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Abstract

By the melt quenching process, glass samples with the mol% composition [45 Na2COz 30 B203 25 nano-Rock wool x Sh20s,
0 <x < 8] were produced. X-ray diffraction (XRD), density, molar volume, and infrared spectroscopy were used to analyze the
structure of the produced samples. To examine the prepared glasses by UV-visible spectral distributions the samples were
measured between 250 and 850 nm. Allowable indirect transitions were discovered using optical absorption data. The energy
values of Urbach (Eu) range from 0.35 to 0.24 eV were obtained from prepared samples. It was found that Sb203 concentration
affects all optical characteristics. Using WinXCom software, the mass attenuation coefficient, um, was calculated for the
energy range of 0.01 MeV to 20 MeV. The effective atomic numbers, (Zef), half value layers, (HVL), and mean free path,
(MFP) were calculated using the mass attenuation coefficients. The macroscopic effective elimination cross-section for fast
neutron (3'R) values was also determined. According to the findings, the investigated glasses were found suitable and
promising for optical fiber, optoelectronics, and radiation shielding.
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1. Introduction

Egyptian Rock Wool is mostly silicon oxide, with
smaller quantities of aluminum, calcium, iron,
magnesium, sodium, and potassium oxides. Rock
wool particles are inorganic, biologically inert
materials created from bazalting rocks [1]. Rock wool
has strong mechanical qualities as well as outstanding
stability, and its open cell structure prevents thermal
expansion and contraction. Steam may readily travel
through the air pockets, which have great thermal
conductivity. Because of its short length, Rock Wool
may be used to create high-density products with
significantly better load-carrying capability than
other materials. The glass Rock Wool absorbs sound

wave energy owing to cross fibers and air pockets.
Rock wool glass is one of the greatest sound
absorption insulators for industrial and construction
applications because of its structure. Rock wool can
be used to reduce vibrations induced by sources such
as traffic, ventilation systems, and heavy machinery,
in addition to its low weight. Glass wool can resist
temperatures up to 750 degrees Celsius. Even when
temperatures reach above 900 ° C, as in the case of a
fire, Rock Wool preserves its thermal conductivity
and capacity to defend against fire. As a result, they
must be put in fire protection applications in such a
way that they maintain their position and form even
after the binder has evaporated owing to fire[2].
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Thermal conductivity changes according to the
temperature of the insulated element. Rock wool has
a thermal conductivity of approximately 0,035 and
0,040 W/mK at typical temperatures. The benefit of
Rock Wool over other insulating materials is that it
maintains its qualities for a long time, even in the
event of a major fire. This feature keeps other
materials behind the Rock wool from overheating or
self-igniting[3]. Antimony-based glass has lately
been recognized as a viable material for nonlinear
optical applications due to the remarkable capacity of
the Sh,03-B203 system to form glass throughout the
whole range of concentrations of the elemental
component[4]. Glass ceramics based on Sh,O3 have a
high refractive index and are transparent to far-
infrared wavelengths and has strong density, big
transmission window, low phonon energy, low
melting and glass transition temperatures, and high
linear thermal expansion are all predicted to be
characteristics of Sb,Osz; containing glasses [5].
Antimony oxide may be seen as a tetrahedron with
the oxygens at three corners and the lone pair of
antimony electrons (Sb®*) at the fourth corner
localized in the third equatorial direction of the Sb
atom in the glass network with SbOs structural
units[6]. Antimony ions can exist in the Sb%* state,
participate in the formation of a glass network with
Sb5*0, structural units, and form linkages with BO4
structural units in the PbO-Sb,0s-B,0; glass
ceramic network, all of which can have a significant
impact on the nonlinear optical effects of these glass
ceramics[6]. Glass is one of the important shielding
materials used in the field of nuclear radiation.
[Mehmet Erdem, et al.,, (2010)] [7] produced a
novel shielding material by a metallurgical solid
waste containing lead was analyzed as shielding
material for gamma radiation. The photon mass
attenuation coefficients (u/p) were measured and
calculated using WinXCom computer code for the
novel shielding material, concrete and lead. [Gaber
F. A, et al, (2013)] [8]studied the use of Boron
Oxide Glass/Epoxy Ilmenite assembly as a two-layer
shield for fast neutrons and gamma ray. They found
that the transmitted flux intensity decreases with
the increasing of fast neutrons and gamma rays
energy for the homogeneous shields and all
assemblies. [A. M. Reda and A. A. El-Daly, (2020)]
[9] studied the shielding parameters of Sn-20Bi (SB)
and Sn-20Bi-0.4Cu (SBC) lead-free alloys solidified
with and without the effect of a rotating magnetic
field (RMF). They illusturated that the results of the
shielding parameters confirm that these alloys are
good shielding materials against gamma rays.

