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Abstract: Six commercial, lead-free, radiation protective materials were tested for their attenuation
across a range of X-ray energies used in medical diagnostic imaging and interventional radiology.
While all the tested materials showed the specified attenuation at the X-ray energy claimed by their
manufacturers, only two of the materials showed satisfactory attenuation in an extended range of
medical X-ray energies (generated in X-ray tubes with voltages between 50 and 150 kV). The lead-free
materials are lighter than the lead-containing materials, which is very important for those wearing
the radiation protective garments for an extended time; however, the main focus in the promotion of
radiation-shielding materials should still be on their attenuation efficacy against both the primary
and the scattered X-rays present in medical environments. The end users should be informed on the
material attenuation in an extended energy range, especially in the range where scatter radiation
occurs, and not just about the peak material attenuation performance at energies where the X-rays
are generated. Scatter radiation is the main reason for the occupational radiation exposure of medical
personnel, who should have the whole picture about the shielding ability of the protective garments
that they strongly rely on.

Keywords: X-rays; primary radiation; scatter radiation; metal-filled elastomers; lead-free composites

1. Introduction

Human exposure to different ionizing radiation rays is becoming more frequent due
to the extensive use of ionizing rays, such as X-rays, in medical diagnostic imaging, inter-
ventional radiology, radiation therapy, nuclear medicine, and other applications. Medical
imaging, which enables a visual representation of different tissues and organs of the human
body and is widely used to distinguish normal and abnormal anatomy and physiology of
the body, has become a foundation for diagnosis and therapy in numerous diseases. In
interventional radiology, the physician not only interprets the medical images, but also uses
imaging to guide surgical interventions that diagnose, treat, and cure many kinds of health
conditions. Many traditional surgical procedures are becoming more precise and minimally
invasive procedures thanks to the advanced imaging techniques using X-rays [1–5]. Due to
the ionizing nature, the commonly used X-rays in medicine are harmful for those exposed
to them. For example, it is known that the exposure to ionizing radiation has many adverse
health effects, such as increased risks of cancers and deadly acute radiation syndrome
(fatigue and loss of appetite), among others. Moreover, X-rays are potentially harmful not
only for the patient, but also for the interventional radiologists and operators during the
interventional imaging methods, such as fluoroscopy and computed tomography (CT). The
complexity of the radiation exposure conditions during imaging and interventional prac-
tices makes the radiation protection of the exposed workers a challenging task. For instance,
one of the biggest challenges in radiation protection is not only the protection from pri-
mary X-ray beams, but also protection from secondary, or so-called scatter, radiation [6–10].
Primary radiation is related to the X-rays generated from the X-ray tube. Secondary radiation
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is the X-ray radiation that is created when the primary beam encounters any solid matter,
e.g., the patient, X-ray table, or protective clothing, resulting in a portion of the X-rays
being absorbed and a portion being deflected in different direction(s) as secondary X-rays.
Scatter X-ray radiation is a form of secondary radiation, where the X-ray is deflected from
the incident direction in a different direction, usually accompanied by a loss in energy
due to the collisions between the X-ray photons and the orbital electrons of atoms, which
are in the path of the X-rays [7]. The scatter radiation is not easily predicted and, thus,
cannot be easily controlled. Unwanted exposure to anyone around the X-ray source is
possible, besides the fact that the scattered rays have much less energy than the incident
X-rays. Tertiary radiation is caused as the scattered X-rays are deflected from the walls, floor,
ceiling, and surrounding air, and is characterized by much lower energy than the secondary
X-rays [8]. Therefore, it is of crucial importance to have adequate radiation protection for
the patients and the medical staff, viz. radiographers, intervention operators, and others, in
medical settings where X-rays are used. In order to provide efficient radiation shielding,
the phenomena occurring in the protective materials as the X-ray photons are passing
through the material, as well as their probability of happening, should be understood.
As the X-rays are travelling throughout the material, they interact with the atoms of the
shielding material and are either absorbed or scattered [3,11]. The X-ray scattering depends
on several effects, among which the most common that occur in the shielding material
are [3,11]:

