Chapter 6 )
Characterisation of Micro-Sized e
and Nano-Sized Tungsten Oxide-Epoxy
Composites for Radiation Shielding

of Diagnostic X-Rays

Abstract Characteristics of X-ray transmissions were investigated for epoxy com-
posites filled with 2-10 vol.% WO; loadings using synchrotron X-ray Absorption
Spectroscopy (XAS) at 10-40 keV. The results obtained were used to determine the
equivalent X-ray energies for the operating X-ray tube voltages of mammography
and radiology machines. The results confirmed the superior attenuation ability of
nano-sized WO3-epoxy composites in the energy range of 10-25 keV when com-
pared to their micro-sized counterparts. However, at higher synchrotron radiation
energies (i.e., 30-40 keV), the X-ray transmission characteristics were similar with
no apparent size effect for both nano-sized and micro-sized WO;3-epoxy composites.
The equivalent X-ray energies for the operating X-ray tube voltages of the mammog-
raphy unit (25-49 kV) were in the range of 15-25 keV. Similarly, for a radiology unit
operating at 40-60 kV, the equivalent energy range was 25-40 keV, and for operating
voltages greater than 60 kV (i.e., 70-100 kV), the equivalent energy was in excess
of 40 keV. The mechanical properties of epoxy composites increased initially with
an increase in the filler loading but a further increase in the WOj3 loading resulted in
deterioration of flexural strength, modulus and hardness.

6.1 Introduction

Hitherto, numerous analytical methods have been developed to investigate the effect
of the particle size of a material on the X-ray attenuation for various incoming X-ray
energies including scattered gamma-rays and X-rays [1-11]. It is widely believed
that nano-sized particles are able to disperse more uniformly within the matrix with
fewer agglomerations when compared to micro-sized particles, thus improving the
X-ray attenuation ability of the material [6, 12, 13]. For instance, Hotyriska [4] found
that the intensity of scattered radiations increased with increases in the grain size
of a material. This size effect has been observed in a sand matrix and for samples
containing heavy elements such as iron or barium [4].

Filler-reinforced polymers have gained increasing attention from X-ray technol-
ogists in radiation shielding since polymers have great potential in many important
applications by virtue of their unique properties, such as low density, the ability to
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form intricate shapes, optical transparency, low manufacturing cost and toughness.
One of the filler-reinforced polymers commonly used for radiation shielding is lead
acrylic [14—16]. Moreover, some researchers have also tried to synthesise nano-sized
filler-reinforced polymers for radiation shielding by virtue of the size effect in X-ray
attenuation [2, 6, 17]. For instance, a recent study by Botelho et al. [13] revealed
that the attenuation for X-ray beams generated from low tube voltages (i.e., 26—
30 kV) in nanostructured copper oxide (CuO) was better than microstructured CuO.
However, no significant difference in attenuation was observed for X-rays gener-
ated from higher tube voltages (i.e., 60—102 kV). A similar conclusion on this size
effect in X-ray attenuation was made by Kiinzel and Okuno [18] for a nanostructured
CuO-polymer system.

In a recent work on WOj3-filled epoxy composites [19], we investigated the effect
of nano-sized and micro-sized WOs filler-epoxy composites on X-ray attenuation in
the X-ray tube voltage range of 22—-127 kV generated by a mammography unit and
a general radiography unit. The equivalent X-ray energies for the various X-ray tube
voltages used were in the range of 17.5-60 keV, which conformed to our expectation
since the equivalent X-ray energies for a mammography unit were 17.5, 19.6, 20.2
and 22.7 keV which are the characteristic energies of molybdenum and rhodium;
while the equivalent X-ray energy for a radiology unit is about one-third of the X-ray
tube voltage used. The results showed that nano sized WO3 was more effective than
micro-sized WO3; in X-ray attenuation only in the low X-ray tube voltage range of 22—
35 kV but this size effect was not apparent at the higher X-ray operating tube voltage
range of 40-120 kV [19]. Hence, the aim of this work was to verify our previous
work on X-ray transmission in WOs-filled epoxy composites by using synchrotron
radiations as the X-ray source for the characteristic (monochromatic) X-ray energy
range of 1040 keV. The results obtained were compared with those of previous
work [19] to determine the equivalent energy range of the previous machines used
(a mammography unit and a radiology unit).

