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Abstract 

In this work, the -ray and thermal neutron shielding properties of high entropy alloys in formula 

Wx(TaVZr)100-x, where (x = 5, 10, 15, 20 and 25%wt) have been studied. The mass attenuation 

coefficients (µm) for -ray of these high entropy alloys have been obtained at energy range 59.6-1332 

keV using Phy-X software and FLUKA Monte Carlo code simulation. The obtained results are found 

to be in good agreement. The W25 for high entropy alloys sample showed the highest µm value and 

the lowest HVL, MFP and transmission factor compared with the other ones in these high entropy 

alloys samples. As for the case of thermal neutron shielding properties, the FLUKA Monte Carlo 

code was used for simulated. It was found that W5 high entropy alloy sample shown the highest mass 

attenuation coefficients (µm) value. These results indicated that the high entropy alloys sample, with 

high W content possesses excellent -ray shielding properties, while alloys with low W content 

possesses superb thermal neutron shielding. 
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Introduction 

Conflicts over the amount of carbon emissions into 

the atmosphere and carbon removal that result from 

rapid economic and industrial expansion are 

increasingly visible (Pitike et al., 2022; Cheng et al., 

2023). Nowadays, fossil fuels remain one of the 

most important sources of energy. Yet, it causes 

serious environmental contamination issues. Thus, 

it is critical to creating new energy sources, such as 

geothermal, nuclear, wind, tidal, and solar energy. 

One of the new energies that are currently employed 
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most commonly due to its cheap net cost, great 

energy density, and lack of pollutants, nuclear 

energy has some benefits (Natarajan et al., 2020; 

Zhang et al., 2021). However, the harsh 

environments in nuclear reactors are not only high 

temperatures, stress and corrosion but also high 

levels of ion and neutron radiation for advance 

nuclear power stations (Ren et al., 2020).  

Refractory high entropy alloys (HEAs) were 

a brand-new high entropy alloy that Senkov et al. 

created and developed in 2011 (Senkov et al., 2011). 

They are usually composed of five or more metal 

elements in equal or nearly equal atomic ratios. It 

has been investigated and proven by numerous 

researchers that refractory high entropy alloys 

exhibit a variety of features, which possess qualities 

superior to those of conventional high entropy 

alloys, including high strength (Senkov et al., 2011; 

Han et al., 2017; Li et al., 2022). high plasticity 

(Senkov et al., 2011; Lee et al., 2018; Zhang et al., 

2020), high oxidation resistance, high corrosion 

resistance (Bachani et al., 2020; Fu et al., 2021), 

high radiation resistance (Lu et al., 2016; 2019; 

Sadeghilaridjani et al., 2020), and excellent wear 

resistance (Chuang et al., 2011, Poletti et al., 2017). 

Refractory high entropy alloys are employed in 

nuclear power reactors because of their superior 

characteristics. The W, Nb, Ta, Ti, V, Cr, Zr, and Hf 

are the primary refractory elements used in the 

creation of refractory high entropy alloys. 

Research on refractory high entropy alloys 

based on low-activation elements is now being 

developed for application in Gen-IV fission and 

fusion nuclear power reactors (Ayyagari et al., 

2018; Kareer et al., 2019; Carruthers et al., 2021; 

Tan et al., 2022). Yet, high activation elements like 

Mo and Nb are included in the majority of today's 

refractory high entropy alloys. Due to their 

vulnerability to radiation damage, these refractory 

high entropy alloys cannot be employed as 

structural materials for nuclear power or in 

connection with other radioactive applications. 

Later, in 2022, Ma et al. 2022a created and 

investigated a refractory high entropy alloy with low 

activation as the primary component (WTaHfTiZr). 

It has been found that this refractory high entropy 

alloy exhibits excellent mechanical properties. As a 

result, it is clearly evident that this refractory high 

entropy alloy is suitable for nuclear power 

engineering applications, such as nuclear reactors. 

