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Abstract

The growing demand for lightweight, non-toxic arftbetive X- andy-ray shielding materials in various fields has led
to the exploration of various polymer composites ghielding applications. In this study, tungstdied polyvinyl
alcohol (PVA) composites of varying W@oncentrations (0 - 50 wt%) were prepared by smiutast technique. The
structural, morphological, and thermal propertieshe prepared composite films were studied usiagXdiffraction
technique (XRD), Scanning electron microscopy (SEMY Thermogravimetric analysis (TGA). The AC cocrtdity
studies showed the low conductivity property of tbhenposites. The X-ray (5.895 and 6.490 keV) anay (59.54 and
662 keV) attenuation studies performed using Cdice Mal(TI) detector spectrometers revealed a natileeincrease
in shielding efficiency with increase in filler wt% he effective atomic number & calculated by the direct method
agreed with the values obtained using Autg-Zoftware. The % heaviness showed that tungstéed fppolyvinyl
alcohol composites are lighter than traditionaékling materials.

Key words: radiation shielding; tungsten filled polyvinylcahol composite; mass attenuation coefficient.

Introduction

With the advancement in science and technologyinitreased
usage of ionizing radiation in many areas has daike global

issues of radiation exposure and risks. In ordekdep the
radiation exposure to a minimum and to ensurettieat do not
cause undue risk to human beings, adequate slididis to be
employed. Protection of scientific instruments @aiul

satellites against harsh radiations in space emwiemts also
requires efficient and lightweight shields. Highdiy lead

and concretes have been traditionally used asti@wlighields

in radiation facilities. While health concerns discage the use
of toxic lead, the usage of concrete has spacetreimts.

Different glass systems incorporating heavy melalge been
investigated for radiation shielding [1-5] as thbgve the
advantage of less toxicity and being transparentsible light.

Significant research efforts towards designing tliggight,

flexible, and cost-effective radiation shields hdaeused on
polymer composites for radiation shielding applmas [6-9].

Toxicity of lead being a major concern, lead-freglymer

composites reinforced with high Z fillers have gain
considerable attention from researchers in receatsy[10-16].
There are many reports on polymer composites ofilis and

tungsten being investigated for radiation shielditg17-19].

The present work has focused on quantitative aisalg$
shielding efficiency of flexible, lightweight, polinyl alcohol

(PVA) composites with varying wt% (0-50) of tungstdPVA

being water-soluble polymer has varied applicatioins
industrial markets such as textiles, coatings, paperamics,
and wood. The non-toxic, ductile but strong andifike nature
with effective film-forming properties makes it anique
polymer with few matching substitutes. In the shafiar eco-
friendly polymers, PVA has become economical dueit$o
biodegradability under certain microbial conditiom&e choice
of tungsten as filler was made due to its high dgnson-

reactivity during chemical functionalization anddiaion

shielding capabilities. The synthesized compodii@ge been
characterized by XRD and SEM for their structunaperties.
They have also been studied for their thermal,captiand
electrical behavior, which reveal their suitabilig radiation
shields. The mass attenuation coefficients of thmposites
have been determined experimentally at the inciderandy-

ray energies of 5.89, 6.49, 59.54, and 662 keV @rdpared
with theoretical values computed using WinXCom [20he
effective atomic number and % heaviness of the cmitgs
have also been determined.

© 2020 Muthamma M V, Bubbly S Gudennavar, ShivaBpgaudennavar. This is an open access article lezbnader the Creative Commons Attribution-
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Materials and methods

Materials and preparation

PVA-WO; composites have been prepared by dispersing
tungsten trioxide (MW ~ 231.837 g mdlin methanol and
adding into an aqueous solution of polyvinyl alcofMW ~ 1,

25, 000 g mat) (S D Fine Chem Ltd). The solutions prepared
with different wt % (5, 10, 20, 30, 40, 50) of W@ere stirred

at a constant speed using a magnetic stirrer thilsolutions
turned viscous to ensure uniform dispersion of Mif@ PVA
matrix. The viscous solution was cast to circullasg petri-
dish (5-inch diameter) and allowed to dry at roemperature.
These films were then peeled off and cut to dedlietensions
for further studies.

