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ABSTRACT: We fabricated transparent, Pb-free X-ray shielding materials using solvated ions in a polar solvent. Previous materials
have been based on dispersions of metal-containing particles such as barium sulfate (BaSO4) in a matrix. Comparisons of
suspensions of metal-based particles and solutions of metal ions in a solvent enable better understanding of interactions such as
reflection, scattering, and absorption between X-rays and substances. The X-ray shielding properties of a solution of solvated metal
ions were similar to or better than those of suspensions of metal-containing particles. In addition, the metal-ion solutions exhibited
high transparency. The most effective material among those investigated for X-ray shielding was barium bromide (BaBr2), which
exhibits high solubility in polar solvents. X-ray shielding of 92% was confirmed at a tube voltage of 120 kV, along with ∼90% UV
transmittance at a visible-light wavelength of 400 nm. Thus, both high X-ray shielding performance and high transparency were
achieved.

1. INTRODUCTION
Radiation such as gamma-rays and X-rays is composed of
electromagnetic waves with high energy. Such radiation is used
in various fields, including the medical, nuclear power, and
aerospace industries. Radiation shielding materials play an
important role in protecting people who work in these fields
against radiation exposure. Pb, in particular, has been widely
used for radiation shielding because of its low cost, high atomic
number, and ease of processing; however, it has significant
drawbacks, including high toxicity and a high mass density. To
develop Pb-free radiation shielding materials, researchers have
investigated composites containing metal particles such as
barium sulfate (BaSO4) and tungsten(VI) oxide (WO3) mixed
with resin or rubber.1−5 These composites were evaluated from
the perspectives of mechanical properties and radiation
shielding performance. Research involving metal particles for
radiation shielding tends to focus on particle size, types of
particles, the quantities of particles incorporated into a matrix,
and the interface between the matrix and filler materials.
Composites composed of acrylonitrile−butadiene−styrene
(ABS) and microscale metal particles of compounds such as
WO3 and bismuth oxide (Bi2O3) combine a high metal particle
content with flexibility.6 Research on radiation shielding

materials based on a matrix of biodegradable resins such as
starch and poly(vinyl alcohol) (PVA), rather than resin or
rubber, has also been reported.7 Composites composed of
wood and Bi2O3 as a filler have been studied to improve both
mechanical properties and X-ray shielding.8 X-ray shielding
garments with air and water vapor permeability have been
investigated as new radiation shielding materials.9 Nano-
particles have been found to provide more effective radiation
shielding than microparticles because of enhanced interaction
between the radiation and the metal particles.10−13 A leather
X-ray shielding material consisting of Bi and I has been
developed to achieve balance between X-ray shielding
properties and water-vapor permeability.14 Also, X-ray
shielding materials based on nanofibers and nanometal
particles have attracted attention because of their unusual
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properties, which include high flexibility.15,16 In recent
research, we found that surface modification using multiwalled
carbon nanotubes (MWCNTs) can improve interfacial
adhesion between the matrix and fillers without affecting the
X-ray shielding properties.17 The X-ray shielding properties are
strongly correlated with atomic number, favoring the use of
metals such as Bi, W, and Ba. In recent years, technologies for
radiation shielding materials with not only good radiation
shielding performance but also good flexibility, high biode-
gradability, low toxicity, and low mass density have advanced
dramatically; thus, the development of radiation shielding
materials with additional beneficial properties is important in
this field.