Although a variety of refractory high entropy 

alloys have had their characteristics examined 

recently for usage in structural nuclear power 

applications (Xian et al., 2017; Ayyagari et al., 

2018; Yao et al., 2018; Zhang et al., 2018; Kareer 

et al., 2019; Carruthers et al., 2021; Ma et al., 

2022b; Tan et al., 2022). The radiation attenuation 

characteristics of refractory high entropy alloys are 

one of the significant aspects that still need to be 

investigated. Gamma rays and neutrons produced as 

a result of these nuclear processes are harmful to the 

environment and those working there (Sriwongsa 

et al., 2022). It might also have an impact on the 

service life and cracking of refractory high entropy 

alloys. The radiation shielding or attenuation 

properties of refractory high entropy alloys that will 

be used in nuclear power plants, particularly in 

nuclear reactors, must be investigated. In this study, 

the gamma-ray and neutron attenuation properties 

were examined using FLUKA Monte Carlo 

simulation. Mass attenuation coefficients, gamma-

ray and thermal neutrons transmission factors are 

the variables to be examined. Based on radiation 

shielding tests at high-energy particle accelerators, 

FLUKA was used to study particle interactions and 

transmission codes (Ferrari et al., 2005; Battistoni 

et al., 2007). The experimental cross-sectional data 

(ENDF/B, JEF, JENDL, etc.) are used to guide the 

performance of various groups of algorithms for the 

thermal neutron transmission analysis at 0.025 keV 

energy in this work. The alloys under examination 

are low-activation alloys made of the refractory 

elements are W, Ta, V, and Zr (Zhang et al., 2022) 

that exploited for structural purposes in nuclear 

fusion power plants. Nuclear fusion power plants 

are highly anticipated to generate electricity, in 

other words, the energy of the future. Among these 

elements, W is the element with the highest metal 

melting temperature (Tm = 3695 K) among them, 

making it perfect for structural use in nuclear power 

plants (Hasegawa et al., 2016, El-Atwani et al., 

2019, Wu, 2019). 

In this context, the Wx(TaVZr)100−x high 

entropy alloys, where (x = 5, 10, 15, 20 and 25 %wt) 

were simulated for the -ray shielding properties 

using FLUKA Monte Carlo code. The 

characteristics that needed to be examined were the 

mass attenuation coefficient (µm), half value layer 

(HVL) and mean free path (MFP). While, 241Am, 
22Na, 133Ba, 137Cs, and 60Co are the radiation sources 

to simulate a radiation transmission event. In 

addition, thermal neutron shielding properties were 

also simulated from the FLUKA Monte Carlo code 

to cover applications in practice. 

Materials and Methods 

The chemical compositions and density of the high 

entropy alloys in formula Wx(TaVZr)100-x, where 

(x = 5, 10, 15, 20 and 25 %wt) are shown in Table 1

(Zhang et al., 2022). 
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Gamma-ray interaction 

The mass attenuation coefficients (µm) express 

the probability of interaction of -ray with the 

interacting medium. The µm of the high entropy 

alloys were derived from Phy-X software for -ray 

energy range 356-1332 keV using the following 

equation (Sriwongsa et al., 2022). 

m i m i

i

= w ( )  (1) 

where (µm)i is the mass attenuation coefficient 

for the ith element and wi is the weight fraction of the 

ith element in the mixture. 

Half value layer (HVL) is defined as the 

thickness of the sample that reduces the -ray 

intensity to half of its initial intensity and can be 

calculated from equation the linear attenuation 

coefficient (µ) by using in equation (Sriwongsa 

et al., 2022). 

HVL =
0.693

𝜇
(2) 

Mean free path (MFP) is average distance 

between two successive interactions of -ray in 

medium and simulated from equation (Sriwongsa 

et al., 2022). 

