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Background: Radiation protection is crucial in various fields due to the harmful effects of radi-
ation. Shielding is used to reduce radiation exposure, but gamma radiation poses challenges 
due to its high energy and penetration capabilities.

Materials and Methods: This work investigates the radiation shielding properties of polyvinyl-
idene fluoride (PVDF) samples containing different weight fraction of tungsten carbide (WC), 
tungsten trioxide (WO3), and tungsten disulfide (WS2). Parameters such as the mass attenua-
tion coefficient (MAC), half-value layer (HVL), mean free path (MFP), effective atomic num-
ber (Zeff), and macroscopic effective removal cross-section for fast neutrons (ΣR) were calculated 
using the Phy-X/PSD software. EpiXS simulations were conducted for MAC validation. 

Results and Discussion: Increasing the weight fraction of the additives resulted in higher 
MAC values, indicating improved radiation shielding. PVDF–xWC showed the highest per-
centage increase in MAC values. MFP results indicated that PVDF–0.20WC has the lowest val-
ues, suggesting superior shielding properties compared to PVDF–0.20WO3 and PVDF–
0.20WS2. PVDF–0.20WC also exhibited the highest Zeff values, while PVDF–0.20WS2 showed 
a slightly higher increase in Zeff at energies of 0.662 and 1.333 MeV. PVDF–0.20WC has dem-
onstrated the highest ΣR value, indicating effective shielding against fast neutrons, while PVDF–
0.20WS2 had the lowest ΣR value. The Monte Carlo N-Particle Transport version 5 (MCNP5) 
simulations showed that PVDF–xWC attenuates gamma radiation more than pure PVDF, sig-
nificantly decreasing the dose equivalent rate.

Conclusion: Overall, this research provides insights into the radiation shielding properties of 
PVDF mixtures, with PVDF–xWC showing the most promising results.
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Introduction

Radiation protection is of utmost importance in various fields due to the harmful ef-

fects of radiation. Shielding is considered the most effective method to reduce radia-

tion exposure; however, it presents challenges when dealing with gamma radiation 
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due to its high energy and penetration capabilities. Tradi-

tionally, lead has been used for radiation shielding due to its 

high atomic number [1]. However, due to its hazardous ef-

fects and cost, researchers are exploring alternative materials 

like glass, concrete, steel, and polymers. The selection of 

protective materials must take into account the radiation 

type and the mechanical and structural properties of the ma-

terials [2]. 

Smart polymers, also known as intelligent polymers, be-

long to a class of materials that exhibit reversible and signifi-

cant changes in response to small variations in environmen-

tal conditions. These conditions include electric and mag-

netic fields, temperature, pH levels, light intensity, ionic fac-

tors, and mechanical stresses. These polymers possess the 

remarkable ability to undergo incremental changes triggered 

by external stimuli until a specific threshold is reached. Once 

the stimulus is removed, they can fully recover their original 

shape [3].

Among these smart polymers, polyvinylidene fluoride 

(PVDF) stands out as a notable example. PVDF is a special-

ized thermoplastic fluoropolymer known for its excellent re-

sistance to solvents, acids, and hydrocarbons [4]. It is non-

toxic, as confirmed by the U.S. Food and Drug Administra-

tion, and finds applications in various fields such as nuclear 

waste handling, chemical production, and boiler service 

pipes where exposure to high temperatures, hot acids, and 

radiation is common.

PVDF-based composites have garnered significant atten-

tion due to their exceptional properties, such as lightweight 

nature, thermal stability, ease of processing, affordability, ex-

cellent flexibility, and corrosion resistance [5]. These com-

posites have proven highly effective in shielding against elec-

tromagnetic interference. Recent research conducted by Za-

kaly et al. [6] in 2023 demonstrated that the addition of 

nanoparticles of rare earth doped strontium barium titanate 

to PVDF has a profound impact on the optical, mechanical, 

and radiation shielding properties of the material. The study 

highlighted the nanocomposites’ effectiveness in shielding 

gamma radiation, suggesting their potential application as 

materials for radiation shielding [6].

Hence, PVDF displays promising characteristics for radia-

tion shielding purposes, owing to its resistance properties 

and high-temperature thresholds. Furthermore, other re-

searchers, such as Alabsy et al. [7], Sayyed et al. [8], and Silva 

et al. [9], have previously investigated the gamma-ray shield-

ing of PVDF.