Coherent (elastic) scattering occurs when the incident X-rays change their direction upon
interaction with the outer electrons of the atoms in the shielding material, but still remain
with the same energy. This elastic scattering is dependent on the metal atomic number, Z,
and usually occurs at X-ray photon energies of less than 10 keV.
Photoelectric effect occurs when the X-rays are colliding with an electron closer to the nucleus
in the atoms of the shielding material, the electron is being ejected from its shell, and then
its “spot” is filled with an electron from an outer shell, a process that is accompanied by an
emission of fluorescent X-rays characteristic for that element. The fluorescent X-rays are
usually of lower photon energy than the incident X-rays and are highly dependent on the
Z-number of the element(s) in the shielding material.
Compton effect occurs when the incident X-rays are deflected from their original direction by
the loosely bound outer electrons of the atoms in the shielding material, which is associated
with a partial loss of the incident photon energy. The photons continue to move throughout
the material in a different direction with diminished energy until they undergo other
interactions or leave the medium at a different angle than the incident X-rays. The energy
shift depends mostly on the angle of scattering and not on the nature of the material. This is
a type of incoherent scattering since the X-ray photon energy change is not always orderly
and is not consistent; therefore, it is hard to predict. The probability for the Compton effect
is directly proportional to the electron density and the physical density of the material, but
does not depend on the Z-number, unlike the photoelectron effect.

In general, the photoelectric effects are dominant for photon energies below 30 keV,
while the Compton effects are more pronounced for energies above 30 keV.

There are a few other effects that can occur as the X-ray photons are passing through
the shielding material and are highly dependent on the energy of the incident photons;
however, in the range of radiological X-ray energies, the two key interaction processes
are the photoelectric and the Compton effect. The so-called scatter radiation (which is
mainly due to the Compton effect) is the principal source of occupational exposure to
radiographers, doctors, operators, and other medical personnel.

Lead (Pb) has been a material of choice for radiation protection for a long time due to
its highly efficient interactions with the incident X-ray photons across a broad range of X-ray
energies, thus, significantly enhancing the attenuation capabilities of the lead-containing
materials, along with its economical availability. However, the toxicity of Pb has raised
serious concerns, as excessive exposure to Pb potentially leads to increased blood pressure,
nerve conditions, fatigue, drowsiness, fertility disorders, and so on, in addition to causing
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back strain and other orthopedic issues for those who wear heavy Pb-protective garments
for extended periods of time. Furthermore, Pb used in the modern protective garments
contains the natural nucleotide 210Pb and its daughter 210Bi, which belongs to the uranium
series—their radiation has been proven, although very low. Moreover, Pb is treated as
hazardous waste for disposal due to its negative impacts on the environment [11,12].

To overcome all these concerns, lead-free protective materials have been proposed
and introduced in the radiation protection industry as lighter-weight and non-toxic materi-
als [11,13–37]. Lead-free composite materials containing radiation-shielding metals, such
as bismuth (Bi) [38–47], barium (Ba) [47–50], tungsten (W) [51–57], antimony (Sb) [58], tin
(Sn) [59], and others, dispersed in a polymer matrix, usually provide X-ray protection in
a narrower range of photon energies than Pb, which depends on their atomic Z-number
and K-absorption edge [11,13]. Different composite material structures and protective
garment designs, where the shielding metals are arranged into a single-layer, bilayer, or
multi-layer structure, have been proposed for efficient shielding against scatter and pri-
mary X-rays [24–28,60,61]. Some of the composite designs include more than one non-lead
metal in a form of micrometer- and/or nano-sized particles dispersed in an elastomeric
polymer matrix, [38–42,51–54]. Moreover, radiation-shielding fibers, yarns, and textiles,
manufactured by different methods, such as coating, impregnation, and so on, have been
proposed [62–71]. Additional benefits, such as no environmental concerns for their disposal
and the potential of materials’ recyclability, have been associated with the use of lead-free
radiation protective garments.