MFP=
1

𝜇
(3) 

FLUKA Monte Carlo 

FLUKA (FLUktuierende KAskade) is favors 

used in particle-nuclear sciences. It is mainly in high 

energy experimental physics and engineering 

shielding. In this work, the FLUKA Monte Carlo 

code version 2011.2x-4 which schematic set up for 

simulate -ray and thermal neutron were exhibited 

in Figure 1 and Figure 2. The simulation for µm of 

material samples can be follows in equation (Issa 

et al., 2018, Almuqrin et al., 2021). 

I=I0𝑒
-μX (4) 

𝜇𝑚 =
𝜇

𝜌
(5)

Table 1. Chemical composition and density of high 

entropy alloys 

Samples 

Weight Fraction of Elements 

(%wt) 
Density 

(g/cm3) 
W Ta V Zr 

W5 0.050 0.317 0.317 0.317 10.14 

W10 0.100 0.300 0.300 0.300 10.56 

W15 0.150 0.283 0.283 0.283 10.99 
W20 0.200 0.267 0.267 0.267 11.42 

W25 0.250 0.250 0.250 0.250 11.85 

Figure 1. The schematic set up to simulate -ray 

Figure 2. The schematic set up to simulate thermal neutron 
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where I and I0  are -ray and thermal neutron 

intensity passed through with and without shielding 

material, respectively, and x is thickness of sample. 

The simulation for thermal neutron shielding 

has been simulated at the numbers 108 of thermal 

neutrons which is a large enough value for studying 

trend values (Battistoni et al., 2016). 

Results and Discussion 

Gamma-ray shielding properties 

The mass attenuation coefficient (µm) for high 

entropy alloys samples at thickness 0.2 cm was 

simulated at -ray energy range 59.6-1332 keV.  The 
241Am (59.6 keV), 22Na (511 and 1275 keV), 133Ba 

(356 keV), 137Cs (662 keV), and 60Co (1173 and 

1332 keV) are the radiation sources to simulate 

a radiation transmission event as exhibited in 

Figure 3. It can be seen that the -ray at energy range 

59.6–356 keV, the value of µm increased with 

increasing W content, but above 356 keV these high 

entropy alloys properties are not good shielding 

anymore according to the main of photoelectric 

effect (PE) process at low energy ranges where the 

PE probability is excellent. While, the results in 

Figure 3 shown the value of µm at energy range 600-

1332 keV have the same tendency of increasing µm 

value with these high entropy alloys. These results 

according to the density of these high entropy alloys 

(Sayyed et al., 2018). 

The HVL and MFP values of the high entropy 

alloys samples is shown in Figure 4 and Figure 5. It 

was found that both values were low in the PE 

region and gradually become independent of  

photon energy in the Compton scattering and pair- 

 

production region. It is to be noted that the W25

alloy sample requires a thinner thickness compared 

with the other alloy samples in the entire region of 

interest of the energy. The W25 alloy sample shows 

a lower HVL and MFP values compared with the 

other alloy samples. Therefore, it can be concluded 

that the W25 alloy sample is better at radiation 

shielding than the other alloy samples. The variation 

in the HVL and MFP of the alloys is dependent upon 

the densities which the W25 alloy sample has the 

largest density. The comparison HVL and MFP 

values for alloy samples with hematite-serpentine 

concrete as exhibited in Figure 4. It found that both 

values for all alloy samples were lower than 

the hematite-serpentine concrete. It indicated that 

this alloy series are photon shielding better than 

the hematite-serpentine concrete (Bashter, 1997; 

Sriwongsa et al., 2020). 

