plastic Simply Supported Beams - Part 1: Non-Instru-
mented Impact Test". The sample size was 80 mm x 10 mm x 4 mm, as depicted in Figure
2(b). The tensile strength and elongation at break of the samples were determined at room
temperature using a universal tensile machine (Instron 3369).
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Figure 2. (a) Equipment of impact strength test; (b) Samples for impact strength test.

2.2.3y-. ray shielding properties test

The vy-ray shielding properties were evaluated using a low background multi-chan-
nel vy spectrometer, as depicted in Figure 5. Radioactive point sources of ¥Cs and %Co
with corresponding y-ray energies of 662 keV, 1173 keV, and 1332 keV were utilized. The
source was contained in a lead cylinder collimator with a 0.5 cm aperture, and the scintil-
lation detector was a Nal(T1) crystal optically coupled to a phototube. The Nal(Tl) detector
had an energy resolution of 8% at 662 keV, and the distance between the source and de-
tector was maintained at 12 cm. The online analysis of the y-ray spectrum was conducted
using Spectrolate Lab version 3.4 computer software, as shown in Figure 3. The attenua-
tion coefficient of the shielding materials was determined by measuring the peak net
count with and without shielding materials, denoted as I and Io respectively, and calculat-
ing according to formula (2).

HVP
PC
M.C.A
Detector
b shielding

Pb Collimators

‘\
~ SamV
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Figure 3. y-ray shielding properties test system.

3. Results and Discussion
3.1. Impact strength

To analyze the impact strength of the W/EP samples, four parallel samples were
tested for each sample with different tungsten content to obtain the average impact
strength, and the results are presented in Figure 4. The results indicate that the impact
strength of the samples declines with increasing tungsten content. The pure epoxy resin
sample exhibits the highest impact strength, measuring 7.81 kJ/cm. When the tungsten
fraction rises to 30%, the impact strength decreases by 50.7%, down to 3.85 kJ/cm. Simi-
larly, when the tungsten fraction increases to 60%, the impact strength drops by 52.5% to
3.71 kJ/cm. This reduction can be attributed to the low interfacial force between tungsten
and epoxy resin, leading to a decrease in the impact strength of the composites as the
tungsten content increases.
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Figure 4. The impact strength varying with tungsten fraction.

3.2. Tensile properties

Samples were subjected to tensile testing at room temperature, and the results of ten-
sile strength and elongation at break are shown in Figure 5. The results reveal that both
tensile strength and elongation at break decrease with an increase in tungsten content
within the sample. The pure epoxy resin sample displays a tensile strength of 74.3 MPa
without adding tungsten powder, while the W/EP sample with 50% tungsten content de-
creases to 48.4 MPa, indicating a roughly 35% reduction. This suggests that filling epoxy
resin with tungsten powder significantly affects the material's toughness, particularly
when the tungsten content reaches 40%, as agglomeration becomes more pronounced.
Therefore, it is unsuitable to use a large fraction of tungsten in practical applications, as
doing so could adversely impact the material's toughness.
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Figure 5. The tensile strength and elongation at break varying with tungsten content.

3.3y-. ray shielding properties
3.3.1. Verification of calculation

To verify the reliability of the calculation, the linear attenuation coefficient of pure
lead (urv) was calculated at different y-ray energies ranging from 30 keV to 1000 keV. The
corresponding results are shown in Figure 6. It can be seen that the linear attenuation
coefficient of lead decreases with increasing y-ray energy, and there is a "weak absorption
zone" between 50 and 100 keV. The calculated results are in good agreement with com-
parison results from literature values [30], indicating the reliability of the calculated re-
sults.
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Figure 6. Calculation value and literature value of linear attenuation coefficient of lead.

3.3.2. Linear and mass attenuation coefficient

The linear attenuation coefficient (p) values of W/EP samples were calculated using
MCNP5 and measured using '¥Cs (662 keV) and ©Co (1173 and 1330 keV) radiation
sources. The linear attenuation coefficient of W/EP samples was calculated by changing
the density and nuclide components. The tungsten weight fraction, nuclide components,
and density of the W/EP samples are shown in Table 1. The experimental density was
obtained using a densitometer, while the theoretical density was calculated using formula

(3):

1
pc - 2?(wi/l]i) (3)

where, wiand p; represent the weight fraction and mass density of the i component (filler
and matrix) in the composite, respectively. The density of metal tungsten is 19.25g/cm53,
but the density of tungsten powder (nanometer scale) measured by densitometer is about
12g/cm3. The density of epoxy resin is 1.15g/cm?3, which can be substituted into formula
(3) to obtain the density of W/EP composites.

where wiand p; represent the weight fraction and mass density of the i component (filler
and matrix) in the composite, respectively. The density of metal tungsten is 19.25g/cm?,
but the density of tungsten powder (measured at the nanometer scale) using a densitom-
eter is about 12g/cm?. To obtain the density of W/EP composites, the density of epoxy resin
(1.15 g/cm?) and tungsten powder (12g/cm?) was substituted into formula (3).

Table 1. Tungsten wight fraction, nuclides component and density of W/EP composites.