Various materials have specific shielding properties that 

are crucial to determine, such as the linear attenuation coef-

ficient (LAC), mass attenuation coefficient (MAC), mean free 

path (MFP), and half-value layer (HVL). However, conduct-

ing experiments to obtain these properties can be challeng-

ing and prone to errors due to insufficient equipment, data 

processing mistakes, and interference from natural radioac-

tivity. Fortunately, researchers have developed computation-

al software and tools to simulate and calculate these shield-

ing properties accurately. For example, the XCOM software 

(National Institute of Standards and Technology) [10] and 

Monte Carlo N-Particle Transport (MCNP) are widely used 

for theoretical calculations of attenuation coefficients [11, 

12]. Additionally, user-friendly online software like Phy-X/

Photon Shielding and Dosimetry (PSD) (https://phy-x.net/

module/physics/shielding) [13] and offline software like 

MRCsC [14, 15] and EpiXS [16, 17] have been introduced for 

calculating photon shielding and dosimetry, as well as pre-

dicting LACs against fast neutrons from specific sources. 

These advancements have greatly facilitated the determina-

tion of shielding properties without relying solely on experi-

mental procedures.

While past works inadequately investigated the impact of 

adding Tungsten to PVDF, this study focuses on the effects of 

adding tungsten carbide (WC), tungsten trioxide (WO3), and 

tungsten disulfide (WS2) at varying concentrations on the 

gamma-neutron shielding effectiveness of PVDF. The evalu-

ation of shielding effectiveness involved the utilization of 

EpiXS, Phy-X, and MCNP simulation tools.

Materials and Methods

The investigation thoroughly assessed the effect of mixing 

WC, WO3, and WS2 chemical compounds on the radiation 

shielding properties of PVDF with compositions of C2H2F2. 

The study employed computational tools, including EpiXS, 

Phy-X/PSD, and MCNP5. PVDF was mixed with WC, WO3, 

and WS2 chemical compounds according to the following: 

PVDF–xWC, PVDF–xWO3, and PVDF–xWS2, where (x= 0%, 

5%, 10%, 15%, and 20%). The influence of each compound 

on the radiation shielding properties of PVDF was investigat-

ed individually, employing consistent graduated mixing 

rates. Table 1 illustrates the weight fraction and densities of 

the mixtures for each additive. Phy-X/PSD software was used 

to calculate the following parameters: MAC, LAC, and fast 

neutron effective removal cross-section (ΣR). MAC describes 

https://phy-x.net/module/physics/shielding
https://phy-x.net/module/physics/shielding
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the effectiveness of a material to absorb radiation and is de-

pendent on the density of the sample and the energy of the 

incoming photons. The LAC is derived by multiplying the 

MAC with the density of the material. While the LAC and 

MAC have similarities, the key difference lies in the fact that 

density is taken into account when calculating the LAC. Oth-

er values can be obtained from these two parameters, such 

as the HVL, which represents the thickness required for a ma-

terial to reduce the intensity of incoming radiation in half, 

and the MFP, which is the average distance traveled by a 

photon in the medium before an interaction takes place. Thus, 

all the above parameters were simulated in the continuous 

standard energy region (0.001 to 15,000 MeV). Besides gam-

ma radiation, the neutron is also taken into account. There-

fore, the ΣR has been simulated using Phy-X/PSD software. 

The ΣR is defined as the probability of a fast neutron under-

going its first collision with the nucleus of an interactive me-

dium.

The following equations represent the shielding parame-

ters’ basic relations. When a material of thickness X is placed 

in the way of a radiant gamma beam, the intensity of this 

beam is attenuated according to Beer Lambert’s law:

(1)

where I0 and I are the intensity of incident and transmitted 

gamma radiation, respectively, X and ρ are the thickness and 

density of the samples, respectively, and μmass is the MAC 

(cm2/g). The MAC is calculated using Equation (2) as fol-

lows:

(2)

The ratio of the intensity of the transmitted gamma radiation 

to the intensity of the incident gamma radiation is called the 

gamma transmission factor (GTF).

The mixture rule gives the MAC for multi-element materi-

als and is given in Equation (3) where wi is the weight frac-

tion of the i th element. As shown, μmass for a multi-element 

medium is a linear combination of the  of its constitu-

ent elements.

(3)

The HVL and MFP can be calculated using the following 

expressions:

(4)

(5)

The fast neutrons macroscopic effective removal cross-

section (ΣR) can be calculated for various elements in the 

compounds or mixtures using the following equation:

(6)

where Wi is the partial density (g/cm3) and  (cm2/g) is the 

mass removal cross-section of the i th constituent. The partial 

density Wi of the i th constituent (compound or simple ele-

ment) can be calculated using: 

(7)

where the wi is the weight fraction of the i constituent and ρs 

is the density of the sample.

