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A series of BisoPbso-xSnx alloys, where x = 0, 16, 20, 25, and 30 wt. %, were prepared to be
used as coolants and for heat transfer in fast fission and/or fusion nuclear reactors. For
the prepared alloys, measurements were made of their density and melting points.
Similarly, high-temperature measurements of the alloys' wetting contact angles on

several substrate types were made to clarify their possible application in the design of
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cross sections X (cm?) and mean free path MFP (cm) of the alloys were determined
experimentally using three neutron energy ranges (slow neutrons, total slow neutrons,
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y-rays and neutrons

absorption; and neutrons with energies > 0.4 eV). The results indicated that there was a substantial
Mass attenuation agreement between the theoretical calculations which were done with the aid of
coefficients;

“WinXCom” and “Phy-X/PSD” software and the practical outcomes. The increase in Sn
concentration at the expense of Pb improves the physical characteristics of (Bi-Pb-Sn)
alloys, making them suitable for use as coolants in fast nuclear reactors.

Build-up factors;

and Neutrons macroscopic
cross-sections.

1. INTRODUCTION

Liquid metals have been employed in different
systems for generating energy because of their excellent
thermal qualities, particularly their low point of melting
and high boiling temperatures [1]. Additionally, their
neutronic characteristics are therefore particularly
appealing for fission and/or fusion nuclear reactors and
the nuclear generation’s system [2]. Recently, liquid
metals are being employed in a variety of applications,
including cooling computer chips [3], in neutron
spallation, in which the heavy metals are targeted by
protons with high energy for producing high-intensity
neutron fluxes [4]. Furthermore, in a potential nuclear
application, they could be employed as coolants for
nuclear fusion reactors [5] to transfer heat created by
particle bombardment [6] and in solar power generation
installations [7] a high temperature lubricant [8], and as a
soldering and brazing materials.

against serious accidents [9]. Initially, sodium was
chosen as the primary coolant for the fast reactor
because of its superior heat transfer ability. However,
sodium has significant drawbacks as a coolant, including
a high chemical reaction with water that produces
extreme heat, which could cause a huge explosion, in
addition to its performance in chemical corrosion [10].

Nuclear reactor designers are increasingly focusing
on lead and LBE cooling systems. Liquid LBE is used
for heat transfer in nuclear reactors due to its
thermophysical and nuclear properties [11]. J.R. Weeks
[12] suggested liquid tin (Sn) for nuclear power stations
and considered melts of natural Sn as coolant for fast-
nuclear reactors due to the appealing properties of tin.
Qian et al [13] investigated the idea of replacing liquid
sodium with liquid tin in the coolant system to enhance
the reactor safety features, whereby the proportion of
delayed neutrons in the core of a reactor with liquid tin
can be raised by doping a small quantity of Pu and

Lead and bismuth eutectic (LBE) are being
considered potential coolants for the next generation of
fast nuclear reactors (critical and subcritical), which will
have a very high level of self-protection and safety

diluted U. This is difficult when using liquid sodium due to
its reactivity. Toshinsky et al. [14] alternatively, examined
the attractive qualities of LBE and lead as coolants for fast
nuclear reactors, which would have a very high level of
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protection. While Amer et al. [15] undertook a practical
comparison of the physical properties of both (Pb—Bi—Cd)
alloys and LBE, they showed that the physical properties of
(Pb-Bi-Cd) alloys would be suitable for use as a coolant in
a fast nuclear reactor. Moreover, Dahy, et al. [16]
investigated the thermal and nuclear properties of (Bi—Pb)
alloy and (Bi-Pb-Sn—Cd) alloys, concluding that the (Bi—
Pb—Sn—Cd) alloys would be adequate for use as a coolant in
fast nuclear reactors and as outer cooling blanket
containers, despite the presence of Cd-metal which has a
minimal effect on fast neutrons.

