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Refractory high entropy alloys constituted of refractory alloying elements, such as W, Zr, Nb, Ti, Mo,
Ta, and Hf, are of great interest due to their widespread use in areas such as the defense, aerospace,
and nuclear power generation industries. Refractory high entropy alloys are one of the subgroups of
high entropy alloys and are evaluated as great candidates for replacements of superalloys commonly
used at high temperatures due to their good mechanical properties and corrosion and oxidation re-
sistance at high temperatures. The motivation for performing this study is that there is currently
no comprehensive analysis of the radiation shielding abilities of this new type of high entropy alloys.
The purpose of the study was to evaluate the radiation attenuation parameters such as mass and lin-
ear attenuation coefficients, half value layer, mean free path, effective atomic number, and buildup
factors of the refractory high entropy alloys, Al0.5Mo0.5NbTa0.5TiZr, Al0.25NbTaTiZr, HfMoScTaZr,
Nb40Ti25Al15V10Ta5Hf3W2, NbCrMo0.5Ta0.5TiZr, Ti2VNbMoZr, and W23Mo23V17Cr8Ta7Fe22 by us-
ing EpiXS software. The mass attenuation coefficients of the alloys were also calculated by XCOM,
a well-known code, to see the consistency of the obtained values. It was concluded that HfMoScTaZr
and W23Mo23V17Cr8Ta7Fe22 have more shielding features, while Ti2VNbMoZr has the lowest shielding
ability among the alloys.
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1. Introduction

High entropy alloys (HEAs) are next-generation
alloy systems that exhibit perfect mechanical, ther-
mal, and chemical properties compared to most
common alloys. HEAs have received great attention
from researchers since first reported by Yeh et al.
and Cantor et al. [1, 2] and can be divided into sub-
groups according to their application areas. One of
these alloy groups is refractory high entropy alloy
(RHEA), and it has been first reported by Senkov
et al. [3]. Nine refractory elements (Mo, Nb, Ta,
W, V, Hf, Zr, Ti, and Cr) with high melting points
form the basis of RHEAs. [3, 4–8]. This new class
HEA has importance and wide application areas
in the aerospace industry [9, 10], the nuclear in-
dustry [11], the chemical process industry [5], and
next-generation nuclear reactors due to its excel-
lent oxidation and corrosion resistance, mechanical
properties, and wear behavior even at high temper-
atures [12]. Especially for the aerospace industry, it
is significant to improve the resistance of lightweight
and high-strength materials against harsh envi-
ronmental conditions. The density of RHEAs can
be decreased by exchanging heavy refractory el-
ements such as tungsten, molybdenum, hafnium,

and tantalum with lighter refractory elements [13].
Therefore, Zr, Nb, Mo, Ti, Cr, and V refractory
metal elements with their low densities are preferred
in the design of RHEAs. Researchers have developed
new RHEAs for the advancement of the alloys also
by adding Sc, Al, etc., which increase the plasticity
and strength of the alloy [14–17].

