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Abstract

For the first time the capability of fly ash to produce barium containing radiopaque materials has been demonstrated. Fly ash which is a waste
generated in power plants due to combustion of pulverized coal, has been utilized®* for making X-ray radiation-shielding materials. A novel method
for making radiation-shielding materials utilizing fly ash and barium compound has been developed by ceramic processing route using phosphate
bonding. The fly ash based radiopaque materials (FARM), i.e. shielding materials are characterized for their X-ray attenuation characteristics. The
shielding, i.e. half value thickness (HVT) for different energies of X-ray photons for FARM have been computed and compared with conventionally
used shielding materials, namely concrete and lead, it is found that the HVT of the fly ash based shielding materials, in comparison to concrete, is
significantly very less for the various energies of X-ray photons.

The X-ray powder diffraction studies confirmed the presence of monoclinic and hexagonal celsian and sanbornite as the major shielding phases
and potassium aluminosilicate, sodium aluminosilicate and silicophosphate as the binder phases in the FARM and are responsible for providing
bonding to the ceramic matrix leading to the effective shielding and mechanical properties. Scanning electron microphotographs have revealed
the compacted plate like particles with hexagonal morphological characteristics of the various barium silicate and barium aluminosilicate (BAS)
shielding phases in the matrix of radiopaque materials. The mechanical properties, namely compressive strength and impact strength evaluation
test showed that FARM meets the standard specifications laid down for radiation-shielding concrete and ceramic tiles. Based on the above studies,
it is found that FARM, can preferably be used for the construction of X-ray diagnostic and CT-scanner room to provide adequate shielding against
X-ray photons.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction ica glasses containing barium, e.g. SiO;—Al,O3-BaO have been

used as radiopaque filler for dental composites. Radiopacity in

The celsian, i.e. barium aluminosilicate (BAS) is well known
for its applications in refractories, porcelains, glass ceramics
and electrical insulators.!> Recently, the application spectrum
of BAS has further extended for potential application: (a) as a
ceramic matrix for high temperature composites>* and (b) in
making cast prostheses for biomedical application because of
their radiopacity and better strength in comparison to conven-
tional feldspathic porcelains and ease of imparting desired shape
by adopting glass ceramic processing route of fabrication.” Sil-

* Corresponding author. Tel.: +91 755 2587244, fax: 491 755 2587042.
E-mail address: ssamritphalerrl @yahoo.co.in (S.S. Amritphale).
4 Patent applications for the developed process have already been flied in
USA as well as in India vide Application No. US PTO-2646690000/03/30/06
#20060066013 and 1888/Del/04, respectively.
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these materials results from the incorporation of an element of
relatively high atomic numbers such as barium and strontium
into the ceramic matrixes such as silica and aluminium silicate
structure, i.e. sanbornite and celsian.® Further studies on the: 1)
effect of barium addition’ on the densification and mullitization
of silica and alumina raw materials is found to increase densifica-
tion and greater glassy phase formation and thus leading to high
mechanical strength of the ceramic materials and (ii) increase in
the barium content increases the radiopacity of the materials.?
There is growing interest of developing alternate barium alu-
minosilicate phosphate glass ceramics for immobilization® of
radioactive waste due to their radiopacity and ability to host
variety of radioactive element in their glassy matrix.

The synthesis of celsian can be carried out by using a vari-
ety of raw materials and processing methods ranging from