The quantity  (cm2/g) can be calculated using the follow-

ing empirical formulas [18–20]:

(8)

(9)

(10)

The equations provided in Equation (8) to Equation (10) ap-

ply only to elements with certain atomic numbers (A) and 

atomic masses (Z), and they do not apply to hydrogen (Z= 1) 

Table 1. Variation of Weight Fraction and Densities for WC, WO3, 
and WS2 Additives in PVDF Samples

Code Sample
Weight fraction (%) Density 

(g/cm3)PVDF Additive

WC
S1 PVDF 100   0 1.78
S2 PVDF+0.05WC   95   5 2.47
S3 PVDF+0.10WC   90 10 3.17
S4 PVDF+0.15WC   85 15 3.86
S5 PVDF+0.20WC   80 20 4.55

WO3

S1 PVDF 100   0 1.78
S2 PVDF+0.05 WO3   95   5 2.05
S3 PVDF+0.10 WO3   90 10 2.32
S4 PVDF+0.15 WO3   85 15 2.59
S5 PVDF+0.20 WO3   80 20 2.86

WS2

S1 PVDF 100   0 1.78
S2 PVDF+0.05 WS2   95   5 2.07
S3 PVDF+0.10 WS2   90 10 2.35
S4 PVDF+0.15 WS2   85 15 2.64
S5 PVDF+0.20 WS2   80 20 2.92

WC, tungsten carbide; WO3, tungsten trioxide; WS2, tungsten disulfide; 
PVDF, polyvinylidene fluoride.
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[21]. However, the ΣR for hydrogen can be calculated using 

the following formula [22]:

(11)

where  is the microscopic cross-section (barns) and the  
is calculated from the following formula [23]:

(12)

Here,  represents Avogadro’s number. To obtain the val-

ue of  for hydrogen, the microscopic cross-section database 

XSPlot (available at: https://isotope-xs-plotter-4zf6u4tg6a-lz.

a.run.app/) was used. 

To validate the obtained results, the Windows-based ap-

plication fast software EpiXS, based on EPICS2017 of ENDF/

B-VIII and EPDL97 of ENDF/B-VI.8 photo atomic libraries 

[16, 17], was used for MAC calculations. 

To evaluate the material’s efficacy in shielding against 

gamma radiation, the MCNP5 program was employed to 

compute the GTF and dose rate (mSv/hr). This analysis was 

specifically performed for pure PVDF and PVDF–xWC 

(where x= 5% to 20%, with an increment of 5%), enabling a 

direct comparison of their shielding capabilities. The mate-

rial was considered as a multilayer structure for the analysis. 

The process began by preparing the input file using a three-

dimensional visual tool called VisED (Los Alamos National 

Laboratory), following a systematic approach. The first step 

involved determining the surfaces and cells to represent the 

dimensions and geometry of the study case, as shown in 

Fig. 1. The geometry consisted of two lead collimators mea-

suring 21 cm × 18 cm × 4.5 cm, each with holes along the 

same line having a diameter of 1 cm. These collimators were 

designed to direct the radiation and prevent scattering. Ad-

ditionally, two wood holders were included to support the 

radiation source, and four layers of sample disks were 

placed in each case. A cylindrical cell, F8 tally, was used to 

capture the energy distribution of pulses generated in a de-

tector by the radiation. Subsequently, the elemental com-

positions were determined for each layer, which served as 

input for the material cards, along with the corresponding 

densities. Once the surfaces, cells, and material cards were 

defined, the cells were filled with the respective materials 

and their densities. The radiation source was defined as a 

monoenergetic point photon source located 21 cm away 

from the F8 tally cell and aligned with the holes. It had an 

energy of 0.662 MeV and an activity of 1× 108 disintegrations 

per second. The simulation was executed nine times to ob-

tain GTF, both before and after incorporating the four layers 

of pure PVDF samples and four layers only of PVDF–

0.20WC, to observe the cumulative GTF after adding each 

layer. The uncertainties obtained from MCNP5 were found 

to be less than 4%, indicating the reliability of the results. 

The tally F4 and the flux-to-dose rate conversion factor sets 

are for use on the DE and DF tally cards to convert from cal-

culated particle flux to the dose equivalent rate. The dose 

equivalent rate was obtained before utilizing the samples 

and after the S5 samples in both cases of pure PVDF and 

PVDF–xWC.