The alloys used in reactor environments and
nuclear applications have been widely investigated
previously for their radiation shielding capabil-
ities [18–20]. However, the radiation protection
potentials of this new class of HEAs, called RHEAs,
have not been studied in detail yet. The motivation
of having knowledge about radiation shielding fea-
tures of the RHEAs is significant and essential to fill
this gap in the literature. An accurate evaluation
of radiation–matter interaction parameters is nec-
essary to provide relevant information. The value
of the mass attenuation coefficient of the material
indicates the probability of photon interaction and
thus gives us an idea about the absorption potential
of the material. The half value layer (HVL) is the
thickness-related parameter used in designing and
choosing any radiation attenuation material by
halving the photon intensity. It is desirable for the
material to have a lower HVL value. The effective
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atomic number is the average atomic number of
the material containing multiple elements and
is used for the calculation of energy absorption
and buildup factor when designing a radiation
shield. The parameter can be used to obtain basic
information about the chemical composition of
the material. For instance, materials with lower
effective atomic numbers (≤ 10) may be organic
substances, and inorganic compounds or metals
have higher effective atomic numbers [21]. The
buildup factor is significant in radiation shielding
design and dosimetry applications. The effective
dose to be given to the material and exposure
of the material to photons can be estimated by
energy absorption and exposure buildup factors.
Estimation of the parameters is important to de-
velop appropriate materials for different areas such
as medical physics, agriculture, nuclear industry,
etc. In this context, for the purpose of learning
about the radiation protection abilities of the
alloys, photon attenuation parameters such as mass
attenuation coefficients (MAC), linear attenua-
tion coefficients (LAC), effective atomic numbers
(Zeff ), mean free paths (MFP), half-value layers
(HVL), exposure and energy absorption buildup
factors (EBF and EABF) of new class RHEAs
(Al0.5Mo0.5NbTa0.5TiZr-S1, Al0.25NbTaTiZr-S2,
HfMoScTaZr-S3, Nb40Ti25Al15V10Ta5Hf3W2-S4,
NbCrMo0.5Ta0.5TiZr-S5, Ti2VNbMoZr-S6, and
W23Mo23V17Cr8Ta7Fe22-S7) were determined by
EpiXS [22]. The windows-based application soft-
ware is one of the recently developed user-friendly
programs and is based on EPICS2017 of ENDF/B-
VIII and EPDL97 of ENDF/B-VI.8. EpiXS was
produced for photon attenuation, dosimetry, and
shielding, which covers a broad energy range
1 keV–1 GeV. EpiXS has been a code widely pre-
ferred by researchers lately [19, 23–26]. The XCOM
software [27] was developed in order to estimate
MAC values or photon interaction cross-sections
of a single element, compound, or composite
mixture in a wide energy region of 1 keV–100 GeV.
Recently, many researchers have used the XCOM
code for the purpose of calculating the MAC values
of the shielding materials [18, 28–30].

2. Materials and methods

In the study, the chemical compositions of the
alloys were taken from the literature [13–15, 31–33]
and are given in Table I.

The MAC corresponds to the interaction possi-
bility between the mass per unit area of the mate-
rial and photons, and can be obtained by the Beer–
Lambert as given by

I = I0 e
−µt, (1)

µm =
µ

ρ
=

ln(I0/I)

ρt
=

ln(I0/I)

tm
, (2)

where µm [cm2/g] and µ [cm−1] are mass and linear
attenuation coefficients, respectively.

TABLE I

Chemical compositions of the studied RHEAs.
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Mo 11.20 – 15.83 – 11.06 17.50 23.00
Fe – – – – – – 22.00
Nb 24.50 26.00 – 40.00 23.30 18.80 –
Ta 13.60 28.90 18.97 5.00 24.64 – 7.000
Ti 21.40 21.10 – 25.00 10.67 30.40 –
Zr 19.50 19.00 16.95 – 19.36 17.80 –
V – – – 10.00 – 15.40 17.00
Hf – – 28.73 3.00 – – –
Al 9.80 5.00 – 15.00 – – –
Sc – – 19.55 – – – –
W – – – 2.00 – – 23.00
Cr – – – – 10.98 – 8.00

Density 7.96 9.27 9.34 7.29 8.23 6.760 12.54

We can obtain MAC for any compound as fol-
lows [34]

µ/ρ =
∑
i

wi (µ/ρ)i, (3)

where wi and (µ/ρ)i are the weight fraction and
MAC of i-th constituent element, respectively.

Now, Zeff can be calculated as

Zeff =
σT
σe
, (4)

where σe is the electronic cross-section and σT is
the total atomic cross-section of any sample as given
by [35]

σe =
∑ 1

Zi
fi (σT )i. (5)

Here, fi is the mole fraction of the i-th constituent
element. An interpolation given by

Zeff=
Z1[log(σ2)− log(σT )]+Z2[log(σT )− log(σ1)]

log(σ2)− log(σ1) (6)
can be also used for the explicit determination of
Zeff . In (6), σ1 and σ2 are the elemental cross-
sections of two elements Z1 and Z2.

The other parameters, HVL and MFP, important
to analyze the shielding feature are determined by
using µ as follows

HVL =
ln(2)

µ
, (7)

MFP =
1

µ
. (8)
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Fig. 1. The variations of MAC (a) and LAC (b)
values versus photon energies.