Generally, bulk density is one of the most important
factors to consider when selecting the type of reactor
coolant. This is because high-density coolants complicate
reactor design and need higher pumping power to circulate
the coolant. Using liquid coolant can be advantageous for
certain purposes, but it also has some drawbacks that need
to be considered. One of these drawbacks is the high
density of the coolant, which is especially true for LBE. Its
density is almost ten times greater than that of sodium
liquid, making it more challenging to pump. In fact,
pumping LBE requires 6-7 times greater power than
pumping Na. With this in mind, it's worth considering the
benefits of using liquid coolant against the additional power
requirements necessary to pump it, to determine if it's the
right choice for our specific needs [17]. Additionally, the
LBE contains a high percentage of lead, which belongs to
the heavy metal toxin, which is harmful to the health and
environment. While it has a low melting point, it can be
used at suitable temperatures without the risk of freezing or
boiling uncontrollably.

On the other hand, tin metal, Sn, has attractive thermal
properties; it has a high boiling point (2270 °C) as well as a
low melting point (232 °C) compared to Pb (327.4 °C) and
Bi (271.41 °C), Also, the density of Sn is less than that of
Pb (psn= 7.31 glem®, ppp=11.35 g/cm®). While, it offers
very high heat removal ability, up to 1 GW/m? at
temperatures between (400-600 °C) [17].Therefore, in the
present work, alloys of bismuth-lead-tin, substituting lead
by discrete weight percentages of tin metal, were proposed
and prepared to study the effect of substitution of Sn metal
at the expense of Pb in the (Bi-Pb) alloy on their physical
properties and explore the possibility of utilizing them as
coolants and for heat transfer in fast fission and/or fusion
nuclear reactors.

2. EXPERIMENTAL TECHNIQUES

The experimental and analytical work presented next
was conducted exclusively with the facilities available in
the Physics department through local efforts.

Arab J. Nucl. Sci. Appl., Vol. 57, 3, (2024)

2.1 Preparation of samples

Table 1 shows the various liquid metal alloys that
were prepared from bismuth, lead, and tin with a purity
of 99.99 %. Alloys were prepared by melting in a Pyrex
tube on a benzene flame; to avoid oxidation by air
throughout the melting process, the components were
covered with 1.0 wt. % allophonic acid (C2HiN2Os).
The components were heated for about 15 minutes,
shaking the tube to achieve homogeneity in the melt.
Following melting, the tube was broken to produce the
alloy. To remove the excess allophonic acid, the alloy
was immersed in pure carbon tetrachloride (CCls) for
three minutes [18].

Table (1): Composition of the prepared alloys.

Sample Bi wt-% Pb wt-% Sn wt-%
BL 50 50 -
BLSn1 50 34 16
BLSN2 50 30 20
BLSn3 50 25 25
BLSn4 50 20 30

2.2 Bulk density and molar volume

The displacement method, with carbon tetrachloride
(CCl,), was utilized to evaluate density of prepared
alloys using the equation [19];

Wair

Bp = U 5 i 1
Pee Wair—Wiiquia Puiquia @

Where W,ir and Wiiquia represent the weights in air
and liquid, respectively; pexp and piiguia is the density of
the sample and liquid, respectively. On the other hand,
the theoretical density was determined using the
equation [16];

Pcal = Xieq WEip; (2)
Where, wtj% is the weight percentage and p; is the
densities of the alloy elements. The porosity percentiles
for the prepared alloys were estimated using the
equation. [16];
porosity % =1 — PEep (3)
Pcail
The molar volume V,, of the produced alloy was
estimated using the formula [20];
V= Z1 G (@)

Pexp

Where x; and M; are a molecular percent and the
weight in mole of i-th molecule, respectively; pexp iS the
measured density expressed in g.cm™>.



