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Abstract:

Tungsten with its superior features such as high melting point and relatively high thermal conductivity is significant for
many high temperature applications. The materials, including tungsten, which have important mechanical properties
should also be investigated by their radiation attenuating abilities. The goal of the study is to contribute to the carried out
studies from a different perspective by calculating radiation-matter interaction parameters of self-passivating tungsten
alloys. Radiation shielding capabilities of the alloys were determined in the range of 1 keV - 100 GeV by Phy-X/PSD
code. XCOM, a well-known code, was also used for seeing the validity of obtained mass attenuation coefficients of the
alloys. It was observed that half value layer and mean free path values of the studied alloys are lower, and mass attenuation
coefficients are higher than those of previously reported alloys. The alloys with higher amounts of tungsten and yttrium
have higher shielding ability, while the alloys with lighter elements titanium and silica have less. Additionally, depending
on the obtained fast neutron removal cross section values, the studied self-passivating tungsten alloys can be also evaluated
for neutron shielding. It can be concluded that the self-passivating alloys have good radiation protection potentials besides

the significant mechanical properties.
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1. Introduction

There is a great interest for tungsten (W) which has the
highest melting point and tensile strength and relatively
high thermal conductivity of all metals [1]. These features
make the element important for the high temperature ap-
plications like concentrated solar power, power generation,
and materials of future fusion reactors. However, the prop-
erty of low oxidation resistance limits the use of W in a
vacuum or oxidizing environments to temperatures below
500°C [2]. Recently, extensive studies are carried out for
the design of the future fusion power plant around the world.
The components and materials chosen for the design of the
fusion power plant require high safety and operational stan-
dards [3]. In the existence of a possible loss-of-coolant
accident in the reactor, a temperature increase can be oc-
curred around 1000 — 1200°C [2]. This case causes a quick
oxidation of the pure W surface and can form highly ra-
dioactive WO3. In order to get rid of this problem, many
researchers prefer to develop self-passivating W alloys by

using elements such as titanium (Ti), silica (Si), niobium
(Nb), chromium (Cr), yttrium (Y) and zirconium (Zr) which
have stable thermodynamic characteristics and low neutron
irradiation activation [2-7]. A protective oxide scale can be
obtained and the further oxidation of the W-based alloys can
be delayed by adding these elements. Calvo et al. reported
that W10Cr0.3Y SPWA has the highest oxidation rate, while
W10Crl1Y has the lowest oxidation rate [2]. W10Cr0.5Y
and W8Cr0.5Y have similar rates. Sal et al. stated that
the addition of Zr (W-10Cr-0.5Y-0.5Zr) is not sufficient to
vary the oxidation features of the W-10Cr-0.5Y alloy [8].
The result of SPWA with Ti content has more oxidation
resistance comparing with WCr alloy was mentioned by
Garcia-Rosales et al. [5]. It was stated that self-passivating
W smart alloys are composed of Cr as a passivating element
and a small amount of Y as an active element which has
several favorable effects on both durability and stability of
alloys [9].

As the first wall armor of future fusion reactors is planned
to be designed with SPWAG, it can be said that the results
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Table 1. The chemical contents of SPWAs samples.

Ti Zr Si Density

(g/em?)

Alloy W Cr Y
S1 87.8 11.6 0.6
S2 88 10 -
S3 895 10 05
S4 80 10 -
S5 855 12 -
S6 89.7 10 03
S7 89.5 10 -
S8 89 10 1
S9 91.5 8 0.5