During earlier years of lead-free materials’ development, it was not adequately rec-
ognized that lead-free materials exposed to diagnostic X-ray photons could produce char-
acteristic X-ray emissions yielding scatter X-rays (photoelectric effect) [72,73]. Since this
scatter radiation is able to leave the shielding material at different angles than the inci-
dent beam, the shielding capability of lead-free materials is usually lower than that of
Pb. This is particularly critical for lead-free protective materials consisting of metals with
medium atomic Z-numbers, as in these materials, a significant amount of characteristic
X-ray emission occurs at typical diagnostic X-ray energies of 30–80 keV. For comparison, in
Pb-containing materials, no fluorescence radiation occurs below 80 keV, and therefore, this
was not an issue with Pb-shielding materials. Eder et al. identified that the fluorescence of
lead-free materials is the main reason for their reduced shielding capability compared to
Pb-containing materials [72].

To date, lead-free radiation protective materials have been mainly promoted and
offered to end users according to their lead equivalence, LEV, expressed in millimeters
Pb (mmPb). The measurement of LEV is performed in a well-defined X-ray beam geome-
try, narrow-beam geometry (NBG), or broad-beam geometry (BBG), according to certain
standards, such as the IEC 61331-3:2014 [74]. The conventional LEV of a sheet of radiation
protection material (PM) is actually the thickness of lead (mmPb) that would result in the
same reduction of air kerma as Pb in a narrow-beam configuration. The NBG measures
only the attenuation of the primary X-ray beam by the shielding material, which is usually
performed in a geometry where the test sample of protective material is placed at a large
distance from the small detector, while the secondary (scatter) radiation, which exits the
material at different angles than the incident primary beam, is missed. In order to correct
this shortcoming for lead-free PMs, some of the standards including IEC have been modi-
fied with the BBG test setup, where the tested shielding material specimen is placed closer
to a larger detector to capture the effects of the scatter radiation, in addition to those of
the primary X-rays, as they are passing through the PM. Consequently, the attenuation of
lead-free materials measured in BBG is usually lower compared to that measured in NBG.
However, BBG is a much more realistic test method for lead-free materials and should be
used for testing and comparison of different lead-free PMs offered by different manufac-
turers. Furthermore, modifications of BBG have been suggested by the leading experts in
the field in order to more reliably capture the shielding efficacy of lead-free PMs [74]. The
modifications (IBG, BBG*) have been directed mainly towards exposure of a larger area
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of the tested shielding material to the X-rays, which is located closer to the measuring air
kerma detector, and thus, the scatter rays leaving the PM at different angles will contribute
to the detector signal. As the PMs have been promoted to end users according to their
LEVs, it is important to point out that the LEV, i.e., the protection level of lead-free PM, is a
strong function of the test beam quality and geometry [75–79]. LEV reported at a single kV
energy (usually a peak LEV for a given lead-free PM) is totally inadequate, as the amount
of protection provided by such material at other X-ray photon energies is unknown.

The aim of this study is to compare the attenuation ability of different commercial
lead-free radiation PMs across an extended range of X-ray energies, often used in medical
radiology for diagnostic and interventional purposes (Table 1). For this purpose, six lead-
free PMs used in personal protective garments, viz. aprons, vests, skirts, and thyroid shields,
offered by different manufacturers, are assessed for their attenuation efficacy measured in
the BBG* test setup [74].

Table 1. Typical tube X-ray voltages used in medical radiology.

Medicinal X-Rays Tube Accelerating Voltage, kV

Mammography 20–30
Dental diagnostic 60–70

General diagnostic 40–140
Interventional radiology 60–120

Computed tomography (CT) 80–140

2. Materials and Methods
2.1. Materials

Six commercially available lead-free radiation-shielding aprons, offered by different
manufacturers, were collected from several medical centers in the US and tested for their
attenuation efficacy. The fabric outer layers of the aprons were removed, and the inside core
radiation protective material (PM) sheets were cut into specimens adequate for analysis,
such as qualitative imaging, and assessment of their mechanical and attenuation properties.
All core PMs were labeled with an LEV of 0.25 mmPb by their manufacturers (note: the
aprons have front panels with double-core PM sheets, each of 0.25 mmPb, with a total LEV
of 0.50 mmPb).

2.2. Materials Characterization

The cross-section of the cut specimens of PMs were subjected to qualitative analysis
with a scanning electron microscope (SEM, FEI Quanta 600 FEG) equipped with Energy-
Dispersive X-ray (EDX) spectroscopy. According to the SEM/EDX images, which revealed
double-layer (bilayer) and single-layer (monolayer) PM composite structures, the studied
PMs with the bilayer structure were designated as PM-1b, PM-2b, PM-3b, and PM-4b, while
those with a monolayer structure were designated as PM-5m and PM-6m. PMs tested in
this study, along with the weights of 10 × 10 cm2 PM specimens, are provided in Table 2.