Pb-based glass has been one of the most effective materials
for achieving a balance between X-ray shielding performance
and transparency.18,19 However, Pb-based glass is heavy, toxic,
and difficult to process. As alternatives, Pb-free transparent
radiation shielding materials have been developed by
dispersing nanometal particles.20,21 Metal particles have been
investigated not only in radiation shielding materials but also in
composites with high transparency, where metal particles with
a size smaller than visible wavelengths (400 ≤ λ ≤ 800 nm)
were polymerized.22−24 Even if metal particles can be
polymerized to a diameter of 20 nm, their transparency is
reduced because of their agglomeration by van der Waals
forces.25 Thus, these methods are not suitable for radiation
shielding materials that require a large amount of metal.
Barium carbonate (BaCO3) was dispersed in PVA to prepare
an X-ray shielding material; however, BaCO3 can only be
added in very small quantities because it increases particle
agglomeration.26 In cases where metal particles are used,
achieving both high X-ray shielding performance and high
transparency is difficult. An alternative approach is radical
copolymerization using two Bi-based monomers.27 However,
the resultant composites exhibit a yellow appearance character-
istic of Bi and their fabrication process is complex. The use of
Bi is incompatible with complete transparency. Thus, achieving
both transparency and good radiation shielding performance is
difficult using conventional technologies.

In the present study, Ba- and W-containing compounds that
can be dissolved in a polar solvent such as water or glycerol
were investigated. The resultant solutions were evaluated for
both X-ray shielding performance and transparency, and the
results were compared with those for metal particles reported
in previous studies. Comparisons of metal ions and metal
particles were conducted to understand interactions such as
reflection, scattering, and absorption between X-rays and target
materials. Solutions were prepared with the same number of
heavy-metal Ba and W atoms per unit volume in polar solvents,
and the interaction between X-rays and the metals was
evaluated. This comparison was important in this study
because metal particles have a crystalline structure that is
also expected to reflect and scatter X-rays. Such a comparison
of metal-containing particles and solvated metal ions has not
been previously reported. The X-ray shielding properties were
evaluated using diagnostic X-ray high-voltage equipment, and
transparency was evaluated using UV−visible spectrophotom-
etry. In addition, the results obtained experimentally were
compared with simulation results obtained using the web-
based software XCOM. Various soluble compounds were
investigated to determine which solutions provide the greatest
X-ray shielding capacity and transparency. The results led to

novel approaches as alternatives to metal-containing particles
such as Bi2O3 and BaSO4 as X-ray shielding materials.

2. EXPERIMENTS
2.1. Materials. Glycerol (Kanto Chemical) with a density

of 1.26 g/cm3 was used as a polar solvent because of its high
boiling point and high viscosity. BaSO4 (Takehara Kagaku
Kogyo) with a particle diameter of 10 μm and a density of 4.50
g/cm3 and tungsten(VI) oxide (WO3; Tokyo Chemical) with a
particle diameter of 30 μm and a density of 7.16 g/cm3 were
used as poorly soluble metal-containing compounds. Barium
acetate (CH3COOBa; Fujifilm Wako Pure Chemical) with a
density of 2.47 g/cm3, barium chloride dihydrate (BaCl2·
2H2O; Fujifilm Wako Pure Chemical) with a density of 3.10 g/
cm3, barium bromide (BaBr2; Tokyo Chemical) with a density
of 4.78 g/cm3, sodium tungstate dihydrate (Na2WO4·2H2O;
Fujifilm Wako Pure Chemical) with a density of 4.18 g/cm3,
and potassium tungstate (K2WO4; Fujifilm Wako Pure
Chemical) with a density of 3.12 g/cm3 were used as
glycerol-soluble metal compounds. All of the chemicals and
their suppliers are given in Table 1.
2.2. Preparation of Solutions of Dissolved Metal Ions.

Table 2 shows the solution density, weight percent against
total, and appearance of all 12 prepared samples. All of the
samples were prepared with the same volume of 3 cm3. The
solution density was calculated from the amount of solution
consisting of glycerol and each metal compound and from the
total volume of 3 cm3. Samples with metal particles and metal
ions were prepared such that the samples contained the same
number of metal atoms such as barium atoms and tungsten
atoms, enabling us to confirm that even samples containing
dissolved metal ions exhibit X-ray shielding properties. All of
the solutions were placed in polystyrene containers for
evaluation of their X-ray shielding properties. Samples were
prepared such that the number of metal atoms in the total
volume was 1 mmol/3 cm3 or 7 mmol/3 cm3. Thus, the
number of metal atoms present per unit volume was compared
for two different types of samples: solids dispersed in glycerol
and solutions of metal salts dissolved in glycerol. All samples
other than those containing BaSO4 or WO3 were dissolved in
glycerol under heating at 80 °C using a hot plate for 1 day
because they did not dissolve in glycerol at room temperature.
CH3COOBa, BaCl2·2H2O, and Na2WO4·2H2O could not be
dissolved to a concentration of 7 mmol/3 cm3. The respective
weight percentages are also reported in Table 2. The maximum
solubility of the samples did not change after a number of runs;
in addition, the dissolved samples were left at room
temperature for more than 1 month without recrystallizing,
confirming that they continued to dissolve.
2.3. Preparation of Samples for X-ray Shielding