Fig. 1. The geometry setup of the Monte Carlo N-Particle Transport version 5 (MCNP5) simulation was used for the determination of the 
gamma transmission factor and dose rate for the four layers of pure polyvinylidene fluoride (PVDF) and four layers of PVDF–0.20WC samples. 
WC, tungsten carbide.

https://isotope-xs-plotter-4zf6u4tg6a-lz.a.run.app/
https://isotope-xs-plotter-4zf6u4tg6a-lz.a.run.app/
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Results and Discussion

1. Mass Attenuation Coefficient
The radiation MAC for PVDF samples with different 

weight fraction of WC, WO3, and WS2 were calculated using 

Phy-X/PSD and EpiXS simulations at energies of 0.0595, 

0.662, and 1.333 MeV. The results are presented in Table 2, 

where S1 represents the pure PVDF samples and S2, S3, S4, 

and S5 refer to the additive rates of WC, WO3, and WS2, re-

spectively, at 5%, 10%, 15%, and 20%. The MAC values ob-

tained by the Phy-X/PSD and EpiXS simulations show good 

agreement, and the relative percentage difference (RPD%) 

was calculated using the following formula:

(13)

The obtained results demonstrate that the maximum RPD% 

for MAC calculations at 0.0595, 0.662, and 1.333 MeV for all 

samples with WC additives are 1.31%, 0.25%, and 0.36%, re-

spectively. Furthermore, for samples with WO3 additives, the 

maximum RPD% values were found to be 1.26%, 0.26%, and 

0.36% at the respective energy levels. Similarly, in the case of 

samples with WS2 additives, the maximum RPD% values 

were observed to be 1.20%, 0.25%, and 0.18% for the corre-

sponding energies.

Table 2 presents the calculated MAC for PVDF samples 

with different concentrations of WC, WO3, and WS2 as a 

function of photon energy. Overall, it was observed that the 

MAC decreases as the photon energy increases. Additionally, 

higher concentrations of WC, WO3, and WS2 in PVDF sam-

ples led to increased MAC values at 0.0595 and 0.662 MeV. 

The percentage changes were calculated relative to the MAC 

value of the pure PVDF sample, using the following formula:

(14)

where Sx is the additive rates concentration rate of samples 

from S2 to S5 based on Table 1. The percentage changes re-

sults of MAC values at 0.0595 MeV for WC additive rates were 

significant, ranging from 88.46% to 353.907% for concentra-

tions of 5% to 20%. Similarly, the percentage changes in MAC 

values at 0.662 MeV for WC additive rates ranged from 1.29% 

to 5.05%. The percentage changes in MAC values at 1.333 

MeV for WC were negative, ranging from –0.18% to –0.54% 

(Fig. 2A). For WO3, the percentage changes in MAC values at 

0.0595 MeV varied from 74.77% to 299.05%, while the change 

at 0.662 MeV ranged from 1.16% to 4.27%. The percentage 

changes in MAC values at 1.333 MeV for WO3 were negative, 

ranging from –0.18% to –0.54% (Fig. 2B). Regarding WS2, the 

percentage changes in MAC values at 0.0595 MeV were be-

Table 2. MAC Values for PVDF Samples Mixed with Different Weight Fraction of WC, WO3, and WS2, Calculated Using Phy-X/PSD and 
EpiXS

Case
Energy 
(MeV)

Software
MAC (cm2/g) Maximum RPD 

(%)S1 S2 S3 S4 S5

WC 0.0595 Phy-X/PSD 0.1907 0.3594 0.5282 0.6969 0.8656 1.31
EpiXS 0.1909 0.3567 0.5226 0.6885 0.8543

0.662 Phy-X/PSD 0.0772 0.0782 0.0792 0.0801 0.0811 0.25
EpiXS 0.0771 0.0781 0.0790 0.0800 0.0810

1.333 Phy-X/PSD 0.0551 0.0550 0.0549 0.0549 0.0548 0.36
EpiXS 0.0550 0.0549 0.0548 0.0547 0.0547

WO3 0.0595 Phy-X/PSD 0.1907 0.3333 0.4759 0.6184 0.7610 1.26
EpiXS 0.1909 0.3310 0.4712 0.6114 0.7515

0.662 Phy-X/PSD 0.0772 0.0781 0.0789 0.0797 0.0805 0.26
EpiXS 0.0771 0.0779 0.0787 0.0796 0.0804

1.333 Phy-X/PSD 0.0551 0.0550 0.0550 0.0549 0.0548 0.36
EpiXS 0.0550 0.0549 0.0548 0.0548 0.0547

WS2 0.0595 Phy-X/PSD 0.1907 0.3269 0.4630 0.5991 0.7353 1.20
EpiXS 0.1909 0.3248 0.4587 0.5926 0.7265