13 Realizing the advantages of Replacing Lead with Tin in Bismuth-Lead Alloys...

2.3 Differential thermal analysis (DTA) Technique

The melting temperature of the present specimens was
determined using a homemade, well calibrated differential
thermal analyzer (DTA) [19]. The collected data was
analyzed using the Origin program, version 8.5. The
current technique measures the temperature difference
(AT) between the sample and reference (Al03) with time
and temperature recorded. The heating rate was set to 14.0
°K/min across all samples. Melting points (Tm) were
established at the low-temperature edge of the
endothermic peak, which exist in a £1.5 °K error.

2.4 Wettability measurements

The wettability of liquid metals with solid materials is
extremely important in industrial applications such as
metal forming, welding, bonding structural ceramics,
stabilizing metal and ceramics, and removing solid
impurities from molten metals, among others [21]. In
addition, wettability is critical to the choice of pipes
transporting the coolant around the reactor core, as well as
the materials used in the reactor chamber and vessel.

Contact angle, CA, namely 6, is one of the methods
used to measure the wettability of a surface or substance, If
6 < 90°it indicates that the solid is wet by the liquid; If the
contact angle is equal to 90 degrees, it is intermediate-wet;
otherwise, if 8 > 90° it designates that the solid is non-
wetting by the liquid; if 8 = 0, it indicates that the solid is
completely wetted by the liquid; and if & =180° it indicates
that the solid is completely non-wetting by the liquid [22].

A liquid drop's CA on an ideal solid substrate is
determined by its mechanical equilibrium under the
influence of three interfacial tensions:

Yiv-€0S Oy =Ysy, — Vs Q)

Where 6 represents Young’s contact angle, y, is the
liquid-vapor interfacial tension, ys, is the solid-vapor
interfacial tension, and ys is the solid-liquid interfacial
tension [23].

The CA of prepared alloys was evaluated
photographically on different metals substrate: steel-37
(St-37) and aluminum (Al). For adjusting the image scales
and improving the appearance, a reference stainless steel
sphere was utilized. The photograph was collected every
10 seconds at elevated temperatures until it reached a
steady state. The Auto Cad computer program was used to
evaluate the contact angle.

2.5 Nuclear measurements

Generally, the absorption and attenuation of gamma
rays [24] and neutrons [25] depend on the bulk density of

the substance under study. At 293.1 °K, for example the
density of the Pb—Bi eutectic solid alloy phase is 10.705
g/cm?, and it drops to 10.5228 g/cm? in the liquid phase at
400 °K, a decrease of about 1.70 % according to ref. [26].
Consequently, in the temperature range considered in our
present studies, we can accept the measurements of
absorption data at room temperature at the solid-state
phase as adequate, which should reflect the corresponding
performance of the liquid phase at a temperature above 400 °K.

2.5.1 Gamma-Rays Attenuation

Three gamma-ray sources; Co-60, Cs-137, and Eu-152
were utilized to study gamma-ray attenuation for the
prepared alloys using a 3\\ x 3\\ Nal (TI) scintillation
detector. The attenuation coefficients were determined at
nine distinct photo peaks (121.8, 344.27, 661.64, 778.9,
964, 1112.4, 1173.23, 13325, and 1407.24 keV) to
include a wide range of energies. The linear attenuation
coefficient (1, cm™) of the prepared alloys was evaluated
using the Beer-Lambert equation [27]:

I, = I,e~** (6)

Where I, and Iy are the incident and transmitted
intensities, respectively, and x is the alloy thickness. The
half-value layer (HVL,cm) was estimated to determine the
material thickness needed to reduce the intensity of
gamma rays to half its initial intensity. The HVL was
calculated by using the following equation [27]:

HVL = ”’TZ ©
To ensure that the state of the material (solid, liquid, or
gases) does not affect the attenuation coefficients, the value
of the mass attenuation coefficient MAC (um, cm?/g) [27]
was considered and evaluated using the following equation:

n ()