EBF and EABF can be obtained using the equa-
tions given [36, 37]

Zeq =
Z1[log(R2)− log(R)]+Z2[log(R)− log(R1)]

log(R2)− log(R1)
,

(9)

F =
F1[log(Z2)− log(Zeq)]+F2[log(Zeq)− log(Z1)

log(Z2)− log(Z1)]
,

(10)

B (E, x) = 1 +
(b− 1)(Kx − 1)

K − 1
, for K 6= 1,

(11)

B (E, x) = 1 + (b− 1)x, for K = 1, (12)
and

K (E, x) = cxa + d
tanh

(
x
Xk
−2
)
− tanh (−2)

1− tanh (−2)
(13)

for x ≤ 40 mfp.
The equivalent atomic number (Zeq) can be found

by (9). The geometric progression (G-P) fitting pa-
rameters for the alloy are determined by using fit-
ting parameters [38] in (10). Buildup factors can be
obtained using (11) or (12) to determine K(E, x)
in (13).

Fig. 2. The variations of MAC values of RHEAs
versus photon energies determined using EpiXS and
XCOM.

The ratio (R) of Compton partial mass atten-
uation coefficient to total mass attenuation coeffi-
cient should be defined for the material at a spe-
cific energy. The R1 and R2 values indicate the
(µm)Compton/(µm)total ratios of these two adjacent
elements, which have Z1 and Z2 atomic numbers.
In (10), F is the geometric progression fitting pa-
rameters (a, b, c, d,XK coefficients) of the studied
material, while F1 and F2 are the values of G-P fit-
ting parameters identical with the Z1 and Z2 atomic
numbers at a certain energy, respectively. In turn,
E and x demonstrate primary photon energy and
penetration depth, respectively. The combination of
K(E, x) with x allows one to perform the photon
dose multiplication and determine the shape of the
spectrum.

3. Results and discussion

According to the chemical compositions of
RHEAs (taken from the literature and given in
Table I [13–15, 30–32]), and on the basis of knowl-
edge about the alloys, the radiation–matter in-
teraction parameters are determined. Changes in
the calculated MAC values versus photon ener-
gies (1 keV–1 GeV) are presented in Fig. 1a. MAC
values decreased sharply, slightly changed, and in-
creased with increasing energy at, respectively, low
(1–100 keV), mid (100 keV–5 MeV), and high
(> 5 MeV) energies, where the photoelectric, the
Compton scattering, and pair production processes
are effective, respectively. The MAC values of the
RHEAs were also determined by XCOM in order to
investigate the compatibility of the obtained MAC
results by EpiXS (Fig. 2). The small increase ob-
served at 0.02 MeV can be due to the K-absorption
edges of Mo, which was also reported by Sayyed et
al. [20] for some alloys. The order of the MAC val-
ues at the same energy is S3 > S7 > S2 > S5 > S1
> S4 > S6. The MAC values of the RHEAs and pre-
viously reported superalloys for some energy values
are given in Table II.
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TABLE IIComparison of the MAC values of the RHEAs and previously reported alloys.

Energy
[MeV]

S1 S2 S3 S4 S5 S6 S7
Rene 41

[18]
Rene 77

[18]
Rene 80

[18]
Rene 95

[18]
Inc 617

[19]
Inc 800HT

[19]
In 625
[20]

In 718
[20]