Structural and thermal characterization

The X-ray diffraction data of the composite filmsens
obtained in 8 = 0-120° scan mode with Cu sour@e=1.5406

A) using Bruker AXS D8 Advance X-ray diffractometeéfigh-
resolution SEM images were obtained from JEOL JSM-
6390LV to know the distribution of filler in the PVmatrix.
TGA studies of the composites were carried outgi§ierkin
Elmer Diamond TG/DTA (ambient temperature to 12Q) ih

the temperature range 50-700 °C. Optical absorgiodies on
the composites were carried out using Varian C&g05UV-

vis spectrophotometer. The AC conductivity measms
were conducted using LCR meter (LCR-8000G series
GWiInstek) in the frequency range 1 Hz - 32 MHz @m
temperature.

X-and y-ray attenuation studies

X-rays interact with matter mainly via photoelecteffect,
Compton scattering and Rayleigh scattering. The two
interaction processes dominant in the diagnosterggnrange
of X-rays are photoelectric effect and Compton tecatgy.
Similarly, y-rays can interact with a medium through
photoelectric effect, Compton scattering, and aoduction
processes. The interaction cross-section of theseepses
mainly depends on the energy of the incident ramhsE) and
atomic number (Z) of the medium. The attenuatioX-@f-rays

in a medium is governed by the exponential |&guation 1):

[ = [e-(/mt Eq. 1

where, § and | are the intensities of the incident and
transmitted X+f-rays, t is the mass thickness (g 9nand w/p

is the mass attenuation coefficient fagit) of the medium for
X-/ vy -rays of a given energy.

X- andy-ray attenuation behavior of the polymer composites
were studied using°Fe (5.895 keV and 6.490 keVj'Am
(59.54 keV) and*'Cs (662 keV) point radioactive sources, and
Amptek XR-100T-CdTe and "%2" Nal(Tl) detector
spectrometers adopting narrow beam geometry [21]this
arrangement, lead collimators of suitable diametard
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thickness were used to collimate the X- gacy beam from
the radioactive sources. The samples were placestivayi
between the source and the detector. The radi@aktiandy -
ray sources used in the present investigation vpeoeured
from the Board of Radiation and Isotope Technoldpmbay,
India, as standard X- ang -ray sources. A CdTe/Nal(Tl)
detector coupled to an active filter amplifier aad1 k
multichannel analyzer was used to measure the @ntidnd
transmitted X-Ay-ray intensities. These detector spectrometers
were calibrated using X- andrays of different energies. The
linearity and stability of the spectrometers wereeaked
intermittently throughout the experiments.

In order to standardize the methodology with CKreay
detector spectrometer, an experiment was condudted
determine the mass attenuation coefficiedp) for the X-ray
(K, and K;) of energies 5.895 and 6.490 keV fratRe source
and 59.54 keVy-ray from ?*’Am source taking aluminum
targets of varying thickness as reference. Similathe
methodology with Nal(TI) detector spectrometer was
standardized by conducting experiment to deterntiveu/p
values for the 662 keVy-ray from *'Cs source taking
aluminum as referenc@l/p values at various energies of %-/
rays were determined from the plots of In(l) versuass
thickness (t). Th@/p values were determined in three trials and
the weighted mean value afp was compared with standard
theoreticaly/p value computed using WinXCom [20]. Thé
values for aluminum at selected energies agreetwig the
standard theoretical values computed from WinXCa6j pnd
others’ experimental values available in the litiera. X-f-ray
attenuation experiments on the composites wereopeed
varying the mass thickness of the polymer compsséed
measuring the transmitted intensities (1).

An effective atomic number (4 of the polymer composite
is an important parameter to be considered in déesig
radiation shields and computing an absorbed dosadidtion.
Zet Vvalues of the composites were calculated using
experimental p/p values in the following semi-empirical
relation Equation 2) based on mixture rule:

Jq

Oel

Zeff = Eq 2

u
1 5 1
——E—ando,, = — Z
N wj el N i
%(%) 2

whereag,

Tidy (ﬁ) are the average
Zi \p/;

i\z;
cross-section per atom (b/atom) and average cextis per
electron (b/electron) respectivelyN, is the Avogadro’s
_ N4

i ni4;
atoms,A the atomic mass, arg} the atomic number of th&' i

constant;

is weight fraction,n; the number of

constituent elemen(%) is the mass attenuation coefficient of
i

the ith constituent element obtained using WinXGanogram

and f; = —"is the fractional abundance ¢ element with
[ e’

respect to the total number of atomy;#; =n) in the
molecular formula such th&,; f; = 1. The tool Auto-Z; in
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Visual Basic was also used for determiningys of the
composites for the photon energies ranging frome¥ k 1
GeV [22].

