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a b s t r a c t

Excellent thermal neutron absorption performance of boron expands the potential use of boron rich slag
to prepare epoxy resin matrix nuclear shielding composites. However, shielding attenuation behaviors
and mechanism of the composites against gamma rays are unclear. Based on the radiation protection
theory, Phy-X/PSD, XCOM, and 60Co gamma ray source were integrated to obtain the shielding param-
eters of boron rich slag/epoxy resin composites at 0.015e15 MeV, which include mass attenuation co-
efficient (mt), linear attenuation coefficient (m), half value thickness layer (HVL), electron density (Neff),
effective atomic number (Zeff), exposure buildup factor (EBF) and exposure absorption buildup factor
(EABF).mt, m, HVL, Neff, Zeff, EBF and EABF are 0.02e7 cm2/g, 0.04e17 cm�1, 0.045e20 cm, 5e14, 3 � 1023

e8 � 1023 electron/g, 0e2000, and 0e3500. Shielding performance is BS4, BS3, BS3, BS1 in descending
order, but worse than ordinary concrete. m and HVL of BS1-BS4 for 60Co gamma ray is 0.095e0.110 cm�1

and 6.3e7.2 cm. Shielding mechanism is main interactions for attenuation gamma ray by BS1-BS4 are
elements with higher content or higher atomic number via Photoelectric Absorption at low energy range,
and elements with higher content via Compton Scattering and Pair Production in Nuclear Field at middle
and higher energy range.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ludwigite ore is an important boron and iron containing ore in
China [1]. Generally, ‘mineral separation-blast furnace smelting’ is
the mainsteam way to separate boron and iron elements in lud-
wigite ore and in that way ludwigite utilization is realized [2,3].
During the process a large amount of byproductdblast furnace slag
with high boron content (also known as boron rich slag) is gener-
ated. Due to its high boron content, boron rich slag can be used as
raw materials of borax/boron acid, and it is a significant man-made
ore for boron extraction [1,2]. However, as the boron activity of
boron rich slag is low, the process of mineral separation-blast
furnace smelting will cause a great deal of resource wasting, valu-
able elements such as boron, iron and magnesium will be
and Environment, School of
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by Elsevier Korea LLC. This is an
discharged as boron mud. And the lower content of boron (3.65%)
[2], the more amount of boron mud will be discharged. Therefore,
green, low-carbon and high-efficiency comprehensive utilization of
boron rich slag has become a bottleneck problem for boron in-
dustry that highly dependent on the production process of ‘mineral
separation-blast furnace smelting’.

Boron has excellent thermal neutron absorption performance,
which makes it widely used in neutron shielding field. Boron or its
compounds are widely used in conventional shields for thermal
neutron [4,5], but they are relative expensive. Therefore, we make
the following thoughts: Since boron rich slag is the rawmaterial for
boron or its compounds preparation, canwe directly use boron rich
slag as the filler for thermal neutron shielding? In addition, the
problem of low boron activity of boron-rich slag can be eliminated,
and then the resource and environment problems in the utilization
process can be avoided. Thus we have put forward the idea of
directly using boron rich slag in the field of nuclear shielding ma-
terials, studied the physical law of interactions between boron rich
slag and neutron/gamma ray, obtained the attenuation mechanism
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Table 1
Chemical compositions of BS1-BS4.

Element Sample (wt ％)

BS1 BS2 BS3 BS4

C 0.3111 0.2392 0.2007 0.1767
H 0.0433 0.0302 0.0232 0.0188
O 0.3047 0.3398 0.3587 0.3705
N 0.0113 0.0079 0.0061 0.0049
B 0.0238 0.0277 0.0297 0.031
Mg 0.1374 0.1596 0.1715 0.1789
Si 0.0702 0.0815 0.0876 0.0914
Fe 0.0052 0.006 0.0064 0.0067
Al 0.0243 0.0282 0.0303 0.0316
Ca 0.0687 0.0799 0.0858 0.0895

