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Abstract: 

 The luminescence and structural properties of recycled window glasses (RWG) doped 

with different some transition metal oxides (TMOs) and some rare earth oxides (ROs) were 

carried out. All glasses were prepared and irradiated under the same conditions. The 

luminescence properties were investigated in terms of the TL response, TL glow curve, 

linearity, lower detection limits (DLDL), reproducibility and fading. The structural properties were 

studied in terms of elastic moduli, micro-hardness, FTIR and expand to optical properties such 

as UV-visible absorption coefficient. These properties of the glass samples will be examined to 

be applying these glasses as the gamma-radiation dosimeter. 
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Fabrication and investigation of luminescence properties of recycled window glasses as 

gamma-radiation dosimeter 

 

 

1. Abstract 

 

 The luminescence and structural properties of recycled window glasses (RWG) doped 

with different some transition metal oxides (TMOs) and some rare earth oxides (ROs) were 

carried out. All glasses were prepared and irradiated under the same conditions. The 

luminescence properties were investigated in terms of the TL response, TL glow curve, 

linearity, lower detection limits (DLDL), reproducibility and fading. The structural properties were 

studied in terms of elastic moduli, micro-hardness, FTIR and expand to optical properties such 

as UV-visible absorption coefficient. These properties of the glass samples will be examined to 

be applying these glasses as the gamma-radiation dosimeter. 

 

Keywords: Luminescence; elastic moduli; gamma-radiation; rare earth; glasses 

 

 

2. Executive summary 

 

2.1 Introduction 

 

Today, nuclear energy and its applications have become interesting in many fields such 

as nuclear power plant, industry, food technology, medicine, sciencetific and etc. Moreover, the 

global citizen have electricity demand is unlimited. Many countries are building the nuclear 

power plants for response this requirement. Although nuclear power has many advantages but 

it also has very dangerous as well. For example, The Fukushima Daiichi nuclear disaster which 

is the largest nuclear disaster since the Chernobyl disaster of 1986. However, nuclear power is 

indispensable for electric generator, industrial and medical. Therefore, the radiation detections 

and radiation protection is highly necessary. 

Radiation dosimetry with solid luminescent materials is a well-established technique of 

monitoring ionizing radiation. Successful applications of thermoluminescence (TL) dosimetry are 

a result of search for materials that can be used as detectors of ionizing radiation and analysis 

of their properties [1]. 
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Inorganic crystals such as LiF: Mg, Ti and LiF: Mg, Cu, P have been traditionally used 

for gamma and X-ray TL dosimetry applications. Various TL materials are in use today as 

dosimeters; however, as far as optically stimulated luminescence (OSL) is concerned, Al2O3: C 

is virtually the only synthetic material currently used in medical, environmental and personal 

dosimetry [2]. OSL has certain advantages over TL, such as higher precision, flexibility and 

ease of use, as well as the possibility of performing real-time measurements and future dose 

reassessments, if desired. Extensive research is underway to introduce new dosimetric systems 

into traditional in-phantom measurements, mailed dosimetric services for radiotherapy beam 

calibrations and two-dimensional TL dosimetry. Promising solutions are also being developed 

for online in-vivo dosimetry using OSL systems [3]. 

TL and OSL glass dosimeters are of particular interest because of their optical 

transparency, which results in an overall improvement of the efficiency of phosphor. Various 

authors have recently proposed the use of glass samples as ionizing radiation detectors in 

different fields [4-6]; above all, there is an increasing interest on glasses which can be in 

contact or very close to exposed persons and be used as emergency dosimeters. Glass has 

valuable properties such as easy handling, chemical inertness and rigidity. Recently, we found 

that many authors have been studies the standard window glass as an accidental dosimeter. 

Due to the standard window glass is widely available in every house and laboratory, which 

makes it very attractive as dosimetric when occurred radiation accident [7]. 

In basic principles, thermoluminescence is the thermally stimulated emission of light 

from an insulator or a semiconductor following the previous absorption of energy from ionizing 

radiation. The thermoluminescence process can be understood in terms of the band structure 

model of insulators. In a pure insulator there are two relevant energy bands: (i) an almost 

completely filled valence band and (ii) an almost empty conduction band. The two energy 

bands are separated by a forbidden gap, which means that between these two bands there are 

no electronic energy levels. Transitions of electrons between the valence band and the 

conduction band are allowed and they produce free electrons in the conduction band and free 

holes in the valence band. The energy difference between the two bands is denoted by the 

band-gap energy (Eg). Imperfections in the crystal, associated with impurities and/or lattice 

defects may create new localized energy levels in the forbidden band gap. The positions of the 

energy levels depend on the nature of the imperfections/defects and the host lattice. Some of 

these defects are capable to trap an electron or a hole. Therefore the centers are referred to as 

electron or hole traps and after trapping an electron or hole the new defects are called trapped 

electron or trapped hole centers, respectively. The trapping sites may be the metal cations that 
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constitute the glass structure, ions of admixtures to the main composition and/or the structural 

defects due to impurities in the glass. Thus this process leads to the formation of (i) silicon 

electron centers, (ii) non-bridging oxygen hole centers and (iii) silicon oxygen hole centers. It 

can be seen that the defects and/or impurities in the lattice structure cause to the occurring of 

TL properties of glass materials. The sensitivity of TL glass dosimetry is a consequence of 

radiative recombination between the electrons and an antibonding or non-bridging oxygen hole 

centers. 

The properties of glasses are closely related to inter-atomic forces and potentials in 

lattice structure. Thus, any change in lattice due to doping and/or irradiation can be directly 

noted. The elastic properties, PoissonGs ratio, Debye temperature and microhardness are of 

important material properties to investigation of glass and have been interpreted in terms of the 

structure or transformation of cross-linkages in the glass network [8]. To study the structure of 

oxide glasses, the coordination number of the net work former and the change of oxygen bonds 

of the frame work induced by the cation modifiers need to be investigated. This information can 

be obtained from FTIR spectroscopy. The majority of structural investigations on the glasses 

before and after irradiation have been using the ultrasonic studies [9-10]. The ultrasonic 

technique is a versatile tool for investigating the change in microstructure, the deformation 

process and mechanical properties of materials. 

Recycling glass is one of the many ways we can help reduce pollution and waste. 

Everyday we throw away tones of rubbish and glass is a significant part of it. Instead of letting 

landfills pile up with glass objects that are a threat to safety and the environment, we can use it 

again. The aim of this work is focused on the study of the luminescence properties of glass 

samples and study the structural properties of the recycled window glasses (RWG) before and 

after gamma-irradiated by using the ultrasonic technique. In order to explore the validity of this 

method, the FTIR spectroscopy was used both before and after gamma-irradiation. 

 

 2.2 Literature reviews 

 

 V. Kortov [1] has been studies and applications of thermoluminescence (TL) dosimetric 

materials are reviewed. It is shown that the properties of commercial TL dosimeters satisfy a 

set of stringent requirements. The search and development of storage materials with required 

TL properties is based on approaches that involve the evaluation of the luminescence light 

yield. The specific features required for the dosimetry of high- energy particles and fast and 
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thermal neutrons are considered. The use of TL with deep traps in high-temperature dosimetry 

is discussed. Results of pioneering studies of TL in nanosized materials are briefly presented. 

 Various TL materials (e.g. lithium fluoride, calcium fluoride, calcium sulfate, lithium 

borate, quartz) are in use today as dosimeters in medical, personnel, archeological, and 

environmental applications. As far as OSL is concerned, to studies increasingly about the OSL 

since 2006, Yoshimura and Yukihara [2] studies on the optically stimulated luminescence (OSL) 

for new dosimetric materials. They found that, some materials, as barium aluminoborate 

glasses, although showing intense OSL signals, present a high fading at room temperature. In 

that situation the OSL signal is related to low temperature TL peaks that also fade at room 

temperature. None of the investigated materials was specially prepared to be used as an OSL 

dosimeter, which means that work can be done, mainly in the impurity nature and content, in 

order to improve OSL signals and to overcome some of the shortcomings that were noticed. 

 Olko [3] has been studies on advantages and disadvantages of luminescence 

dosimetry. He stated that the OSL has certain advantages over TL, such as higher precision, 

flexibility and ease of use, as well as the possibility of performing real-time measurements and 

future dose reassessments.  

 Many authors have been reported, TL and OSL glass dosimeters are of particular 

interest because of their optical transparency, which results in an overall improvement of the 

efficiency of phosphor [4-6]. 

 Kharita et al., [7] studied the standard window glass as potential accidental radiation 

dosimeters. However, the results demonstrate that the standard window glass can be used as 

high-dose accidental dosimeters for doses ranging between 8 and 200 Gy. 

 Many researchers have been mentioned the effects of radiation on the structural 

properties of the glasses. Sharma et al., [8] studies the structural properties of the bismuth 

borate glasses under the influence of gamma-irradiation through ultrasonic. The obtained result 

indicates that BB3 glass (0.35 mole fraction of Bi2O3) is most affected by irradiation. 

 Laopaiboon et al., [9] have been studies the elastic properties of gamma-radiated 

barium lead borosilicate glass by using ultrasonic technique. He stated that changes in the 

structure of the glass (BO3→ BO4) due to the effect of radiation and resulting to the more 

compactness structure. 

 Bootjomchai et al., [10] have been reported that the structural investigation of 

borosilicate recycled-barium-bismuth glass system under the influence of gamma-irradiation by 

using ultrasonic and FTIR. The obtained results indicated the change in the structure of the 

glasses due to the composition effect as well as the irradiation effect. 
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 From reviews above mentioned, many authors attempt created defects in the lattice 

structure for improve the TL properties of materials. This will be a guideline for author to 

develop the recycled window glasses as the radiation dosimeter. 

 

3. Objective 

 1)  To prepare the glass samples from recycled window glass as radiation dosimeter. 

 2)  To study the luminescence properties of the gamma-ray irradiated glass samples. 

3)  To investigate the side effect of gamma-irradiation on the structure of glass 

samples. 

 

4. Research methodology 

 

 4.1 Glass preparations 
 

 4.1.1 Window glass (RWG) 

 The window glass samples were used for the TL analysis before and after exposure to 

an X-ray exposure machine. All of the samples were taken from the same window glass plate. 

The window glass was common window glass sold in Ubon Ratchathani, Thailand. The 

chemical composition analyses of the window glass were carried out by using the WDXRF 

method. The window glass was cleaned and cut into small pieces of dimensions 3mm255 ××  

for the TL and XRD measurements. X-ray diffraction studies were carried out to confirm the 

amorphous structure of the window glass. A Philips XGPert PANalytical diffractrometer was used 

during the investigations. The radiation used was αCuK  and the pattern was recorded at a 

scanning rate of 4 °/min and an angular range ( θ2 ) of 5-80°. 
 