0.662 Phy-X/PSD 0.0772 0.0780 0.0788 0.0795 0.0803 0.25
EpiXS 0.0771 0.0779 0.0786 0.0794 0.0802

1.333 Phy-X/PSD 0.0551 0.0550 0.0550 0.0549 0.0549 0.18
EpiXS 0.0550 0.0549 0.0549 0.0548 0.0548

MAC, mass attenuation coefficient; PVDF, polyvinylidene fluoride; WC, tungsten carbide; WO3, tungsten trioxide; WS2, tungsten disulphide; PSD, Photon 
Shielding and Dosimetry; S, sample number; RPD, relative percentage difference.
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tween 71.42% and 285.58%, while at 0.662 MeV they ranged 

from 1.03% to 4.01%. The percentage changes at 1.333 MeV 

were negative, with values between –0.18% and –0.36% (Fig. 

2C). Based on the results, it is evident that mixing WC, WO3, 

and WS2 with PVDF leads to an increase in MAC values at 

0.0595 and 0.662 MeV, indicating improved radiation shield-

ing properties (Fig. 2D). However, at 1.333 MeV, the MAC 

values decrease with increasing WC, WO3, and WS2 concen-

trations. Comparing the percentage changes, it can be ob-

served that the MAC values in PVDF mixed with WC show 

higher increases compared to WO3 and WS2. This suggests 

that PVDF mixed with WC exhibits the best radiation shield-

ing properties among the three additives. For enhanced 

shielding effectiveness, increasing the content of WO3 and 

WS2 in the PVDF mixture would be necessary.

The simulated results obtained using the Phy-X/PSD soft-

ware for MAC have been presented in Fig. 3. The graph illus-

trates the variation of MAC concerning gamma-ray energies 

ranging from 0.001 to 15,000 MeV. Fig. 3 demonstrates a no-

table trend in the distribution of the MAC as the gamma-ray 

energies increase. However, this behavior exhibits variation 

across different energy ranges. In the low gamma-ray ener-

gies (0.0015 MeV < Energy (E) < 1 MeV), the MAC demon-

strates a sharp and smooth decrease. Within the intermedi-

ate energy region (1 MeV < E < 3 MeV), it was observed a 

similar decreasing trend in the MAC values for all samples. 

This trend leads to a convergence of the MAC values within 

this energy range. The primary factor contributing to this 

convergence is Compton scattering [24], which is prominent-

ly depicted in the zoomed region of Fig. 3A–3C. Importantly, 

this phenomenon of Compton scattering explains the previ-

ously observed negative percentage change of the MAC at 

1.333 MeV. At this specific energy, the influence of Compton 

scattering becomes dominant, leading to a decrease in the 

MAC values. Remarkably, at high energies, the MAC remains 

nearly constant. These distinct patterns arise from the diverse 

Fig. 2. The relationship between the percentage change of mass attenuation coefficient (MAC) values and the weight fraction of additives 
(x=5%, 10%, 15%, and 20%) at three different photon energies (0.0595, 0.662, and 1.33 MeV): (A) for polyvinylidene fluoride (PVDF)–xWC, 
(B) for PVDF–xWO3, (C) PVDF–xWS2, and (D) comparison of MAC values at x=20%. WC, tungsten carbide; WO3, tungsten trioxide; WS2, 
tungsten disulphide.
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mechanisms involved in gamma-ray absorption within each 

energy range. Furthermore, Fig. 3D reveals that among all 

cases, the addition of 20% WC to the PVDF sample yields the 

highest MAC value. This observation highlights the impact 

of incorporating WC in the PVDF sample on enhancing the 

MAC.

2. Mean Free Path 
Fig. 4 presents the determination of MFP values across a 

photon energy range spanning from 0.001 to 15,000 MeV. 