Fig. 1. 60Co gamma ray test device.
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of boron rich slag for gamma ray/neutron, and found that the
shielding ability of boron rich slag was better than that of com-
mercial materials [6e8]. Subsequently, it is well known that the
epoxy resin has many advantages, e.g. high hydrogen content,
excellent processability, strong radiation resistance, suitability for
adding a large amount of low-cost shielding fillers and ease of
composites preparation. Besides, some researchers had prepared
nuclear shielding materials with suitable comprehensive proper-
ties by using boron containing ores and epoxy resin matrix
[6,9e12]. Therefore, we used epoxy resin as the matrix material to
prepare the shielding composites at room temperature with
different addition amount of boron rich slag, the results showed
that shielding performance of the prepared composites were better
than some commercial materials for thermal neutron [2]. Further-
more, the utilization mode as thermal neutron shielding materials
not only provides an innovative channel for green, low-carbon and
high-efficiency comprehensive utilization of boron rich slag, but
also avoids waste of resources and environmental pollution.

However, the interaction between boron/hydrogen and thermal
neutron will emit the gamma ray at 0.478 MeV and 2.22 MeV
[13e15], respectively, boron and hydrogen are the main composi-
tions in the prepared composites. Attention should be paid to this
special phenomenon to avoid potential hazards from secondary
gamma rays when use the prepared shielding composites. In our
previous work vanadium slag can be used as filler to improve the
gamma ray shielding performance [16], but the shielding attenuation
behaviors and mechanism of boron rich slag/epoxy resin composites
against gamma rays are unclear. Therefore, the key point of this
paper is to obtain the gamma ray shielding behaviors and analyze
the shielding attenuation mechanism of the prepared composites.

When narrow beam gamma rays pass through the shield,
Lambert-Beer law (I]I0$e�m$t) can be used to describe the trans-
mission process, where I and I0 are transmitted and initial photon
densities, m is linear attenuation coefficient (cm�1) and t is the
thickness of medium [17]. Besides, mass attenuation coefficient (mt,
cm2/g), linear attenuation coefficient, half value thickness layer
(HVL, cm), electron density (Neff, electron/g) and effective atomic
number (Zeff) are important shielding parameters to describe the
shielding behaviors [7,17e19]. However, the actual gamma ray is
often in the form of a wide beam, while the buildup factor (B) is
used to modify the Lambert-Beer law as I]B$I0$e�m$t, thus expo-
sure buildup factor (EBF) and exposure absorption buildup factor
(EABF) are key parameters for wide beam gamma ray shielding
performance [8,20e24].

Therefore, boron rich slag/epoxy resin nuclear shielding com-
posites with excellent thermal neutron protection performance is
studied in this paper. Based on the radiation protection theory, Phy-
X/PSD program, XCOM program, and 60Co gamma ray source were
integrated to obtain the shielding parameters of boron rich slag/
epoxy resin composites at 0.015e15 MeV, which include mass
attenuation coefficient (mt), linear attenuation coefficient (m), half
value thickness layer (HVL), electron density (Neff), effective atomic
number (Zeff), exposure buildup factor (EBF) and exposure absorp-
tion buildup factor (EABF), and then the shielding mechanism was
revealed. Thus the obtained shielding behaviors and shielding
mechanism are the most important novelty of this paper. Moreover,
thework is important for the application of the boron rich slag in the
nuclear shielding field, especially for the thermal neutron shields.

2. Materials and methods

2.1. Materials

In this work, the preparation process and compositions of the
boron rich slag/epoxy resin nuclear shielding composites (BS1-BS4)
2614
was the same with our past work [2]. The raw materials in this
investigation were Epoxy resin (E�51, Blue Star Chemical New
Material Co. Limited, Nanjing, China), polyamide resin (651, Blue
Star Chemical NewMaterial Co. Limited, Nanjing, China), and boron
bearing blast furnace slag (B3FS) (Liaoning Fengcheng Iron and Steel
Co. Limited, Liaoning, China). Macroscopic picture of BS1-BS4 was
shown in Fig. S1. While the measured densities of BS1-BS4 are
1.649 g/cm3, 1.869 g/cm3, 2.037 g/cm3 and 2.134 g/cm3, respec-
tively. The chemical compositions of BS1-BS4 were shown in
Table 1. Moreover, Tables S1 and S2 illustrate the chemical com-
positions and densities of boron rich slag and epoxy resin.