The goal of this study is to make some Rock Wool

glasses, and their amorphous nature will be proven

first using XRD. Then look at the UV-visible and
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infrared spectra of Rock Wool glasses. In this study,
half value layer and MFP parameters are investigated
in addition to linear and mass attenuation coefficients
to recognize the capability of its applications.

2. Experimental Procedure

Gray Fresh Rock wool (RW) samples were delivered
from Al Alamia for Rock Wool & Insulations Factory
(Rockal), Al-Sharkia, Egypt. The findings of the X-
ray fluorescence analysis of the utilized Rock Wool
utilizing PANalytical Axios advanced-Netherlands are
shown in Table 1. The nano Rock Wool was obtained
by ball milling for 24 h at 350 rpm using a ball mill
(RETSCH Planetary Ball Mill PM 400, Germany)
apparatus free from contaminations [10]. The
suggested percentage molecular composition was [45
Na,COs 30 B203 25 nano-Rock Wool x Sb,03, x = (0,
2, 4, 6, 8)]. To ensure complete mixing, the glass
batches were milled for two hours. To achieve
homogenous glasses, the acquired combined powders
were heated in porcelain crucibles at 1150 °C for 2
hours with stirring many times during melting. The
melts were then quenched in air between two copper
plates, and visual inspection of the resulting glasses
revealed that they have the amorphous state. Using the
Archimedes technique and toluene as an immersion
liquid, the experimental density (pexp) Of the resulting
solid glasses was determined using equation (1),

_M.

M, —M, O

where pt is the density of toluene, Ma and M: of the
masses of a sample were in air on in toluene
respectively. The empirical density (pemp) Values of the

corresponding close packed structure were also
calculated by applying equation (2),

pemp =Z)(i[)i (2)
where pi , is the total of the densities of the oxides
forming each glass sample, and Xi is the mole fraction
of each oxide.

Equation (3) mixing was then used to
determine the molar volume ((Vm)exp) values. The
resulting powder mixtures were [12, 13],

Nm)exp ZZ(Mi /pexp)

Pexp = P

@)

where Mi is the main molecular weight of a sample in
(g/mol). The empirical molar volume values were then
calculated using equation (3), with replacing (pexp) by
(pemp) values[11].

XRD patterns of the studied samples were obtained
using Rigaku RINT 2100 diffractometer and cut
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radiation, between 20 from 10° to 80° with an interval
and scanning rate of 0.02° and 5° min, respectively.
The infrared absorption spectra of glasses
were measured at room temperature in the wave
number range 400-4000 cm™ by a Fourier Transform
computerized infrared spectrometer type, JASCO,
FT/IR-430, Japan. The samples were investigated as
fine powder which was mixed with KBr in the ratio

Table 1: Chemical analysis of the used Rock Wool

(2:200 mg glass powder to KBr, respectively). The
weighed mixture was then subjected to a pressure of 5
tons/cm? to produce clear homogeneous discs. The
optical absorption of highly polished samples of the
studied glasses were recorded at room temperature
using a spectrometer in the range 200-1000 nm type
JASCO. Corp., V-570, Rel-00, Japan.