mailto:ssamritphalerrl@yahoo.co.in
dx.doi.org/10.1016/j.jeurceramsoc.2007.03.034

4640

traditional glass ceramics'? calcinations of natural and synthetic
solid salt/oxide mixtures,!1:!2 (e.g. kaolin, topaz, alumina, silica,
barium sulphate, barium carbonate), solid metal oxidation, '
e.g. barium, aluminium, alumina, silica to sol—gel,m’15 e.g. bar-
ium aluminosilicate gel, barium exchanged zeolite, etc. These
various processing routes involves homogenization of appropri-
ate ratios of raw materials and heat treatment in the presence of
air in the temperature range of 900-1530°C for a duration of
4-40 h. Further, many researchers have studied the enhancement
of the formation kinetics of intermediate compound during the
formation of celsian using different raw materials mixtures and it
isreported that by using starting materials possessing aluminium
silicate structure helps in lowering the hexacelsian formation
temperature significantly.’ Since fly ash contains (Veloza et
al., www.japws.jp/proceeding/symposium 05/360 Matamoros)
aluminium silicate structures, e.g. mullite and highly reac-
tive amorphous aluminosilicate vitreous as major mineralogical
phases apart from the quartz, the fly ash can be used as a
potential resource starting materials for making barium con-
taining radiopaque celsian glass ceramics,® refractory cements
such as, barium silicate, barium aluminate.!”!® It is reported
that barium aluminate is being used as an indispensable com-
ponent in the Portland cement mixture and as a fundamental
materials in the construction of nuclear reactors.!® Recently, an
environmental barrier multi-layer coating has also been devel-
oped based on a composition containing celsian, i.e. barium
aluminosilicates and mullite?® as the presence of mullite in the
mullite/celsian glass ceramics increases the high temperature
strength.>! The use of fly ash for the preparation of mullite®”
and cordierite® is also reported in the literature. Fly ash is
often used as a low cost source of aluminosilicate in ceramic
industries, because it contains appropriate content of silica and
alumina in the form of mullite, quartz and siliicoaluminous
phases.?* It is reported>> 7 that the mineralogical composition
of typical class of fly ash shows the presence of non-magnetic
phases, namely mullite (AlgSipO13) 25-30 wt%, o quartz (o-
Si02) 9-12 wt%, silicoaluminous glassy phase 62wt% and
magnetic phases, namely magnetite (Fe3O4) 4—6 wt%, hematite
(Feo03) 1-3 wt%, etc. The glassy character of fly ash makes
it a potential candidate as solid precursor for developing glass
ceramic materials.”® Million tonnes of fly ash are generated in
coal based thermal power plants all over the world. In India
alone more than 90 million tonnes of fly ash is produced annually
which requires more than 65,000 acres of land being used for its
dumping.?®

From the foregoing discussion it is clear that the fly ash
possess unique aluminosilicate mineralogical compositions, i.e.
mullite, aluminosilicate glassy phase and quartz which facil-
itates the formation of radiopaque celsian ceramics. In view
of above, studies on development of celsian based radiopaque
materials by sintering fly ash with barium compounds has been
carried out. The characterization of fly ash based celsian ceram-
ics for: (i) X-ray attenuation characteristics and (ii) mechanical
properties, namely compressive and impact strength has shown
that these materials can be used for the construction of X-ray
diagnostic and CT-scanner room. The results of these studies
are presented in this paper.

S.S. Amritphale et al. / Journal of the European Ceramic Society 27 (2007) 46394647

2. Materials and methods
2.1. Raw materials and chemicals

The fly ash from Thermal Power Plant, Sarni district Betul
(M.P.), India, has been collected and was used as received, after
making a representative sample by the method of coining and
quartering. The barium hydroxide and sodium hexameta phos-
phate, chemicals of GR grade of Merck make India, were used
as such without any further purification.

2.2. Preparation of green tile samples and their sintering

The samples of shielding materials in the form of ceramic
tiles and cubes were prepared based on our earlier research
investigation on sintering characteristics of red mud, fly ash and
pyrophyllite.3%-3* The raw material mixtures were prepared by
homogenizing fly ash with barium hydroxide additions up to
50 wt% at 10% increments. The mixtures obtained were homog-
enized with 10 wt% sodium hexameta phosphate binder aqueous
solutions (Table 1). After homogenization, the raw mix was then
compressed in a steel mould at a pressure of 300 kg/cm? (using,
Digital compression testing machine, model no. AIM 308E-DG
of AIMIL Ltd. India make), to obtain samples of tiles of dimen-
sion 10cm x 10cm x 2.0 cm and samples of cube of dimension
5cm x 5 cm. The green samples were then dried in an air oven at
110 °C for 1-h duration and then sintered in an electrical muffle
furnace. The firing cycle was programmed as follows: heating
from ambient temperature to 100, 200, 300 and 400 °C at a heat-
ing rate of 10 °C/min, holding for 30 min at 400 °C; heating to
1100°C at rate of 10°C, holding for 60 min at 1100 °C; and
finally cooling of samples in the furnace itself down to ambient
temperature.