Density and % heaviness

Densities of the composite films have been detezthiby
measuring sample thickness, area, and mass. S#amgkaess
has been determined by placing the film between uniform
glass plates to avoid rupture of the film from dire
measurement using a digital micrometer. The dineen& cm
x 2 cm) of the cut sample was determined usingageting
microscope. The mass of each cut sample has beefulba
measured using a high precision digital balanceasvesd

densities § = mass/(area x thickness)) of the composites were

compared with theoretical densities calculated gisiquation

100
moT Eq. 3
Pm Pf

where, m and f are the wt% apgl andp; are the densities of
the polymer matrix and filler respectively.

% heaviness of the polymer composites was detednin
using Equation 4 assuming lead to be the standard and
normalized to 100%:

Density of the composite

x 100

% heaviness = Eqg. 4

Density of lead

Results and discussion

XRD analysis

The X-ray diffractogramsHigure 1) revealed a broad intense
peak at 8 = 19° and a shoulder peak at 22° for neat PVA
which correspond to crystalline orthorhombic lat&ignifying
semi-crystalline nature [23,24]. The intensity bistpeak has
been observed to decrease in the 5-20 wt% tunfjiezhPVA
composites. The diffraction peaks observed @&t=222.7°,
23.1°, 24.0°, 26.6°, 28.6°, 29°, 32.9°, 33.4°, 3448..3°, 42°,
47.7°, 49.29°, 49.9°, 52.7°, 53.2°, 54.2°, 55.489,28°, and
61.6° in 5-50 wt% composites showed an increase¢he
intensity with a concentration of WOand were in good
agreement with JCPDS file numbers 05-0363 and 33-18
tungsten trioxide [25]. The average crystalliteesiaf the
composites calculated from Scherrer equation vdrad 5-29
nm.

SEM analysis

SEM image inFigure 2a shows the surface morphology of
neat PVA film without any poreg&igures2b and2c show the
surface morphology of composite films with an irased
concentration of W@
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Figure 1. XRD of PVA-WO; composites
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Figure2. (a) SEM images of Neat PVA, (b) 20% WO; filled PVA
and (c) 50% WOs; filled PVA composites
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AC conductivity measurements N —
AC conductivity of the composites measured at room 72:— .
temperature decreased with an increase in filleiceotration ’
(Figure 3). However, the composites showed a slight increase

in conductivity with an increase in frequency due the & ]
mobility of charge carriers [26]. g - - -NeatPVA |

§ 5% WO,
UV -vis spectroscopic studies 2 e ]
UV-vis absorption spectra for the composites arewshin = :30%“,({ :
Figure4a. Neat PVA exhibited an absorption peak at 284 nm — 4% WO, 1
and a shoulder peak at 330 nm which may be assi¢med L mo 0% WO,

* H HS | I I T N VR S NS E T T N T

T electrqnlc .transmc.m [27]. The absorbance pf PVA- s & 10 12 14 16 15 o 2 2 %
WO3 composites is maximum around 310 nm, which coul logf

possibly be the band edge of maximum absorption in

composites. Further, a sharp decrease in absorbafice Figure3. AC conductivity versus frequency
composites was observed from 360-470 nm which céeld