Constituting oxide SiOz CaO Al2O3

Fe20s3 MgO Na2O TiO2 K20 MnO

mol (%) 44.9 178|131

8.8 8.5 1.9 1.8 1.2 0.3

Using WinXCom software, the mass attenuation
coefficient, um, was calculated for the energy range
of 0.01 MeV to 20 MeV and it was given by the
density of the material p as eq. (4):

Hm= p/p=Xi Wi (W/p)i 4)
where w; is the fractional weight. The total linear
attenuation coefficient (n) is calculated by
multiplying pm by the density (p).

The mean free path (MFP) is given by the
reciprocal of total attenuation coefficient (p) as
calculated by:

MFP = 1/pt (5)

The total interaction o, Of gamma photons with the
shielding, is given by:

Ga— (}lt/P)mixture/[NAEi(Wi/Ai)] (6)

where Na and A; are the Avogadro’s number and the
atomic weight of the ith constituent element of the
mixture, respectively. The total ce 0f the mixture can
computed by:

oe= (1/Na) Zi (iAilzi) (u/p)i @)

where f; represents the fractional abundance and Z;
represents the atomic number of the ith element in a
mixture. The atomic number Z of elements of the
mixture or compound (Zes) is calculated by:

Zeff = Ga/ Oe (8)

The Netr (electrons per gram) of the material can be
gotten by the equation:

Netf = (Ht/P)mixture / e = Zett [NAZi(Wi/Ai)] (9)

The neutron disappears inside the shielding material
as a result of absorption or elastic and inelastic
scattering. The probability of these processes is
expressed by the total microscopic cross-section (ot )
as:

Ot=0s+ Oy (10)

where o5 is the scattering cross-section and o, is the
absorption cross-section. The equivalent atomic
number Ze for particular material has been
calculated by matching the ratio [(1/p)compton
I(W/p)Toa] Of that material at a specific energy with
the corresponding ratio of an element at the same
energy. Half Value Layer (HVL) is the thickness of
a shield that reduces the radiation level by a factor of
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2 that is to half the initial level [i.e. HVL =1n 2 p =
0.693 u][12].
The neutron macroscopic cross-section ( X: ), which
represents the product of the total microscopic cross-
section (ot ) with the number of nuclei per unit volume
of the shielding material (N) as in the following
equation[13]:
>t=Not=o0s+0a (11)
The effective removal cross-section(Zr) instead of (%)
for fast neutrons is given by empirical equations:
Yr =% Wi (Zr/ p)i &
Wi: Partial density (g / cm?®) (12)

3. Result and discussion

3.1. Density and molar volume

The density of the investigated glasses was determined
experimentally using the liquid displacement technique, and
the results were compared to theoretical values for the close
packed structure of the respective compositions. The glassy
nature of the produced samples was confirmed by this
comparison. For comparison, the experimental and empirical
densities were displayed as a function of Sh,O3; concentration
in Fig. 1. With increasing Sh.Os content, the experimental
density and empirical density values increased gradually and
linearly. The empirical density is frequently greater than the
equivalent experimental density, with experimental density
values ranging from [2.477-3.35 (g/cm®)] and theoretical
density values ranging from [2.95-3.83 (g/cm?®)]. On the other
hand, since the molar volume is directly related to the internal
spatial structure of materials, it is suitable to also consider the
molar volume values of the studied glasses[11], and Fig (2)
exhibits the wide difference of the obtained molar volume
values (empirical and experimental). It shows linear gradual
increase as a function of Sb,Os content, and the empirical
values appeared wusually lower than those obtained
experimentally. The experimental molar volume values lie
between [25.64- 26.72 (cm3mol)], while the theoretical
molar volume lie between [23.73- 24.37 (cm3/mol)]. The
density and molar volume behavior (both experimental and
empirical) are strongly influenced by the Rock Wool and
antimony contents. The amorphous nature and short range
order of the examined glass samples may be demonstrated by
the greater empirical density and smaller empirical molar
volume in contrast to the equivalent experimental values [14].
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Fig. 2: Experimental and empirical molar volume values as a
function of Sh,0s content.