S10 89 10 05

17.823
17.817
18.027
15.700
17.509
18.091
18.086
17.866
18.240
17.928

of the research are directly beneficial in nuclear technol-
ogy. The use of nuclear technology, which is of interest
to the whole world, has also made the subject of radiation
shielding interesting. The relation between the technol-
ogy and radiation shielding leads to the production of new
radiation shielding materials. Recently, various materials
such as glasses, alloys, composites, rocks, concretes etc.
have been developed and investigated for radiation atten-
uating potentials [10-21]. It is essential to determine the
radiation protection parameters in order to identify the ef-
ficiency of a radiation shielding material. The parameters
are linear attenuation coefficient (LAC), mass attenuation
coefficient (MAC), effective atomic number (Zeff), mean
free path (MFP), half value layer (HVL), total atomic cross
section (ACS), total electronic cross section (ECS), fast
neutron removal cross section (FNRCS) and buildup fac-
tors (EBF and EABF). XCOM [22], XMuDat [23], WinX-
Com [24,25], Geant4 [26], Phy-X/PSD [27], EpiXS [28],
and Py-MLBUF [29] are the programs generally used for
determination of radiation attenuation parameters.

The objective of the study is to determine the radiation at-
tenuation parameters of recently developed self-passivating
W alloys (SPWA) which were widely studied by their mi-
crostructure, oxidation behavior, and failure mechanisms
previously [2, 8,9, 30, 31]. Phy-X/PSD code was used
for calculation of the parameters. The radiation-matter

+— $1-Phy-X/PSD
+— $2.Phy-X/PSD
4~ S3.Phy-X/PSD
v $4-Phy-X/PSD
+— S5.Phy-X/PSD
+— S6-Phy-X/PSD
> S7-Phy-XIPSD
+— S8-Phy-X/PSD
\ +— S9-Phy-X/PSD
10% 4 v +- $10-Phy-X/PSD

MAC (cm’g™)

10" 107
Energy (MeV)

interaction parameters of materials can be determined be-
tween the energies from 1 keV to 100 GeV by inserting
the chemical composition and density of the material. Nu-
merous researches about radiation shielding characteristics
of materials have been carried out by performing the pro-
gram [13,15,17,32,33]. Obtaining the radiation protection
parameters of the alloys will be important in terms of pro-
viding information about the alloys, called as smart alloys,
to the literature. This work adds an important contribu-
tion to the research areas related with nuclear and fusion
technology by investigating new type of alloys whose neg-
ative effects can be eliminated that may be encountered at
high temperatures. The analysis will have significant im-
plications for the use of alloys as good radiation shields at
higher temperatures in a variety of applications. Besides
the theoretical evaluation, giving experimental results may
be supportive and can be done in future studies.

2. Materials and methods

In the study, the chemical contents of SPWAs were acquired
from the literature [2,8,9,30,31] and are given in Table 1.
The rule of mixture is used for the determination of density
(Pmix) of the alloys [34]:

n
Do = Zi=1CiAi
mx i1 CiAi
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Figure 1. The variations of MAC (a) and LAC (b) values of the SPWAs versus photon energies.
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Figure 2. The variations of MAC values of the SPWAs and previously studied alloys (a) and the ratio of MAC values (b)

versus photon energies.

A;, ¢; and p;, and are atomic fraction, atomic weight of
element i;;, and density, respectively.
The MAC can be calculated based on the Beer—Lambert as:

[=Ipe ™ 2)
I i
TP Pt i

where ¢ (cm), t,, (g/cm?), u (cm™!) and y,, (cm?/g) are
the thickness and sample mass thickness (the mass per unit
area), LAC and MAC, respectively.

For any compound, MAC can be also acquired by the fol-
lowing equation [27];

“

where (1/p); and w; are the MAC of the i, constituent
element and the weight fraction, respectively.
MFP and HVL can be determined by the formulas,

1
MFP = — ®)
u
In(2
HvL — 12 ©6)
u
ACS (0,) can be calculated by the equation given as;
N
ACS =0, = F(#/P) (7
A

MFP (cm)

ECS (o,) is formulated by the following equation;

ECS = o, = ¢ 8)
Zeff
Z.yy is found by the help of Eqgs. (7) and (8) as;
o,
Zeff = ga 9

e

EBF and EABF can be calculated by the given equations
below [35,36]. The geometric progression (G-P) fitting
parameters can be calculated by using values [37] in Eq.
14. EBF and EABF can be obtained using Eq. (12) or
(13) by obtaining K(E,x) in Eq. (14), where a, b, ¢, d and
X, are the exposure GP fitting parameters and x is thick-
ness in mean free path (mfp). The ratio (R) of Compton
partial MAC to total MAC should be defined for the mate-
rial at specific energy. The R; and R, values indicate the
(Um)compton/ (M) Tora Tatios of these two adjacent elements
which have Z; and Z, atomic numbers. F; and F, are the
values of G-P fitting parameters identical with the Z; and Z,
atomic numbers at a certain energy, respectively. E and X
demonstrate primary photon energy and penetration depth,
respectively.