Table 2. Weights of 10 × 10 cm2 specimens of protective materials tested in this study, all specified
with LEV 0.25 mm Pb.

Protective Material (PM) Weight [g]

PM-1b 25.44
PM-2b 28.10
PM-3b 28.10
PM-4b 29.08
PM-5m 30.27
PM-6m 30.90

Lead-composite PM 33.30
Lead PM 36.30
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The tensile strength and elongation until break of a dog-bone-shaped sample were
tested with a universal testing machine (Instron® 4204 tensile testing instrument, Instron,
Norwood, MA, USA) at a constant stretching rate of 500 mm/min at ambient temperature,
while the tear strength was tested with Die-C-shaped specimens at the same stretching rate
and ambient conditions.

The attenuation properties were assessed in both test geometries, NBG and BBG*,
according to the IEC 61331-3:2014 in the Bavarian State Office of Weights and Measures
(Munich, Germany) [74].

All of the radiation PMs’ commercial names and manufacturers are not disclosed in
this study, except the names and the manufacturer of PM-3b and PM-6m shielding materials
(Strata 300 and Strata 500, respectively; Burlington Medical, LLC, Newport News, VA,
USA) upon approval by the company to be disclosed in this study. The same manufacturer
also provided aprons with lead-composite core PM and 100% lead core PM with an LEV of
0.25 mmPb, as well as PM-3b, PM-6m, lead-composite PM, and 100% lead PM with an LEV
of 0.50 mmPb, which were used for comparative purposes only.

3. Results and Discussion
3.1. Qualitative Assessment

Over the past two decades, many attempts to develop lead-free X-ray-shielding mate-
rials have resulted in efficient and flexible commercial PMs with notable peak attenuation
efficacies, usually measured at a single kV energy or in a narrow range of photon ener-
gies. Different PM structures with more than one non-lead metal have been successfully
manufactured for efficient X-ray shielding, most of them having monolayer, bilayer, or
multi-layer structure. In bilayer PMs, at least two different non-lead protective metals are
distributed in two separate sublayers, while in the monolayer PMs, the non-lead metals are
mixed together and dispersed in a single layer. The bilayer PM is usually used in such a
way that the layer with the lower Z-metal is facing the X-ray source, while the layer with
the higher Z-metal is placed close to the body, so that the scattering (fluorescence) caused
by the low Z-metal is absorbed by the higher Z-metal behind it as the X-ray propagates
throughout the shielding material. In this particular study, the bilayer materials, PM-1b,
PM-2b, and PM-4b, are materials with a single physical layer comprising two sublayers,
each containing different protective metal(s), while PM-3b is a material consisting of two
physically separate layers (PM-3b,1 and PM-3b,2), each layer containing different protective
metals put together in the protective apron. The monolayers, PM-5m and PM-6m, are
materials with a physical single layer, where the X-ray-shielding metals are dispersed in a
single layer and the on-going phenomena of X-ray absorption, photoelectric, and scattering
effects occur simultaneously as the X-rays are passing through the PM layer.