2.2. Calculation for gamma ray shielding parameters

In this paper, Phy-X/PSD program, the most friendly analysis
software in gamma ray analysis at present, which can be used to
analyze the shielding parameters of complex shields, was used to
calculate mass attenuation coefficient (mt, cm2/g), linear attenua-
tion coefficient (m, cm�1), half value thickness layer (HVL, cm),
electron density (Neff, electron/g), effective atomic number (Zeff),
exposure buildup factor (EBF) and exposure absorption buildup
factor (EABF) at 0.015e15 MeV [25,26]. Besides, XCOM program
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(NIST) could be used to calculate the partial and total attenuation
coefficient of the shieldingmaterials, e.g. Photoelectron Absorption,
Coherent Scattering, Incoherent Scattering, Pair Production in Nu-
clear Field, Pair Production in Electron Field, thus it was used to
analyze the partial and total attenuation coefficient of the prepared
samples [27,28].
2.3. Shielding test for gamma ray

The gamma ray shielding was tested by a60Co (1.25 MeV,
5000 Ci) gamma ray sourcewith Unidos dosimeter (PTW, Germany,
30 cc) and 2571 ionization chamber (NE, American) as shown in
Fig. 1. Thickness of the prepared samples is about 0.5 cm. Then the
linear attenuation coefficient and half value thickness were ob-
tained as Eq. (1) and (2).

m¼ � lnðI=I0Þ
t

(1)
Fig. 2. Mass attenuation coefficients of BS1-BS4 at 0.015e15 MeV.

Fig. 3. Linear attenuation coefficients of BS1-BS4 at 0.015e15 MeV.

2615
HVL¼ ln 2
m

(2)

Where I and I0 means the counts of the detector with/without
shield, and t is the thickness (cm) of the shield.
3. Results and discussions

3.1. Shielding parameters of BS1-BS4 for narrow beam gamma ray

Fig. 2 shows the mass attenuation coefficients of BS1-BS4 at
0.015e15 MeV, it can be seen that the mass attenuation coefficients
of BS1-BS4 decrease with the increase of the gamma ray energy. At
0.001e0.08 MeV, the mass attenuation coefficient decreases
significantly, which is proportional to Z4-5 [29]. Then it decreases
slightly with the increase of the gamma ray energy at 0.1e6 MeV,
where it is proportional to Z [29]. Besides, the mass attenuation
Fig. 4. Half value thickness of BS1-BS4 at 0.015e15 MeV.

Fig. 5. Effective atomic number of BS1-BS4 at 0.015e15 MeV.



Fig. 6. Electron density of BS1-BS4 at 0.015e15 MeV.
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coefficients decrease weakly with the energy range at 6e15 MeV,
which is proportional to Z2 [29]. In addition, the mass attenuation
coefficients of BS1-BS4 are 0.02e7 cm2/g, which have significant
differences at 0.001e0.08 MeV, and nearly the same at
0.08e15 MeV, values of the mass attenuation coefficient of the
prepared samples are BS4, BS3, BS2, BS1 in descending order.
Fig. 7. Exposure buildup factors o
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Fig. 3 is the linear attenuation coefficients of BS1-BS4 at
0.015e15 MeV, it is in a same trend with mass attenuation co-
efficients as shown in Fig. 2, where it decreases significantly at
0.001e0.08 MeV, slightly at 0.1e6 MeV, and more weakly at
6e15MeV. However, it can be significantly distinguished the values
of the linear attenuation coefficient at 0.015e15 MeV. Besides, the
linear attenuation coefficient of BS1-BS4 is 0.04e17 cm�1, and
shielding ability of the prepared composites are BS4, BS3, BS2, BS1
in descending order.