Figure 3. The mass attenuation coefficient of HEA 

samples 
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Figure 4. The comparison HVL of HEA samples with 

hematite serpentine concrete 

Figure 5. The comparison MFP of HEA samples with 

hematite serpentine concrete 
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 The transmission factor (TF) is an important 

factor related to -ray penetration. Figure 6 

exhibited TF with the energy for the high entropy 

alloys at a thickness of 0.5 cm. Clearly, the TF 

values increase, raising the energy between 59.6 to 

356 keV. This increase in TF is associated with 

decrease in the PE interaction and initiation of the 

Compton scattering (CS) interaction with increasing 

-ray energy. Therefore, the interaction involves a 

little loss of -ray energy, and the -ray has enough 

energy to escape from the thickness of high entropy 

alloy. In addition, it was found that W25 alloy 

sample had the lowest TF. It indicated that this alloy 

sample had exellent -ray shielding (Al-Saeedi  

et al., 2022; Tekin et al., 2022). 

Thermal neutrons shielding properties 

 The relationship between the mass attenuation 

coefficient (µm) for thermal neutron and high 

entropy alloys at a thickness of 2 cm as shown in 

Figure 7. The trend of µm value decreased with 

increasing W concentration. It means that  

thermal neutron shielding property decreased with 

increasing W content (Kaewjaeng et al., 2021). 

 The effects of the thickness of materials on the 

thermal neutron shielding properties are shown in 

Figure 8. The transmission factor values decreased 

with increasing material thickness for the same W 

content. Typically, a thicker thermal neutron shield 

is always more desirable as more collisions can 

occur between the material and the incoming 

thermal neutron. This means that more incoming 

thermal neutrons are absorbed by thicker material 

due to the higher W atoms per unit area that can 

interact with incoming thermal neutron in thicker 

materials. These results in greater absorption of 

thermal neutron, and improved the thermal neutron 

shielding abilities of materials (Tiamduangtawan  

et al., 2020). Finally, the % statistical error of the 

simulation at the numbers 108 of thermal neutrons 

which is a large enough value for studying trend 

values (Battistoni et al., 2016).  

Conclusions  

The available results of the study shielding 

properties for -ray and thermal neutron of the high 

entropy alloys samples. The results found that the 

addition of W into high entropy alloys, the µm values 

increased whereas HVL, MFP values and 

transmission factor decreased. These results 

indicated that the sample in this work that contains 

high W content at 25%wt was the excellent 

shielding -ray. For the thermal neutron shielding 

properties, it can be seen that the sample with low 

W content at 0.05 wt% showed the highest for 

thermal neutrons factor at the same thickness and 

decreased with increasing thickness. These results 

 
 

Figure 6. Gamma-ray transmission factor of HEA 

samples 
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Figure 7. The mass attenuation coefficient for each 

thermal neutron of HEA samples 

 

 

 
 

Figure 8. Neutron transmission factor of each HEA 

samples at thicknesses 0.5-2.5 cm 
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indicated that this high entropy alloys which high W 

content possesses excellent -ray whereas low W 

content possesses superb thermal neutron shielding. 

Finally, it can be concluded that high entropy alloys 

are the better choice to traditional lead-based 

compounds as -ray and thermal neutrons shielding 

materials and hence apply to a range of shielding 

fields.  

Acknowledgement  

This research is financially supported by Thailand 

Science Research and Innovation (TSRI) National 

Science, Research and Innovation Fund (NSRF) 

(Fiscal Year 2023).  

References  

Almuqrin, A.H., Sayyed, M.I., Kumar, A., El-bashir, B.O.,  

and Akkurt, I. (2021). Optical, mechanical  

properties and gamma ray shielding behavior  
of TeO2-Bi2O3-PbO-MgO-B2O3 glasses using  

FLUKA simulation code. Optical Materials, 113:110900. 

https://doi.org/10.1016/j.optmat.2021.110900 
Al-Saeedi, F.H.F., Sayyed, M.I., Kapustin, F.L., Al-Ghamdi, H., 

Kolobkova, E.V., Tashlykov, O.L., Almuqrin, A.H., and 

Mahmoud, K.A. (2022). A novel barium oxide-based Iraqi 
sand glass to attenuate the low gamma-ray energies: 

Fabrication, mechanical, and radiation protection capacity 

evaluation. Nuclear Engineering and Technology, 
54:3,051-3,058. https://doi.org/10.1016/j.net.2022.03.016 

Ayyagari, A., Salloom, R., Muskeri, S., and Mukherjee, S. 