 4.1.2 Preparation and determination of the final composition of based glass 

 Binary ONa)(RWG)100( 2xx −−  glass with different concentrations of Na2O, where x 

is 5, 10, 15 and 20 mol%, was prepared using the melt-quenched technique. The sodium oxide 

(Na2O) used was of analytical reagent grade. The RWG was common window glass sold in 

Ubon Ratchathani, Thailand. Preparation of the recycling glass from window glass (RWG) 

involved a thorough cleaning and it was then ground to a powder. The quantities of Na2O and 

RWG powder were weighed, using an electronic balance with accuracy of the order of     

0.0001 g. They were calculated and mixed to give 50 g samples. The starting materials were 

mixed carefully in ceramic crucibles. To ensure homogeneity, the mixtures were melted at  

1250 °C in an electrical furnace, constructed at the Glass Technology Excellent Center (GTEC), 
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Department of Physics, Faculty of Science, Ubon Ratchathani University. The melted glasses 

were poured into stainless steel moulds and immediately annealed at 500 °C for two hours 

before natural cooling to room temperature. The glass samples were cut into small pieces with 

dimensions 3mm255 ××  for TL measurements at 14 mGy. The sensitivity of the TL signal 

was normalized with respect to the weights of each condition of glass sample as shown in 

Figure 1. Results showed that the ONa)10(RWG)90( 2−  glass system had the highest 

sensitivity, therefore this condition was selected as the base glass ( 0G− ). 
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Figure 1 Integral TL signal of ONa)(RWG)100( 2xx −−  glass system irradiated with X-ray 

photon energy of 100 keV at dose of 14 mGy. The sensitivity of TL signal was 

normalized with respect to the respective weights of the samples. 

 

 

 4.1.3 Preparation of glass samples were added with dopants 

 For this study nm2 OR)(ONa)10(RWG)90( x−−  glass systems (where x is 0.001, 

0.010, 0.100 and 1.000 mol%) were prepared. The RmOn is the oxide of Dy2O3, CeO2, Nd2O3 

and MnO2. For each glass, the thermal history; melting temperature, melting time, annealing 

temperature, annealing time and all preparation conditions were kept as similar as possible. 

The oxides used were of analytical reagent grade. 
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 4.1.4 Other glass systems were prepared for structural investigations 

 For more comprehensive about the effect of dopants on structural properties the other 

glass systems such as borosilicate, silicate and alkali-borosilicate have been prepared. 

 

 4.2 Thermoluminescence 

 

 All samples were annealed at 400 °C for 1 h and then 100 °C for 2 h (dual step 

technique). The X-ray machine (KELEX) was used (X-ray tube model MD1100). The X-ray tube 

has an inherent filtration by oil-insulated with vacuum system and added filtration by lead-

shielded housing for reduce a low photon energy. The samples were then irradiated with X-ray 

photon energy (in air kerma) at 100 keV and 30 mA with a dose range of 0 to14 mGy (with 

absorbed dose rate at 0.29 1smGy −⋅ ) to determine the thermoluminescence responses and 

glow curves. The doses were measured by using pocket dosimeter (Aloka, Model: PDM-253). 

The irradiated glass samples were carried out TL signal immediately. TL light emitted from the 

glass samples were detected using a thermoluminescence detector (TLD) reader 

(Harshaw/Bicron Model 3500 Manual Reader). The glow curves were recorded from room 

temperature up to a maximum of 300 °C at a heating rate of 10 °C/s. The region of interest 

facility available in the TLD reader was used to evaluate the responses of different glow peaks 

resulting from the Computerised Glow Curve Deconvolution (CGCD) procedure. The CGCD 

data was carried out by take notes from the MS-DOS files to Excel program. Each datum point 

was obtained from an average of five detections. For investigation of trap depth parameters, 

general expressions for evaluating activation energy and trap depth were derived by Chen [11]. 

His method is useful for a broad range of energies ranging between 0.1 eV and 2.0 eV, and for 

values of the pre-exponential factors between 10
5
 1s−  and 10

23
 1s− . ChenGs method does not 

make use of any iterative procedures and does not require knowledge of the kinetic order, 

which is found by using the symmetry factor (
12

M2

TT

TT
µ

−

−
= ) from the peak shape. The 

equations can be summarised up as Eq. (1): 

 

)KT2(b
α

KT
cE Mα

2
M

αα −







=       (1) 

 

where K  is the Boltzmann constant, MT  is the glow peak temperature, α  is τ  or δ  

( 1M TTτ −=  and M2 TTδ −= ), 1T  (rising end) and 2T  (falling end) are the temperatures at 

the half widths of the glow peak. The values of αc  and αb  are summarised in Eqs. (2) - (3). 
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)42.0µ(2.458.1band)42.0µ(0.3510.1c ττ −+=−+=   (2) 

0band)42.0µ(3.7976.0c δδ =−+=     (3) 

 

Frequency factor ( )S  is a constant characteristic of the electron trap, called the 

preexponential frequency factor or attempt-to-escape frequency. This parameter is proportional 

to the frequency of the collisions of the electron with the lattice phonons. The frequency factor 

can be calculated using the following equation (4): 

 

 

















−+








−=

E

KT2
)1b(1

KT

E
exp)S(

KT

Eβ M

M
2
M

   (4) 

 

where β  is the heating rate. 

 

 4.3 UV-Vis spectroscopic measurements 

 

 Absorption spectra of all the samples were recorded using the bulk form of the samples. 

All spectra were measured at the Chemistry Department, Ubon Ratchathani University. The 

spectrophotometer (Perkin Elmer Instrument, Lambda 25) results were recorded at a range of 

300-900 nm with a resolution of 0.1 nm. 

 

 4.4 Density and molar volume measurements 

 

 The density (ρ ) of each sample was measured using ArchimedesG principle with n-

hexane as the immersion liquid. The experiments were repeated three times to obtain an 

accurate value of the density. The molar volume ( aV ) was calculated for each glass sample 

from the expression; 
ρ

M
Va = , where M  is the molecular weight of the glass, calculated 

according to the relation (5) [12]. 

 

∑=
i

iix MM         (5) 
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where ix  is the mole fraction of the component oxide i  and iM  is its molecular weight. The 

glass packing density can be calculated from the following equations (6)-(7) [13] 

 

∑=
i

iix V
M

ρ
Vt        (6) 

 

where iV  is given by, 

 

( )3
O

3
M

A rr
3

Nπ4
V yxi +=       (7) 

 

where AN  is AvogadroGs number, and where Mr  and Or  are the ionic radii of the cation and 

anion of the oxide yxOM , respectively. The errors in molar volume and packing density were 

acquired from experiments repeated three times of densities. 

 

 4.5 Effective atomic number calculations 

 

 The effective atomic number (Zeff) for all types of materials, compounds and mixtures, 

can be written in terms of the fraction abundance as Equation (8) [14] 

 

( )

( )∑

∑
=

j
j

j

j
j

ii
ii

ρ/µ
z

A
f

ρ/µAf

Zeff       (8) 

 

where 
∑

=

j
j

i
i n

n
f  is the fractional abundance of constituent element i, in  is the total number 

of atoms and ∑
j

jn  is the total number of atoms present in the molecular formula, iA  and iz  

are the atomic weight and atomic number, respectively. i)ρ/µ(  is the mass attenuation 

coefficient obtained from the WinXCom program [15]. 
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 4.6 Ion concentration 

 

 The variation of ion concentration ( )N  can be calculated using the following equation 

[16]: 

 

( )( )( )
)cmions(

M

Nρdopantof%mol
N 3A −⋅=    (9) 

 

where AN   is AvogadroGs number. After determination of the ion concentration, three other 

related physical properties can be calculated using the standard relations [16-17]: 

 

Polaron radius: )A(
N6

π

2

1
r

3/1

P

o








=      (10) 

Interatomic distance: )A(
N

1
r

3/1

i

o








=     (11) 

Field strength: )cm(
r

Z
F 2

2
P

−









=      (12) 

 

where Z   is the valence number of the dopants. 

 

 4.7 Gamma irradiation 

 

 The glass samples were irradiated by an exposure machine (THREATRON 780C) using 

a Co-60 gamma-ray source at a dose rate of 1minGy16.1 −⋅  and field size of 2cm3030× , at 

a distance of 30 cm from the gamma-ray source, and at room temperature. The samples were 

irradiated for sufficiently long enough to achieve to overall dose of requirements. 

 

 4.8 Ultrasonic measurements 

 

 An ultrasonic flaw detector, SONATEST Sitescan 230, was used to measure ultrasonic 

velocity. The ultrasonic waves were generated from a ceramic transducer (Probe model: SLG4-

10 for longitudinal velocity and SA04-45 for shear velocity) with a resonant frequency of 4 MHz, 

and acting as transmitter-receiver at the same time. The ultrasonic wave velocity ( v ) can be 

calculated by following equation (13) [18] 
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)scm(
t∆

d2
v 1−⋅=        (13) 

 

where d  is the samples thickness (cm) and t∆  is the time interval (s). The measurements 

were repeated three times to check the reproducibility of the data. 

 

 4.9 FTIR measurements 

 

 FTIR spectra of powdered glass samples were recorded at room temperature using KBr 

disc technique. The spectra in the wave number range of 1cm4000400 −−  with a resolution of 
1cm4 −  were obtained using Perkin-Elmer spectrometer. 

 

 4.10 Determination of elastic moduli 

 

 Elastic moduli include longitudinal (L), shear (G), bulk (K), and YoungGs (E) modulus as 

well as Debye temperature ( Dθ ), softening temperature ( sT ), micro-hardness (H) and PoissonGs 

ratio (σ ) of glass samples have been determined from the measured the ultrasonic velocities 

and densities using the standard relations (14)-(21) [19]: 

 

Longitudinal modulus: 2
LvρL =      (14) 

Shear modulus: 2
SvρG =       (15) 

Bulk modulus: G
3

4
LK −=       (16) 

YoungGs modulus: G2)σ1(E +=      (17) 

PoissonGs ratio: 
)GL(2

G2L
σ

−
−

=       (18) 

Micro-hardness: 
)σ1(6

E)σ21(
H

+
−

=       (19) 

Debye temperature: m

3/1

a

A

B
D v

Vπ4

zN3

k

h
θ 
















=    (20) 

Softening temperature: 
zC

Mv
T

2
S

s =      (21) 

 

where h  is PlanckGs constant, Bk  is BoltzmannGs constant, AN  is AvogadroGs number, z  is 

the number of atoms in the chemical formula, C  is the constant of proportionality (equals 
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2/11 Ksm4.507 ⋅⋅ − ) and mv  is the mean ultrasonic velocity defined by the relationship (22) 

[20]. 

 
3/1

3
S

3
L

3
S

3
L

m vv

vv3
v 









+
=        (22) 

 

The uncertainties in elastic moduli, PoissonGs ratio, micro-hardness, Debye temperature 

and softening temperature were acquired from experiments repeated three times of the 

densities and the ultrasonic velocities. 