2.3. Determination of X-ray attenuation characteristics

The determination of X-ray attenuation characteristics of
shielding material was carried out in the Standard Safety System
Division of Bhabha Atomic Research Center (BARC), Mumbai,
India, under following measurement conditions:

(i) Measurements were done with (/) and without filters
(I,) to determine the tenth value thickness (TVT) of the
beams.

(ii)) Measurements were done at a distance of 60cm from
the surface of the cone to the center of the cham-
ber (i.e. at a distance of 100cm from the X-ray focal
spot).

(iii) Dose rate meter UNFORS Instrument (Sweden) type 9001,
st. no. 12394.

(iv) Measurements were done in charge mode and leakages were
noted and corrected.

(v) Temperature and pressure were measured using calibrated
thermometer and barometer and the readings were corrected
for the same. The measurement uncertainty may be + within
5%. For evaluating X-ray attenuation characteristics the
shielding materials samples were made in the form of cir-
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Table 1

Raw materials proportions used for making various compositions of shielding materials

Sr. No. Composition code Quantity of fly ash (%) Quantity of barium hydroxide (%) Quantity of sodium hexameta phosphate (%)
1. F1 80 10 10
2. F2 70 20 10
3. F3 60 30 10
4. F4 50 40 10
5. F5 40 50 10

cular disc of 25 mm diameter and 9, 10, 12, and 17 mm
thickness.

2.3.1. Determination of the mechanical properties of the
shielding materials

The bulk density determination has been performed as per
the standard procedure prescribed for ceramics.> The sintered
tiles samples of size 10 cm x 10 cm x 2.0 cm were evaluated for
their impact strength following the procedure laid down in the
specifications drawn for ceramic tiles.3¢

The procedure for measuring impact strength involved use
of failing weight type instrument. The impact strength was car-
ried out by placing the bottom surface of the tile on a 60 mm
equilateral triangular support. A steel ball of 30 g weight was
allowed to drop on the top surface of the tile sample from an ini-
tial height of 25 cm. The height of the free fall of the steel ball
was increased in small increments till failure. Impact strength
was calculated as per the formula.

W x h
Impact strength = rar

where W is the weight of the steel ball (kg), & the height of free
fall of steel ball (m), and ¢ is the thickness of the tile (cm).

The compressive strength measurement of the cube of shield-
ing material was performed as per the standard procedure
prescribed for the testing of concrete.’® The measurement were
carried out using Digital compressive strength testing machine,
modelno. AIM 308E-DG of AIMIL Ltd. India make. The dimen-
sion of the shielding samples for compressive strength evaluation
was of 5 cm x 5 cm size and kept constant for all the composition
studied.

2.3.2. Investigation of phases formed in the sintered
shielding materials

The investigation of various phases formed in the sintered
shielding materials made using optimized processing parameters
was carried out using a Philips model 1710 X-ray diffractometer,
using Ni filtered Cu Ko radiation.

2.3.3. Morphology of powdered sintered shielding material
sample

The morphology of the various phases formed in the shield-
ing tile samples made using optimized processing parameters
was studied using a JEOL model JEM-35-CF scanning electron
microscope.

3. Results and discussion
3.1. Characterization of fly ash

The chemical composition of fly ash was determined by stan-
dard wet chemical analysis method of chemical analysis.3” The
chemical analysis showed (cf. Fig. 1) that the various oxide
percent content (wt%) as follows: SiO;, 62.12; Al,O3, 21.30;
Fe,03, 5.55; TiOy, 1.38; MgO, 1.58; CaO, 0.53; K»0, 4.24%,
respectively. The loss on ignition was found to be 3.30%. The
wet sieve analysis of fly ash shows that the 78% of the particles
are below 48 pm size.

3.2. Phases identification in sintered shielding materials

Identification of the various phases present in the fly ash as
such (F) and formed during sintering in the different shielding
material compositions F1-F5 was carried out by comparing the
experimental inter planar spacing (d values) with those of the
respective likely substances listed in the JCPDS3® standard X-
ray diffraction data files. The XRD patterns obtained are given
in Figs. 2-7.