(2018). Low activation high entropy alloys for next 
generation nuclear applications. Materialia, 4:99-103. 

https://doi.org/10.1016/j.mtla.2018.09.014 

Bachani, S.K., Wang, C.J., Lou, B.S., Chang, L.C., and Lee, J.W. 
(2020). Microstructural characterization, mechanical 

property and corrosion behavior of VNbMoTaWAl 

refractory high entropy alloy coatings: Effect of Al 
content. Surface and Coatings Technology, 403:126351. 

https://doi.org/10.1016/j.surfcoat.2020.126351 

Bashter, I.I. (1997). Calculation of radiation attenuation 
coefficients for shielding concretes. Annals of Nuclear 

Energy, 24:1,389-1,401. https://doi.org/10.1016/S0306-

4549(97)00003-0 
Battistoni, G., Bauer, J., Boehlen, T.T., Cerutti, F., Chin, M. 

P.W., Augusto, R.D.S., Ferrari, A., Ortega, P.G., 

Kozłowska, W., Magro, G., Mairani, A., Parodi, K., Sala, 
P.R., Schoofs, P., Tessonnier, T., and Vlachoudis, V. 

(2016). The FlUKa code: an accurate simulation Tool  
for Particle Therapy. Frontiers in Oncology, 6:1-24. 

https://doi.org/10.3389/fonc.2016.00116 

Battistoni, G., Cerutti, F., Fassò, A., Ferrari, A., Muraro, S., 

Ranft, J., Roesler, S., and Sala, P.R. (2007). The FLUKA 

Code: Description and Benchmarking. AIP Conference 

Proceedings, 896:31. https://doi.org/10.1063/1.2720455 
Carruthers, A.W., Li, B.S., Rigby, M., Raquet, L.C.,  

Mythili, R., Ghosh, C., Dasgupta, A., Armstrong, D.E.J., 

Gandy, A.S., and Pickering, E.J. (2021). Novel reduced-
activation TiVCrFe based high entropy alloys.  

Journal of Alloys and Compounds, 856:157399. 

https://doi.org/10.1016/j.jallcom.2020.157399 
Cheng, Z., Sun, J., Gao, X., Wang, Y., Cui, J., Wang, T., and 

Chang, H. (2023). Irradiation effects in high-entropy alloys 

and their applications. Journal of Alloys and Compounds, 
930:166768. https://doi.org/10.1016/j.jallcom.2022.166768 

Chuang, M.H., Tsai, M.H., Wang, W.R., Lin, S.J., and Yeh,  

J.W. (2011). Microstructure and wear behavior  
of AlxCo1.5CrFeNi1.5Tiy high-entropy alloys.  

Acta Materialia, 59:6,308-6,317. 
https://doi.org/10.1016/j.actamat.2011.06.041 

El-Atwani, O., Li, N., Li, M., Devaraj, A., Baldwin, J.K.S., 

Schneider, M.M., Sobieraj, D., Wróbel, J.S., Nguyen-

Manh, D., Maloy, S.A., and Martinez, E. (2019). 
Outstanding radiation resistance of tungsten-based high-

entropy alloys. Science Advances, 5:1-9. 

https://doi.org/10.1126/sciadv.aav2002 
Ferrari, A., Sala, P.R., Fasso, A., and Ranft, J. (2005). FLUKA: 

A Multi-Particle Transport Code. CERN Yellow Reports: 

Monographs, CERN-2005-010, SLAC-R-773, INFN-TC-
05-11, CERN-2005-10. 