Fig. 4 is the half value thickness of BS1-BS4 at 0.015e15MeV, it is
in a opposite variation with both the mass attenuation coefficient
(Fig. 2) and linear attenuation coefficient (Fig. 3), where it increases
significantly at 0.001e0.08 MeV, slightly at 0.1e6 MeV, and more
weakly at 6e15 MeV. In addition, the half value thickness of BS1-
BS4 is 0.045e20 cm. Moreover, it can be significantly distinguished
for the values of the half value thickness of BS1-BS4 at the whole
energy range, where the half value thickness is BS1, BS2, BS3, BS4 in
descending order.

Fig. 5 and Fig. 6 illustrate the effective atomic number and
electron density of BS1-BS4 at 0.015e15MeV, it can be seen that the
two parameters are in the same variation with the gamma ray
energy at 0.015e15 MeV. While the effective atomic number and
electron density of BS1-BS4 decrease rapidly at 0.015e0.15 MeV,
nearly the same at 0.15e3 MeV, and increase slowly at 3e15 MeV.
Besides, the lowest value is appeared at the energy range of
0.15e3 MeV. Also the effective atomic number of the BS1-BS4 is
5e14, and the electron density is 3 � 1023e8 � 1023 electron/g.
f BS1-BS4 at 0.015e15 MeV.



Fig. 9. Linear attenuation coefficients of BS1-BS4 for 60Co gamma ray.
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What's more, it can be clearly seen the effective atomic number of
the prepared composites is BS4, BS3, BS3, BS1 in descending order,
but the electron density is in an opposite variation, especially at low
and high gamma ray energy range.

The reason for the parameters’ variation can be concluded as
follow: Photoelectric Absorption is dominant attenuation effect at
low energy region, Compton Scattering is dominant attenuation
effect at middle energy region, and Pair Production is dominant
attenuation effect at high energy region [27,28]. Furthermore, it is
precisely due to the changes in types of the above-mentioned nu-
clear reactions and components that the variation of parameters
described above. At the same time, according to the definition of
the parameters, the shielding performance of the prepared com-
posites is BS4, BS3, BS3, BS1 in descending order.

3.2. Exposure buildup factors and energy absorption buildup factors

Fig. 7 and Fig. 8 are the exposure buildup factors and exposure
absorption buildup factors of BS1-BS4 at 0.015e15 MeV, respec-
tively. These two figures indicate that the exposure buildup factors
and exposure absorption buildup factors are in the same variation
with the increase of the gamma ray energy, where they are nearly
the same at 0.015e0.05 MeV and 3e15 MeV, increase rapidly at
0.05e0.2 MeV, and decrease rapidly at 0.2e3 MeV, while the
highest value is at 0.2 MeV and lowest value is in the energy range
of 0.015e0.05 MeV and 3e15 MeV. Exposure buildup factors are
0e2000, and exposure absorption buildup factors are 0e3500. In
addition, exposure buildup factors and exposure absorption
Fig. 8. Exposure absorption buildup fac
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buildup factors increase with the penetration depth. However, the
main interactions between the gamma ray matter is Photoelectric
Absorption at low energy range, Compton Scattering at middle
energy range, and Pair Production at high energy range, while the
buildup factors reflect the influence of the scattering effect through
the transmission process, thus the variation is significant at middle
energy range [27,28,30e32]. Moreover, the thicker the penetration
tors of BS1-BS4 at 0.015e15 MeV.