 

 4.11 Theoretical models 

 

 A bond compression model is a helpful introduce for structures containing only on type 

of bond. For a three dimensional multicomponent oxide glass, the bond compression bulk 

modulus is given by equation (23) [21] 

 

2b
bc r

9

Fn
K =         (23) 

 

where r  is the bond length between anion and cation and bn  is the number of network bonds 

per unit volume of the glass given by equation (24) [21] 

 

( )
ii

x∑= f
a

A
b n

V

N
n        (24) 

 

where x  is the mole fraction of the component oxide i . F  is the average of stretching force 

constant and can be calculated from following equation (25) [22] 

 

( )
( )

i

i

x

x

∑
∑=

f

f

n

Fn
F        (25) 

 

where fn  is the coordination number of the cation and F is the stretching force constant of the 

oxide. The average atomic ring size ( l ) of a structure consisting of a three-dimensional network 

according to the ring deformation model is shown in the form of equation (26) [23] 
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26.0

expK

F
0106.0












=l        (26) 

 

The calculation of PoissonGs ratio for the multicomponent oxide glasses according to the 

bond compression model is given by equation (27) [21] 

 

( ) 25.0
ccal n28.0σ

−=        (27) 

 

where cn  is the average cross-link density of the glass network and is given by equation (28) 

[21] 

 

( ) ( )∑=
i

ii ccc Nn
η

1
n        (28) 

 

where cn  is the number of cross-links per cation (number of bridging bonds per cation minus 

two) in oxide i . cN  is the number of cations per glass formula unit and ( )
i∑= cNη  is the 

total number of cations per glass formula unit. The theoretical bulk modulus ( calK ) can be 

calculated from equation (29) [22] 

 
0022.429

cal F10062.1K −−×= l       (29) 

 

The other theoretical elastic moduli can be obtained from the bulk modulus and 

PoissonGs ratio for each glass system as equations (30)-(32) [22] 

 

( ) 








+

−
=

cal

cal
calcal

σ1

σ21
K5.1G       (30) 

( ) calcalcal G33.1KL +=       (31) 

( ) calcalcal Gσ12E +=        (32) 

 

The number of vibrating atoms per unit volume ( )V/N  will be expressed as follows 

(33) [24] 

 

( )∑ +=
i

ix mn
V

N

V

N

a

A       (33) 
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where ( )mn+  is the sum of the atoms present in the th−i  oxide of the chemical formula. 

 

 

5. Results and discussions 

 

 5.1 Results of RWG testing 

 

 Table 1 shows the condition of quantitative measurement of the chemical composition 

of recycled window glass (RWG) by using the WDXRF method. The major components of 

window glass are SiO2, Na2O, CaO, MgO, Al2O3, Fe2O3, TiO2 and K2O respectively. The 

absence of crystallization peaks in the XRD data showed that the window glass was 

amorphous (Figure 2). The thermoluminescence samples irradiated with 100 keV photon 

energy at doses of 2.01, 4.07, 6.00, 8.03, 10.06 and 14.05 mGy were measured and are shown 

in Figure 3. From observations, the glow curves centered at about 235 °C and the relative light 

intensity of TL signals increased with increasing irradiation dose. The investigation of the 

dependence of the TL signal on irradiation dose was carried out on window glass samples 

exposed to photons for doses between 0-14.05 mGy. The average integrated TL signals of 

each dose were recorded and the relative standard deviations were calculated. 

 

Table 1  Condition of quantitative measurement of chemical composition of recycled window 

glasses (RWG) by using WDXRF method. 
 

Chemical line Crystal Detector Collimator ( µm ) kV mA Concentration (%) 

Na2O αK  
PX1 Flow 4000 24 125 15.1700 

MgO αK  
PX1 Flow 4000 24 125 3.4030 

SiO2 αK  
PE002 Flow 300 24 125 73.3900 

Al2O3 αK  
PE002 Flow 300 24 125 0.5866 

CaO αK  
LiF200 Flow 300 24 125 7.3390 

Fe2O3 αK  
LiF200 Duplex 300 50 60 0.0635 

TiO2 αK  
LiF200 Flow 300 125 125 0.0263 

K2O αK  
LiF200 Flow 300 125 125 0.0238 
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Figure 2. XRD pattern of window glasses (RWG) 
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Figure 3. Glow curve of window glass (RWG) irradiated with different doses 
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Figure 4 shows the experimental trend obtained and the corresponding calibration line 

of best fit resulting from the processing of the experimental points. The correlation coefficient 

( 2R ) was calculated to confirm the linearity of the dose response in the investigated dose 

range. The minimum detectable dose (MMD) value of window glass samples was determined 

as a dose of 3 times the corresponding value of the standard deviations of 10 un-irradiated 

samples. The estimated value of MMD obtained was about 0.15 mGy. Hence 

thermoluminescence intensities of the window glass were shown as likely to be used for low 

radiation doses. 
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Figure 4. Linear relationship between TL-response and irradiation dose of RWG 

 

From the Figure 5, the Figure 5 shows the reproducibility of the window glass 

(annealing→ irradiation→ readout). Data from Figure 5 reveal that the calibration lines for the 

first and the second irradiation are matching at low doses. For more information, the 10 

samples were annealed by using a dual step process, and then irradiated with 10.08 mGy, and 

the TL signal was read out. This procedure was carried out for five cycles. The experimental 

values obtained are reported in Table 2 and the average values are shown in Figure 6. The 

results indicated that after the reproducibility procedure the sensitivity increased as shown in 

Figure 5. This was due to the improvement of the electron trap by heat treatment [25]. 
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Figure 5.  Reproducibility of window glasses with blue line (1) is first irradiation and pink line 

(2) is second irradiation 

 

 

Table 2 Data for reproducibility of TLD measurement of recycled window glasses (RWG) 
 

Chip No. 1
st
 reading 2

nd
 reading 3

rd
 reading 4

th
 reading 5

th
 reading 

1 12.550 12.010 12.780 12.320 12.220 

2 11.850 12.720 12.580 12.310 12.340 

3 9.656 10.150 10.530 9.231 10.100 

4 12.390 11.940 12.110 12.320 12.430 

5 13.930 12.430 13.210 12.780 13.560 

6 11.580 10.750 11.570 11.120 11.780 

7 11.440 10.600 11.330 10.450 11.250 

8 11.060 10.880 11.420 10.970 10.190 

9 7.435 7.971 8.190 7.952 8.342 

10 8.585 8.933 9.112 8.631 9.210 
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Figure 6.  Reproducibility of window glass samples (RWG) with 10.08 mGy for five cycles 

(dash line is initial read out). Error bars correspond to one standard deviation 

 

The statistical analysis to represent the reproducibility used the coefficients of variation 

analysis method. Covariance (CV) is a measure of how much two random variables change 

together. The following coefficients of variation can be defined [25] as: 

 

The system variability index (SVI) or 100
X

SD
CV% ×= ; this is the mean value of 

percent standard deviations of each TL detector. This quantity gives a measure of the 

reproducibility of the whole system. The variation of SVI is 3.6% (Table 3). 

 

 The reader variability index (RVI) or 100
mean

SD
CV% ×= ; this is the percent standard 

deviations of the mean values of each cycle of readings. This quantity gives a measure of the 

long-term reader reproducibility. The variation of RVI is 1.8% (Table 4). 

 

 The detector variability index (DVI); this quantity gives a measure of the reproducibility 

of the TL detectors (samples), and is defined as: 

 

%1.3)RVI()SVI(DVI 22 =−=  
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Table 3  Calculation of system variability index (SVI). The average values of the five reading 

calculated from Table 2. 
 

Chip No. 
Average values of  

the five reading: X   

Standard  

deviation: SD 

Covariance: 

X
SDCV =  

1 12.376 0.298 0.024 

2 12.360 0.332 0.027 

3 9.933 0.500 0.050 

4 12.238 0.207 0.017 

5 13.182 0.598 0.045 

6 11.360 0.418 0.037 

7 11.014 0.455 0.041 

8 10.904 0.449 0.041 

9 7.978 0.344 0.043 

10 8.894 0.280 0.031 

CV  
  0.036 

100CVSVI ×=  
  3.6% 

 

 

Table 4  Calculation of reader variability index (RVI). The values of each reading are average 

of TL signal of all Chip No. in Table 2. 
 

1
st
 reading 2

nd
 reading 3

rd
 reading 4

th
 reading 5

th
 reading mean SD 100

mean

SD
RVI ×=

 
11.048 10.838 11.283 10.808 11.142 11.024 0.202 1.8% 

 

The DVI values indicated the high reproducibility of samples. However, the 

reproducibility of window glass samples required improvement when compared with the initial 

read out (Figure 6). The author suggests that electron trapping should be improved by adding 

the modifier for constant trapping in the structure of the glass. This point is worthy of further 

investigation in the near future. 

The most important problems in TL technique applied to different fields of dosimetry, 

such as personal, environmental and clinical dosimetry, are related to the loss of the stored TL 

signal after irradiation, generally called thermal fading (trapped charge effects), and to its 

evaluation [26]. Figure 7 shows the average integrated TL intensity after a storage period of 
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1440 hours at a dose of 14.05 mGy. This figure demonstrates a large decrease in the TL signal 

in the initial range (about 65% decreased at 0-200 hours). These results suggest that the high 

loss of TL signal is due to un-stabilization of trapped charge effects. However, the TL signals 

become constant after a storage period of 200 hours. 
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Figure 7. Fading of irradiated window glass at room temperature 

 

 

Figure 8 shows the average integrated TL intensity after the irradiation of window glass 

at 6.00 mGy with different radiation energies (25, 50, 75, 100 and 110 keV, respectively) which 

predict the energy dependent behavior of the window glass. The energy dependence for 

window glass may be highly related with the value of effective atomic number (Zeff) [5]. Figure 9 

shows the effective atomic numbers of window glass. It has been observed that the effective 

atomic numbers decrease with incident photon energy up to 15 keV. Then, effective atomic 

numbers suddenly increase with incident photon energy up to 150 keV. After that, effective 

atomic numbers become relatively constant with incident photon energy in the range 200-7000 

keV. Effective atomic numbers slightly decrease with photon energy in the range 8-50 MeV. 

Then, effective atomic numbers become independent of the incident photon energy in the range 

60-100000 MeV. The investigated energy range from 25 to 110 keV shows a linear increase of 

effective atomic number. This can be explained on the basis of dominance of the photoelectric 

process. For the photoelectric interaction near the K-edge of the elements with the high Z 

numbers [27] (Table 1), the effect of impurity of the window glass on the photoelectric effect is 
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higher than the Compton effect in the studied energy range. Moreover, the effective atomic 

numbers obtained in this study show that it is very close to human biological tissues (Zeff = 

6.7−8.4 at studied energy). 
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Figure 8. The photon energy dependence of window glasses 
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Figure 9. The effective atomic number of window glasses with difference photon energy 
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To confirm these results, the mass energy absorption coefficients were calculated by 

comparison between window glass and soft tissue. The mass attenuation coefficients of window 

glass were obtained from the WinXCom program. The mass energy absorption coefficients of 

soft tissue were obtained from ICRU-44 [28]. The results are shown in Figure 10, with good 

agreement of trend lines of mass energy absorption coefficients between samples and soft 

tissue. In order to verify that the window glass is tissue equivalent, the ratio of Zeff for window 

glass and the Zeff for soft tissue was considered. Alajerami et al. [29] reported that the human 

tissue Zeff is 7.42. Therefore, the effective atomic number of window glass was compared with 

the Zeff of human tissue [29]. The ratio 







=

tissuehumanofZ

sampleofZ
R

eff

eff  is in the range of 0.9−1.1 

(at studied energy) which is close to 1. The result was sufficient to state that the window glass 

is tissue equivalent. 
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Figure 10.  Comparison mass energy-absorption coefficients between window glass and soft 

tissue (ICRU-44) 

 

 The results obtained show that the window glass (RWG) sold in Ubon Ratchathani 

province, Thailand, is potentially a good candidate for retrospective dosimetry or personal 

dosimetry due to its common materials, easy sample preparation, linearity of TL response and 

because its effective atomic number is close to that of human biological tissues. However, the 

results also show differences in reproducibility and a high fading of the TL signal of window 
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glass. Therefore, the improvements of TL properties of window glass as starting materials 

would provide an interesting study. 