due to a lower number of states for absorptionctun
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Figure 4. (a) Optical absorption as a function of wavelength, (b) Relation between (ahv)? and hv, (c) Relation between (ahv)¥? and hv, (d)
Relation between In(a) and hv, (€) Refractiveindex asa function of wavelength, (f) Extinction coefficient as a function of wavelength.
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The optical band gap energiesg"(ﬁ for direct allowed
transitions were obtained by applying linear fit the
absorption edge ofafiv)> and @hv)Y? versus photon energy
plots Figuresdb and 4c). The band gap energies obtained
were 5.9 eV and ~2.7 eV for neat PVA and its conipss
respectively. Despite the decrease in the optinatgy band
gap with an increase in filler concentration, tieenposites still
showed a tendency of aligning towards insulatore graph of
the natural logarithm of absorption coefficient @h versus
photon energy () (Figure4d) showed an exponential
dependence indicating that the sample obeys Urbdohhula
[28]. The variation of refractive index with an fease in
wavelength due to interaction between the incigiiatons and
electrons of the composite films is shownHigure4e. The
refractive index of the composites is independerit o
wavelength in the UV region and shows a sharp as@én the
visible region (400-500 nm) revealing bulk propedf the
composite. Further increase in wavelength showededcaiease
in the refractive index. A sudden increase in th&active
index in the visible region could be a train of qudation
threshold phenomenon [29]. Fractional energy logs tb
scattering and absorption known by the parameténaion
coefficient (K) decreased with filler concentratioand
wavelength Figure4f). Further decrease in the extinction
coefficient may be attributed to a decrease intsday of
photons [30].

Thermogravimetric analysis

Thermogravimetric curves of composites obtaineanfroom
temperature to 700°C in nitrogen atmosphere arevishio
Figures5 and6. The first weight loss of 14.7% in neat PVA
and 10.6% - 5% in composites observed around 150%C
attributed to the evaporation of occluded moist&rgther, due
to the decomposition of the PVA component in thdrixdhe
second sharp weight loss of 60.52 % at 340°C fait RV/A,
and a decrease in weight loss from 50.44-23.24%nraro
331°C were observed. The third weight loss of 28%umd
448°C was observed in neat PVA due to carbonafidre
composites too experienced a weight loss of 20-H8étind
the same temperature due to the release of T@ PVA-WQ
composites showed a decrease in weight loss witin@ease
in filler concentration at all three stages.

X- and y-ray attenuation studies

PVA-WO; composites of varying mass thickness (0.025 -
0.040 g cnf) were used in the attenuation experiments to
determinep/p values at X-ray energies 5.895 and 6.490 keV
from *>Fe. w/p values of the composites were found to increase
with filler concentration from 17-127 ¢éngi* and 13-99 crg™

for 5.895 and 6.490 keV, respectivelyable 1).
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Figure5. Variation of weight (%) of the PVA and the Figure 6. Derivative weight thermogram of PVA and the
composites of different wt% WO; with temperature. composite filmswith different wt% of WO3
Table 1. The mass attenuation coefficient of WO3 filled PVA composites at various energies
Energy Filler M ass attenuation coefficient, p/p (cm? g™)
(kev) (Wt%) Neat PVA 5% 10% 20% 30% 40% 50%
5.895 E 17.46:0.03 30.6#0.08 45.020.07 73.30:0.62 99+1 127.6@:0.53 --
) C 17.00 31.00 45.10 73.10 101.00 129.00 -
6.490 E 13.1G:0.05 23.62:0.10 34.96:0.11 57.14:0.40 77.110.80 99.68:0.46 --
) C 12.70 23.70 34.70 56.80 78.80 101.00 -
59.54 E -- -- -- 0.75:0.01 1.03:0.01 1.33:0.02 1.570.03
) C - 0.77 1.05 1.33 1.62
662 E -- -- 0.086:0.001 0.08%0.001 0.088:0.001
C - - 0.087 0.088 0.089

E: Experimental; C: Computed using WinXcom; -- : Could not determine
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The experiment was also performed feray energy of 59.54

varying from 0.280-0.701 g cfn w/p values obtained varied
from 0.65-1.57 crhg® with an increase in filler concentration

(Table 1).

varying mass thickness (0.790-2.639 g@mand the results
showed an increase in mass attenuation coefficifhf86-

u/p (cnfg™)

H/p (cnig™)
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0.088 cm g*) with filler wt%. The experimental/p values at
keV of *'Am source with a mass thickness of the composites all the selected energies were compared with theesafrom
WinXCom (Table1). The variation ofu/p values with filler
concentration for various energies are showFigures 7a-d.
Dependence of other shielding parameters such HsVidme
Similarly, y-ray attenuation studies were performed for 662 Layer (HVL), Tenth Value Layer (TVL) and relaxatiéength
keV of *'Cs source using Nal(Tl) detector spectrometer for (1) with filler concentration were also evaluatdeigures 8a-

d).
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Figure 7. Variation of p/p valueswith tungsten filler wt% at photon energy 5.895 keV, 6.49 keV, 59.54 keV and 662 keV
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Effective atomic number (Zg)