3.2. X-ray diffraction (XRD)

For showing the short-range order of amorphous

materials, XRD is currently regarded a required method[15], It
was used in this case to confirm the amorphous nature of the

prepared
patterns

samples. In samples x= (4, 6, 8) , the acquired XRD
of the examined glasses exhibit two humps around

26= 29 degrees with no hint of any diffraction peaks. Fig (3)
shows the acquired XRD patterns of samples containing 4, 6,
and 8 mol% Sh,0s.

Egypt. J. Chem. 66 No. 11 (2023)

8 mol % Sh,0,
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Intensity (a.u.)
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Fig. 3: XRD patterns of the glass samples
containing (4, 6 and 8 ) mol% Sh,03 as represented
patterns

3.3 Analysis of absorption edges

Several important optical characteristics may be
deduced from the optical absorption edges. These edges
are frequently used to compute the optical bandgap
energy values for indirect transmissions. Egq is based on
the relationship between the optical absorption
coefficient (o) and the incident photon energy (hv) (
Davis and Mott's equation(4) can be used to compute
the optical energy gap[16]

(oehv)®> =B (hv 4)

where hv is the incident photon energy, B is the band
tailing parameter constant, Eq is the optical bandgap
energy, and o is the absorption coefficient cm™
calculated using the formula (o« = 2.303 X
Absorbance/glass thickness) for the present glass system
Eg values are calculated by extrapolation of the linear
sections of the curve of the relationship between (ahv)®S
and photon energy hv, as shown in Fig. (4), and then by
determining the point of intersection with the horizontal
axis. The relation between that obtained Eg values are
shown in Fig. (5), which shows a declining trend when
Sh,0s is increased. As we will revealed by FTIR results
should that as Sh,Os mol% was increased the cation
polarization of Sb%* ions by comparison with other ions
in the glass matrix increased and caused presence of
more non-bridging oxygen ions (NBO's). As a result of
the increased disorder within the glass network, the
valence band moves to higher energies, and the optical
bandgap energy decreased[17]. The existence of short-
range regulation in the glass network, referred to the
Urbach tail, causes the formation of some protracted
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local states in the bandgap[18]. The Urbach energy (E.)
may be used to compute the width of this tail [12], and
the current values of Eu can be calculated using the 70k
In(a) and hv relationship, as shown in Fig (6). The inset
of Fig. (7) shows that the obtained E, values growing
with the increasing of Sh.Os; (mol%). The E, values

6.5

i

ranged from 0.24-0.35 eV, showing that the glasses are 3

semiconductors[19]. On the other hand, The structural < 6o} = 0Sb,0,

stability of the prepared glasses, may be derived from E, ° 25b,04

values, with a rise to a value indicating a loss in ssh : 222283

structural stability [19]. 85,0,
3.35 3.:10 3.:15 3.l50 3.55 3.60

hv (eV)

Fig. 6: In(a) as a function of (hv) of the prepared glasses.
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3.4 Spectroscopic analysis of FTIR spectrum
P The structural modifications that led to the observed
changes in the physical characteristics of these
304 glasses were investigated using infrared analysis.
Figure (8) depicts the calculated Fourier transform.
Transform infrared spectra of samples tested in the
[ ) region of 4000 to 400 cm™, where each graphic
296 | . . . . . reflects the relative absorption versus wavenumber
0o 1 2 3 4 5 6 7 8 of a single sample. There are no clear peaks of water
Sh,0; (Mol%) absorption groups above 2000 cm™. As the presence
of Sh,0s3 in the sample increased from 0 to 8 mol%,
. . . . the band that emerged at 1000 cm* shifted to around
Fig. 5: Indlrect_ optical energy gap Eg as a function of Sb,Os 980 cm™, and the band that formed at 700 cm=
(mol%) of studied glasses. changed to around 680 cm™. These changes can be
linked to the progressive increase of Sb,0s3
concentration, which acts to enhance the non-
bridging oxygen ions, as well as the glass network
increasing ionic nature. Both aluminum and iron
cations are thought to participate in the network of
the examined glasses as (tetrahedral) groups, based
on the FTIR data. This implies that both cations
interact with the glass networks in the same way.