Combination of K (E,X) with X, performs the photon dose
multiplication and determines the shape of the spectrum.

7 Zi(logR> —logR) +Z>(logR —logRy)
eq =

(10)

logR, —logR;
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Figure 3. The variations of HVL (a) and MFP (b) values of the SPWAs versus photon energies.
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Figure 4. The variations of HVL values of the SPWAs and previously studied alloys (a) and the ratio of HVL (b) and MFP

values (c) versus photon energies.

_ Fi(logZy —logZey) + Fy(logZ,, —logZy)

F= logZ, —logZ; (i
B(E,x) = 1+% for K#1 (12
B(E,x)=1+(b—1)x for K=1 (13)

tanh(xik —2)—tanh(-2)

K(E,x)=cx"+d
(E,x) =ex'+ 1— tanh(—2)

for x <40 mfp

(14)
The FNRCS (Y R) values of the compounds are determined
as follows [38,39]:

Le-zo(%)

where p; and (Y R/p); are the partial density of the com-
pound and the mass RCS of the i/ constituent element,
respectively.

s)

i

3. Results and discussion

The radiation-matter interaction parameters of SPWAs were
obtained by using Phy-X/PSD code. Changes of the MAC
results versus photon energies (1 keV - 100 GeV) are shown
in Fig. 1(a). Due to the fact that photoelectric effect (PE),

L

Compton scattering (CS) and pair production (PP) are dom-
inant at low, mid energies and energies > 5 MeV, respec-
tively, the variations of MAC are observed as given in Fig.
1(a). The MAC values were also obtained by XCOM [22],
and the values calculated by the codes are compatible. Since,
the achieved MAC values of SPWAs are very close to each
other, in order to learn clearly which alloy has more shield-
ing potential, the ratio of MAC values of the SPWAs with
highest shielding properties (S6, S9 and S10) and that with
lowest one (S4) to a reference material ordinary concrete
(OC) [40] is obtained. It is obvious that the MAC values of
S6, S9 and S10 are the highest among the alloys. Change
of the LAC values as a function of photon energies (1 keV
- 100 GeV) is given in Fig. 1(b). Since, LAC parameter is
attached to both MAC and density of material, the lowest
LAC values are determined for S4 alloy with lowest density
at all energies. In order to make an expressive evaluation,
MAC values of the SPWAs are compared with those of other
alloys (Fig. 2(a)). It can be clearly seen that the obtained
MAC values of SPWAs (upper group lines) are higher than
those of previously reported alloys (subgroup lines). The
ratio of MAC values of the SPWAs (54, S6, S9 and S10)
to the those of OC is shown in Fig. 2(b) in order to see the
shielding efficiency of the alloys. However, the MAC values
of S6, S9 and S10 are seemed very close, a specific energy
region on the graph is shown in a separate window and it
is observed that SO alloy has the highest ratio among them.
Therefore, it can be concluded that S9 has more shielding
ability.

The capability of radiation to penetrate materials can

T T T . T o T r
10 10°
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T T T T
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Figure 5. The changes of ACS (a) and ECS (b) versus photon energies.
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Figure 6. The variations of Zeff (a) and Zeq (b) versus photon energies.
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2251-7227[https://dx.doi.org/10.57647/j.jtap.2023.1705.52]


https://dx.doi.org/10.57647/j.jtap.2023.1705.52

6/9 JITAP17(2023)-172352

Aygun et al.