B = =% 8
Where p represent the alloy bulk density. In
addition to the experimental results, the online windows
version of the X-Com program “WinXCom” (version
3.1) [28] was employed to determine MAC (um, cm?/g) by

using the following equation:

o = X wi (5) ©

P/ m

Where (%) is th MAC for each individual element
Ym

in the alloy, and w; is the fractional weight of the

constituents of each alloy [29]. Correspondingly, A Photon

Shielding and Dosimetry “Phy-X/PSD” online software

[30] was used to determine mass attenuation coefficients

U in awide range of energy to meet reactor applications.
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The effective atomic number (Ze) values of the prepared
alloys were determined with the following equation:

Oq

Zeff = U—e (10)

Where o,and o, are the total atomic and electronic
cross-sections, respectively [31, 32].

The equivalent atomic number( Z,,)values of the
prepared alloys were obtained using the following equation:

7 __ Zy(logR,—-logR+Z,(logR—1logR,)
eq — logR,—-logR,

(11)

Where Z; and Z; are the constituent atomic numbers
corresponding to R; and Ry respectively, while R, is the
ratio of Compton MAC to total MAC for the selected
material at a particular energy [33].

Also, the exposure build-up factor (EBF) and energy
absorption build-up factor (EABF) [34] were calculated by
“Phy-X/PSD” software [30].

The experimental error due to the mass attenuation
coefficients for gamma rays was calculated using the
following equation [35]:

_ 1 % Al 2 Axp\? Io 2
b= 3 [+ (22 + (€2 (m ()] e
Where p is the density of the alloy, Al, Al are the

errors in the incident and transmitted intensities Iy, Iy,

respectively, and Ax is the error in thickness x of the
sample.

2.5.2 Neutrons attenuation measurements

In the neutron attenuation investigation for the
produced alloys, three neutron energies (slow neutrons,
total slow neutrons, and neutrons with energies higher than
0.4 eV) were detected using a boron trifluoride (BF3)
detector. The total slow neutrons included both the primary
slow neutrons radiated from the 2*!Am- Be (a-n) source and
those that slowed down in the examined alloys. In the slow
neutron investigations, the neutron beam was being slowed
down by a polyethylene block (7 cm) before the sample,
and neutrons with energies below 0.4 eV were primary
blocked by a cadmium sheet.

The neutron macroscopic cross section (X) was
determined using the following equation [36, 37]:

Iy = Ioe_zx (13)

Where, lo and I,,yare the incident and transmitted neutron
fluxes, respectively, and x is the thickness of the alloy.
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The mean free path MFP was calculated using the
following equation [38]:

MFP = % (14)

The experimental error in the neutron macroscopic
cross section (AX) [38] was calculated using the following
equation:

o=t (3 + (2 + (2 (m () o0

3. RESULTS AND DISCUSSION
3.1 Density and Molar Volume

Table 2 presents the experimental density pexp,
calculated density pcal, and reference density prer 0f (Bi-Pb)
and (Bi-Pb-Sn) alloys. Figure 1 shows that pexp and pcal are
approximately the same. Additionally, increasing Sn
content reduces density, which agrees with [39]. In this
investigation, the observed bulk density decreased from
10.55 g/cm?®to 9.34 g/cm?® with an increasing of Sn ratio at
the expense of Pb, this may be due to that the density of Sn
is less than that of Pb (psi= 7.31 g/lcm?, ppr=11.35 g/cm?)
[10]. Therefore, the prepared (Bi-Pb-Sn) alloys exhibit
outstanding natural coolant and heat transfer properties at a
low-pressure.

Plevachuk et.al [40] studied the density of the 56Bi-
44Pb alloy over the temperature range of 410-750 °K,
where the density is 10.08 g/cm®. While the density for
46Bi -29Pb- 25Sn, over the temperature range of 375- 565
°K is declining to 9.69 g/cm®. Amer et.al [15] on the other
hand studied adding 30 wt. % Cd to 55.5Bi- 44.5Pb, the
density of which was 9.88 g/cm3, while when substituted by
30 wt.% Sn to 50 Bi-20 Pb, the density decreased to 9.34
gm/cm®. From these different studies, we concluded that
adding Sn metal to (Bi-Pb) is a suitable choice for
employing such alloys as coolants in fast fission and/or
fusion nuclear reactors from the point of density view.