Specifically, Fig. 4A illustrates the MFP values for the entire 

energy range. Additionally, in Fig. 4B, a closer examination 

of the MFP values at three specific photon energy points 

(0.0595, 0.662, and 1.333 MeV) is provided. These energy 

points were selected for detailed analysis to highlight the 

MFP behavior at distinct energy levels. MFP serves as a mea-

sure of the average distance between successive collisions, 

with lower values indicating a more effective shielding capa-

bility. Based on the observations in Fig. 4A, it is evident that 

the PVDF–0.20WC sample exhibits the lowest MFP compared 

to the PVDF–0.20WO3 and PVDF–0.20WS2 samples, signify-

ing enhanced shielding properties. Fig. 4B specifically high-

lights the MFP values at these energy points. Among the four 

studied samples, PVDF–0.20WC consistently demonstrates 

the lowest MFP values, measuring 0.2539, 2.7101, and 4.0113 

cm at these respective energy levels. PVDF–0.20WO3 shows 

the second-lowest MFP only at 0.0595 MeV, while PVDF–

0.20WS2 exhibits the second-lowest MFP values solely at 0.662 

and 1.333 MeV. Notably, in the case of PVDF–0.20WC, the MFP 

undergoes a percentage change at the selected energy points. 

It decreases to 91.38% at 0.0595 MeV, 62.74% at 0.662 MeV, 

and 60.66% at 1.333 MeV, indicating a substantial reduction 

in the average collision distance and highlighting the improved 

shielding efficiency of the PVDF–0.20WC sample.
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3. Effective Atomic Number 
The effective atomic number (Zeff) was determined for the 

PVDF samples, as shown in Fig. 5, serving as a measure of 

the average atomic number and indicating the shielding ca-

pability of the compounds or mixtures. Fig. 5 graphically 

presents the variation of Zeff concerning photon energy at a 

range of 0.001 to 15,000 MeV for the PVDF–0.20WC, PVDF–

0.20WO3, and PVDF–0.20WS2 samples. The Zeff values at en-

ergy points of 0.0595, 0.662, and 1.333 MeV were specifically 

examined and compared to the initial value of the pure PVDF 

sample (Fig. 5B). Remarkably, significant percentage changes 

in Zeff were observed at the specified energy points of 0.0595, 

0.662, and 1.333 MeV for each mixture. For PVDF–0.20WC, 

the percentage changes in Zeff were 315.17%, 26.80%, and 

20.69%, respectively. Similarly, for PVDF–0.20WO3, the per-

centage changes in Zeff were 273.66%, 23.77%, and 18.68%. 

Furthermore, for PVDF–0.20WS2, the percentage increases in 

Zeff were 262.92%, 25.13%, and 20.31%. Based on the afore-

mentioned findings, it is evident that the PVDF–0.20WC 

sample exhibits the highest radiation shielding potential 

Fig. 4. Mean free path (MFP) of the pure polyvinylidene fluoride (PVDF), PVDF–0.20WC, PVDF–0.20WO3, and PVDF–0.20WS2 samples as a 
function of photon energies: (A) at the energy range of 0.001 to 15,000 MeV and (B) specifically focusing on the MFP values at energy points 
of 0.0595, 0.662, and 1.333 MeV. WC, tungsten carbide; WO3, tungsten trioxide; WS2, tungsten disulphide.
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among the PVDF mixtures with different additives, namely 

PVDF–0.20WO3 and PVDF–0.20WS2. This implies that the in-

clusion of WC in the PVDF matrix results in enhanced 

shielding properties than those obtained with WO3 and WS2. 

Furthermore, it is worth noting that the percentage increase 

in Zeff values for the PVDF–0.20WS2 composite is slightly 

higher than that of the PVDF–0.20WO3 sample, only at ener-

gy points of 0.662 and 1.333 MeV. This indicates that, specifi-

cally at these energy levels, PVDF–0.20WS2 offers a marginal-

ly greater improvement in radiation shielding effectiveness 

compared to PVDF–0.20WO3.

4.  The Fast Neutrons Macroscopic Effective Removal 
 Cross-Section 

The simulation of ΣR was conducted using the Phy-X/PSD 

program. ΣR provides insights into the neutron shielding prop-

erties, which are essential in addition to gamma radiation. 

The calculated values of ΣR were plotted as a function of the 

weight fraction of additives in PVDF samples, and the results 

are presented in Fig. 6A–6C.

In general, Fig. 6 illustrates the influence of the weight frac-

tion of additives on the neutron shielding properties of the 

PVDF samples. A remarkable observation is the strong linear 

correlation (R2 > 0.99) between the weight fraction in the 

mixtures and the neutron shielding properties. Generally, an 

increase in ΣR is observed with increasing weight fraction of 

PVDF–xWC, PVDF–xWO3, and PVDF–xWS2 samples. Signifi-

cantly, PVDF–0.20WC exhibits the highest ΣR value of 0.23 

cm-1, showing a percentage change of 116.09% compared to 

the pure PVDF sample. On the other hand, the PVDF–

0.20WS2 sample demonstrates the lowest ΣR value of 0.15 

cm-1 among all the samples (Fig. 6D).