10 b) 10 C) 10“
10 10 10 ——o05mip
10 -1 mfp
10° 10° 10° f ——2mfp
I +—3mfp
10° 10° 10° I +dmip
7 . i «—5mfp
10 10 10 +em
- 7mip
10° 10° 10° ~—8 mip
+ 10 mfy
'&% 10° & 10° E 10° . 15:1§
w w w 20 mfp.
.o o o =
., §
10 100 10° ——35mfp N
2 . .
10 102 ) 10° ..
. . .
10 ; 10' { i 10' ;j §
o
10 o HEH 100 . i
107 T T T T T T T T T T T
10? 10" 10° 10' 10? 10" 10° 10' 10? 10" 10° 10'
10
d) 4g's
10
10"
10"
10"
10"
10
10°
u 10:
10
T
10°
10* .
10° )
10? ol .
. HE 1
10' ! i P
10° - . HI
T T T T T T T T T T T T
107 10" 10° 10' 107? 10" 10° 10' 107 10" 10° 10'
Energy (MeV) Energy (MeV)
1 10" "
g) 0 —+—05mip h) 10 —+—05mfp ) 10
101 iy 10 - 1mfp 10"
. —2mfp
10° f : §::§ 10° i T 10°
i . 8 I +—amfp
10° I §mip 10 I} 5 mip 10°
107 i o 107 ‘” +—gmip e
. -7 mip
| o 100 —&nfp
10 N « 10mfp 10°
s W +15mip u
o 10° N ;gm‘: i 20 mfp 8 10
" 10* «— 25 mfp .
10 30 mip 10
35 mfy
10° 10° mip 10°
2 .
10° 10 Z . i 102 :
1 - .3
10' 10 il 10' %
; 10° . HE ) H
10 10
! T T T T T
102 10? 10" 10° 10' 10?
Energy (MeV) Energy (MeV) Energy (MeV)
i) 10"
—e—0.5mfp
10" -1 mfp
o +—2mfp
10 I -~ 3mp
s f +—4mfp
10 g“‘ ——5mfp
7 I »—6mfp
10 I -7 mfp
6 +~—8mfp
10 +—10mfp
s - 15mfp
M 10 ot
4 25 mfp
10 * 30 mfp
10° 35 mip .
10? Z .
10" .3 i
il
10° - '
T T T T
10? 10" 10° 10'

Energy (MeV)

Figure 8. The changes of EBF for S1 (a) S2 (b) S3 (c) S4 (d) S5 (e) S6 (f) S7 (g) S8 (h) S9 (1) S10 (i) versus photon energies.

be given by HVL parameter. The MFP parameter repre-
sents the average distance traveled by the radiation between
two successive collisions in the compound. Dependences
of MFP and HVL parameters versus photon energies are
shown in Fig. 3. It is desired to have lower HVL and MFP
values of materials in the high energy regions for better
shielding property. It is obtained that HVL and MFP results
of the SPWAs are very close to each other except from S4.
The highest values of HVL and MFP are determined for S4
depending on the density value of the alloy. The photon
shielding effectiveness of the alloys are analyzed by com-
paring HVL values of SPWAs and other studied alloys (Fig.
4(a)). It is obviously noted that the obtained HVL results
(subgroup lines) are lower than those of previously reported

alloys (upper group lines). Additionally, for the purpose
of evaluating the shielding performances of the alloys with
close HVL and MFP values, the ratio of HVL values of the
SPWAs with highest shielding properties (S6, S7, S9 and
S10) to the SPWA with lowest one (S4) is shown in Fig.
4(b). It can be clearly seen that the ratio of HVL values
of SO to S4 are less than that of others, therefore S9 has
highest shielding capability among the alloys. Like HVL,
the ratio of lower MFP values (S6, S7 and S9) to the highest
one (S4) is given in Fig. 4(c), too. Among the alloys, the
lowest MFP ratio is seen for S9.