 

 5.2 Thermoluminescence properties of glass samples 

 

 The Binary ONa)(RWG)100( 2xx −−  glass with different concentrations of Na2O was 

prepared. The results showed that the ONa)10(RWG)90( 2−  glass system had the highest 

sensitivity (Figure 1), therefore this condition was selected as the base glass ( 0G− ). Then, 

the nm2 OR)(ONa)10(RWG)90( x−−  glass systems were prepared as mentioned in section 

4.1.3. The chemical composition of the glass samples are shown in Table 5. 

 

Table 5 Details of the chemical composition of the glass samples. 
 

Compositions (mol%) 
Glass sample 

RWG Na2O CeO2 Nd2O3 MnO2 

1CeS−  
90 10 0.001 - - 

2CeS−  
90 10 0.010 - - 

3CeS−  
90 10 0.100 - - 

4CeS−  
90 10 1.000 - - 

1NdS−  
90 10 - 0.001 - 

2NdS−  
90 10 - 0.010 - 

3NdS−  
90 10 - 0.100 - 

4NdS−  
90 10 - 1.000 - 

1MnS−  
90 10 - - 0.001 

2MnS−  
90 10 - - 0.010 

3MnS−  
90 10 - - 0.100 

4MnS−  
90 10 - - 1.000 

 

The main glow curves of the various concentrations of CeO2, Nd2O3 and MnO2 doped 

soda lime glasses exposed with 100 keV of photon energy at a dose of 14 mGy are presented 

in Figures 11 to 13. They show a single main glow curve for CeO2 and Nd2O3 doped glass 

samples, with all samples exhibiting a TL peak at 180 °C and 195 °C. The MnO2 doped glass 

samples show similar main glow curves for all concentrations, centred with peaks 1 and 2 at 

185 °C and 266 °C respectively. The dopants caused significant changes in the TL signal. The 

results indicated that electron trap created by the dopants. However, the more concentration of 
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dopant leads to the break down of the host structure and resulting to decrease of the TL signal. 

The highest TL intensity reflected by either the total integrated area under the glow peaks, or 

that recorded in the reading system, was at 0.010 mol% for CeO2 ( )2CeS− , 0.100 mol% for 

Nd2O3 ( )3NdS−  and 0.010 mol% for MnO2 ( )2MnS−  as shown in Figure 11 (a), 12 (a) and 

13 (a) respectively. The important role played by the dopant ions in TL emission is in the trap 

filling process that may arise through the direct transfer of electrons from the excited state of 

dopants to trap centres [30-32]. Linearity is a very important property of any 

thermoluminescence dosimetric application and defines a linear relationship between the TL 

signal and the irradiated dose. The linearity range depends on the particular 

thermoluminescence material. The preferred response of TL emission is linear at low irradiation 

dose values, becoming supralinear and finally saturated at high values [33]. In this study, an 

investigation of the dependence of the TL signal on irradiation dose was performed on glass 

samples exposed to photons for doses between 0 and 14 mGy. The average integrated TL 

signal of each dose was recorded and the relative standard deviation calculated as shown in 

Figures 11 (b) to 13 (b). The Figures show the experimental trend obtained and the 

corresponding calibration line of best fit, resulting from processing the experimental points. The 

correlation coefficients ( )2R  were calculated to confirm the linearity of the response in the 

investigated dose range. The results indicated that glass samples doped with CeO2 at 0.010 

mol% ( )2CeS− , Nd2O3 at 0.100 mol% ( )3NdS−  and MnO2 at 0.010 mol% ( )2MnS−  gave 

the best linearity, as shown in Figures 11 (b) to 13 (b). From these results (Figures 11 to 13), a 

lower detection limit values of 2CeS− , 3NdS−  and 2MnS−  glass samples were determined 

as three times the corresponding values of the standard deviations of ten non-irradiated of each 

samples. The DLDL can be calculated by following relation [34]: 

 

( ) CBKGLDL Φσ3D =        (34) 

 

where BKGσ  is the standard deviation of the zero-dose reading. The calibration factor  









=

M

D
Φ C

C  for the TL reader is given by the ratio of the calibration dose ( )CD  divided by the 

average value of the net TL reading ( )M . The estimated values of DLDL obtained were 1.21 

mGy, 1.82 mGy and 2.59 mGy for the 2CeS− , 3NdS−  and 2MnS−  glass samples 

respectively. 
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Figure 11 (a)  Glow curve of the glass samples (doped with CeO2) irradiated with X-ray photon energy of 100 keV at dose of 14 mGy, (b) linear 

relationship between TL response and irradiation dose of glass samples (doped with CeO2). 
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Figure 12 (a)  Glow curve of the glass samples (doped with Nd2O3) irradiated with X-ray photon energy of 100 keV at dose of 14 mGy, (b) linear 

relationship between TL response and irradiation dose of glass samples (doped with Nd2O3). 
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Figure 13 (a)  Glow curve of the glass samples (doped with MnO2) irradiated with X-ray photon energy of 100 keV at dose of 14 mGy, (b) linear 

relationship between TL response and irradiation dose of glass samples (doped with MnO2). 
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Figure 14 (a)  Fading of glass samples irradiated with X-ray photon energy of 100 keV at dose of 14 mGy at room temperature and it was 

compared with the window glass (RWG) [35] and subscript with TL intensity of glass samples in 5 h, (b) Reproducibility of glass 

samples with 14 mGy for five cycles (dash line is average values of each samples). Error bars correspond to one standard deviation. 
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Table 6 Data on various trap depth parameters of selected glass samples. 
 

 )C(Tm
o   )C(τ o   )C(δ o   µ   )eV(Eτ   )eV(Eδ   )s(10S 16 −×  

Glass Type 
 Peak 1 Peak 2  Peak 1 Peak 2  Peak 1 Peak 2  Peak 1 Peak 2  Peak 1 Peak 2  Peak 1 Peak 2  Peak 1 Peak 2 

2CeS−  
 180 -  44 -  45 -  0.506 -  0.576 -  0.597 -  32.415 - 

3NdS−  
 195 -  43 -  37 -  0.463 -  0.577 -  0.512 -  8.396 - 

2MnS−  
 185 266  45 48  48 47  0.516 0.495  0.585 0.834  0.625 0.803  60.328 445.002 
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The most important problems in TL technique applied to different fields of dosimetry, 

such as personal, environmental and clinical dosimetry, are related to the loss of the stored TL 

signal after irradiation, generally called thermal fading. Figure 14 (a) shows the stability of TL 

signals of the 2CeS− , 3NdS−  and 2MnS−  glass samples after a storage period of 360 h 

at a dose of 14 mGy, compared with the window glass (RWG) [35]. There were a rapid reduce 

in the TL signal in the initial range, (40%, 37%, 30% and 39% decreased at 0 O 5 h of the 

RWG, 2CeS− , 3NdS−  and 2MnS−  glass samples respectively). The samples fade slowly 

as the time passes and takes around 120 O 360 h in losing its 70%, 57%, 50% and 67% TL 

information of the RWG, 2CeS− , 3NdS−  and 2MnS−  glass samples respectively (Figure 

14 (a)). This suggests that the lower loss of TL signal of the 2CeS− , 3NdS−  and 2MnS−  

glass samples results from the higher stabilization of trapped charge effects when compared 

with the RWG. This will help in estimating the doses in case the sample could not be read on 

time due to some reason [36]. For more information, the 10 samples of the 2CeS− , 3NdS−  

and 2MnS−  glass samples were annealed by using a dual step process, and then irradiated 

with 14 mGy, and the TL signal was read out. This procedure was carried out for five cycles. 

The results are shown in Figure 14 (b). From the results, it was found that the response does 

not vary by more than 4.3% over this number of cycles [6]. 

The best conditions from the results of the glow curve sensitivity and the linearity of the 

glass samples were selected to further investigate trap depth parameters, as shown in Table 6. 

For investigation of trap depth parameters, the general expressions for evaluating activation 

energy and trap depth derived by Chen are shown in Eqs. (1) to (3). The 2CeS− , 3NdS−  

and 2MnS−  glass samples were selected for investigation of trap depth parameters due to 

their high sensitivity and good linearity. X-ray irradiation on the glass produces secondary 

electrons from sites where they are in a stable state, which now have excess energy and also 

non-bridging oxygens (NBOs). These electrons traverse through the glass lattice depending 

upon their energy and the composition of the glass network. They are finally trapped, forming 

colour centres. Alternatively, they may form excitons with energy states in the forbidden gap at 

the inherent structural defects. This mechanism leads to the formation of (i) electron centres, (ii) 

non-bridging oxygen hole centres and (iii) oxygen hole centres. Thermoluminescence occurs 

from the radiative recombination between the electrons released by heating from the electron 

centre, and anti-bonding molecular orbital of the nearest oxygen hole centre. The possible 

reactions under X-ray irradiation are: 
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(i) ++−+ +→ hRR )1m(m  

(ii) −+++ ++→ ehRR mm  

 

where +mR  are ions of CeO2, Nd2O3 and MnO2. For reaction (i), a hole trapped at a lattice site 

during irradiation recombines with +− )1m(R  and produces a TL signal when the material is 

heated. For reaction (ii), the electrons and holes created in the lattice in the vicinity of +mR  

ions during irradiation recombine at +mR  ion sites as the material is heated and emit a TL 

signal. Therefore, the ions of CeO2, Nd2O3 and MnO2 play important roles in improving the 

sensitivity and response to radiation dose of glass samples by trapping the excited electrons 

from X-ray irradiation. To be more accurate, the SiO4 groups, irradiated with X-rays are 

changed to −]OSiO[ 2/3 , −2
22/2 ]OSiO[ , −3

32/1 ]OSiO[  and interstitial oxygen ions ( )ionsO−
i . 