The LBE melts however with nearly no volume loss as
one of its advances [10], this is related to the option of safe
operation of the equipment during "freeze and unfreeze"
LBE. The molar volume of LBE is 19.94 cm®mol [15]. As
shown in Table 2 and Figure 1, the molar volume for the
BL alloy in the current work is only 19.72 cm?¥mol, while
once adding Sn on the expense of Pb, the value of molar
volume is slightly reduced. It is important that the change in
the rate of expansion on solidification in the reactor circuit
is low. [10].
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Table (2): Experimental density pexp, calculated density pcal
, molar volume, and Porosity of (Bi-Pb) and (Bi-

Table (3): Melting points, Tm, and contact angles on Al
and St-37 substrates for (Bi-Pb) and (Bi-Pb-

Pb-Sn) alloys. Sn) alloys.
pea pEw PRref Molar Porosity Melting points Contact angles (degrees)
Sample (gfem®)  (glem?) (g/cmd) Volume (%) . Tm( °K)
9 9 [39] (cm3¥mole) Samples Twmt1.5(°K) [39] Al St-37
BL 1055 10.55+0.05 - 19.72 0 BL 400 - 119 125
BLSn1 9.90 9.85+0.05  9.69 19.69 0.51 BLSnh1 369 368 117 121
BLSn2 9.74 9.704£0.05  9.53 19.63 0.47 BLSh2 370 368-377 116 120
BLSn3 954 9.4640.05  9.32 19.65 0.80 BLSn3 367 368-388 114 118
BLSn4 9.34 9.3140.05 - 19.49 0.27 BLSh4 367 - 111 117
3.3 Wettability measurements
Among the most significant objectives in nuclear reactor
1061 £19.7 design is to utilize transfer tubes and containers that are not
10.4 4 3 reactive with coolant liquids, as well as avoid adding resistance
mg 102 § to the ease of flow through the system and heat transfer lines
< ' S [41]. That objective is typically defined by measuring the
<. 10.01 . 196 g contact angle, CA, with various substrate materials.
= >
§ 9.8- S Table 3 shows the contact angle values for (Bi-Pb) and (Bi-
e 5 Pb-Sn) alloys with Al and St-37 substrates at an elevated
961 ™ a S temperature of 723 °K. Also, Table 3 shows that the CA reduces
944 [ e0 195 when Sn is added to (Bi-Pb) with various substrates. Although
o A Molar volune this may be seemed as a drawback, however this is not the case

0 5 10 15 20 25 30
Sn wt.%

Fig. (1): Experimental density pexp, calculated density pcai
and molar volume as a function of Sn
concentration wt. %. (curves have been drawn as
a guide to the eye).

3.2 Differential thermal analysis (DTA)

Table 3 includes the melting points (Tm) of prepared
alloys; it is shown that Ty of (Bi-Pb-Sn) alloys is lower
by approximately 30 °K compared to the BL alloy.
Additionally, by increasing the Sn concentration in (Bi-
Pb-Sn) alloys Tr remains almost fixed while it is lower
than that of the BL alloy. The current results appear to be
satisfactory in accordance with those of the other
workers [39]. Reduced Tn for (Bi-Pb-Sn) alloys can
affect the decrease the possible corrosion impact formed
by Bi. It also enables the coolant to be used at lower
temperatures, avoiding the risk of uncontrolled freezing.
As a result, the lifetime of the reactor structural elements
should be enhanced, and it is also ideal for cooling
reactor outer blanket applications as well [15, 40]. This
would simplify the operation and performance of (Bi-Pb-
Sn) alloys as metal cooled reactors.

where the prepared alloys are non-wetting because the CA is
continued to be greater than 90°. Although, the maximum values
of the contact angles were observed by means of St-37 substrates.