Scanning electron microscope (SEM) images and the energy-dispersive X-ray spec-
troscopy (EDX) elemental maps of the cross-sections of representative composite PMs are
shown in Figures 1 and 2. In particular, the SEM images, along with the EDS elemental
maps of a cross-section of Sb-containing and Bi-containing sublayers of the bilayer PM-1b,
are shown in Figure 1, while the SEM image and EDS elemental maps of a cross-section of
a single composite layer PM-6m containing Sb- and Bi-particles are shown in Figure 2. A
uniform dispersion of the metal particles in both types of PM structures has been observed,
suggesting a potentially efficient radiation protection. Sb- and Bi-metal particles with sizes
up to 100 µm and with wide particle size distribution ranges were detected in both types of
PM structures. Additional EDS analysis (not shown in this study) revealed the presence of
chlorine (Cl) in PM-1b, suggesting that the PM-1b elastomer matrix is most likely polyvinyl
chloride (PVC), i.e., plastisol-based, while Cl was not observed in the EDS elemental map
of PM-6m. The EDS imaging of the other PMs tested in this study reveal that PM-2b,
PM-4b, and PM-5m also contain Cl, and most likely, all these materials are plastisol-based
matrices, in which the metal particles are dispersed. The EDS elemental map of PM-3b, like
the PM-6m, showed no presence of Cl, indicating a different elastomeric matrix used for
dispersing the metal particles.
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Figure 1. SEM images and EDX elemental maps of a cross-section of PM-1b. (a) SEM image of PM-1b
cross-section. (b) SEM with EDX analysis of the PM-1b cross-section presented in (a). (c) Bismuth (Bi)
elemental map of the PM-1b cross-section presented in (a,b). (d) Antimony (Sb) elemental map of the
PM-1b cross-section presented in (a,b).
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The bilayer composite material design, in general, could yield lighter-weight materials
compared to the monolayer composite material designs. The weights of the tested materials
are provided in Table 2 as weights taken of square specimens with sizes of 10 cm × 10 cm
cut from the aprons’ core radiation-shielding materials tested in this study. Indeed, the
studied bilayer PMs are slightly lighter than the monolayer shielding materials. For
example, the weights of the bilayer and the monolayer PM, PM-3b and PM-6m, respectively,
manufactured by the same manufacturer using the same elastomer matrix and radiation-
shielding metals, differ by ca. 9%, while the weights of the bilayer PM-2b and the monolayer
PM-5m, both produced by the same manufacturer, again using the same elastomer and
protective metals, differ by ca. 7%.

3.2. Mechanical Properties

The mechanical properties, such as tensile strength and elongation at break, and the
tear strength of the materials tested are shown in Figure 3. It seems that the material
structure, i.e., bilayer vs. monolayer structure, does not affect the tensile strength at break,
the elongation at break, and the materials tear properties. What seems to be the determining
factor in defining the tensile strength at break and the stretching of the material before
it breaks is the nature of the elastomer matrix of the composite material, in which the
radiation-shielding metals are dispersed. The PMs with a plastisol (PVC) matrix have an
elongation at break of about 200%, while the PM-3b and PM-6m, which are most likely
some type of a polyolefin-based elastomer, have a higher tensile strength at break and
much greater elongation at break (Figure 3a).

As the area under the tensile strength–elongation curve relates to the toughness of the
material, i.e., the ability of the material to absorb energy and deform without breaking, the
non-plastisol materials tested in this study (PM-3b, PM-6m) have much higher toughness
and can absorb much more deformational energy before they break compared to the
plastisol-based materials (PM-1b, PM-2b, PM-4b, PM-5m). In fact, tough materials, like
PM-3b and PM-6m, seem to have a good balance of ductility and strength.

The tear strength–elongation curves of all tested PMs are provided in Figure 3b. While
some of the plastisol tested materials showed a slightly higher tear strength, the energy
needed to tear the material is much greater for the non-plastisol materials (PM-3b, PM-6m)
than for the plastisol-based PMs (PM-1b, PM-2b, PM-4b, PM-5m), as judged from the area
under the tear strength–elongation curves.

The tear energy is actually a measure of the energy needed to tear the material from
an initial stress point (like that present in Die-C-shaped specimens tested in this study)
until the material completely fails. Polyolefin-based materials (PM-3b, PM-6m) need more
energy to absorb before they tear apart than the plastisol ones. Again, the material structure,
monolayer vs. bilayer, does not contribute to better mechanical properties within the same
elastomeric material class. For instance, all plastisol-based materials, PM-1b, PM-2b, and
PM-4b bilayer materials behaved similar in the tensile tests as the PM-5m monolayer
material. PM-3b polyolefin bilayer, consisting of two physically separated Bi- and Sb-
sublayers (PM-3b1 and PM-3b2), showed similar behavior as the polyolefin monolayer
PM-6m. Therefore, the elastomeric material type was mainly responsible for the mechanical
properties of tested PMs, such as the tensile strength and elongation at break, toughness,
and tear energy.