Experiments. The setup used for the X-ray shielding
measurements is shown in Figure 1. The distance between
the X-ray source and detector was 100 cm, and a 0.45 cm Pb
plate was placed on the detector to minimize the effect of
scattered X-rays. The Pb plate had a 1.5 cm hole through its
center. A diagnostic X-ray high-voltage apparatus (Shimadzu,
UD150L-40F) was used. The X-ray shielding properties were
evaluated under a tube voltage of 40−120 kV, tube current 200
mA, and irradiation time of 200 ms. The X-ray transmittance
was calculated as I/I0, where I0 is the intensity of incident X-
rays and I is the intensity of transmitted X-rays. Some formulas
were used to evaluate the X-ray shielding properties from
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various perspectives. X-ray shielding properties were evaluated
according to eqs 1−3:

I I e x
0= (1)

m= × (2)

HVL
ln(2)=

(3)

where x, ρ, μ, μm, and HVL are the thickness of the solution, its
density, the linear attenuation coefficient, the weight
attenuation coefficient, and the half-value layer, respectively.
The solution thickness, x, was 0.66 cm. A detector (Unfors
RaySafe, RaySafe X2) was used to measure the X-ray intensity.
Each sample was irradiated five times. Samples No. 2, No. 3,
No. 8, and No. 9 were irradiated after being thoroughly stirred
to prevent precipitation of BaSO4 and WO3. X-ray shielding
properties determined by experiment were compared with the
calculation results obtained in simulations using the XCOM
software (National Institute of Standards and Technology,
USA). For the XCOM simulations, the weight attenuation
coefficient for the energy was automatically calculated using
the adjusted proportion of glycerol and metal particles or metal
compounds as a parameter. The values calculated by XCOM
simulations were compared with experimental data reported in
a previous study.28

2.4. Preparation of Solutions for Transparency
Measurements. The transparency of solutions was evaluated
using a UV−visible spectrophotometer (U-4100, Hitachi High-
Tech). The range of measured wavelengths was 400−800 nm,
covering most of the visible wavelength range. Also, the
dimensions of the cell used for the measurements were 12.5
mm × 12.5 mm × 45 mm. Dispersions containing metal
particles such as BaSO4 or WO3 were measured after the
dispersions were thoroughly stirred. Measurements of trans-
parent solutions were conducted three times; representative
data are shown in the results.

3. RESULTS AND DISCUSSION
3.1. Determination of Solubility in Each Solution. We

investigated the solubility of each of the other chemicals.
CH3COOBa, BaCl2·2H2O, and Na2WO4·2H2O exhibited low
solubility and BaBr2 and K2WO4 exhibited high solubility in
glycerol. Samples No. 7 (BaBr2, 38.34 wt %) and No. 12
(K2WO4, 42.81 wt %) were prepared as saturated solutions.
The Na2WO4·2H2O and K2WO4 solutions were light-yellow
(Table 2).
3.2. X-ray Shielding Properties. Figure 2a−p shows the