The results of chemical analysis and X-ray powder diffraction
analysis of fly ash exhibited the presence of a diverse miner-
alogical phases and compounds which act as a source materials
for obtaining varieties of shielding phases (cf. Fig. 2). The
XRD of fly ash (F) shows the presence of mullite (AlgSi2O13),
quartz, and silicoaluminous glassy phase as the major phases
and hematite as accessory phase. The vitreous aluminosilicate
glassy and mullite phases present in the fly ash facilitate the
formation of barium aluminosilicate, i.e. celsian, and the con-
tent of quartz help in obtaining sanbornite, i.e. barium silicate
and silicophosphate phases, respectively. The use of phosphatic

Fig. 1. Chemical analysis of fly ash and major prospective shielding constituents.
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Fig. 2. XRD of fly ash (*) quartz, (M) Mullite, (A) hematite.
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Fig. 3. XRD of F1: (*) quartz, (A) hematite, (+) potassium aluminium silicate,
(M) celsian BaAl;Si;Og.
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Fig. 4. XRD of F2: (*) quartz, (W) celsian BaAl,Si;Og, (+) potassium alu-
minium silicate, (x ) sodium aluminiumssilicate, (/) silicophosphate, ({) barium
silicate BaSiOs, (A) barium aluminate, (O) BaAl,SiyOg.
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Fig. 5. XRD of F3: (O) BaAl,Si»Og, (+) potassium aluminium silicate, (x)
sodium aluminium silicate, (M) celsian BaAl,SizOs, (/) silicophosphate, (#)
BaFe;04.

binders such as sodium hexa metaphosphate has been found to
be effective in lowering sintering temperature>* and leads to the
formation of crystalline silicophosphate. The potassium and iron
oxide content of fly ash forms the potassium aluminosilicate and
barium ferrite phases, respectively.

The XRD of composition (cf. Fig. 3) F1 shows the formation
of new phases of monoclinic celsian, sodium aluminosilicate and
potassium aluminosilicate, respectively. In the celsian formation
system, generally it is reported that the formation of hexacelsian
takes place first and during the heat treatment it gets converted to
celsian, but in the present studies of making celsian using fly ash
we noted that celsian has formed first and not the hexacelsian;
similar observations are reported in literature.3%40

The intensity of quartz peak reduces and the peak observed
for mullite in the fly ash (F) sample is found to disappear com-
pletely. These observations are attributed to the formation of
celsian at the expense of mullite’® and quartz. Similar obser-
vations have been reported'” during the formation of dibarium
silicate refractory cement at the expense of mullite.
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Fig. 6. XRD of F4: () barium silicate BaSi;Os, (+) potassium aluminium
silicate, (x) sodium aluminium silicate, (y/) silicophosphate, (#) BaFe;O4, (A)
barium aluminate, () BaAl,Si;Os.
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Fig. 7. XRD of F5: (O) BaAl;Si»Og, (+) potassium aluminium silicate, (x)
sodium aluminium silicate, (M) celsian BaAl,SiOs, (4/) silicophosphate, (#)
BaFe, 04, () barium silicate BaSi>Os.

The XRD of composition F2 (cf. Fig. 4) shows the formation
of new phases of barium silicate (sanbornite), barium alumi-
nate, hexagonal celsian, silicophosphate and magnetite. The
barium hydroxide reacts with silica and alumina content of the
fly ash and leads to the simultaneous formation of barium silicate
and barium aluminates.*! The intensity of quartz peak further
reduces whereas the intensity of monoclinic celsian, sodium
aluminosilicate and potassium aluminosilicate increases further.
The XRD of composition F3 (cf. Fig. 5) shows the presence of
a new peak of barium ferrite and disappearance of peak due to
magnetite, barium silicate (sanbornite) and barium aluminate.
These observations are ascribed to: (i) the formation of barium
ferrite by the reaction of magnetite and barium compounds, (ii)
the formation of increased content of monoclinic and hexago-
nal celsian by the reaction of barium silicate (sanbornite) and
barium aluminate with alumina and silica content of fly ash,
respectively.*? This fact is further confirmed as the intensity of
monoclinic and hexagonal celsian, sodium aluminosilicate and
potassium aluminosilicate is found to increase further.

The XRD of composition F4 (cf. Fig. 6) shows the presence
of a new peak of silica deficient hexagonal celsian and reap-
pearance of sanbornite phase. The XRD of composition F5 (cf.
Fig. 7) shows the further increase in the intensity of hexagonal
celsian, sodium aluminosilicate and potassium aluminosilicate
and silicophosphate phases.