During thermal excitation −
iO  ions distribute back to the silicate groups and excite them. This 

excitation is then transferred to the nearby modifier ions ( +mR ions) and produces TL emission 

as shown by the reaction below [37]: 

 

( ) −+−−− +→→→ u
u2/v

m*u
u2/v

u
u2/v

υh

]OSiO[υhR]OSiO[]OSiO[Oi  

 

where 3,2,1u=  and 3,2,1v= . During this process the local −
iO  ions compensate by 

capturing electrons from an [ ] −u
u2/v OSiO  site to form +− )1m(R  ions, releasing electrons that will 

later recombine with silicate complexes. This excitation may encourage silicate complexes to 

dissociate and form different silicate groups and oxygen ions. The mechanism of this process 

can be represented as reaction [37]: 

 

+−−+−−− →++→ )1m(m2
22/2

υh

2/3 ReRthene]OSiO[]OSiO[  

 

after the material is heated the +− )1m(R  ions release an electron as reactions, 

 

( ) ( ) υhR/O]OSiO[]OSiO[e]OSiO[theneRR m2
22/2

*

2/3
2

22/2
m)1m( ++→→++→ +−−−−−−++−

 

The mechanisms above show that the activation energy directly depends on the ability 

of electron trapping and/or release of dopant ions ( +mR ) added to the structure units. The 

activation energies ( )δτ EandE  are shown in Table 6. The frequency factor (S) is proportional 

to the frequency of the collisions of electrons with the lattice phonons and is a constant 

characteristic of the electron trap. The frequency factor is shown in Table 6, and is clearly 
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related to the type of dopant ions. Moreover, the value of the trap depths indicates that the 

lifetime ( )τ  of electrons in these traps is of the order of several months [38]. 

The result shows that the 3+ valency of modifiers ions are interesting on the TL 

properties. Therefore, the same conditions of experimental details were used with the glass 

samples was added Dy2O3. According to all of above, Dy
3+

 ion doping has been shown to 

cause significant increases in TL. The sensitivity of the TL signal was normalized with respect 

to the weights of each condition of the glass samples at a dose of 14 mGy and shown in Figure 

15.  
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Figure 15  Integral TL signal of 322 ODy)(ONa)10(RWG)90( x−−  glass system irradiated 

with X-ray photon energy of 100 keV at dose of 14 mGy. The sensitivity of TL 

signal was normalized with respect to the respective weights of the samples. 

 

Wani et al. [39] reported that RE
3+

 ion doping resulted in increased sensitization of TL. 

The important role of Dy
3+

 ions in TL emission is the trap filling process that may arise through 

the direct transfer of electrons from the excited state of Dy
3+

 to trap centres. TL sensitivity 

slightly increased after Dy
3+

 doping as shown in Figure 15. This suggested that the impurities in 

the composition of RWG were strongly related to the intrinsic defects attributed to well-known 

concentration quenching phenomena and tallied with the results obtained by Hashim et al. [40]. 

Results showed that the highest integrated TL signal of the glass samples was for 0.100 mol% 

of Dy2O3, with all giving improved TL sensitivity after Dy
3+

 doping. 
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Figure 16 shows the stability of TL signals of the 3G−  glass sample after a storage 

period of 720 hours at a dose of 14 mGy, compared with the window glass (RWG). There was 

a rapid decrease in the TL signal in the initial range, (45% and 65% decreased at 0-200 hours 

of the 3G−  glass sample and RWG respectively). This suggests that the lower loss of TL 

signal of the 3G−  glass sample results from the higher stabilization of trapped charge effects 

when compared with RWG. These results are supported by the fact that the stability and 

sensitivity of TL signals improved after Dy
3+

 doping. A brief description of this mechanism is 

presented in Figure 17. 
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Figure 16 Fading of 3G−  glass sample irradiated with X-ray photon energy of 100 keV at 

dose of 14 mGy at room temperature and it was compared with the window glass 

(RWG).  
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Figure 17 Brief description of TL mechanism in +− 3
2 Dy:ONaRWG  glasses. Due to the X-

ray irradiation electrons and hole become trapped at electron and hole defect 

energy trapping levels, respectively. ES represents shallow traps while ED 

represents deeper traps of electrons from where the probability of escaping is very 

less. In this study, ED may be taken as the energy levels of electron traps 

surrounded in the vicinity of AlO4 structural units (as part of the chemical 

composition of RWG). Due to thermal stimulation of the irradiated samples the 

electrons at the ES level gain sufficient energy, escape and recombine with holes 

giving TL emission. EDy represents electron trap levels of Dy
3+

 ions. 

 

 

 5.3 Optical absorption properties 

 

 The results of window glass doped with Dy2O3 are interesting. For more information, the 

optical absorption properties of the glass samples were investigated. From Figure 18, the 

optical absorption spectra of the glass samples ( 0G−  to 4G− ), recorded at room 

temperature in the wavelength region of nm900300−  exhibited the following standard 

electronic transitions of Dy
3+

 ions [41]: 

 

)nm500blue(HF 2/15
6

2/9
4 ⇒→  

)nm580yellow(HF 2/13
6

2/9
4 ⇒→  
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)nm670red(HF 2/11
6

2/9
4 ⇒→  

 

 The results in Figure 18 show that the absorption intensity increases with increasing 

mol% of dopants. It is also well documented that the 2/15
6

2/9
4 HF →  (blue) transition scarcely 

varies with the environment, whereas the 2/13
6

2/9
4 HF →  (yellow) is the hypersensitive 

transition, which is strongly influenced by the ligand environment. The relative intensities of 

these two bands depend strongly on the local symmetry of Dy
3+

 ions. The effect of 

concentration quenching mechanism on the 2/15
6

2/9
4 HF →  (blue) and 2/13

6
2/9

4 HF →  (yellow) 

transitions of Dy
3+

 ions in glass samples has been attributed to the exchange interaction among 

the exited Dy
3+

 ions at higher concentrations [41]. 
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Figure 18 Optical absorption spectra of glass samples recorded at room temperature. 

 

 

 5.4 Effective atomic numbers 

 

 In an above study, the effective atomic number (Zeff) of RWG as a function of photon 

energy was calculated. It is particularly interesting to study the effect of dopants on the change 

in the effective atomic number of the glass samples. Keep considering condition in 

thermoluminescence properties, the Zeff of 2CeS− , 3NdS−  and 2MnS−  were calculated as 

shown in Figure 19. It is clear that Zeff is dominant in the concentration of dopants as the 

effective atomic number of 3NdS−  is higher than 2CeS−  and 2MnS− , whereas the 
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effective atomic numbers of 2CeS−  and 2MnS−  are closed. For a material to be accepted 

as a tissue alternate for photon interaction, the radiation absorption and scattering acquired for 

a specified material must be the same as that experienced by the tissue, under similar 

conditions. A suitable way of comparing the interaction with radiation of a given tissue and the 

specified tissue equivalent material, is to consider either the photo mass attenuation coefficient 

and mass energy absorption coefficient, or the effective atomic number [42]. To verify that the 

glass samples are tissue equivalent, the ratio of Zeff for selected glass samples and the Zeff for 

soft tissue was considered. Alajerami et al. [29] reported that for human tissue Zeff is 7.42. 

Therefore, the effective atomic numbers of selected glass samples were compared with the 

effective atomic number of human tissue. The ratios 







=

tissuehumanofZ

sampleofZ
R

eff

eff  are 1.698, 

2.294 and 1.696 (at studied energy) for 2CeS− , 3NdS−  and 2MnS−  respectively. These 

values show that the effective atomic numbers of selected glass samples are significantly 

higher than the effective atomic numbers of human tissue. However, the selected glass 

samples show good thermoluminescence properties the terms of sensitivity and linearity at low 

doses of radiation (0 to 14 mGy). Therefore the R  







=

tissuehumanofZ

sampleofZ
Rwhere

eff

eff  values 

( )3.2R<  of the selected glass samples are acceptable and can be considered for potential 

radiation dosimetric materials. 
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Figure 19 Effective atomic numbers (Zeff) with energy of photon for glass samples 
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 5.5 Physical properties 

 

 Physical properties are very important and interesting for a material. They give an 

insight into the atomic arrangement of the network structure of the material. The physical 

properties of the glass samples are shown in Table 7. 
 

 5.5.1 Density and molar volume 

 The density of the glass increased with increasing mol% of the dopants. This results 

from the addition of CeO2, Nd2O3 and MnO2 (molecular weights 172.1148, 336.4782 and 

86.9368 1molg −⋅ , respectively), into the glass matrix (molecular weight of SiO2 is 60.0843 
1molg −⋅ ). The molar volumes of the glass samples are shown in Table 7, defined as the 

volume occupied by the unit mass. The molar volume increased with increasing of 

concentration of dopants. According to Shelby [43], molar volume depends on the ionic radius 

of the modifier. These results are easily explained; they are due to the modifier ions ionic radii 

(Ce
4+

, Nd
3+

 and Mn
4+

 ionic radii are 1.01, 1.12 and 0.67 Å, respectively), which are larger than 

the network structure interstices (the ionic radius of Si
4+

 is 0.54 Å). 
 

 5.5.2 Ion concentrations 

 Ion concentrations clearly increased with the mol% of dopants (Table 7).  This indicated 

that the oxide of the dopants added into the glass network was in the form of the ions ( +mR ) or 

non-bridging oxygens (NBOs). Moreover, the increase in the ion concentration of +mR  showed 

that +mR  ions are uniformly spread throughout the glass network [44]. Polaron radius and 

interatomic distance showed an inverse relation with dopant concentration (Table 7). The 

increase of ion concentration ( +mR ) resulting from the distance between the positive and 

negative ion core decreased. Therefore, the decrease in Polaron radius could be due to an 

increase in the concentration of dopants. Moreover, the observed decrease in the interatomic 

distance with the increase in concentration of dopants eventually led to a more compact glass 

network [45], crowded with modifier interstices. Thus, the average oxygen bonding distance 

( )OR−  decreased. As a result the OR−  bond strength increased, producing a stronger field 

strength ( F) around the modifier ions (Table 7) [46]. 
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Table 7 Physical properties of glass samples. 
 

Glass samples 
Measurements 

1CeS−  2CeS−  3CeS−  4CeS−  1NdS−  2NdS−  3NdS−  4NdS−  1MnS−  2MnS−  3MnS−  4MnS−  

Density, )cmg(ρ 3−⋅  2.562 2.563 2.567 2.612 2.572 2.570 2.575 2.656 2.558 2.557 2.560 2.581 

Molar volume, )molcm(V 13
a

−⋅  23.402 23.399 23.422 23.615 23.313 23.340 23.416 23.838 23.190 23.247 23.264 23.377 

Ion concentration, )cmion10(N 321 −⋅×  0.026 0.257 2.570 25.492 0.026 0.258 2.571 25.254 0.026 0.259 2.588 25.751 

Polaron radius, )A(rP

o

 13.649 6.335 2.942 1.369 13.632 6.330 2.941 1.373 13.608 6.321 2.935 1.364 

Interatomic distance, )A(ri

o

 33.876 15.723 7.300 3.398 33.833 15.710 7.300 3.408 33.773 15.689 7.284 3.386 

Field strength, )cm10(F 216 −×  0.016 0.075 0.347 1.601 0.016 0.075 0.347 1.591 0.016 0.075 0.348 1.611 

Longitudinal velocity, )sm(v 1
L

−⋅  5818 5816 5808 5797 5838 5814 5791 5660 5814 5825 5838 5891 

Shear velocity, )sm(v 1
S

−⋅  3611 3605 3543 3539 3592 3570 3557 3520 3389 3428 3449 3589 

Longitudinal modulus, )GPa(LExp  86.71 86.69 86.59 87.76 87.64 86.87 86.35 85.09 86.46 86.77 87.26 89.57 