Fu, Y., Li, J., Luo, H., Du, C., and Li, X. (2021). Recent  

advances on environmental corrosion behavior and 

mechanism of high-entropy alloys. Journal of  

Materials Science & Technology, 80:217-233. 

https://doi.org/10.1016/j.jmst.2020.11.044 
Han, Z.D., Chen, N., Zhao, S.F., Fan, L.W., Yang, G.N., Shao, 

Y., and Yao, K.F. (2017). Effect of Ti additions on 

mechanical properties of NbMoTaW and VNbMoTaW 
refractory high entropy alloys. Intermetallics, 84:153-157. 

https://doi.org/10.1016/j.intermet.2017.01.007 

Hasegawa, A., Fukuda, M., Yabuuchi, K., and Nogami, S. 
(2016). Neutron irradiation effects on the microstructural 

development of tungsten and tungsten alloys.  

Journal of Nuclear Materials, 471:175-183. 
https://doi.org/10.1016/j.jnucmat.2015.10.047 

Issa, S.A.M., Kumar, A., Sayyed, M.I., Dong, M.G., and 

Elmahroug. Y. (2018). Mechanical and gamma-ray 
shielding properties of TeO2-ZnO-NiO glasses.  

Materials Chemistry and Physics, 212:12-20. 

https://doi.org/10.1016/j.matchemphys.2018.01.058 
Kaewjaeng, S., Chanthima, N., Thongdang, J., Reungsri, S., 

Kothan, S., and Kaewkhao, J. (2021). Synthesis and 
radiation properties of Li2O-BaO-Bi2O3-P2O5 glasses. 

Materials Today: Proceedings, 43:2,544-2,553. 

https://doi.org/10.1016/j.matpr.2020.04.615 
Kareer, A., Waite, J.C., Li, B., Couet, A., Armstrong, D.E. J., and 

Wilkinson, A. J. (2019). Short communication: Low 

activation, refractory, high entropy alloys for nuclear 
applications. Journal of Nuclear Materials, 526:151744. 

https://doi.org/10.1016/j.jnucmat.2019.151744 

Lee, C., Song, G., Gao, M.C., Feng, R., Chen, P.Y., Brechtl, J., 
Chen, Y., An, K., Guo, W., Poplawsky, J.D., Li, S., 

Samaei, A.T., Chen, W., Hu, A., Choo, H., and Liaw, P.K. 

(2018). Lattice distortion in a strong and ductile refractory 
high-entropy alloy. Acta Materialia, 160:158-172. 

https://doi.org/10.1016/j.actamat.2018.08.053 

Li, C., Chen, S.H., Wu, Z.W., Zhang, Z.F., and Wu, Y.C. (2022). 
Development of high-strength WNbMoTaVZrx refractory 

high entropy alloys. Journal of Materials Research, 

37:1,664-1,678. https://doi.org/10.1557/s43578-022-
00569-3 

Lu, C., Niu, L., Chen, N., Jin, K., Yang, T., Xiu, P., Zhang, Y., 

Gao, F., Bei, H., Shi, S., He, M.R., Robertson, I.M., 

Weber, W.J., and Wang, L. (2016). Enhancing  

radiation tolerance by controlling defect mobility  

and migration pathways in multicomponent single- 
phase alloys. nature communications, 7:13564. 

https://doi.org/10.1038/ncomms13564 

Lu, Y., Huang, H., Gao, X., Ren, C., Gao, J., Zhang, H., Zheng, 
S., Jin, Q., Zhao, Y., Lu, C., Wang, T., and Li, T. (2019). 

A promising new class of irradiation tolerant materials: 

Ti2ZrHfV0.5Mo0.2 high-entropy alloy. Journal of Materials 
Science & Technology, 35:369-373. 

https://doi.org/10.1016/j.jmst.2018.09.034 



 

 

030176-7 Suranaree J. Sci. Technol. Vol. 31 No. 2; March - April 2024 

Ma, X., Hu, Y., Wang, K., Zhang, Hl., Fan, Z., Suo, J., and Liu, 
Xw. (2022a). Microstructure and mechanical properties  

of a low activation cast WTaHfTiZr refractory high-

entropy alloy. China Foundry, 19:489-494. 
https://doi.org/10.1007/s41230-022-1230-z 

Ma, X., Hu, Y., Zhang, H., Fn, Z., Suo, J., and Liu, X.  