Surface tension on terms of CA is generally known to be
proportional to the density of the corresponding alloy [42], as
shown in Figure 2 Based on these findings; we concluded that
St-37 is good candidates for use as vessels and pipes
transporting the coolant around the reactor core. However, this
result doesn’t wipe up the possibility with using of the other
alloy liquids as well. While employing the outside of the
container blanket for thermal and nuclear radiation gamma and
slow neutron shelters, including (Bi-Pb-Sn) alloys.

128

126 4

124

122 4

120

e° 118

116

114

112

110 ]

—=— Al

—— St-37

T T T T T
9.2 9.4 9.6 9.8 10.0 10.2 10.4 10.6
Density (g/cms)

Fig. (2): The contact angle as function of the bulk density
of the individual alloy. From Tables 2 and 3.
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3.4 Nuclear measurements
3.4.1 Gamma-ray attenuation

Nine pronounced y-ray emission peaks with energy
ranges of 121.8 to 1407.24 keV were used to investigate
the attenuation abilities of the prepared alloys. The MAC
Um(cm?/g) was calculated using Eqn. [8]. Figure 3
depicts a comparison of experimental values of
um(cm?/g) in several examined alloys vs. gamma ray

energies. Adding Sn to Bi and Pb has almost no effect on
the value of u,,(cm?/g). This is due to the z dependency
of gamma ray interactions with mostly lead and bismuth.
Figure 4 indicates that experimental MAC show well
with those computed by the “WinXCom” computer
program (version 3.1). All these curves' behavior can be
characterized by the Compton scattering process (CS), as
the MAC gradually decreases with increasing y-ray
energy.

| BL ®BLSnl mBLSn2 =BLSn3 mBLSn4 |

y'ma (szlg)

Gamma ray energy, keV

Fig. (3): Comparison between experimental mass attenuation coefficients at different energies for prepared alloys.

0.42 0.42
032 4 BL A Exp. ' BLSn1 A Exp.
I N :
£ 0227 § 022 -
£ 012 € o012 i
0.02 T T 0.02 T T
0 500 1000 1500 0 500 1000 150
Gamma ray energy, keV Gamma ray Energy, keV
042 | BLSNn2 A Exp. 0421 BLSn3 A Exp.
o 032 —O—Calc. o 0.32 4 —O— Calc.
S 2
g 0.22 é § S 0.22 -
£ 012 Ax 4 € 012
0.02 0.02 T T —
0 500 1000 1500 0 500 1000 150
Gamma ray energy, keV Gamma ray energy, keV
0.42 -
A Exp.
o o032 { BLSN4 —o—Calc.
N
§ 022+
g 0.12
0.02 T T
0 500 1000 1500

Gamma ray energy, keV

Fig. (4): Experimental and calculated mass attenuation coefficients by WinX-com computer program at
different gamma ray energies for prepared alloys.
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Figure 5 (a-d) shows the Comparison of u,,, HVL,
Zesr, and Zeq against gamma —ray energies for (Bi-Pb)
and (Bi-Pb-Sn) alloys, which were calculated by
“Phy-X/PSD” software to cover high gamma ray
energies (up to 10 MeV), as this sample was utilized
as a coolant in fast fission and/or fusion nuclear
reactors.

Figure 5(a) shows that: 1) Photoelectric absorption
causes fast decreases in MAC values in the low
energy zone. 2) The Pb and Bi elements' L and K
absorption edges caused a major rise in MAC values.
3) The Compton scattering (CS) process causes the
MAC to drop more slowly at medium energies.
4) After E> 1.022 MeV, MAC values began to
increase due to pair production (PP) [31].