X-ray shielding properties of the prepared solutions. In each
figure, samples dispersed in glycerol as metal particles are
indicated as (P) and those dissolved as metal ions are indicated
as (I). Specifically, Figure 2a−d shows the X-ray transmittance,
Figure 2e−h shows the linear attenuation coefficient, and
Figure 2i−l shows the mass attenuation coefficient. The results
in Figure 2a indicate that the concentration of Ba atoms is 1
mmol/3 cm3. Glycerol alone is not expected to exhibit a
substantial X-ray shielding effect. We compared samples No. 2
and No. 3 to demonstrate the difference in X-ray shielding
effect between metal-containing particles and metal ions and to
clarify the interaction between X-rays and metals. The X-ray
shielding effect of BaSO4 has been reported in various
studies.28,29 The results show that the X-ray transmittance of
glycerol decreased upon the addition of BaSO4 (No. 2). In theT
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case of sample No. 3 containing a suspension of BaSO4
particles, a slight decrease in X-ray transmittance was
confirmed, which is attributed not to reflection and scattering
but to absorption resulting from the interaction between X-
rays and the metal ions. Thus, irrespective of the structure of
the metal-containing compounds, they can shield against X-
rays when existing as free metal ions. The literature contains no
reports comparing the X-ray shielding properties of metal-
containing particles and metal ions solvated in a polar solvent.
In addition, the X-ray transmittance of sample No. 4
(CH3COOBa) was slightly lower than that of No. 3
(BaSO4). The results further demonstrate that Cl− as a
counterion in BaCl2·2H2O enhanced the X-ray shielding effect.
Moreover, the X-ray transmittance of sample No. 6 (BaBr2)
was substantially lower than those of the BaSO4 suspension
and the CH3COOBa and BaCl2·2H2O solutions. These results
suggest that, among the samples investigated in the present
study, 1 mmol/3 cm3 BaSO4 (No. 2) might not be suitable as
an X-ray shielding material.

Figure 2b shows the results for the samples with a W atom
content of 1 mmol/3 cm3. No distinct differences were
observed between samples No. 10 and No. 11; however, the X-
ray transmittance for samples No. 10 and No. 11 containing
solvated W ions dissolved in glycerol was slightly lower than
that of sample No. 8 containing WO3 particles. Figure 2c,d
shows the case of 7 mmol/3 cm3, where the X-ray

transmittance for both samples No. 7 and No. 12 was less
than 0.1. Figure 2e−h confirms that several of the solutions are
effective X-ray shielding materials.

Figure 2i−l, which was prepared by calculation from the
results in Figure 2e−h, plays an important role in verifying the
correctness and reliability of the experimental results. Table 3
shows two types of mass attenuation coefficients obtained by
experiment and by simulation using XCOM under conditions
of 60 kV as the tube voltage (average energy 30 keV). Different
values were obtained between the experimental and simulation
results for both sample No. 9 and No. 12, which contained
high concentrations of W atoms. However, the differences
between the experimental and simulation results for these
samples is attributable to the experimental X-ray energy having
a wide range and the X-ray energy in the XCOM simulations
having a discrete energy. In addition, in a previous study, a
lower energy was reported to correspond to a greater
difference in each mass attenuation coefficient obtained from
XCOM simulations.30 Furthermore, the HVL values also
indicate that the X-ray shielding properties of metal particles
and metal ions in glycerol were approximately the same
(Figure 2m−p).

Numerous approaches have been proposed for improving
the radiation shielding properties of materials, such as using
metals with high atomic numbers and achieving a good
dispersion of metal particles.11,12,31,32 The X-ray shielding
effect can be improved through the use of nanoparticles.
Numerous researchers have focused on Bi because it exhibits
greater X-ray activity than Ba and W.3,10,14,27,28,31 However, a
large amount of metal per unit volume can be achieved by
dissolving metals as ions. In addition, the X-ray shielding
properties of solutions containing metal ions can be further
improved through the selection of appropriate counter ions. In
the case of BaBr2, not only Ba2+ ions but also Br− ions
demonstrated X-ray shielding properties. Improving X-ray
shielding properties by dissolving ions in a polar solvent and
using X-ray-shielding counterions in addition to heavy-metal
atoms has not been previously reported.
3.3. Transparency. The results of transparency measure-

ments are presented in Figure 3a−d. Figure 3a,b corresponds
to Ba atoms at concentrations of 1 mmol/3 cm3 and 7 mmol/3