3.3. Morphology of powdered sintered shielding material
compositions

The scanning electron micrographs exhibiting microstructure
of fly ash as such (F) and of different shielding compositions,
namely F1-F5 are given in Figs. 8—13, respectively. The forma-
tion of sodium aluminosilicate, potassium aluminosilicate and
silicophosphate promotes liquid phase sintering in the fly ash
based ceramics leading to the formation of very dense matrix

Fig. 8. SEM of fly ash composition: (1) sphere/cenospheres, (2) elongated nee-
dle mullite, (3) euhedral quartz.

"f:&” t-;‘ _&'L._. ‘- _
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Fig. 9. SEM of F1 composition: (1) spherical hematite, (2) euhedral quartz, (3)
monoclinic celsian BaAl;Si;Og.

Fig. 10. SEM of F2 composition: (1) monoclinic celsian, (2) hexagonal celsian,
(3) euhedral quartz.
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Fig. 12. SEM of F4 composition: (1) monoclinic celsian, (2) hexagonal celsian,
(3) barium silicate.
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Fig. 13. SEM of F5 composition: (1) monoclinic celsian, (2) hexagonal celsian,
(3) barium silicate.

which is responsible for providing high mechanical strength
and effective shielding. The micrographs of shielding sample
clearly show the compacted and continued integrated morpho-
logical characteristics. The micrograph!®*? of fly ash clearly
reveals (cf. Fig. 8) the typical vitreous amorphous aluminosili-
cate glassy phase agglomerate of sphere or cenospheres, which
is more reactive than the crystalline mullite having elongated
needle characteristics and quartz having euhedral and subhedral
characteristics.

The SEM micrograph of composition F1 (cf. Fig. 9) shows
the monoclinic plate like morphology***’ celsian and hexagonal
and rhombohederal morphology of sodium aluminium silicate
and potassium aluminium silicate, respectively.

The SEM micrograph of composition F2 (cf. Fig. 10)
shows the additional morphology*®of orthorhombic and euhe-
dral crystals of barium silicate!” and spherical®* particles of
silicophosphates.

The SEM micrograph of composition F3 (cf. Fig. 11) shows*0
the excessive formation of dense surface texture of compacted
monoclinic and hexagonal-barium aluminium silicates in addi-
tion to few crystals of barium ferrite. The SEM of composition
F4 (cf. Fig. 12) shows the reappearance of orthorhombic and
euhedral and subhedral crystals of barium silicate in addition to
monoclinic and hexagonal-barium aluminium silicates.!”

Similarly, the SEM of composition F5 (cf. Fig. 13) exhibits
the still more concentrated and compacted texture of phases as
revealed in the composition F4.

3.4. Determination of the attenuation characteristics of the
shielding materials

With a view to find applicability of shielding materials in the
area of: (a) diagnostic X-ray and (b) CT-scanner facilities the
materials have accordingly been evaluated at 100, 150, 200 and
250kV effective energies of X-ray photon. The results of narrow
beam X-ray attenuation characteristics of shielding materials at
various effective energy of X-ray photons in terms of: (i) per-
centage shielding for different compositions are shown in Fig. 14
and (ii) the half value thickness (HVT) are given in Figs. 15-18.
The effect of barium content in the various compositions clearly
shows that the percentage shielding increases with increase in
barium content from F1 to F5. Taira et al.® have reported similar
observations.

On the basis of attenuation data obtained for different com-
positions, the half value thickness has been computed and

90. X-Ray Attenuation

—— 100 kV
—=—150 kV
4200 kV

250 kV

% Shielding
3

F1 ' F2 ' F3 ' F4 F5
Shielding Compositions

Fig. 14. Percentage shielding of different compositions.
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Fig. 15. Attenuation at 100kV X-ray.
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Fig. 16. Attenuation at 150kV X-ray.
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Fig. 17. Attenuation at 200kV X-ray.
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Fig. 18. Attenuation at 250kV X-ray.