(2022b). Microstructure and mechancal properties of  
a low activation cast WTaHfTiZr refractory high- 

entropy alloy. China Foundry, 19:489-494. 

https://doi.org/10.1007/s41230-022-1230-z 
Natarajan, V., Karunanidhi, M., and Raja, B. (2020). A critical 

review on radioactive waste management through 

biological techniques. Environmental Science and 
Pollution Research, 27:29,812-29,823. 

https://doi.org/10.1007/s11356-020-08404-0 

Pitike, K.C., Ke, H., Edwards, D.J., and Setyawan, W. (2022). 
Helium interaction with solutes and impurities in neutron-

irradiated nanostructured ferritic alloys: A first principles 

study. Journal of Nuclear Materials, 566:153771. 

https://doi.org/10.1016/j.jnucmat.2022.153771 

Poletti, M.G., Fiore, G., Gili, F., Mangherini, D., and Battezzati, 

L. (2017). Development of a new high entropy alloy  
for wear resistance: FeCoCrNiW0.3 and FeCoCrNiW0.3+5 

at.% of C. Mater. Design, 115:247-254. 

https://doi.org/10.1016/j.matdes.2016.11.027 
Ren, X., Yao, B., Zhu, T., Zhong, Z., Wang, Y., Cao, X., Jinno, 

S., and Xu, Q. (2020). Effect of irradiation on randomness 

of element distribution in CoCrFeMnNi equiatomic  
high-entropy alloy. Intermetallics, 126:106942. 

https://doi.org/10.1016/j.intermet.2020.106942 

Sadeghilaridjani, M., Ayyagari, A., Muskeri, S., Hasannaeimi, 
V., Salloom, R., Chen, W.Y., and Mukherjee, S.  

(2020). Ion irradiation response and mechanical  

behavior of reduced activity high entropy alloy.  
Journal of Nuclear Materials, 529:151955. 

https://doi.org/10.1016/j.jnucmat.2019.151955 

Sayyed, M.I., Issa, S.A.M., Tekin, H.O., and Saddeek, Y.B. 
(2018). Comparative study of gamma-ray shielding and 

elastic properties of BaO-Bi2O3-B2O3 and ZnO-Bi2O3-
B2O3 glass systems. Materials Chemistry and Physics, 

217:11-22. 

https://doi.org/10.1016/j.matchemphys.2018.06.034 
Senkov, O.N., Wilks, G.B., Scott, J.M., and Miracle, D.B. (2011). 

Mechanical properties of Nb25Mo25Ta25W25 and 

V20Nb20Mo20Ta20W20 refractory high entropy  
alloys. Intermetallics, 19:698-706. 

https://doi.org/10.1016/j.intermet.2011.01.004 

Sriwongsa, K., Laopoonphol, N., Ariyalerdchai, S., 
Glumglomchit, P., Pungpang, N., Ravangvong, S., and 

Khobkham, C. (2020). The comparative study of photon 

shielding properties of MoNbCrVTi and MoNbCrZrTi 
alloy materials. Suranaree Journal of Science and 

Technology, 27:010023. 

Sriwongsa K., Sirimongkolchaikul J., Sukrasorn C., Bussaparoek 
T., Kanunghet S., Phansuea T., Glumglomchit P., 

Limkitjaroenporn P., and Kaewkhao J. (2022).  
Radiation and Fast Neutron Shielding Properties of 
Nickel-Based Superalloys: Inconel 600, 718 and 725 

Superalloys. Integrated Ferroelectrics, 224:120-133. 

https://doi.org/10.1080/10584587.2022.2035602 
 

 
 
 
 
 
 
 
 

Tan, L., Ali, K., Ghosh, P.S., Arya, A., Zhou, Y., Smith, R., 
Goddard, P., Patel, D., Shahmir, H., and Gandy, A. (2022). 