Sample la- -I;Lrj:(?t?é?]n Nuclide components Theoretical Experimental
bels (Wt%) C H O W density density
0-W/EP 0 0.6875 0.0625 0.25 0 1.15 1.15
1-W/EP 10 0.61875 0.05625 0.225 0.1 1.26 1.25
2-W/EP 20 0.55 0.05 02 02 1.40 1.32
3-W/EP 30 0.48125 0.04375 0.175 0.3 1.58 1.45
4-W/EP 40 0.4125 0.0375 015 04 1.80 1.72
5-W/EP 50 0.34375 0.03125 0.125 0.5 2.10 2.04
6-W/EP 60 0.275 0.025 01 06 2.51 2.38

The linear attenuation coefficient of W/EP composites with different tungsten frac-
tion (0, 10 wt%, 20 wt%, 30 wt%, 40 wt%, 50 wt%, 60 wt%) and ordinary concrete were
calculated, and the results are shown in Figure 7 (a)-(b).
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Figure 7. (a) The calculated linear attenuation coefficient of different materials varying with y-ray
energy; (b) The calculated linear attenuation coefficient of different materials at the same y-ray en-

ergy.

The results of Figure 7 (a)-(b) demonstrate that: 1) the linear attenuation coefficient
decreases sharply with the increase of y-ray energy; 2) The linear attenuation coefficient
increases with the increase of tungsten content; 3) W/EP composites has more advantages
for shielding low energy y-ray, when y-ray energy is 200 keV, 300 keV, 400 keV, the shield-
ing capacity of W/EP composites with tungsten fraction of 20 wt%, 30 wt%, 50 wt%, is
comparable to that of ordinary concrete; 4) The shielding capacity of W/EP composites
with tungsten fraction less than 60 wt% is inferior to that of lead.
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Figure 8. (a) The experimental linear attenuation coefficient of different samples; (b) The experimental mass
attenuation coefficient of different samples.

The experimental results of linear and mass attenuation coefficient are shown in Fig-
ure 8 (a)-(b), which demonstrate that the experimental values of linear attenuation coeffi-
cient of W/EP composites are consistent with the calculated values shown in Figure 7 (b)
and Figure 8 (a). but the experimental value is 5-15% lower than the calculated value,
which may be caused by the fact that the material density used in calculation is higher
than the actual density. Figure 8 (a)-(b) demonstrate that: 1) the linear attenuation coeffi-
cient of W/EP samples increases as the tungsten content increases, but remains lower than
that of lead. 2) The linear attenuation coefficient of all materials decreases as y-ray energy
increases, indicating the need for thicker shielding material at higher y-ray energy. 3) For
662 keV y-ray energy, the shielding capability of 5-W/EP is comparable to that of ordinary
concrete; however, for 1173 keV and 1332 keV y-ray energy, the linear attenuation coeffi-
cient of W/EP composites is lower than that of ordinary concrete.

3.3.3. Evaluation of HVL and TVL

According to the theory described in Section 2.1, the HVL and TVL values were cal-
culated and the results are displayed in Figure 9 (a)-(b).
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Figure 9. (a) The experimental HVL of different shielding materials; (b) The experimental TVL of dif-
ferent shielding materials.

Based on the results shown in Figure 9 (a)-(b), it can be concluded that the HVL and
TVL of W/EP samples decrease with increasing tungsten content, and increase with in-
creasing y-ray energy. For the high-energy y-rays of 1773keV and 1332keV, the HVL and
TVL of 6-W/EP are greater than those of lead and concrete, indicating that the shielding
capability of 6-W/EP composites is slightly worse than that of concrete. However, for the
lower energy y-rays of 662 keV, the HVL and TVL of 5-W/EP are better than those of
concrete, but worse than those of pure lead. Specifically, the HVL of 5-W/EP, concrete,
and pure lead are 3.82 cm, 4.08 cm, and 0.72 cm, respectively, and the TVL of 5-W/EP,
concrete, and pure lead are 12.7 cm, 13.5 cm, and 2.4 cm, respectively. These results sug-
gest that the shielding capability of 5-W/EP is worse than that of pure lead, but better than
that of concrete. Moreover, W/EP composites show more advantages in shielding low-

energy y-rays.
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4. Conclusions

In this study, the impact strength, tensile properties, and y-ray shielding properties
of W/EP composites were investigated using a combination of MCNP simulation and ex-
periments. Several conclusions were reached, and are as follows:

1. The calculated results indicate that W/EP has comparable shielding capabilities to
ordinary concrete at gamma-ray energies of 200 keV, 300 keV, and 400 keV, with
tungsten weight fractions of 20%, 30%, and 50%, respectively.

2. The experimental linear attenuation coefficient of W/EP composites is in agreement
with the calculated value, but is 5-15% lower than the calculated result.

3. The linear attenuation coefficient of W/EP composites decreases significantly with
increasing y-ray energy, suggesting that thicker shielding materials are necessary to
meet the requirements for higher energy y-ray shielding.

4. The calculated and experimental results reveal that the shielding capability of 6-
W/EP composite is slightly inferior to that of concrete for high energy y-rays with
energies of 1773 keV and 1332 keV. Moreover, the shielding capability of 5-W/EP
composite is slightly lower than that of pure lead but superior to that of concrete in
terms of shielding 662 keV y-rays. These findings suggest that W/EP composites have
more advantages in shielding low-energy y-rays.

5. The impact strength, tensile strength, and elongation at break of W/EP composites
decrease as the tungsten content increases. This is due to a reduction in interfacial
force between tungsten and epoxy resin, as well as an increase in tungsten powder
agglomeration with higher tungsten content, which leads to a deterioration in me-
chanical properties. Therefore, it is suggested that excessive addition of tungsten
powder should be avoided in practical applications. In summary, an increase in tung-
sten content results in a decrease of mechanical properties but an increase of gamma-
ray shielding capability in W/EP composites, making them more suitable for shield-
ing low energy gamma-rays. The 3-W/EP composite with a 30% tungsten content ex-
hibits comparable shielding capacity to ordinary concrete for 662 keV y-rays. Addi-
tionally, W/EP composites are environmentally friendly and non-toxic materials, in-
dicating their high potential for various applications.
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