Fig. 10. Half value thickness of BS1-BS4 for 60Co gamma ray.
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depth, the scattering effect will be more complex, and it causes the
increase of the buildup factors [33].
3.3. Test results

Fig. 9 and Fig. 10 illustrate the linear attenuation coefficient and
half value thickness of BS1-BS4 for 60Co gamma ray, it can be seen
that the linear attenuation coefficient of BS1-BS4 increases from
Fig. 11. Partial and total mass attenuation co
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BS1-BS4, and the half value thickness decrease from BS1 to BS4.
Linear attenuation coefficient is between 0.095 and 0.110 cm�1, half
value thickness is between 6.3 and 7.2 cm. Besides, the higher linear
attenuation coefficient/lower half value thickness means better
shielding performance. Moreover, comparison of linear attenuation
coefficient of BS1-BS4 between the test results and theoretical re-
sults for 60Co gamma ray is shown in Table S3, the relative error is
between 1.11％-12.43％. Fig. S2 illustrates the comparison of the
shielding performance of BS1-BS4, epoxy resin and some concrete
shields [34], shielding performance of BS1-BS4 is better than epoxy
resin matrix because the shielding performance of born rich slag is
always better than epoxy resinmatrix as shown in Fig. S3. However,
the shielding performance of BS1-BS4 is even worse than the or-
dinary concrete.
3.4. Shielding mechanism for gamma ray

Fig. 11 is the partial and total mass attenuation coefficients of
BS1-BS4 at 0.015e15 MeV, it indicates the interactions of BS1-BS4
and gamma rays are Photoelectric Absorption, Compton Scattering,
and Pair Production in Nuclear Field at high energy range, while
Coherent Scattering and Paid Production in electron Field have a
little influence on the total mass attenuation coefficient. At
0.015e0.02 MeV, the Photoelectric Absorption is the main inter-
action; With the increase of the energy, the effect of Compton
Scattering and Coherent Scattering increases, and the effect of
Photoelectric Absorption decreases; At 0.15e3 MeV, the main
interaction is Compton Scattering. Effect of the Compton Scattering
decreases, and the Pair Production in Nuclear Field increases with
efficients of BS1-BS4 at 0.015e15 MeV.



Fig. 12. Contribution of elements in BS1-BS4 for shielding performance at 0.015e15 MeV.
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the variation of the energy range at 3e15 MeV, also the Paid Pro-
duction in Electron field affect a little on the total mass attenuation
coefficient.

Fig. 12 shows the contribution of elements in BS1-BS4 for
shielding performance at 0.015e15 MeV, the contribution of each
element is in the same variationwith the increase of energy, except
for the O in BS1. Besides, the contribution of each element for BS1-
BS4 is different due to the content of each element. However, ele-
ments with higher atomic number and relatively higher content
may have main contribution in the low energy region (e.g. Ca), and
the higher content elements make a significant contribution (e.g. O
and C). With the energy increases up to 15 MeV, the elements with
higher content show main contribution for the total mass attenu-
ation coefficient, and the elements with higher atomic number and
relative higher content show the important contribution. In
conclusion, the main interactions for gamma ray attenuation by
BS1-BS4 are the elements with higher content or higher atomic
number via Photoelectric Absorption at low energy range, and the
elements with higher content via Compton Scattering and Pair
Production in Nuclear Field at middle and higher energy range.

4. Conclusions

Mass attenuation coefficient (mt), linear attenuation coefficient
(m), half value thickness layer (HVL), electron density (Neff), effective
atomic number (Zeff), exposure buildup factor (EBF) and exposure
absorption buildup factor (EABF) of boron rich slag/epoxy resin
nuclear shielding composites (BS1-BS4) at 0.015e15 MeV are
2619
0.02e7 cm2/g, 0.04e17 cm�1, 0.045e20 cm, 5e14,
3 � 1023e8 � 1023 electron/g, 0e2000, and 0e3500, respectively.
Shielding performance of the prepared composites is BS4, BS3, BS3,
BS1 in descending order. m and HVL, of BS1-BS4 for 60Co gamma ray
is 0.095e0.110 cm�1 and 6.3e7.2 cm, respectively. Shielding
mechanism is that themain interactions for gamma ray attenuation
by BS1-BS4 are the elements with higher content or higher atomic
number via Photoelectric Absorption at low energy range, and the
elements with higher content via Compton Scattering and Pair
Production in Nuclear Field at middle and higher energy range. The
work is meaningful for the potential application of the boron rich
slag in the nuclear shielding field.
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