Eg (eV)

Egypt. J. Chem. 66 No. 11 (2023)



368 S. A. EI-Gharbawy et.al.

This might be due to the reduced proportion of SiO;
(less than 50 mol percent). Ca%*, Na*!, and Mg?
cations are thought to occupy only the glass network
modifier locations. For phonon energy, the greatest
intensity Sh—O-Sb stretching band is 602 cm™ [5]
while the other one at 1000-980 cm™! is due to the
B-O-B stretching vibration of the [BO4] unit. The
reflection band around 1300 cm™ is due to the B-O—
B stretching vibration of the [BO3] unit[5]. In other
words, none of the samples examined showed water
adsorption, indicating that they might be used in a
variety of applications this is due to these glasses not
pure borate glasses, but all of the samples contained
side by side B,Os. For x = 6, the region from 2000 to
400 cm™® was chosen to de-convolute the FTIR
master curve of each sample independently, as
shown in figure (9). The de-convolution technique
produced distinct peaks for each sample, with
Wavenumbers, and FTIR spectra assignments are
listed in table (2). The strength of these bands
decreases as the antimony ion level rises. The
significant absorption peak is due to the oscillation
of the chemical link (Fe>*~O2) in the octahedron's B
position [20]. The intensity of this band increases as
the antimony ions concentrations was increased.

[
—x=0
—X=2
—X:4 \
—X=6
x=8 “

Relative absorbance /1)

T T L

T T
4000 3500 3000 2500 2000 1500 1000 500

Viem?)

Fig. 8: FTIR spectra of the prepared glasses.
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Relative absorbance (1/1,)

T

T T T
2000 1800 1600 1400 1200 1000 800 600 400

V (cm-1)
Fig. 9: De- convoluted FTIR spectrum of the
prepared glass for x= 6 sample

4.5 Attenuation factors:

The slope of attenuation curves at photon energies of
80, 356, 662, 1173, and 1333 keV, obtained from
133Bg, 187Cs, and %°Co y-ray sources, respectively, were
used to calculate the photon attenuation coefficients
(n) of the investigated samples. Using the values of
and the observed densities of the samples, the mass
attenuation coefficient pum (cm? /gm) was determined
it. Fig. 10 shows the wvariation of pm values at
different Sb,Os; concentration for photons of energy
range from 80 MeV to 1333 keV. The values of pm
increase with increasing Sh,O3; content, and decrease
with increasing the energy of gamma photons.
Because of the many partial interacting processes of a
photon in different energy zones, such variation may
be described by the photon energy emitted. Depending
on the atomic number Z, the photoelectric reaction is
dominant in the low-energy zone [23]. The greatest
values reported for pm in the measurements energy
areas may be explained by the same as seen of atomic
number dependency. The principal interaction in the
upper energy zone is Compton dispersion, which
changes linearly with the atomic number. At high
energies, the values of um for all glass systems are
almost equal, and the difference between pm values is
zero.[23][24]. Higher um values are desired for better
materials as a radiation barrier. As a result, glass with
a higher concentration of Sh,0Os is better for blocking
the y-ray. The HVL values that observed for all the
glass samples increased with increasing photon
energy, as seen in Fig.11. As a result, discrepancies in
Zes values for produced glasses with different Sh,O3
and photon energy were direct repercussions of the
mass attenuation results and the related HVL values.
The MFP reflects the average distance traversed by
particle motion between two consecutive interactions
with other molecules. Fig. 12 demonstrates how MFP
values change with Sb,O3 concentrations ranging from
662 keV to 1333 keV. MFP values lowered drop with
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Table 2: Peak assignment of the prepared glasses:
Vibrational modes mber, (cm™)
Are accredited to Ca?*, Na*! and Mg?* [21]
Si-O-Si bending vibration Si-O-Al[22], The vibration of the chemical bond
(Fe**—~0%) in B location of the octahedron[20] '
Are due to bending vibrations of B-O linkages in the borate units[21], Si-
O-Al stretching[22]
Are accredited to vibrations of tetrahedral BOs groups[21], Si-O- )
asymmetric stretching and Si-O-Al stretching [22]
Si-O-Si asymmetric stretching[22]
Are accredited to the stretches of B-O in BOs (or BO20") groups[20] 50
0.6 —8— X=0
‘ —e— X=2
increasing Sb2Os; concentration and increase with 0.5 A X=4
increasing y ray energy, suggesting that this glass has v X6
better shielding efficiency specialized for the high ;04_ X=8
Sh>03 content. Based on these findings, we consider &
that this glass might be used as a gamma ray shield if E
it contains an adequate content of Sh,Os. Figs. 13, 14 ~ 0.3 1
illustrate the behavior of all produced glasses with f
atomic cross sections 6a and Zes in the energy range of 0.2- \
80 to 1333 keV interaction. For all created glasses '
containing Sh.Qs, for a Compton interaction, and for
pair formation, it is proportional to Z2. When a result, 0.1+
as more Sbh,Os; was added, the Zes values rose. The
rise in Zes was attributable to the fact that the cross 0.0 -
section of glass doped Sb is higher than that of 00 02 04 06 08 10 12 14
undoped Sh. All samples show an increase in Ze as E (MeV)