In addition, in Fig. 6D, it was found that the MFP of the fast 

neutrons  for the PVDF–0.20WC sample demon-

Fig. 6. Variation of macroscopic effective removal cross-section for fast neutrons (ΣR) as a function of the weight fraction of the polyvinylidene 
fluoride (PVDF) samples: (A) for PVDF–xWC, (B) for PVDF–xWO3, (C) for PVDF–xWS2, and (D) ΣR values and mean free path (MFP) of the fast 
neutrons for the pure PVDF, PVDF–0.20WC, PVDF–0.20WO3, and PVDF–0.20WS2 samples. WC, tungsten carbide; WO3, tungsten trioxide; 
WS2, tungsten disulphide.
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strate the least value (MFP= 4.40 cm) with a percentage de-

crease change of –53.72% out of the other samples.

In addition to the simulation using Phy-X/PSD software, 

the calculation of ΣR was performed, specifically for the PVDF–

xWC samples, utilizing Equation (6) to provide a means of 

validation for the simulation results. The calculated results 

demonstrate good agreement with the simulated values. The 

RPD% between the calculated and simulated ΣR values are 

presented in Table 3.

5.  The Dose Equivalent Rate and Gamma Transmission 
 Factor 

The evaluation of the samples was performed using 

MCNP5, which allowed for the determination of the energy 

Table 3. Calculated and Simulated Results of ΣR (cm-1) for PVDF–
xWC Samples

Sample Using Equation (4) Phy-X/PSD RPD (%)

Pure PVDF 0.105141 0.105160 0.018061
PVDF–0.05WC 0.140399 0.140426 0.019173
PVDF–0.10WC 0.172493 0.172528 0.020378
PVDF–0.15WC 0.201424 0.201468 0.021689
PVDF–0.20WC 0.227192 0.227244 0.023119

PVDF, polyvinylidene fluoride; WC, tungsten carbide; PSD, Photon Shield-
ing and Dosimetry; RPD, relative percentage difference.

Fig. 8. Gamma transmission factor (GTF) results for the multilayer samples simulated using Monte Carlo N-Particle Transport version 5 
(MCNP5): (A) two-dimensional representation of the GTF results and (B) three-dimensional representation of the GTF results. PVDF, polyvinyli-
dene fluoride; WC, tungsten carbide. 
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Fig. 7. Detailed illustration of multilayer samples using Monte Carlo N-Particle Transport version 5 (MCNP5): (A) for polyvinylidene fluoride 
(PVDF)–xWC and (B) for pure PVDF. WC, tungsten carbide.

γ

8 cm

5%
WC

10%
WC

15%
WC

20%
WC

PVDF+WC

A

γ

2 cm

PVDF

B2 cm

8 cm



194 www.jrpr.org

Abu Ghazal A, et al.

https://doi.org/10.14407/jrpr.2023.00213

JRPR

distribution of radiation pulses in a detector before and after 

adding the layers of pure PVDF and PVDF–xWC, as illustrat-

ed in Fig. 7. The samples of PVDF–xWC were systematically 

arranged based on their weight fraction. 

The GTF at the end of each layer was obtained for both 

pure PVDF and PVDF–xWC, and their values are presented 

in Fig. 8. For the pure PVDF layers, the GTF values were found 

to be 0.77, 0.60, 0.46, and 0.35 for thicknesses of 2, 4, 6, and  

8 cm, respectively. In the case of PVDF–xWC, the GTF values 

were 0.70, 0.44, 0.26, and 0.13 for the same thicknesses. The 

GTF values indicate that PVDF–xWC exhibits higher attenu-

ation of gamma radiation compared to the pure PVDF layers, 

consequently, PVDF–xWC is more effective in inhibiting the 

passage of gamma radiation.

In terms of the dose equivalent rate, the results indicated a 

decrease from 0.0127 mSv/hr for pure PVDF to 0.0044 mSv/hr 

and a further decrease to 0.0016 mSv/hr for the PVDF–xWC 

samples. These results indicate a further reduction in the 

dose equivalent rate achieved by incorporating PVDF–xWC, 

demonstrating its enhanced efficiency in shielding against 

gamma radiation.