Better toughness of the material usually means higher energy is needed for the ma-
terials to be torn apart, better resistance to external stresses, and, thus, better material
durability, while more elongation of the material before it breaks is an indicator of higher
resistance to kinks and breaks of the material.
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3.3. Attenuation Properties

The attenuation properties of the PMs in this study were tested in two geometries,
narrow-beam geometry, NBG, and modified broad-beam geometry, BBG*, as proposed
by the international standard for protective garments IEC 61331-3:2014 [74]. The NBG
mode was originally proposed to measure the attenuation of radiation protective materials
exposed to a direct X-ray beam as the beam passes through the material. The BBG* test
setup is more realistic for non-lead PMs, as it captures the scattering effects occurring
during the propagation of the primary X-ray beam throughout the material. In the text
below, the BBG* test results only will be discussed, as this study is assessing non-lead
materials, and this test geometry is more reliable for such PMs. This is not the case with
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lead-containing PMs, where the scattering effects are minimal, and therefore, the NBG test
mode is sufficient.

The attenuation efficiency of PMs tested in this study, all designated with LEV
0.25 mmPb, and expressed as the attenuation percentage vs. the X-ray tube energy and as
the percentage of the transmitted X-rays vs. the X-ray tube energy, is shown in Figure 4. The
PM’s attenuation efficacy was measured over a wide range of X-ray energies, generated in
X-ray tubes with voltages from 50 kV to 150 kV, although the lead-free radiation PMs have
been mainly recommended for use in medical environments that use X-ray tube voltages in
a range from 60 kV to 110 kV. While a “good” protection of the tested lead-free PMs was
not expected in the range greater than 110 kV of tube X-ray voltages, since this range is
currently covered by the Pb-containing shielding materials, it was an objective of this study
to assess the attenuation efficacy of the tested PMs at lower kV energies (below 60 kV). The
PM’s attenuation at lower kV energies is indicative of the shielding material’s capability to
protect against scatter X-rays, which are usually of lower energy than the primary X-rays
and are generated as the primary X-rays are passing through the shielding material. As
mentioned before, the main reason for the occupational radiation exposure of the medical
operators is not the primary X-rays used for diagnosis or for interventional procedures, but
the scatter X-rays present in different medical environments.

The attenuation properties of all materials tested in this study are presented in
Figure 4a in the 50–150 kV range of X-ray tube accelerating voltages. The bilayer ma-
terials, along with the PM-6m monolayer, showed overall better performance than the
PM-5m. While the bilayer structure did contribute to lighter-weight materials compared to
the monolayer material designs, it did not result in significantly better attenuation proper-
ties among the PMs tested in this study. This is just the observation made for the presently
tested six PMs, manufactured by different manufacturers, and collected at several medical
centers in the US. The same observations can be made from the graphical presentations of
% transmitted (leaked) X-rays through the tested PMs (Figure 4b). It is worth emphasizing
here that improved attenuation properties of bilayer-based protective materials is, however,
possible after further optimization of the material parameters, such as the metal filling
ratio in the polymer matrix, the nature of protective metal (with respect to Z-number and
K-absorption edge), metal particle sizes and particle size distributions in both sublayers
of the bilayer structure, the material density, and so on. Therefore, the bilayer structure
could yield lighter-weight and better attenuating materials if optimization of the relevant
material’s molecular parameters is adequately performed.

In the present study, the monolayer composite material, PM-6m, showed the best
attenuation performance among the tested PMs, as can be seen from Figure 4c,d. This
is an indication that, by optimization of the relevant material parameters, even a single-
layer PM could yield to superior attenuation properties over a wide range of X-ray tube
energies. Further optimization of the particle sizes and particle size distribution enabling
efficient volume filling of the single-layer material could potentially yield additional weight
reduction of the material.