Longitudinal modulus, )GPa(LTh  93.52 93.36 96.08 91.89 99.54 99.11 98.44 94.71 104.72 103.24 101.91 91.86 

Shear modulus, )GPa(GExp  33.28 33.30 32.14 32.78 33.18 32.75 32.58 32.91 29.37 30.05 30.45 33.24 

Shear modulus, )GPa(GTh  33.68 33.59 34.33 30.87 37.16 37.00 36.76 35.47 37.62 37.03 36.07 29.76 

Bulk modulus, )GPa(KExp  42.33 42.28 43.74 44.05 43.39 43.21 42.92 41.21 47.29 46.71 46.66 45.26 

Bulk modulus, )GPa(KTh  48.73 48.68 50.42 50.83 50.12 49.90 49.55 47.53 54.69 53.99 53.93 52.25 

YoungGs modulus, )GPa(EExp  79.11 79.13 77.45 78.80 79.33 78.43 78.00 77.98 73.00 74.22 75.02 80.10 

YoungGs modulus, )GPa(ETh  82.12 81.93 83.94 77.03 89.38 89.00 88.41 85.21 91.80 90.42 88.49 75.07 
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 5.5.3 Ultrasonic velocity and elastic moduli 

This part is presents the results and discussion of ultrasonic measurements and elastic 

properties. The properties of glasses are closely related to the inter-atomic forces and 

potentials in the lattice structure. Thus, change in lattice structure due to doping can be directly 

noted. The elastic properties are of great interest to investigate the linear and anomalous 

variations as a function of the composition of the glass and these have been interpreted in 

terms of the structure in the glass network [8,47]. To better understand the structure of oxide 

glasses, the coordination number of the network former, and the change in the oxygen bonds of 

the framework induced by cation modifiers, an ultrasonic pulse echo technique was used. This 

is a versatile tool for investigating the change in microstructure and the deformation process 

and mechanical properties of materials [48-49]. The decrease of ultrasonic velocity is related to 

the increase in the number of non-bridging oxygens (NBOs) which leads to the decrease in the 

connectivity of the glass network [43]. From Table 7, the longitudinal and shear velocity are 

almost constant, showing only slight change with the increase of dopant concentrations. The 

maximum percentage differences of ultrasonic velocities were calculated as 0.316 %, 0.773 % 

and 1.324 % for the longitudinal velocities of glass samples doped with CeO2, Nd2O3 and MnO2 

respectively, and 1.994 %, 2.330 % and 5.901 % for the shear velocities. The maximum 

percentage difference was less than 6 %. Therefore, adding the dopants induced small damage 

or change in the glass network and the structure remained strong. The variations of 

experimental elastic moduli (longitudinal, shear, bulk and YoungGs modulus) with different 

concentration and type of modifier are shown in Table 7. The elastic modulus represents the 

resistance to deformation of a network structure when external force is applied. The higher the 

elastic moduli when compared with others [50-54] indicated that the glass samples were highly 

stable to the external applied force. The theoretical bond compression model was used to 

confirm the results from the experimental elastic moduli and these are shown in Figure 20 and 

Table 7. The experimental elastic moduli show a fair agreement with the theoretical values. The 

uncertainties for the experimental and theoretical values were acquired from the maximum 

different of the data (percents). The estimated error in this result was lass than 22%. 

 



 41 

20

40

60

80

100

120

20 40 60 80 100 120

L (S-Ce)

G (S-Ce)

K (S-Ce)

E (S-Ce)

L (S-Nd)

G (S-Nd)

K (S-Nd)

E (S-Nd)

L (S-Mn)

G (S-Mn)

K (S-Mn)

E (S-Mn)

Th. = Exp.

)
G

P
a

(
ul

us
m

o
d

l
T

he
o

re
tic

a

)GPa(ulusmodalExperiment

L

E

K

G

 
 

Figure 20  Variation of theoretical modulus (Th.) vs. experimental modulus (Exp.) of the glass 

samples 

 

 From the results, Soda lime glasses improved by adding CeO2, Nd2O3, Dy2O3 and 

MnO2, were prepared for investigation of their thermoluminescence and physical properties to 

design for radiation dosimetric measurement. The results of the thermoluminescence testing 

showed that the glass samples doped with CeO2 0.010 mol%, Nd2O3 0.100 mol%, Dy2O3 0.100 

mol% and MnO2 0.010 mol% had the highest integrated TL signals and linearity. Therefore, the 

glass samples were selected to calculate trap depth parameters. The activation energy 

depends directly on the ability of electron trapping and/or release of dopant ions ( +mR ). The 

effective atomic numbers of selected glass samples were significantly higher than the effective 

atomic numbers of human tissue. However, the R  







=

tissuehumanofZ

sampleofZ
Rwhere

eff

eff  values 

( )3.2R<  of the selected glass samples were acceptable to consider for potential radiation 

dosimetric materials, as they showed good thermoluminescence properties in terms of 

sensitivity and linearity at low dose levels of radiation. Moreover, the high elastic moduli of the 

glass samples indicated high rigidity and stability of the glass matrix structure. There was a fair 

agreement between the theoretically calculated and experimental elastic moduli for the glass 

samples. 

 

 



 42 

 5.5.4 Radiation effects 

 This section is reported that the radiation effects on structural properties of the glass 

samples. The selected glass sample is the RWG doped with Nd2O3 due to the glass samples 

shows good TL properties and the glasses containing rare-earth ions have attracted a great 

deal of interest due to their important properties. For examples, the glasses are heat-resistant, 

present interesting optical and magnetic behaviour [55-57]. At first, the effect of gamma 

irradiation on the density of the glass samples is shown in Figure 21 and exacted values are 

shown in Table 8. 
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Figure 21  Variation of densities (ρ ) before and after irradiation with γ -radiation of the glass 

samples with the difference of doping (lines are drawn as guides to the eyes). 

 

 The results shows that the densities of the glass samples increase with increasing the 

concentration of Nd2O3 but decrease after irradiated by gamma radiation. The decreased of the 

density of the glass can be attributed to three factors, namely [58]: 

(i)  transformation of the main glass network structure from triagonal ( )4Q  to 

tetrahedral ( )3Q , 

(ii) decrease in the molecular mass of the glass because of the glass because of the 

higher atomic weight of the modifier, and 

(iii) decrease of the bridging oxygen (BO) ratio in the glass composition, due to the 

adding of modifier and/or irradiation. 
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From mentioned above, damage by an irradiation species can create displacement of 

atoms and/or breaks in the network bonds, leading to a rise of the number of non-bridging 

oxygens (NBOs) and/or transformation of the main glass network structure from tetrahedral 

( )4Q  to triagonal ( )3Q  and resulting in a decrease of the densities of the glass samples after 

irradiation [59-60]. The molar volume is defined as the volume occupied by the unit mass of the 

glass, molar volume can be used as a parameter to identify an open structure [61]. 
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Figure 22  Variation of molar volume ( aV ) before and after irradiation with γ -radiation of the 

glass samples with the difference of doping (lines are drawn as guides to the eyes). 

 

Figure 22 shows that the molar volume increases with increasing Nd2O3 concentrations 

and after gamma irradiation. These results are easily explained; they are due to the modifier 

ions ionic radius (the Nd
3+

 ionic radius is 1.123 Å), which is larger than the network structure 

interstices (the ionic radius of Si
4+

 is 0.400 Å). The modifier ion attraction to oxygen ions can 

yield a grater interstices size and molar volume. Irradiation with gamma rays is assumed to 

create displacement of atoms, electronic defects and/or breaks in the network bonds, which 

allow the structure to relax and fill the relatively large interstices in the interconnected silicon 

and/or boron and oxygen atom network, which produces volume expansion followed by 

compaction [59]. To confirm this results the packing density of the glasses were calculated and 

shown in Table 1. The packing density is the ratio between the minimum theoretical volume 

occupied by the ions and the corresponding effective volume of the glass. Therefore, the 

increase of packing density with increases concentration of Nd2O3 due to the volume occupied 
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by the ions increase (the ionic radius of Nd
3+

 is large). Adding Nd2O3 into the glass matrix 

resulting to produces volume expansion followed by compaction. Therefore, the molar volume 

increases with the mol% of Nd2O3. After irradiation, the packing density was decreases in all 

samples. This is due to the increase of the effective volume of the glass matrix. The damage of 

radiation can create the opens structure lead to increase of molar volume of the glass samples. 

Moreover, this results good agree with the transformation of the main glass network structure 

from tetrahedral ( )4Q  to triagonal ( )3Q  after irradiation. 

 

Table 8  Glass composition, density (ρ ), molar volume ( aV ) and packing density ( tV ) of the 

glass samples before and after gamma irradiation. 
 

 Composition (mol%)  
)cmg(ρ 3−⋅  

001.0±  

 
)molcm(V 13

a
−⋅

 

021.0±  

 
)m(10V 36

t
−×

 

0013.0±  
Sample No. 

 RWG Na2O Nd2O3  Before After  Before After  Before After 

0G−  
 90 10 0  2.567 2.565  23.351 23.3747  0.4592 0.4588 

1G−  
 89.999 10 0.001  2.572 2.558  23.313 23.4391  0.4609 0.4584 

2G−  
 89.990 10 0.01  2.570 2.554  23.340 23.4911  0.4690 0.4660 

3G−  
 89.900 10 0.1  2.575 2.560  23.416 23.5458  0.5530 0.5500 

4G−  
 89 10 1  2.656 2.647  23.837 23.9225  1.3838 1.3789 

 

 The plots before and after irradiation of longitudinal ( )Lv  and shear ( )Sv  velocities in 

the glass samples with the concentration of Nd2O3 are shown in Figure 23 and 24, respectively 

and exact values are shown in Table 9. In addition, elastic moduli ( )EandK,G,L , PoissonGs 

ratio ( )σ , micro-hardness ( )H , Debye temperature ( )Dθ  and softening temperature ( )sT  of the 

glass samples are shown in Table 10. The ultrasonic velocities ( )SL vandv  in the glasses 

decrease as the mol% of the dopant increase and after irradiation. The changes in geometrical 

configuration, co-ordination number, cross-link density and dimension of interstitial space of 

glass determine the ultrasonic velocity and, therefore, ultrasonic velocity is an appropriate tool 

in revealing the degree of the structural change in the glass [20]. In general, the decrease of 

ultrasonic velocity is related to the increase in the number of non-bridging oxygens (NBOs) and, 

consequently, the decrease in connectivity of the glass network [62]. Therefore, the decrease in 

ultrasonic velocities is due to the fact that Nd
3+

 ions are involved in the glass network as 

modifiers by breaking up the tetrahedral bond of SiO4 units. Moreover, damage by an irradiation 

species can create displacement of atoms and/or breaks in the network bonds, leading to a rise 

of the number of NBOs. Hence, the ultrasonic velocities decrease with mol% of Nd2O3 

increases and after gamma-irradiation. Moreover, difference of ultrasonic velocity before and 
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after irradiation as shown in Table 9 (%different). The results indicated that highest damage of 

irradiation on the structure is occurred in 3G−  glass sample.  
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Figure 23  Variation of longitudinal velocity ( Lv ) before and after irradiation with γ -radiation of 

the glass samples with the difference of doping. 