0.015 41.06 58.10 77.14 38.07 55.79 31.39 70.67 58.48 59.63 64.38 63.06 59.14 60.60 65.70 59.00
0.03 18.70 19.10 19.71 14.83 20.78 16.76 16.50 10.69 9.734 10.44 10.83 10.83 8.763 9.549 10.41
0.05 4.69 4.82 5.01 3.72 5.227 4.172 4.161 2.594 2.351 2.537 2.633 2.626 2.101 2.287 2.51
0.8 0.068 0.070 0.072 0.068 0.069 0.066 0.070 0.068 0.068 0.068 0.068 0.068 0.067 0.068 0.067
1 0.060 0.061 0.062 0.060 0.060 0.058 0.061 0.060 0.061 0.061 0.061 0.060 0.060 0.061 0.060
3 0.037 0.037 0.038 0.036 0.037 0.036 0.037 0.037 0.037 0.037 0.037 0.037 0.036 0.037 0.037
5 0.034 0.035 0.036 0.032 0.035 0.032 0.035 0.032 0.032 0.033 0.033 0.032 0.032 0.032 0.032
8 0.034 0.036 0.038 0.032 0.036 0.032 0.035 0.031 0.031 0.031 0.032 0.031 0.030 0.031 0.031
10 0.034 0.037 0.039 0.032 0.037 0.032 0.036 0.031 0.031 0.031 0.031 0.031 0.030 0.031 0.031

Fig. 3. The ratio of MAC values of S3, S6, and S7
to OC as reference material.

Fig. 4. The variations of HVL (a) and MFP (b)
values versus photon energies.

Fig. 5. Comparison of HVL values of the RHEAs
with those of other previously studied materials.

Fig. 6. The ratio of HVL values of S3 and S7 to S6.

The ratio of MAC values of RHEAs with the high-
est shielding properties (S7 and S3) and RHEA with
the lowest one (S6) to other reference material, or-
dinary concrete (OC) [39], a widely used shielding
material, is shown in Fig. 3. It is obvious that the
MAC values of S3 are higher than S7 for the ener-
gies > 10 keV.
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Fig. 7. The variations of Zeff values of S1 (a) S2 (b) S3 (c) S4 (d) S5 (e) S6 (f) S7 (g) versus photon energies.

Variation of the calculated LAC values versus
photon energies (1 keV–1 GeV) is shown in Fig. 1b.
LAC is one of the parameters for defining the
photon-matter interaction, and it is used to obtain
MAC, HVL, and MFP shielding parameters. The
value of LAC depends on both MAC and the density
of the compound. The density effect causes greater
differences for LAC values compared with MAC val-
ues. The highest LAC value among the alloys is seen
for S3, while, at the same energy, the lowest is ob-
served for S6.

HVL and MFP are other parameters for de-
termining shielding abilities. HVL and MFP val-
ues changing versus photon energies determined by
EpiXS are given in Fig. 4. At mid-energies, where
Compton scattering is dominant, most photons are
more likely to be scattered. Therefore, their absorp-
tion probabilities are lower, and hence thicker mate-
rials are required, and photons have longer MFP. It
is preferred to have low HVL and MFP values in the
high-energy regions for better-shielding properties.
The order of the HVL values in the same energy
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Fig. 8. The variations of EBF values of S1 (a) S2 (b) S3 (c) S4 (d) S5 (e) S6 (f) S7 (g) versus photon energies.

region is S6 > S4 > S1 > S5 > S2 > S3 > S7. The de-
creasing order of the MFP values in the same energy
region is S6 > S4 > S1 > S5 > S2 > S3 > S7. Ac-
cording to the obtained results, HVL and MFP val-
ues of the alloy W23Mo23V17Cr8Ta7Fe22 are lower
than those of other alloys. Ti2VNbMoZr alloy has
the highest values of HVL and MFP. Therefore, it
can be concluded that W23Mo23V17Cr8Ta7Fe22 has
a higher shielding ability than other studied alloys.
In order to evaluate the shielding capacity of the
RHEAs, the HVL values for two energies are com-
pared with those of previously studied materials and

given in Fig. 5. The ratio of HVL values of the
RHEAs with the highest shielding properties (S3
and S7) to the RHEA with the lowest one (S6) is
shown in Fig. 6. It can be clearly seen that the ra-
tio of HVL values for S7 are lower than that for
S3, therefore, based on HVL values, S7 has a higher
shielding ability than S3.

The variations of Zeff versus photon energies ob-
tained by the code are given in Fig. 7. At low en-
ergies, due to the photoelectric effect, maximum
Zeff values were obtained. The first maximum Zeff

at around 0.0015 MeV can be obtained by the
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Fig. 9. The variations of EABF values of S1 (a) S2 (b) S3 (c) S4 (d) S5 (e) S6 (f) S7 (g) versus photon
energies.