As mentioned before, the scattered X-rays usually have lower energy than the primary
X-rays, which are generated as the primary beam propagates throughout the shielding
material and is deflected in different directions, mainly due to the photoelectric and Comp-
ton effects. Therefore, the attenuation ability of non-lead materials at lower kV energies is
extremely important. The analysis of attenuation curves in the range of 50–110 kV of X-ray
tube voltages (Figure 4c,d), which covers the lower kV range indicative of the scatter X-rays
and extends across the kV range recommended for use of lead-free materials, revealed the
attenuation ability of the studied PMs against both primary and scatter X-rays. The best
attenuating PMs are PM-6m, PM-3b, and PM-4b, followed by PM-1b and PM-2b, while
PM-5m did not provide the necessary protection in the low kV range. For instance, the
percentage of the transmitted X-rays was around 1.09% for PM-3b and PM-6m for the
X-rays generated with 50 kV X-ray tube voltage, 1.38% for PM-4b, 1.90% for PM-1b, 3.37%
for PM-2b, and 7.28% for PM-5m. Although the percentages of X-rays that pass through
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the tested materials seem to be similar for most of the tested materials, i.e., within 1–2% of
that measured for PM-3b and PM-6m, except PM-5m, it should be noted that this can be
significant information for the operators, who are exposed to both the leaked and the scat-
tered radiation that has not been absorbed by the shielding material. For instance, PM-4b
and PM-1b transmit 26% and 74% more X-rays at 50 kV than those transmitted through
PM-3b and PM-6m, respectively, while PM-2b leaks more than 200% than the amount of
X-rays leaked from PM-3b and PM-6m. Therefore, as new radiation protective materials are
being developed and the focus has been directed towards light-weight lead-free materials,
the responsible parties and the end users should pay more attention to the PM’s ability
to protect not only from primary, but also from scatter, radiation. The scatter radiation is
minimal for lead, but for non-lead metals, the scattering effects can be up to 100% relative
to the transmitted radiation due to the fluorescence, which is especially pronounced around
the K-absorption edges for the non-lead metals that usually fall into the range of medical
diagnostic X-rays.
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For comparative purposes only, the attenuation of the tested lead-free composite mate-
rials was compared to that provided by lead-containing composite materials (Figure 5a).
Lead-composite (Pb/Sb) material and 100% lead-containing PM, both with an LEV of
0.25 mmPb, the same as the lead-free PMs analyzed in this study, were tested for their
attenuation efficacy in the same test geometry (BBG*). As expected, the studied lead-free
materials differ the most in their protection efficacy from the lead-containing materials at
higher kV energies, where actually lead-free materials are not recommended for use by
the manufacturers. The attenuation percentage of three of the best attenuating lead-free
materials in this study (PM-3b, PM-4b, PM-6m) was compared with that of lead-containing
PMs in the lower kV range in Figure 5b. Less difference in the attenuation properties
between lead-free and lead-containing materials was observed at lower kV (in the scatter
range) than at higher kV. PM-6m showed the best performance when compared to the
lead-containing PMs; while the leaked X-rays for PM-6m are around 1% at 50 kV, which
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is the same level as that observed for the tested lead-containing PMs, the leaked X-rays
for PM-6m are 13.76% at 110 kV compared to 13.07% and 12.70% for the lead- and lead-
composite PMs, respectively (Figure 5c). PM-6m material attenuates the X-rays very well,
similar to the attenuation observed for lead-composite and 100% lead-PMs.
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lead-composite and lead PMs, all claimed to have an LEV of 0.25 mm Pb by their manufacturers.
(a) Comparison of the percentage X-ray attenuation of tested PMs with lead-containing PMs in
50–150 kV range. (b) Comparison of the percentage attenuation for three best performing PMs in
this study with lead-containing PMs in 50–110 kV range. (c) Comparison of the percentage X-ray
transmission for the best performing PM in this study with those for lead-containing PMs.

In instances when a higher protection level is required within the recommended range
of use of lead-free PMs (X-rays generated in tubes with voltages between 60 and 110 kV),
then PMs with a higher LEV could be used. For this purpose, one of the monolayer and one
of the bilayer materials, PM-3b and PM-6m, with LEVs of 0.50 mmPb were tested, and their
attenuation properties were compared with the PMs with 0.25 mmPb (Figure 6a,b). For
comparison, 0.50 mmPb lead-containing PMs, manufactured by the same company as the
PM-3b and PM-6m (Burlington Medical), were tested, too. It is obvious that the presented
lead-free materials (PM-3b, PM-6m) indeed exhibit a protection level very close to that of
lead-containing materials for both LEVs tested (0.25 mmPb and 0.50 mmPb) in this study
and in the recommended range of their use (60–110 kV).