6.2 Results and Discussion

6.2.1 Characteristics of X-Ray Transmissions

Since the synchrotron radiations of the XAS beamline contain a large range of ener-
gies (i.e., 1040 keV), the thickness of the samples was set at 2 mm to ensure that the
detector was able to obtain a meaningful X-ray transmission reading for the lower
energy range without being totally absorbed by the samples. As shown in Fig. 6.1,
there was an obvious difference in X-ray transmissions between the micro-sized
WOs3-epoxy and nano-sized WOj3-epoxy composites of the same WO3 vol.% at the
energy range of 10-20 keV. With a further increase of synchrotron energy to greater
than 20 keV, there was no difference in X-ray transmissions between these two com-
posites, thus indicating the absence of size effect at play. The results show that for
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Fig. 6.1 Comparisons of X-ray transmission comparison in nano-sized and micro-sized WO3-
epoxy composites for synchrotron radiation generated by the XAS unit for energy of 10-40 keV
[20]

all the WO; loadings in an epoxy matrix, the ratio of the X-ray transmission of the
micro-sized WO;3-epoxy composite (I/1,),, relative to the nano-sized WO3-epoxy
composite (I/1,),, (I/1,),,/(I/1,), remained at ~1.0 for the synchrotron energy range
of 25-40 keV. On the other hand, the ratio (I/1,),,/(I/,), was 1.15-2.3 for all WO;
loadings (see Fig. 6.2). The values determined for (I/1,),,/(I/1,), at these energy
ranges indicate that the nano-sized WOs3-epoxy samples absorbed more low energy
X-rays than their micro-sized WO3-epoxy counterparts.

Further investigations were conducted to verify our previous results [19] obtained
from a mammography unit and a radiography unit. In this investigation, all the
same measurements from the previous work were repeated with samples of 2 mm
in thickness. Since a mammography unit generates characteristic X-ray energies of
molybdenum (17.5 and 19.6 ke V) or rhodium (20.2 and 22.7 keV), it is much easier
to compare with the XAS results (see Fig. 6.3). In the results presented in Fig. 6.3,
it is clearly shown that the X-ray transmission results for the mammography unit
sat between the results of 15-25 keV for the XAS beam energies. In contrast, for
the radiography unit, the operated X-ray tube voltages generated a broad spectrum
(polychromatic X-ray beam). Thus, the equivalent energies for the X-ray tube volt-
ages of the radiography unit were estimated from the XAS results by superimposing
their data together (see Fig. 6.4). As can be seen in Fig. 6.4, the X-ray transmissions
of samples for X-ray tube voltages of 40-60 kV were sitting between 25 and 40 keV
while the others were sitting above 40 keV. Hence, the X-ray tube voltages of 40—
60 kV operated by the radiography unit produced the equivalent X-ray energies in
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Fig. 6.2 The X-ray transmission ratio of micro-sized WO3-epoxy composite (I/],),, to the X-ray
transmission for nano-sized WO3-epoxy composite (I/1,)n, (I/1 )m/(I/1 ,)n for synchrotron energies
(1040 keV) [20]
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Fig.6.3 Comparisons of X-ray transmission in nano-sized and micro-sized WO3-epoxy composites
for synchrotron radiation generated by the XAS unit for energies of 10-25 keV and mammography
unit tube voltages of 2549 kV [20]
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Fig.6.4 Comparisons of X-ray transmission in nano-sized and micro-sized WO3-epoxy composites
for synchrotron radiation generated by the XAS unit for energies of 25-40 keV and radiography
unit tube voltages of 40-100 kV [20]

the range of 2540 keV while the X-ray tube voltages of >60 kV had an equivalent
energy of >40 keV.

Figure 6.5 shows the comparison of X-ray transmissions for samples with dif-
ferent thicknesses. Samples of 7 mm thickness were used in our previous study
[19], whereas 2 mm thick samples were used in this study. Figure 6.5a, b provide
the results for the mammography unit only on samples with 4 and 6 vol.% load-
ing of WO; respectively. As shown in these figures, the differences in the X-ray
transmission between the micro-sized and nano-sized WO3-epoxy became larger for
thicker samples (7 mm). In contrast, Fig. 6.5¢c shows insignificant differences in X-
ray transmission between nano-sized and micro-sized WO;-epoxy composites for
radiography tube voltages only for samples with a loading of 4 vol.% WOs. This
trend was also observed for all the other loadings (i.e., 2, 6, 8 and 10 vol.% WO3).
These findings are in good agreement with the work by Kiinzel and Okuno [18],
which also showed that the grain size effect increased with the increase of the sam-
ple thickness at low energy X-ray beams (25 and 30 kV) but remained unchanged
over the material thickness for higher energy X-ray beams (60 kV) [18].