K-absorption edge of Al [40]. K-absorption edge of
Zr with 0.018 MeV is observed for Zeff , as seen
in Fig. 7. The other maximum Zeff values at around
0.019 and 0.02 MeV may be due to K-absorption
edges of Nb and Mo, respectively [20]. These val-
ues decreased sharply with increasing energy. Then
the values increased and remained stable at high
energies. Among the RHE alloys, maximum Zeff

values are achieved for W23Mo23V17Cr8Ta7Fe22

and HfMoScTaZr with the contribution of W, Ta,
Hf, Zr, and Mo (higher atomic number), whereas

minimum Zeff value is observed for Ti2VNbMoZr
with no contribution of Ta, Hf, and W. Due to the
higher Zeff values, W23Mo23V17Cr8Ta7Fe22 and Hf-
MoScTaZr alloys show higher shielding potential.
Ti2VNbMoZr has the lowest Zeff value and so the
lowest shielding property.

EABF and EBF of the alloys were determined
for 7 penetration depths by EpiXS. The dependence
of EABF and EBF versus incident photon energies
is shown in Figs. 8 and 9. EABF and EBF reach
the maximum at mid-energies. Maximum number of
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Fig. 10. The variations of Zeq values of the alloys
versus photon energies.

photons will be absorbed due to the photoelectric ef-
fect; therefore, buildup factor values are small at low
photon energies. In the mid-energy region, the dom-
inant process is Compton scattering. In the Comp-
ton region, an increase in photon accumulation is
observed due to a large number of scattered pho-
tons, and hence EABF and EBF have great values
at medium energies. At high energies, pair produc-
tion is dominant, and a strong photon absorption is
observed. As a result, the buildup factors decrease
at high energies [19, 41]. Buildup factors decrease
slowly with increasing photon energy (> 1500 keV).
This case may be due to the photons which can cre-
ate electron-positron pairs with low kinetic energy.
For energies greater than 8000 keV, the increase
in the values of EABF and EBF is bigger in the
higher-energy region at penetration depths of 20,
30, and 40 mfp [20]. The obtained values of EABF
and EBF show that the lowest photons cluster is ob-
served for W23Mo23V17Cr8Ta7Fe22 RHEA. As a re-
sult, it can be noted that W23Mo23V17Cr8Ta7Fe22

is the alloy in which the Compton scattering effect is
most often observed. The first maximum at around
0.02 MeV may be due to the K-absorption edge of
Mo, whereas the maximum seen at ≈ 0.07 MeV may
be due to the K-absorption edge of W [20].

Equivalent atomic number (Zeq) is an effec-
tive parameter in determining energy absorption
and absorbed dose. While all partial photon in-
teractions are effective in the determination of
Zeff , Zeq is calculated only by Compton scat-
tering [42]. The calculated Zeq of the alloys are
given in Fig. 10. It was established that Zeq val-
ues of W23Mo23V17Cr8Ta7Fe22 and HfMoScTaZr
are higher than those of other alloys.

4. Conclusions

In the study, radiation–matter interaction pa-
rameters of RHEAs were calculated using EpiXS
code in the range of 1 keV–1 GeV in order to
determine the radiation protection abilities. MAC

was also determined by using XCOM, and it
has been found that the obtained results are in
good agreement. It can also be mentioned that
W23Mo23V17Cr8Ta7Fe22 and HfMoScTaZr show
higher shielding capability than other RHEAs,
while Ti2VNbMoZr has the lowest shielding prop-
erty among the alloys. It can be noted that hav-
ing heavy metal (such as Hf, W, Ta, Mo, etc.) con-
tents increase the radiation shielding ability of the
alloys. It was also determined that the HVL val-
ues of the RHEAs are lower than those of previ-
ously studied materials such as traditional ordinary
concrete and superalloys. Lastly, it is important to
say that the studied RHEAs can be evaluated as
new type shielding materials in the aerospace in-
dustry, nuclear industry, chemical process industry,
and next-generation nuclear reactors due to their
superior features.
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