As the radiation protective aprons are being promoted and offered according to their
LEV, the LEV values of the PMs analyzed in this study were extracted from their attenuation
values measured in BBG* and are presented in Figure 7. The test method of how the LEV
of a shielding material has been determined is very important, because this value strongly
depends on the X-ray beam quality and X-ray energy. For instance, the LEV measured in
NBG will be higher than the LEV measured in BBG* mode for the same material due to the
scattered X-rays coming out of the lead-free PM and being missed in the NBG setup, but
they are registered in the BBG* test setup and, thus, contribute to a lower LEV. All of the
PMs studied here do satisfy the LEV claimed by the manufacturer at a single kV-energy
(usually peak LEV value) or in the specific (usually narrower) kV range of X-ray energies.
The test facility where all the PMs in this study were tested reports +/−7% uncertainty from
the specified (nominal) LEV. After a careful analysis of the LEV values for all PMs tested
and determined from the BBG* measurements (Figure 7), it is obvious that all the tested
PMs do not satisfy an LEV of 0.25 mm Pb across a wider range of X-ray tube energies. All
of the materials, except PM-3b and PM-6m, showed a consistently lower LEV at lower kVs
than the manufacturers’ specification of 0.25 mmPb, which is usually claimed for higher
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kVs, where the X-rays are generated (usually 90 kV or 90–110 kV range). The blue-shaded
area in Figure 7 presents the range of mmPb values that the tested PMs should have in
order to pass the IEC standard (nominal LEV +/−7%) [74]. Only two of the tested materials,
PM-3b and PM-6m, satisfied the IEC standard across the whole tested kV range from 50 kV
to 150 kV.
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4. Conclusions

Six commercial radiation protective materials (PMs) manufactured by different man-
ufacturers, all containing at least two radiation-shielding non-lead metals, were tested
for their attenuation efficacy across a range of X-ray energies generated in X-ray tubes
with voltages between 50 kV and 150 kV, often used in diagnostic medicine and interven-
tional radiology. While all the tested materials showed the LEV of 0.25 mmPb at the X-ray
energies claimed by their manufacturers, some of the materials showed a much lower
LEV outside the specified range. Only two of the tested materials, the bilayer PM3-b and
the monolayer PM6-m (Strata 300 and Strata 500, respectively, Burlington Medical, LLC,
Newport News, VA, USA) showed a satisfactory and consistent LEV of 0.25 mm Pb +/−7%
over the tested X-ray energy range. The lower attenuation (i.e., lower LEV) detected for
some of the studied PMs was observed mostly at lower X-ray tube voltages (50–60 kV),
which implies that these materials are not protective against the scatter X-rays generated as
the primary X-rays are passing through the lead-free PMs, resulting in lower-energy scatter
X-rays being deflected at different angles with respect to the incident X-rays. As occupa-
tional radiological exposure is mainly due to the scatter radiation, it is of vital importance
for the radiation-shielding materials included in various personal protective garments to
provide the necessary protection against both the scatter X-rays and the primary X-rays.
The reported LEV by the manufacturers, usually as a peak LEV value at a single kV or for a
narrow range of X-ray energies, is totally inadequate and puts the end users in dangerous
situations for potential exposure to scatter X-ray radiation.

Overall, lead-free composite PMs can provide satisfactory attenuation across a range
of medical X-ray energies, similar to that offered by lead-containing composite PMs, but
at a reduced material weight. The weight reduction is a very important characteristic for
those wearing the radiation protective garments for extended periods of time. In addition,
lead-free materials offer other benefits, such as reduced (or no) toxicity, extended lifetime,
and potential material recyclability. However, once again, the main focus in promotion
of lead-free PMs should be on the PM’s attenuation efficacy. Scatter radiation is a big
concern for medical personnel, and the protective garments are being promoted to save
lives; therefore, the PM should completely protect those who thoroughly rely on them. The
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end users deserve to know about the protection level of the protective garments across
an extended range of photon energies covering the primary and scatter X-rays, preferably
measured in a BBG*, as the most relevant test method to access the protection level of
lead-free PMs. Once the end users have the information of the PM’s protection level against
primary and scatter radiation, they can make an informed decision about what they would
prefer for their own protection—a lighter-weight PM, or a PM with complete radiation
protection.
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