In general, the photoelectric effect is the most likely interaction to occur within
a matter at a lower photon (X-ray) energy range. In this interaction, a photon will
transfer its entire energy to an electron in the material on which it impinges. The
electron thereby acquires enough energies to free itself from the material to which it is
bound and then may undergo single or multiple-scattering events with neighbouring
atoms. In addition, there is also a slight fluctuation in the probability of emission
of Auger electrons and fluorescent photons may form during this interaction. This
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Fig. 6.5 X-ray transmission comparison for different thickness of the sample for a 4 vol.% of WO3
filler epoxy composites for mammography unit tube voltages of 30, 35 and 49 kV; b 6 vol.% of WO3
filler epoxy composites for mammography unit tube voltages of 30, 35 and 49 kV; and ¢ 4 vol.%
of WOs filler epoxy composites for radiography unit tube voltages of 40, 60, 80 and 100 kV [20]
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phenomenon can contribute to the alteration of the mass attenuation coefficient of
an element relative to the bulk material when considered over a small range of X-ray
energies. The probability of photoelectric interaction is directly proportional to the
cube of the atomic number of the absorbing material Z* and inversely proportional
to the cube of the X-ray energy (1/E)°.

Moreover, nano-sized WO3-epoxy composites consist of a higher number of WO3
particles/gram when compared to micro-sized WOs-epoxy composites. Therefore,
the distribution of the nano sized WO3 in the resin should also be different from that
presented by micro-sized WO3, thus resulting in a more uniform dispersion in the
resin. Therefore, the chances of an X-ray photon with lower energy to interact and
be absorbed by WOj3 particles may be higher in nano-sized WO3-epoxy composites
than in micro-sized WOs-epoxy composites. Figure 6.6 shows the back-scattered
images of the same loading of WO3 (4 vol.%) within nano-sized WO3-epoxy and
micro-sized WO3-epoxy composites using the Zeiss Evo 40X VP scanning electron
microscope. The WO3 particles were seen to be more closely dispersed in the nano-
sized WOs;-epoxy composite (Fig. 6.6a) as compared to its micro-sized counterpart
(Fig. 6.6b). Thus, the probability for the lower energy photons to interact with the
WO; particles and be absorbed is higher for the nano-sized WO3-epoxy composite.

As the photon energy increases, the photon (X-ray) penetration through the
absorbing material without interaction increases and hence, less photoelectric effect
relative to the Compton affect occurs. Thus, the X-ray attenuation by the absorbing
material decreased since the Compton interaction was weakly dependent on Z and
E and this interaction only took place between the incident photon and one of the
outer shell electrons of an atom in the absorbing material.

In order to discover the X-ray shielding ability of the composites, the results were
compared to commercial lead (Pb) sheets (model RAS20 Calibrated Absorber Set)
of four different thicknesses (i.e., 0.81, 1.63, 3.18 and 6.35 mm) (see Fig. 6.7) using a
radiography unit of tube voltages 40—100 kV. The results show that although the lead
sheets gave the lowest X-ray transmissions at each tube voltage when compared to

() I— E—

Fig. 6.6 SEM images for epoxy composites filled with a 4 vol.% nano-sized WO3, and b 4 vol.%
of micro-sized WO3 [20]
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Fig. 6.7 X-ray transmission as a function of radiography unit X-ray tube voltage (40-100 kV) for
all micro-sized and nano-sized WO3-epoxy composites and commercial lead sheets [20]

all compositions of WO3-epoxy composites, the latter with 10 vol.% of either micro-
sized or nano-sized WO3 can be a substitute for Pb in X-ray shielding by increasing
the sample thickness to >7 mm. Hence, the usage of lead in X-ray shielding can be
substituted by WO3 whereby W is lighter and less toxic compared to Pb.

6.2.2 Crystallite Size

The reference for fitting the peaks was taken from the International Centre for Diffrac-
tion Data PDF-4+ 2009 database. The wavelength for all of these databases was
chosen to be the same as the wavelength of the synchrotron radiation used. The
diffraction peaks shown in Fig. 6.8 belong to monoclinic WO3 (PDF file 00-043-
1035). These results indicate that both the micro-sized WO3 and the nano sized WO3
were single-phase pure without impurities.