Conclusion

In this research study, the Phy-X/PSD software was em-

ployed to calculate various important parameters including 

the MAC, HVL, MFP, Zeff, and ΣR. The MAC calculations were 

carried out for PVDF–xWC, PVDF–xWO3, and PVDF–xWS2 

samples, where x represents the weight fraction ranging from 

0% to 20%, with an increment of 5%. Subsequently, addition-

al analyses were conducted exclusively on PVDF–0.20WC, 

PVDF–0.20WO3, and PVDF–0.20WS2 samples to determine 

their HVL, MFP, Zeff, and ΣR. The energy range considered for 

the calculations spanned from 0.001 to 15,000 MeV. To en-

sure the accuracy and reliability of the results obtained from 

Phy-X/PSD, EpiXS simulations were conducted as a valida-

tion method. The simulations specifically targeted energies 

of 0.0595, 0.662, and 1.333 MeV. Comparing the MAC values 

obtained from the simulations with those derived from the 

Phy-X/PSD calculations, a good agreement was observed, 

where the maximum RPD does not exceed 1.5%. The results 

of the study indicate that as the weight fraction of WC, WO3, 

and WS2 increase in PVDF, there is a corresponding increase 

in the MAC values. This increase in MAC values suggests an 

improvement in the radiation shielding properties of the 

PVDF samples. Notably, the percentage change in the MAC 

values of PVDF–xWC shows higher increases compared to 

those of PVDF–xWO3 and PVDF–xWS2. Based on these find-

ings, it can be concluded that PVDF mixed with WC demon-

strates the most effective radiation shielding properties 

among the studied additives. MFP results provide additional 

insights into the shielding properties of the mixture materi-

als. In the case of the PVDF–0.20WC sample, the MFP values 

were found to be the lowest among the studied samples. This 

indicates that PVDF–0.20WC has enhanced shielding proper-

ties compared to PVDF–0.20WO3 and PVDF–0.20WS2. How-

ever, it’s worth noting that the PVDF–0.20WO3 sample exhib-

ited the second-lowest MFP value only at an energy of 0.0595 

MeV. Similarly, the PVDF–0.20WS2 sample showed the sec-

ond-lowest MFP values specifically at energies of 0.662 and 

1.333 MeV. The Zeff results indicate that the PVDF–0.20WC 

sample exhibits the highest values among the studied sam-

ples. Additionally, the percentage increase in Zeff values for 

the PVDF–0.20WS2 sample is slightly higher than that of the 

PVDF–0.20WO3 sample, specifically at energy points of 0.662 

and 1.333 MeV. This suggests that, at these particular energy 

levels, PVDF–0.20WS2 offers a slightly greater improvement 

in radiation shielding effectiveness compared to PVDF–

0.20WO3. The ΣR was calculated using Equation (6), specifi-

cally for the PVDF–xWC samples, to provide additional vali-

dation for the simulation results. The calculated results dem-

onstrated good agreement with the results obtained from the 

Phy-X/PSD software. In general, there exists a strong linear 

correlation between the weight fraction in the mixtures and 

the neutron shielding properties. As the weight fraction of 

PVDF–xWC, PVDF–xWO3, and PVDF–xWS2 samples increas-

es, there is an observed increase in ΣR. Significantly, out of all 

the materials, the PVDF–0.20WC demonstrated the highest 

ΣR value, making it the most efficient material for shielding 

against fast neutrons. Conversely, the PVDF–0.20WS2 sample 

demonstrated the lowest ΣR value among all the samples, in-

dicating relatively lower neutron shielding capabilities com-

pared to the other samples. The simulation of the GTF and 

dose equivalent rate for the multilayered materials consist-

ing of PVDF–xWC and pure PVDF was carried out using 

MCNP5. The GTF values obtained from the simulation indi-

cate that PVDF–xWC exhibits higher attenuation of gamma 

radiation compared to the pure PVDF layers. Furthermore, 

the dose equivalent rate was observed to decrease when 

PVDF–xWC was incorporated into the multilayered material. 

Specifically, the dose equivalent rate decreased from 0.0127 

to 0.0044 mSv/hr for pure PVDF and to 0.0016 mSv/hr for 
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PVDF–xWC. These results indicate a significant reduction in 

the dose equivalent rate achieved by using PVDF–xWC, 

highlighting its improved efficiency in shielding against gam-

ma radiation. The upcoming plans include using MCNP sim-

ulations to investigate cobalt-60 scattering and californi-

um-252 secondary gamma of radioactive sources utilizing in 

Jordan Atomic Energy Commission’s secondary calibration 

labs. Furthermore, there’s a plan to produce samples for ex-

perimental validation, enabling a comparison between ex-

perimental and simulation results.
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