the incident photon energy increases in the low
energy range < 0.1 MeV, where photoelectric
interactions are prevalent[24][25] .In all samples, the
greatest Z.s value was around 80 keV and the lowest
Zes value was at 1333 keV. Figs. 15, 16 showed that
the measured Nesr and Zeq values for all the studied ]
glasses at 80, 356, 662, 1173, and 1332 keV. Fig. 17
shows the computed fast neutron removal cross-
section Yr (cm™) values for the prepared glasses; the 2%
lowest > r value was achieved at Sb,Os free sample,
and the greatest at 8 mol% Sh,0Os. The composite
glass with the largest proportion of Sb ions had the
highest neutron removal cross section, according to
these findings. Low-Z elements may thus be
responsible for neutron elimination, although a '
mixture of low-Z and intermediate-Z elements might N
accomplish comparable outcomes[23][23].

Fig. 10: Variation of mass attenuation coefficient
(um) with energy (E) for different Sh,O3 content.

—_—
0.4 0.6 0.8

E (MeV)

Fig. 11: Variation of half value layers (HVL)
with photon energy (E) at different Sh,O; content.
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Fig. 12: Variation of mean free path MFP ()
with photon energy (E) at different ShyOs;
content.
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Fig. 15: Variations of effective electron density
Nerr with photon energy (E) at different Sb,O3
content.
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Fig. 13: Variation of atomic cross section Ga
with photon energy (E) at different Sh,Os

(Zeg) with photon energy (E) at different Sh,O3
content

content. 081107
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Fig.14: Variations of effective atomic number Zes
with photon energy(E) at different Sb,Os content

Fig. 17: Fast neutron removal cross sections Y r
(cm?) for borate glasses containing different
concentrations of Sh,Oa.

Conclusion:

The following conclusions may be extracted from this research:
1. The Sb,Os3 concentration has a unique effect on
density and molar volume. With a rise in Sb,Os

Egypt. J. Chem. 66 No. 11 (2023)
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concentration, the density and molar volume
increase.
2. The addition of Sb.Osz and the composition of
Rock Wool result in a conversion from 3 to 4-fold
coordinated boron, as determined by IR transmission
spectra across a continuous spectral range (400—
4000 cm™).
3. As the amount of Sh,0O3 in the system grows, the
optical bandgap decreased and the Urbach energy
increased due to the increased of the presence of
non-bridging oxygen.
4. The lowest energy had the greatest values of mass
attenuation coefficients, whereas the highest energy
had the highest half value layer.
5. For free Sb,Os the largest effective atomic
number was reached at 80 keV photon energy,
whereas the minimum Ze for all glasses was found
at 1333 keV photon energy.
6. As the Sh.O3 concentration of Rock Wool borate
glasses increase, all radiation shielding properties
improved.
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