The diffraction patterns were plotted only in the 26 range of 9-15° to clearly show
the size difference of the peaks for each micro-sized and nano-sized WOj3. As shown
in Fig. 6.8, the broad peaks belonged to nanometer-sized WOj3 crystallite whereas the
well-defined crystalline peaks belonged to micrometer-sized WOs. The crystallite
size determined from the Scherrer equation for nano sized WO3 was 51.5 nm. These
nano-crystallites were significantly smaller than the particle sizes provided by Sigma-
Aldrich, thus indicating that at least 2 crystallites were present in each WOj3 particle
of 100 nm in size.
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Fig. 6.8 Typical powder diffraction patterns for micro-sized and nano-sized WO3 loading in epoxy
composites [20]

6.2.3 Mechanical Properties

Figure 6.9 shows the effect of filler loading on the flexural strength, flexural modulus
and Rockwell hardness of the epoxy composites. The flexural strength was found
to decrease with increased WOj filler size while it had little or no effect on flexural
modulus. Similar results were reported by Park [21] who observed an increase in
flexural strength with decreased particle size in silica-reinforced epoxy composites.
However, Moloney et al. [22] reported a negligible effect of particle size on flexural
modulus in their epoxy composites filled with silica.

From Fig. 6.9a, the flexural strength of pure epoxy was 49.9 MPa but increased to
a maximum value of 64 MPa for the composite containing 4 vol.% nano sized WOs3.
However, a further increase in the filler loading beyond 4 vol. % resulted in a decrease
in flexural strength whereby the composite containing 10 vol.% nano sized WOj3
exhibited the lowest flexural strength of 52.6 MPa. Similarly, for micro-sized WO;-
epoxy composites, the maximum flexural strength was obtained for a filler loading of
2 vol.%. A reduction in flexural strength was again observed when the filler loading
was increased beyond 2 vol.% due to non-uniform dispersion of the filler within the
matrix. The resultant agglomeration of the fillers acted as stress-concentrators which
served to reduce the strength of the composites.

The flexural modulus of the composites increased with an increase in the filler
loading for both the nano-sized and micro-sized WO3; which may indicate that the
stiffness of these composites obeyed the well-known rule-of-mixtures (Fig. 6.9b).
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Fig. 6.9 Mechanical properties of epoxy composites showing: a flexural strength as a function of
WOs filler loading; b flexural modulus as a function of WO3 filler loading; and ¢ Rockwell hardness
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Finally, the hardness results presented in Fig. 6.9¢ indicate that an increase in the
WO; filler loading resulted in an initial increase in the hardness of the composite,
but a further increase in filler loading at 10 vol.% caused a reduction in hardness
probably due to the undesirable agglomeration of the fillers. The initial increase in
the hardness of the composites observed for both the nano-fillers and the micro-fillers
may be attributed to their uniform dispersion within the epoxy matrix, together with
their strong interaction with the epoxy chains to form good interfacial bonding.

6.3 Conclusions

The size effect of WO; particles on the X-ray transmission in nano-sized and micro-
sized WO3-epoxy composites has been investigated at various synchrotron radiation
energies (i.e., 1040 keV). The results presented in this work demonstrated that the
size effect on X-ray attenuation was profoundly dependent on the energy of the
synchrotron radiations. The particle size effect was more pronounced at lower syn-
chrotron radiation energies (10-20 keV) since the X-ray transmission in nano-sized
WOs3-epoxy composites was less than in their micro-sized counterparts. However,
this size effect became insignificant at higher energies of 20-40 keV because the X-
ray transmissions in both nano-sized and micro-sized WO3-epoxy composites were
very similar. The X-ray transmission results for the mammography unit sat between
the results of 15-25 keV for XAS beam energies. Meanwhile, the X-ray transmis-
sions in samples for X-ray tube voltages of 40—-60 kV of the radiography unit sat
between 25 and 40 keV. In addition, for composites with the same filler loading,
but with increasing sample thickness, the size effect in X-ray transmission was most
prominent for X-ray tube voltages of 25-35 kV but was negligible at 35-100 kV.
As the filler loading of the WOj3 increased, the mechanical properties showed an
initial optimum improvement, but a further increase in the filler loading caused these
properties to deteriorate.
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