Table 2. Suspensions of BaSO4 and WO3 and Solutions of BaCl2·2H2O, BaBr2, Na2WO4·2H2O, and K2WO4 in Glycerol, as
Prepared for X-ray Shielding Measurements

Figure 1. Setup for X-ray shielding measurements using a solution.
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cm3, respectively, and Figure 3b,d corresponds to W atoms at
concentrations of 1 mmol/3 cm3 and 7 mmol/3 cm3,
respectively. Solutions consisting of Ba2+ ions at a concen-
tration of 1 mmol/3 cm3 were confirmed to exhibit a UV
transmittance ratio of ∼90% from the results in Figure 3a. In

particular, all of the samples exhibited high visible-light
transmittance at wavelengths from 400 to 800 nm, consistent
with their clear and colorless appearance. High transparency is
also evident in Figure 3b; however, the UV transmittance was
lower�less than 70−80%�in the wavelength range 400−600

Figure 2. X-ray shielding properties, including X-ray transmittance (I/I0), linear attenuation coefficient (μ), mass attenuation coefficient (μm), and
half-value layer (HVL) of all of the investigated samples: (a) I/I0 for Ba at 1 mmol/3 cm3; (b) I/I0 for W at 1 mmol/3 cm3; (c) I/I0 for Ba at 7
mmol/3 cm3; (d) I/I0 for W at 7 mmol/3 cm3; (e) μ for Ba at 1 mmol/3 cm3; (f) μ for W at 1 mmol/3 cm3; (g) μ for Ba at 7 mmol/3 cm3; (h) μ
for W at 7 mmol/3 cm3; (i) μm for Ba at 1 mmol/3 cm3; (j) μm for W at 1 mmol/3 cm3; (k) μm for Ba at 7 mmol/3 cm3; (l) μm for W at 7 mmol/3
cm3; (m) HVL for Ba at 1 mmol/3 cm3; (n) HVL for W at 1 mmol/3 cm3; (o) HVL for Ba at 7 mmol/3 cm3; and (p) HVL for W at 7 mmol/3
cm3.

Table 3. Experimental and Simulated Mass Attenuation Coefficients for Prepared Solutions Containing Various Metal Atoms
(60 kV Tube Voltage)

No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 No.10 No.11 No.12

μm (cm2/g) from experiment 0.33 0.71 2.38 0.81 0.87 1.40 4.54 1.22 3. 19 1.26 1.32 3.26
μm (cm2/g) from simulation 0.33 0.68 2.24 0.76 0.76 1.34 5.57 1.37 5.9 1.48 1.42 6.06
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nm. This observation is attributed to the slight yellow
coloration resulting from the dissolution of Na2WO4·2H2O
and K2WO4. The solution with WO3 dispersed in glycerol
showed almost no transmission and was totally opaque. Figure
3c shows the results for Ba at a concentration of 7 mmol in 3
cm3 of glycerol. BaBr2 (No. 7) exhibited high transparency
even when dissolved at a high concentration. The visible-light
transmittance for K2WO4 at 7 mmol/3 cm3 (No. 12) was
slightly lower than that for only glycerol (No. 1) (Figure 3d).
In addition, the transmittance for sample No. 12 at 400 nm
was 50% (Figure 3d), which can be explained by the high
concentration of dissolved W causing the solution to turn
yellow. By contrast, the visible-light transmittance for solutions
of dispersed BaSO4 and WO3 was less than 1.0%. Thus,
suspensions prepared using metal-containing particles such as
BaSO4 and WO3 cannot be transparent.
3.4. Correlation between X-ray Shielding Properties

and Transparency and Determination of Optimal Metal
Compounds. Both the X-ray shielding properties and
transparency of the 12 prepared samples are shown in Figure
4, where X-ray shielding is plotted on the vertical axis and
transparency on the horizontal axis. The conditions corre-
sponding to the vertical and horizontal axes are a tube voltage
of 120 kV and a visible-light wavelength of 400 nm. The X-ray
shielding percentage was calculated by subtracting the
transmittance, I/I0, from 1. Here, I/I0 indicates the X-ray

transmittance, whereas the X-ray shielding indicates the
material’s ability to protect against X-rays. When the intensities
of the incident and transmitted X-rays are equal, in the absence
of a sample, a value of 1 was calculated in the X-ray
transmission measurement. The sample whose data point is
plotted in the top-right corner in Figure 4 can be considered to