 

 

Table 9  Longitudinal ( Lv ), shear ( Sv ) and mean ( mv ) velocities of the glass samples before 

and after gamma irradiation. 
 

 )sm( 1
L

−⋅v 7±   )sm( 1
S

−⋅v 14±   )sm( 1
m

−⋅v 11±  
Sample No. 

 Before After %different  Before After %different  Before After 

0G−   5842 5827 0.257  3646 3635 0.302  4017 4005 

1G−   5838 5817 0.348  3592 3577 0.427  3964 3947 

2G−   5814 5798 0.281  3570 3549 0.565  3940 3919 

3G−   5791 5776 0.259  3557 3484 2.062  3926 3852 

4G−   5660 5647 0.230  3520 3502 0.516  3880 3861 
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In the asseveration of these results, the number of bonds per unit volume ( )bn  is 

calculated by using a theoretical bond compression model is shown in Table 11. From the 

results, all samples show the decrease in the number of bonds per unit volume with increase of 

the mol% of dopants. Furthermore, the decrease of bonds per unit volume of glass samples 

after irradiation due to the greater the formation of non-bridging oxygens (NBOs). These results 

supported our discussions of the ultrasonic velocities of glass samples. 

 

3460

3480

3500

3520

3540

3560

3580

3600

3620

0.001 0.01 0.1 1

nirradiatioBefore

nirradiatioAfter

)
s

m(
ve

lo
c
it
y

S
h
e
a

r
1
−

⋅

32ONdof%mol
 

 

Figure 24  Variation of shear velocity ( Sv ) before and after irradiation with γ -radiation of the 

glass samples with the difference of doping. 

 

The elastic moduli ( )EandK,G,L  as shown in Table 9 decrease with the increase of 

Nd2O3 concentrations and after irradiation. All of the elastic moduli are related to the average 

strength of the bond. The average strength of the bond depends on the value of cation-anion 

forces. For a given A-O-A bond angle, the A-A separation would be directly proportional to the 

stretching force constant ( )F  of the glass network [63]. As the A-O-A bond force constants 

decrease, the energy required to produce a given degree of bond angle or length distortion 

and/or bond distortion decreases which leads to the decrease in the average strength of the 

bond. 
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Table 10  Longitudinal (L), shear (G), bulk (K), YoungGs (E) modulus, PoissonGs ratio (σ ), micro-hardness (H), Debye ( Dθ ) and softening (Ts) 

temperature of the glass samples before and after gamma irradiation. 
 

 
L (GPa)  

03.0±  
 

G (GPa) 

01.0±  
 

K (GPa) 

02.0±  
 

E (GPa) 

04.0±  
 003.0σ ±   

H (GPa) 

01.0±  
 Dθ  (K) 2±   Ts (K) 5±  

Sample No. 

 Before After  Before After  Before After  Before After  Before After  Before After  Before After  Before After 

0G−   87.63 87.10  34.13 33.89  42.12 41.91  80.62 80.09  0.181 0.181  7.26 7.20  354 353  612 609 

1G−   87.64 86.56  33.18 32.73  43.39 42.93  79.33 78.28  0.195 0.196  6.74 6.63  349 347  593 591 

2G−   86.87 85.83  32.75 32.17  43.21 42.94  78.43 77.22  0.198 0.200  6.60 6.43  347 344  586 583 

3G−   86.35 85.43  32.58 31.08  42.92 44.00  78.00 75.46  0.197 0.214  6.58 5.92  345 338  584 563 

4G−   85.09 84.39  32.91 32.46  41.21 41.12  77.98 77.09  0.185 0.188  6.92 6.76  339 337  582 578 

 

Table 11 Average cross-link density ( cn ), calculation of PoissonG ratio ( calσ ), number of vibrating atoms per unit volume ( V/N ), average stretching 

force constant ( F ), average ring diameter ( l ) of the glass samples. Theoretical bond compression bulk modulus ( bcK ), number of bonds 

per unit volume ( bn ) and expbc K/K  ratio of the glass samples before and after gamma irradiation. 
 

 )GPa(Kbc   )cm(10n 322
b

−×   
Sample No. cn  calσ  )cm(10

V

N 321 −×  )m/N(F  )nm(l  
 Before After  Before After  

expbc K/K  

0G−  3.6364 0.2028 7.7341 377.96 0.5424  170.99 170.81  14.9526 14.9375  4.0595 

1G−  3.6365 0.2028 7.7467 377.95 0.5382  171.26 170.34  14.9770 14.8966  3.9471 

2G−  3.6375 0.2027 7.7390 377.89 0.5388  171.08 169.98  14.9611 14.8651  3.9593 

3G−  3.6479 0.2026 7.7256 377.29 0.5396  170.70 169.76  14.9268 14.8443  3.9772 

4G−  3.7500 0.2012 7.7026 371.42 0.5431  169.33 168.72  14.7990 14.7464  4.1088 
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 To confirm these results, the stretching force constants ( )F  are calculated by using a 

theoretical bond compression model, the exact values were collected in Table 11. The 

stretching force constants decrease with the increase of the mol% of the dopant. These results 

indicate that the glass doped with Nd2O3 leads to the decrease in the average strength of the 

bond (elastic moduli were decreased). While the elastic moduli decrease after gamma 

irradiation can be speculate that the bond distortion occurred by irradiation. 

 Variation of PoissonGs ratio and micro-hardness of the glass samples as a function of 

the dopants are listed in Table 3. Point to influence of Nd2O3 on PoissonGs ratio can be seen 

that the PoissonGs ratio nearly constant with concentration of Nd2O3 from 0.001 mol% to 0.1 

mol% ( 3Gto1G −− ) and then decreases with increasing of mol% dopants from 0.1 mol% to 

1.0 mol% ( 4Gto3G −− ). The variation of PoissonGs ratio related to cross-link density. 

PoissonGs ratio decrease as the cross-link density increases. At low concentration of dopants, 

effect of modifier is insignificant as a result the nearly constant of PoissonGs ratio. However, 

when the concentration of modifier reach to 0.1 mol% or higher resulting to the decrease of 

PoissonGs ratio due to the increase of cross-link density in the glass network. After irradiation, 

the PoissonGs ratio is higher than the before irradiation especially at 0.1 mol% ( 3G−  glass 

sample) indicate that the highest effects of irradiation occurred in 3G−  glass sample. These 

results support our discussion of the ultrasonic velocities. In addition, the average numbers of 

cross-link density ( )cn  was calculated by using the theoretical bond compression model for 

confirm the effects of Nd2O3 on PoissonGs ratio and are shown in Table 11. The average 

numbers of cross-link density ( )cn  extremely increase when the mol% of the dopant increase 

from 0.1 to 1.0 mol%. These results strongly support the results of PoissonGs ratio. Moreover, 

the theoretical of PoissonGs ratio ( )calσ  was calculated to compare the results (Table 11). It is 

observed that a theoretical of PoissonGs ratio is in a good agreement with the experimental 

values. The micro-hardness is defined as the resistance of a material to permanent indentation 

or penetration [12]. It can be seen that (Table 9) the micro-hardness decrease with increase 

concentration of dopant reach to 0.1 mol% and then it is return to increase at 1.0 mol% of 

dopant. The micro-hardness decrease of all samples after irradiated with gamma ray. These 

results show that the rigidity and/or compactness of the sample depend on the concentration 

and irradiation. The results good agreement with the results of molar volume as was described. 

 Debye temperature ( )Dθ  and softening temperature ( )sT  before and after irradiation of 

the glass samples are listed in Table 10. Debye temperature is an important parameter of a 

solid, describes the properties arising from atomic vibration and is directly proportional to the 

mean ultrasonic velocity ( )mv . The variations of the mean ultrasonic velocity are shown in 
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Table 9. Debye temperature represents the temperature at which all the high-frequency RlatticeS 

vibrational modes are excited [64]. Softening temperature is another important parameter 

defined as the temperature point at which viscous flow changes to plastic flow [62,65]. It can be 

observed that the decrease of the Debye temperature, softening temperature and mean 

ultrasonic velocity with adding Nd2O3 and after irradiation are mainly contributed from the 

increase in formation of NBOs as a direct effect of the insertion of Nd2O3 and effect of 

irradiation. For clarity of obtained results, the dependence of Debye temperature could be 

discussed on the basis of the number of vibrating atoms per unit volume [24]. Therefore, the 

number of vibrating atoms per unit volume 







V

N
 was calculated and shown in Table 11. The 

number of vibrating atoms per unit volume was found to decrease with the increasing mol% of 

the Nd2O3. 

 The values of average ring diameter ( )l , theoretical bond compression bulk modulus 

( )bcK  and expbc K/K  ratio are shown in Table 11. From Table 11, it is rather clear that the 

values of the theoretical bond compression bulk modulus ( )bcK  decrease when the content of 

Nd2O3 increases and decrease after irradiation. This indicates that adding Nd2O3 to the pure 

composition of the glass plays a major role in the average coordination of the network structure 

[66] or the average stretching force constant which was found as a similar trend with the 

theoretical bond compression bulk modulus ( )bcK . In general, the ratio of expbc K/K  is a 

measure of the extent to which bond bending is governed by the configuration of the network 

bonds. The variation of expbc K/K  ratio increase with increase of concentration of dopant. This 

indicates that the network bonds are expanding of extent. This ratio is assumed to be directly 

proportional to the average ring diameter. The average ring diameter is shown in the Table 11. 

It is very clear that the average ring diameter increase with increase of the concentration of 

Nd2O3. 

 Comparison of experimental estimated elastic moduli ( )EandL,G,K  with those 

obtained theoretically by using bond compression model are shown in Figure 25. From the 

Figure 25, the calculated elastic moduli are in the range of the experimental values. It is 

observed that a theoretical bond compression model is in a good agreement with the 

experimental values of elastic moduli. 
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Figure 25  Variation of theoretical modulus vs experimental modulus of the glass samples with 

the difference of doping. 

 

 

 5.5.5 FTIR measurements 

 FTIR spectral curves in 1cm4000400 −−  region of the glass samples before and after 

irradiation are illustrated in Figures 26 (a) and (b), respectively. The water groups are indicated 

by frequency bands over 1cm2000 − . The main absorption band and corresponding vibration 

modes of FTIR spectrum of glass samples are shown in Table 12. The frequency bands from 

the glasses network vibrations appear in the range 1cm1500400 −−   [67-68]. The FTIR 

absorption spectra for the glass samples examined herein have four main frequency bands. 