Figure 5(b) shows that: 1) the smallest values of
half-value observed at energies between (0.015-0.1
MeV) 2) HVL values rapidly grow at energy 0.1 MeV

1078, (@) “aBL
—e— BLSN1
A BLSN2
. —v—BLSn3
104 & BLSn4
(=2
[9V]
£
e 0
~ 10
S
3.
1074 Ay
\H%‘W
5] . .
10740 100 1000 10000

Gamma rays energy (keV)

82
801
784/
764 /]

Zeff

744/|

v v

724 v

\ I -=—BL -9
70 \ ,( —e— BLSN1| R e A
vy LaBLSR2 (C)
68+ \ W”" —v—BLSN3
66 > e BLSN4
10 100 1000 10000

Gamma rays energy (keV)

due to secondary scattering enhancement with the
impact of the (CS) process. 3) HVL quantities
decrease beyond 3 MeV as a result of the (PP)
process. 4) HVL is ~ 1.5 cm at energy equal to 10
MeV. The lower HVL values indicate better space
efficiency. Because the thickness of this shield is
minimal in comparison to other shields [43], the (Bi-
Pb-Sn) cooled fast reactor will be quite small and can
be applied to transportable and submarine reactors.

Figure 5(c) shows that the Ze value at low
energies is higher than that at higher energies due to
the photoelectric effect being dominant at low
energies, whereas the influence due to scattering and
(PP) processes is greater at higher energies [31, 44].
Figure 5(d) represents the comparison of Zeq values
against gamma —ray energies for (Bi-Pb) and (Bi-Pb-
Sn) alloys, demonstrating that Zeq reaches its greatest
value in the region where (CS) process is common.

2.0 1
e BL (b)
—e— BLSN1
A BLSNn2|
1.5 —v— BLSn3
¢ BLSn4
€
e/
= 1.01
>
T
0.54
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—a— BLSn2
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501

454
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Fig. (5): Comparison of (a)py,, (b) HVL, (C) Zet, and (d) Zeq against gamma —ray energies for (Bi-

Pb) and (Bi-Pb-Sn) alloys.
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“Phy-X/PSD” software was used to calculate energy
absorption build-up factors (EABF) and energy
exposure build-up factors (EBF) for (Bi-Pb) and (Bi-
Pb-Sn) alloys in the gamma —rays energy range (0.03-
10 MeV). Figures 6 and 7 show the comparison of EBF
and EABF against gamma —ray energies for (Bi-Pb) and
(Bi-Pb-Sn) alloys. It was observed that, there are very

steep peaks about 0.1 MeV, which correspond to the Pb
and Bi elements' L and K absorption edges. The high
Z values of the essential elements increase the
probability of photoelectric absorption (PEA) collision,
leading to gamma accumulation. The (EBF) and (EABF)
values of BL alloys are considerably higher than those
that contain Sn.

1010 1010
10° 10°
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10 10’
m 10° L 10°
w 10° @ 10
10° ! 10°*
10 S 0 !
10° 1 :
10* 1 { 10" :
10° ! = 10° 2 e !
10000 100 1000 10000
Gamma rays energy(keV)
10° T
10° | BLSN2 BLSN3
10’ |
L 10°
g 10 L
L
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Bl~0+x+\4
O HYm® © + X X | —

o
o

NYR® © - XX | —
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=
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Fig. (6): Comparison of EBF against gamma —ray energies for (Bi-Pb) and (Bi-Pb-Sn) alloys.
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EABF
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Fig. (7): Comparison of EABF against gamma —ray energies for (Bi-Pb) and (Bi-Pb-Sn) alloys.