Design principles of low-activation high entropy alloys. 

Journal of Alloys and Compounds, 907:164526. 
https://doi.org/10.1016/j.jallcom.2022.164526 

Tekin, H.O., ALMisned, G., Rammah, Y.S., Ahmed, E.M., Ali, 

F.T., Baykal, D.S., Elshami, W., Zakaly, H.M.H., Issa, 
S.H.M., Kilic, G., and Ene, A. (2022). Transmission 

factors, mechanical, and gamma ray attenuation properties 

of barium-phosphate-tungsten glasses: Incorporation 
impact of WO3. Optik, 267:169643. 
https://doi.org/10.1016/j.ijleo.2022.169643 

Tiamduangtawan, P., Wimolmala, E., Meesat, R., and 
Saenboonruang, K. (2020). Effects of Sm2O3 and Gd2O3  
in poly (vinyl alcohol) hydrogels for potential use as  
self-healing thermal neutron shielding materials. 
Radiation Physics and Chemistry, 172:108818. 

https://doi.org/10.1016/j.radphyschem.2020.108818 

Wu, Y. (2019). Research progress in irradiation damage behavior 

of tungsten and its alloys for nuclear fusion reactor. Acta 

Metallurgica Sinica, 55:939-950.  

Xian, X., Zhong, Z., Zhang, B., Song, K., Chen, C., Wang, S., 
Cheng, J., and Wu, Y. (2017). A high-entropy 

V35Ti35Fe15Cr10Zr5 alloy with excellent high-temperature 

strength. Materials & Design, 121:229-236. 
https://doi.org/10.1016/j.matdes.2017.02.029 

Yao, X.J., Shi, X.F., Wang, Y.P., Gan, G.Y., and Tang, B.Y. 

(2018). The mechanical properties of high entropy (-like) 
alloy Wx(TaTiVCr)1-x via first-principles calculations. 

Fusion Engineering and Design, 137:35-42. 

https://doi.org/10.1016/j.fusengdes.2018.08.008 
Zhang, J., Chen, S., Liu, J., Qing, Z., and Wu, Y. (2022). 

Microstructure and Mechanical Properties of Novel High-

Strength, Low-Activation Wx(TaVZr)100−x (x = 5, 10, 15, 
20, 25) Refractory High Entropy Alloys. Entropy, 

24:1342. https://doi.org/10.3390/e24101342 

Zhang, S., Wang, Z., Yang, H.J., Qiao, J.W., Wang, Z.H.,  
and Wu, Y.C. (2020).Ultra-high strain-rate  
strengthening in ductile refractory high entropy alloys 
upon dynamic loading. Intermetallics, 121:106699. 
https://doi.org/10.1016/j.intermet.2020.106699 

Zhang, W.R., Liaw, P., and Zhang, Y. (2018). A novel  
low-activation VCrFeTaxWx (x = 0.1, 0.2, 0.3, 0.4,  
and 1) high-entropy alloys with excellent heat- 
softening resistance. Entropy, 20:951. 
https://doi.org/10.3390/e20120951 

Zhang, Y., Wang, H., An, X., Chen, G., Sun, H., and Wang, Y. 

(2021). Dynamic strain aging behavior of accident 
tolerance fuel cladding FeCrAl-based alloy for advanced 

nuclear energy. Journal of Materials Science, 56:8815-

8834. https://doi.org/10.1007/s10853-021-05820-6 
Zhang, Z., Armstrong, D.E.J., and Grant, P.S. (2022).  

The effects of irradiation on CrMnFeCoNi high-entropy 

alloy and its derivatives. Progress in Materials Science, 
123:100807. 
https://doi.org/10.1016/j.pmatsci.2021.100807 

 

 
 
 

https://doi.org/10.1080/10584587.2022.2035602