The Zg obtained from the ratio of atomic to electronioss-
sections at 5.895, 6.490, 59.54 and 662 keV uBingation 2
were compared with « obtained from theoretical/p values
from WinXCom (Table 2 and3). The Z¢ values were found to
increase with filler concentration for all the estited energies.
The Zg for composites measured at 59.54 and 662 keV were
compared with the values computed using Auip-computer
program and are reportedTrables 3 and4 respectively. Auto-
Zer computer program is not suitable for evaluating 2t
lower photon energies such as 5.89 and 6.49 ke¥ prbgram
shows notable disagreement in Zeff values for aimmedf
higher atomic number which was observed with PVA-3VO
composites of mass thickness 0.280-0.701 & stdied for
59.54 keV.

Density and % heaviness of the composites
Considering lead to be 100% heavier than otherldihip
materials, steel is at 69.47%, barite at 31.42%ciezie at
21.23% and the % heaviness of the PVA-W&@mposites
varied from 10.6-17.9%. The results of density a¥d
heaviness of the composites with respect to leadegsented
in Table 4 andFigure9.

Conclusions

Polymer composites reinforced with WOfillers were
successfully fabricated by open mould cast techmidlhe
XRD patterns have revealed an increase in the sitierof
WO; peaks with an increase in filler concentration.eTh
structural studies have revealed the dispersiofillef into a
polymer matrix with an average particle size of%rin. TGA
showed a major decrease in weight loss around 840150°C
with an increase in filler concentration which mag ascribed

to the enhanced thermal stability of composite®e $tudy on
AC conductivity and UV-vis spectroscopy revealedghhi
resistivity and low conductivity property of WQilled PVA
composites. The results of X- apday attenuation properties
of PVA-WO; composites at different photon energies showed
an increase ip/p values with filler wt%. The experimentalp
values were compared with the values obtained from
WinXCom. The other attenuation parameters such ¥k, H
TVL, and A were evaluated to estimate shielding effectiveness
The Zyx of composites determined experimentally and
theoretically are in good agreement confined tolithé@ations

of Auto-Zy software. The density and % heaviness of
composites has confirmed that the fabricated coitgmare of
less weight in comparison with conventional shieddi
materials. The present studies show that PVAz;W@mnposites
may be useful as lightweight radiation shieldingemals.
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Table 2. Effective atomic number of WO; filled PVA composites
for 5.895 and 6.490 keV

Filler wt Zgr at 5.895 keV Z at 6.490 keV
% WinXCom  Experimental WinXCom Experimental

Neat

PVA 11.059 11.358 10.945 11.290
5% 3.574 3.536 3.574 3.562
10 % 5.442 5.441 5.477 5.518
20 % 9.726 9.753 9.885 9.944
30 % 14.978 14.718 15.285 14.957
40 % 21.603 21.369 22.124 21.835

Table 3. Effective atomic number of WO; filled PVA composite
for 59.54 and 662 keV

Zgr at 59.54 keV Zqt at 662 keV

Filler

wt % WinXCom AZUZ:' Experimental WinXCom AZu::- Experimental
20%  8.936 11.567 8.760 - -- --
30% 13.669 13.929 13.409 4.338 4.859 4.333
40% 19.553 15.935 19.553 4.950 5.601 4.955
50% 27.353 17.818 26.509 5.743 6.579 5.724

Table 4. Density and % heaviness of WOjs filled PVA composites

Density g cm™

Sample % heaviness
P Theoretical Experimental ° Vi
Neat PVA 1.19 1.21 10.67+0.41
5% 1.24 1.25 11.02+0.35
10% 1.30 1.29 11.37+0.15
20% 1.43 1.43 12.62+0.31
30% 1.59 1.58 13.89+0.43
40% 1.79 1.79 15.79+0.38
50% 2.04 2.03 17.90+0.52
T —
V) % of heaviness with Lead normalised to 10096
100 7 -
” i
o 751 .
=
3 7 ]
2
«— 50 —
©
N i
25 % -
O g a & 1 E 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1
o £ 5 £ > > > > > > 7z
4 0o § £ 4o o aaaa -
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Figure 9. % heaviness of the polymer composites with respect to
traditional shielding materials
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