The interaction probability of per electron and per atom in
a unit volume of any compound can be defined as ECS and
ACS, respectively. ACS and ECS parameters with higher
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values are desired for better shielding property. Changing
of ACS and ECS values versus incident photon energies
are given in Fig. 5(a-b). The reduction of photon-atom
interaction probability at increasing photon energies can
decrease the ACS and ECS values proportionally. It is obvi-
ously observed that ACS and ECS parameters of S4 alloy
are lower than those of other alloys. In order to make the
near values more visible, a specific energy region on the
graph is given in a separate window and it is obtained that
ACS and ECS results of the S9 alloy are higher than those
of the other studied alloys.

The variations of Z,s; versus photon energy is given in
Fig. 6(a). Atlow energies, maximum Z,s; values were
obtained based on PE cross-section (Z*-). PE cross-section
depend on E—3 causes the reduction of values sharply at
mid-energies. In high energy region, due to the PP cross-
section varied with Z, the values increase gradually and be
stable [4]. Compositions with different atomic numbers of
elements are determinative on values of Z.rr. Z, ¢y values
of the alloys which are composed of many elements with
large differences in atomic numbers have greater fluctua-
tions. This kind of fluctuations can be seen for the studied
alloys. Maximum Z, s values are obtained for S9 with con-
tent of W and Y (higher atomic number); while minimum
Z.rr values are observed for S4 and S5 with content of Si
and Ti (lower atomic number) among the SPWAs. Thus, it
can be stated that the effective contribution on the increase
of the Z, ¢ value is the amount of W in the alloys. S3, S6,
S7, S8 and S10 alloys show close shielding properties in
terms of Z.rr, but the highest value is obtained for S9.

Zeq is the parameter changes depending on the only CS
process [4]. The dependence of Z,, values of the alloys
are given in Fig. 6(b). Energy-dependent fluctuations can
be also observed for Z,, values of SPWAs comprised of
elements with large differences in atomic numbers as with
Zerr. S9 alloy has the highest shielding property based on
the Z,, results.

The changes of EBF and EABF as a function of photon
energies are shown in Figs. 7-8. At low energies, buildup
factor values are small depending on the PE. EBF and EABF
achieve their maximum at medium energies by the effect
of a large number of photons scattered by the CS. At high
energies, PP effect causes strong photon absorption and
the buildup factors decrease [14, 16]. Thus, it is worthy to
say that the buildup effect is observed dominantly at mid-
energies. Higher MFP values are obtained at higher levels
for EBF and EABF, due to the direct correlation between
the photon scattering probability and the depth of penetra-
tion. An increase determined at ~ 0.07 MeV for EBF and
EABF of all studied alloys is because of the K-absorption
edge of W [18]. Depending on the EBF and EABF values,
the photons for S9 cluster relatively more than those for the
others. It can be noted that the CS process is observed for
S9 more.

Fast neutron attenuation potentials of the alloys were also
calculated by Phy-X/PSD. It is obtained that FNRCS values
of S2, S4, S5, S6 and S7 are 0.217, those of S1 and S3
are 0.216, those of S9 and S10 are 0.215, and that of S8 is
0.214. The lowest FNRCS is observed for S8.

JTAP17(2023)-172352 7/9

4. Conclusion

In the study, the determination of the radiation attenuation
parameters of SPWAs was performed with the Phy-X/PSD
code in the range of 1 keV - 100 GeV. According to the
outcomes, although, some of the parameters for the studied
alloys have near values to each other, S9 has the highest
shielding ability and S4 has the least one among the studied
alloys. The alloys with higher amounts of W and Y have
more shielding performances, while the alloys with lighter
elements Ti and Si have less. It is also clear that HVL and
MFP values of the studied alloys are lower than those of
previously reported alloys. By the determination of ACS,
ECS, Z.rf and Z,, values, it is possible to said that S9 alloy
shows the highest radiation attenuation, while S4 shows
the lowest. In addition, whereas all the studied SPWAs
have close FNRCS values, S2, S4, S5, S6 and S7 alloys
have relatively higher values and all the alloys are suitable
for neutron shielding. In conclusion, it can be mentioned
that the SPWAs can be estimated as shielding materials for
future fusion reactors among other features.
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