Table 2
Comparison of shielding thickness in terms of half value thickness (HVT) of fly

ash based shielding compositions with lead and concrete, for different energies
of X-ray photons

kVp of Lead Concrete F1 F2 F3 F4 F5
X-ray

beam

100 0.025 1.6 1.33 0.8107 0.6215 0.4601 0.3647
150 0.029 22 2.1983 1.4161 1.0943 0.7579 0.6762
200 0.042 2.6 4.106 2.625 1963 1.698 1.452
250 0.080 2.8 4593 27964 2.6168 2.4748 2.0048

Shielding thickness, i.e. HVT (cm).

S

Bulk density
(9/Cm3)
=

o
o
.

Fy F1  F2 F3 F4 F5
Ash Shielding Compositions

Fig. 19. Density of fly ash based shielding compositions.

compared*’ with conventional concrete and lead materials.

From the HVT values of shielding materials at various ener-
gies of X-ray photons, it is found that shielding materials can
preferably be used for the construction of X-ray diagnostic and
CT-scanner room to provide adequate shielding against X-ray
photons (Table 2).

3.5. Mechanical properties of shielding materials

The result of bulk density determination of various composi-
tions of shielding material is given in Fig. 19. The result shows

451

Compressive Strength (MPa)

FA1 F2 F3 F4 F§
Shielding Compositions
Indian Standard Specification No0.9103: 1999- 32.33 MPa

Fig. 20. Compressive strength of shielding compositions.
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Fig. 21. Impact strength of shielding compositions.

that bulk density increases with the increase of barium content
in the shielding compositions.

Shielding materials of F5 composition possesses signifi-
cant high bulk density, i.e. up to 2.38 g/cm> in comparison to
1.34 g/em? of fly ash.3%3! This increased bulk density is respon-
sible for imparting effective shielding to the developed fly ash
based radiopaque materials (FARM).

For evaluating the compressive and impact strength of the
shielding materials, samples were made in the form of cube
and ceramic tiles, respectively. The results obtained for com-
pressive strength and impact strength determination are given
in Figs. 20 and 21, and it is found that shielding materials sam-
ples made from composition F1 to F5 meets the requirement of
compressive and impact strength prescribed in the Indian stan-
dard specification no. 9103-1999, and no. 777-1970 for ceramic
tiles and concrete, respectively. Therefore, shielding materials
can be used as structural materials for the X-ray diagnostic and
CT-scanner room installation.

4. Conclusions

The capability of fly ash to produce barium containing
radiopaque materials has been demonstrated. The presence of
aluminosilicate structure, i.e. mullite and highly reactive amor-
phous aluminosilicate glassy phase, and quartz in the fly ash
highly facilitates the formation of various barium containing
shielding phases, namely monoclinic and hexagonal celsian,
sanbornite and barium aluminates, etc. The results obtained rep-
resent a fundamental starting point for utilization of fly ash in
mixture with barium compounds, as resource material for mak-
ing barium containing silicates and aluminosilicates, useful for
X-ray shielding applications.

The shielding thickness (HVT) of the fly ash based shield-
ing composition (F5), in comparison to concrete, is significantly
very less for the various energies of X-ray photons, i.e. 100, 150,
200 and 250kV and therefore fly ash based shielding materials
can provide effective shielding at very less thickness itself. The
fly ash based radiopaque materials conform to the requirement

of compressive strength and impact strength as specified by stan-
dards for shielding concrete and ceramic tiles. The FARM have
exhibited the most effective shielding for 100 kV X-ray and ade-
quate strength requirement of structural materials and therefore
can preferably be used for the construction of X-ray diagnostic
and CT-scanner room.

The XRD studies of the FARM sample have confirmed the
presence of different shielding phases, namely monoclinic and
hexagonal-barium aluminium silicate, celsian and sanbornite
as the major shielding phases and potassium aluminosilicate,
sodium aluminosilicate and silicophosphate as the binder phases
in the FARM and are responsible for providing bonding to the
ceramic matrix leading to the effective shielding and mechanical
properties. The SEM of the shielding compositions have clearly
revealed the compacted plate like particles of monoclinic and
hexagonal characteristics of the various shielding phases in the
fly ash based barium aluminosilicate system.

The studies have opened up the possibility of developing fly
ash based radiopaque cementious materials, namely barium sil-
icates and barium aluminate, barium aluminosilicates useful for
refractory and as admixture in Portland cement mix of nuclear
reactors, respectively.
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