Figure 3. Visible-light transmittance for (a) Ba at 1 mmol/3 cm3, (b) W at 1 mmol/3 cm3, (c) Ba at 7 mmol/3 cm3, and (d) W at 7 mmol/3 cm3.

Figure 4. Scatter plot of solutions prepared using glycerol, BaSO4,
CH3COOBa, BaCl2·2H2O, BaBr2, WO3, K2WO4·2H2O, and K2WO4,
evaluated under a tube voltage of 120 kV and transparency at 400 nm
to determine the most effective compound for X-ray shielding.
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exhibit both good X-ray shielding properties and high
transparency. The literature contains few reports demonstrat-
ing X-ray shielding evaluations under a high tube voltage of
120 kV. For this reason, the X-ray shielding properties
corresponding to a low tube voltage for composites containing
a metal can be drastically decreased by the effect of various
interactions with low-energy X-rays.17 In addition, for
transparent composites, the visible-light transmittance at 400
nm tends to be lower than that at 800 nm.33 In the case of
dispersions of metal-containing particles such as BaSO4 and
Bi2O3 in glycerol, visible light could not be transmitted under
any of the investigated conditions (Figure 3). However,
samples consisting of dissolved metal ions exhibited X-ray
transmittance that was approximately the same as or better
than that observed for the metal-containing particle
dispersions, and their high visible transmittance was confirmed.
In the case of K2WO4, the results show that it exhibits both
unsatisfactory X-ray shielding and unsatisfactory transparency.
However, compared with solutions that contain metal particles,
solutions of solvated K2WO4 exhibit greater transparency but
with coloration. In this research, the solution that demon-
strated the best combination of X-ray shielding performance
and transparency was BaBr2 (No. 7). Its X-ray shielding ratio
and transparency ratio were 92.6% and 86.5%, respectively.
K2WO4 (No. 12) exhibited a high X-ray shielding ratio but its
visible-light transmittance was only ∼50%. The UV trans-
mittance of silica glasses with high transparency has been
reported to be ∼60% at 400 nm.34 Thus, the combination of
high X-ray shielding and complete transparency have not been
achieved in any previous study.

4. CONCLUSION
X-ray shielding materials that exhibit both complete trans-
parency and high X-ray shielding performance were inves-
tigated, and the role of the interactions between the metal and
X-rays was evaluated by comparison of suspensions of metal-
containing particles and solutions of metal ions. BaBr2 and
K2WO4 exhibited high solubility of 38.34 and 42.81 wt %,
respectively, in glycerol. As a result, solutions of dissolved
metal ions demonstrated better X-ray shielding performance
than suspensions of metal-containing particles such as BaSO4
and WO3 in samples prepared such that the number of metal
atoms was the same. The results indicate that the interaction
between X-rays and metal ions was absorption, not scattering
or reflection. In addition, the visible-light transmittance for
solutions dissolved as metal ions in glycerol differed
substantially from that for samples of suspended metal-
containing particles. We decided that the most effective
material for both high X-ray shielding and high transparency is
BaBr2, which exhibited an X-ray shielding ratio of 92.6% at a
thickness of 0.66 cm even at a higher tube voltage of 120 kV,
and visible-light transmission of 86.5% even at the shorter
visible-light wavelength of 400 nm. We thus concluded that
BaBr2 dissolved in glycerol is an X-ray shielding material with
both high X-ray shielding performance and high transparency.
Completely transparent X-ray shielding materials will be useful,
especially in the medical field, as an alternative to Pb-glass. In
addition, dissolving metal ions in a polar solvent is expected to
be an important approach in applications that require
transparent X-ray shielding materials.
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