3.4.2 Neutrons attenuation measurements

Boron trifluoride BFz neutron detector tube and
three neutron energies regions (slow neutrons, total slow
neutrons, and neutrons with energies > 0.4 eV) were
utilized to deduce the macroscopic cross-section (Zs, 27,
and Ze >0.4eV respectively) in the prepared five sample
concentrations. From Figure 8(a), there is a slight
increase in the value of Xs with raising the tin weight
percentage up to 30 wt.%; unless 25 wt.%, there is a

slight decrease in the opposite value of Zs This act may
be explained by considering that there is no obvious
effect of both Bi, Pb, and Sn nuclei on slow neutron
macroscopic cross-section (slow neutrons are less
probable to interact with Pb and Bi as (n,y) reactions)
[17] because the main probable interaction of these
nuclei is with fast neutrons by inelastic scattering. While
in Figure 8(b) and (c), there is a significant increase in
the 27 and 2g >0.4eV values by increasing Sn wt.% in
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(Bi-Pb-Sn) alloys, except for 25 wt.% of Sn. Which may
be attributed to a high fast neutron interaction probability
with Bi, Pb, and Sn nuclei as (n, 2n) and (n, nY)
interactions of fast neutrons [45]. Moreover, the negative
behavior of neutron macroscopic cross-sections of Sn

with a percentage concentration of 25 wt.% in all used
neutron energy regions is because of its high porosity
content among other percentages of Sn, as is clear in
Table 2. The measured MFP (cm) values of prepared
alloys are represented in Table 4 and Figure 9.
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Fig. (8): The X, (cm™) values of (Bi-Pb) and (Bi-Pb-Sn) alloys with different neutron energies.
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Fig. (9). Mean free paths (MFP) of (Bi-Pb) and (Bi-Pb-Sn) alloys with different neutron energies.
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Table (4): The X, (cm™), and MFP (cm) of (Bi-Pb) and (Bi-Pb-
Sn) alloys with different neutron energies.

Sample Energy %, (cm-1)+ AZ MFP (cm)
Slow 0.0210+0.0023 47.619
BL Total Slow 0.0394+0.0040 25.380
>04eV 0.0508+0.0083 19.685
Slow 0.0199+0.0060 50.251
BLSn1  Total Slow 0.0509+0.0052 19.646
>04eV 0.0557+0.0065 17.953
Slow 0.0270+0.0081 37.037
BLSn2  Total Slow 0.0833+0.0034 12.005
>0.4eV 0.0590+0.0091 16.949
Slow 0.0157+0.0047 63.694
BLSn3  Total Slow 0.0484+0.0077 20.661
>04eV 0.0450+0.0067 22.222
Slow 0.0386+0.0098 25.907
BLSn4  Total Slow 0.1286+0.0125 07.776
>0.4eV 0.0943+0.0049 10.604

4. CONCLUSIONS

A set of Bi-Pb-Sn alloys was fabricated and
prepared to measure their thermal properties as well as
their nuclear radiation characteristics against gamma
rays and neutron particles with a view to being applied
as a coolant in fast fission and/or fusion nuclear
reactors. The bulk density of (Bi-Pb-Sn) alloys
decreased as the Sn concentration increased; there is no
need for high pumping power for cooling circulation.
The Tm decreased with the replacement of Sn at the
expense of Pb, and this works to reduce corrosion
resulting from Bi and avoid the risk of uncontrolled
freezing. The liquid alloys are non-wetting with
different substrates (Al and St-37).

The experimental values of mass attenuation
coefficients of gamma-rays in the produced alloys
correlate  well with those estimated using the
“WinXCom” computer program and ‘“Phy-X/PSD”
software. Adding Sn to Bi and Pb does not significantly
affect the mass absorption coefficient pm (cm?g).
Based on the neutron macroscopic cross section values
2, (cm ™), it is better to use BLSN2 alloy in the primary
loop of the LMFR because the absorption of fast
neutrons used in the breeder reactor is lower, while

BLSn4 alloy is a good choice to use in the secondary
loop due to the large absorption of fast neutrons to
prevent radioactive contamination. In the end, the
addition of Sn to Bi and Pb improves physical as well
as attenuation properties. Based on this conclusion we
propose that the liquid metal alloys of (Bi-Pb-Sn) can
be utilized as coolant for nuclear reactors.
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