Figure 26 (a) shows apparently decrease of SiOSi −−  unti-asymmetric stretching of BOs 

within tetrahedral ( 1cm1050995 −− ) peak when the mol% of Nd2O3 increases. Furthermore, 

the SiOSi −−  bending vibrations ( 1cm485470 −− ) peak and the SiOSi −−  and OSiO −−  

symmetrical stretching of BOs between tetrahedral ( 1cm780650 −− ) peak shows decrease of 

absorption with mol% of Nd2O3 increases. The results from FTIR spectroscopy support our 

discussion on the transformation of SiO4 tetrahedral units from Q4 to Q3 with consequent rising 

in NBO when mol% of Nd2O3 increases. Figure 26 (b) shows decrease of FTIR absorption 

bands at 485470− , 780650−  and 1cm1050995 −−  all samples after irradiation. These 

results reveal that the formation of NBOs occurred when the glass sample were irradiated with 
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gamma ray. The results of the FTIR spectra are evidence of the discussion the change in 

structure of the glass network was added Nd2O3 and after irradiated. 
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Figure 26 FTIR spectra of the glass samples before (a) and after (b) gamma irradiation. 
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Table 12  Main absorption band and corresponding vibration modes of FTIR spectrum of glass 

samples in 1cm2000400 −−  region. 
 

Wave number 

( 1cm− ) 
Assignment References 

485470−  SiOSi −−  Bending vibrations [67,69] 

780650−  SiOSi −−  and OSiO −−  symmetrical stretching of BOs between tetrahedra [67,69] 

930910−  SiOSi −−  stretching of NBOs [69] 

1050995−  SiOSi −−  unti-asymmetric stretching of BOs within tetrahedra [67,69] 

1370 Carbonate group [69] 

1640 Molecular water vibrations [67] 

 

 

5.5.6 Effects of dopants for other glass systems on the structural properties 

 For more comprehensive study, the effects of dopants for the others glass systems on 

the structural properties have been investigated. It can be separated study on concentrations 

and types on the network structure of the host glasses. However, the study in this part are 

summarizing mentioned. Borosilicate glasses have high chemical and mechanical resistance, 

very low electrical conductivity and thermal expansion coefficient. Thus, they are widely used in 

laboratory, optical, heat-resistant, fiber, pharmaceutical and sealing glasses applications, and 

even for nuclear waste immobilization. Therefore, the elastic moduli of borosilicate glasses have 

been discussed. The elastic moduli and structure of the glass samples have been investigated 

as a function of compositions (different contents of TiO2, BaO and Bi2O3) by measuring 

ultrasonic velocities. The lowest longitudinal, shear, bulk and YoungGs moduli of these glasses 

were 73.65, 27.26, 37.31 and 65.76 GPa, respectively for the composition 5 mol% of TiO2 glass 

samples. The highest longitudinal, shear, bulk and YoungGs moduli of these glasses were 

102.18, 37.73, 52.36 and 90.82 GPa, respectively for the composition 5 mol% of Bi2O3, 3 mol% 

of Bi2O3,  5 mol% of Bi2O3 and 3 mol% of Bi2O3 glass samples, respectively. The number of 

bonds per unit volume, the average stretching force constant, the average cross-link density, 

the average ring diameter and the theoretical bond compression bulk modulus were calculated 

by using a theoretical bond compression model for asseveration of the obtained results. The 

agreement between the theoretically calculated and experimental elastic moduli is excellent for 

the studied samples. Moreover, the results showed good agreement when the number of bonds 

per unit volume, average crosslink density, ring diameter and stretching force constant of SiO2 

is compared with those of TeO2. These results indicate the reliability of the experimental data 

[70]. The plots of elastic moduli of the glass samples are shown in Figures 27-29. 
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Figure 27  Variation of elastic moduli of glass samples with difference mol.% of TiO2. The error 

bar is contained within the symbol size (lines are drawn as guides to the eyes). 
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Figure 28  Variation of elastic moduli of glass samples with difference mol.% of BaO. The error 

bar is contained within the symbol size (lines are drawn as guides to the eyes). 
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Figure 29  Variation of elastic moduli of glass samples with difference mol.% of Bi2O3. The 

error bar is contained within the symbol size (lines are drawn as guides to the 

eyes). 

 

 In addition, the local sand (was acquired from Moon River in Ubon Ratchathani 

province, Thailand) was used as starting materials for a comparative study with pure silica 

(SiO2). A comparison between local sand and SiO2 with different compositions of CeO2 on the 

structural properties of glasses after successive irradiation was carried out by using ultrasonic 

techniques and FTIR spectroscopy. The ultrasonic velocities were measured by the pulse echo 

technique, with a frequency of 4 MHz and at room temperature. From these obtained velocities 

and densities, various elastic moduli, micro-hardness and PoissonGs ratio were calculated. The 

results indicate that local sand is more affected with gamma irradiation than SiO2. These results 

are due to a higher iron impurity in local sand leading to the more information of non-bridging 

oxygens (NBO) [71]. The results of radiation effects on elastic moduli (bulk and YoungGs 

modulus) are shown in Figure 30. 
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Figure 30  Bulk ( K ) and YoungGs ( E ) modulus before and after successive gamma irradiation 

of the local sand (LGS) glass samples with concentration of CeO2. Lines are fitting 

plots of the data. The uncertainty in the measurement of the bulk and YoungGs 

modulus are GPa21.0±  and GPa08.0± , respectively. 
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Figure 31  Bulk ( K ) and YoungGs ( E ) modulus before and after successive gamma irradiation 

of the SGS glass samples with concentration of CeO2. Lines are fitting plots of the 

data. The uncertainty in the measurement of the bulk and YoungGs modulus are 

GPa21.0±  and GPa08.0± , respectively. 
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 The ultrasonic velocity of the alkali-borosilicate with different transition metal oxides 

(TMOs) has been studied using the pulse echo technique. The elastic moduli such as elastic 

constant and bulk modulus have been obtained from the experimental data. Changes in the 

structure with different gamma irradiation dose have been investigated by using FTIR 

spectroscopy and ultrasonic studies. The results show that structural change in the BO3 to BO4 

due to TMOs (V2O5, TiO2 and ZnO) and irradiation are obtained [72]. The results of bulk 

modulus on the effects of irradiation are shown in the Figure 32. 

 

41

42

43

Gy0
Gy5

Gy10
Gy15

Gy20

52OV

glassBased

ZnO

2TiO

)
G

P
a

(
u

lu
s

m
o
d

B
u
lk

 
Figure 32  Variation of bulk modulus (K) of the alkali-borosilicate samples doped TMOs with 

different gamma irradiation dose 

 

 Moreover, the borosilicate glasses doped with Co2O3 and Fe2O3 have been studied 

under the influence of gamma irradiation. The results from this study show that glass with 

Co2O3 added is more responsive to irradiation than glass with Fe2O3 added. The structural 

response upon irradiation was a change from a triangular to tetrahedral structure (BO3 →  BO4 

and −
4SiO  →  SiO4). In addition, the irradiation effect was lower with higher TMO 

concentrations [73]. The effects of irradiation on the mean ultrasonic velocity are shown in the 

Figure 33. 
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Figure 33 The mean ultrasonic velocity ( mv ) of glass samples with different gamma irradiation 

dose 

 

 

6. Conclusions 

 

 The ONa)(RWG)100( 2xx −−  glass system with different concentrations of Na2O was 

prepared and their integrated TL signals were recorded. The results indicated that the 

ONa)10(RWG)90( 2−  glass sample produced the highest TL intensity, thus this glass was 

selected as base glass ( 0G− ). The ONa)10(RWG)90( 2−  glass system was doped with 

different concentrations of CeO2, Nd2O3, Dy2O3 and MnO2. From the results, Soda lime glasses 

improved by adding CeO2, Nd2O3, Dy2O3 and MnO2, were prepared for investigation of their 

thermoluminescence and physical properties to design for radiation dosimetric measurement. 

The results of the thermoluminescence testing showed that the glass samples doped with CeO2 

0.010 mol%, Nd2O3 0.100 mol%, Dy2O3 0.100 mol% and MnO2 0.010 mol% had the highest 

integrated TL signals and linearity.  Therefore, the glass samples were selected to calculate 

trap depth parameters. The activation energy depends directly on the ability of electron trapping 

and/or release of dopant ions ( +mR ). The effective atomic numbers of selected glass samples 

were significantly higher than the effective atomic numbers of human tissue. However, the R  









=

tissuehumanofZ

sampleofZ
Rwhere

eff

eff  values ( )3.2R<  of the selected glass samples were 
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acceptable to consider for potential radiation dosimetric materials, as they showed good 

thermoluminescence properties in terms of sensitivity and linearity at low dose levels of 

radiation. Moreover, the high elastic moduli of the glass samples indicated high rigidity and 

stability of the glass matrix structure. There was a fair agreement between the theoretically 

calculated and experimental elastic moduli for the glass samples. The optical absorption testing 

of glass samples ( 0G−  to 4G− ) was carried out. Results show that the transitions of Dy
3+

 

ions in the glass samples is attributed to the exchange interaction among the exited Dy
3+

 ions 

at higher concentrations. In addition, the results from adding the dopants and effects of 

irradiation on some host glasses (such as borosilicate glasses, silicate glasses and local sand) 

shows that the types and concentrations of dopants directly change in structural properties of 

the glasses as well as the radiation effects. 
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This work presents the main thermoluminescence (TL) dosimetric characteristics of commercial Thai
transparent window glass. The amorphous structure of window glass was investigated by XRD. The glow
curve revealed a peak (Tm) at 235 �C. The thermoluminescence response of window glass was studied
after irradiation with photons in the absorb dose range of 0–14.05 mGy, which is of interest for the
personal protection level of dosimetry. A linear response was obtained after both the first irradiation
and the second irradiation. The minimum detectable dose of window glass was 0.15 mGy. The effective
atomic number of window glass as a function of photon energy was calculated. The obtained results for
the effective atomic number showed that it is very close to that of human biological tissues (Zeff = 6.7–8.4
at studied energy).

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The search for materials which are universally available and can
be used as dosimeters in case of an accidental radiological emer-
gency has become a research issue for many researchers around
the world [1–3]. Many kinds of thermoluminescence (TL) materials
used as detectors in the fields of medicine, industry, environmental
monitoring and space research are accessible commercially. The
main advantages of thermoluminescence dosimeters (TLD) are
their extensive functional dose range, small physical size, reusabil-
ity and tissue equivalence [4]. For a material to be accepted as a tis-
sue alternate for photon interaction, the radiation absorption and
scattering acquired for a specified material must be the same as
that experienced by the tissue under similar conditions. A suitable
way of comparing the interaction with radiation of a given tissue
and the specified tissue equivalent material is to consider either
the photon mass attenuation coefficient and mass energy absorp-
tion coefficient or the effective atomic number [5]. Glass materials
have valuable properties such as easy handling, chemical inertness,
rigidity and excellent transparency. The advantages of glass are its
easy fabrication, good homogeneity and the fact that its structural
properties can be improved by the addition of oxides in the glass
formula. Moreover, a dosimeter made from glass possesses several
advantages over other dosimeters, not least of which is its Zeff,
which is very close to that of human biological tissues (Zeff = 7.42
for soft tissue) [6–8].
The possibility of using biological tissue and inorganic materials
in radiation-dose measurements and in particular in accident
dosimetry has been investigated. One of the reasons why window
glass was considered was because it is common in most laborato-
ries, houses and other building constructions and can easily be
used after a radiation accident to estimate the radiation dose. En-
gin et al. [9] investigated the thermoluminescence dosimetric
properties of commercial Turkish transparent window glass. They
reported that the window glass may be proposed as reliable TL
material for measuring high gamma doses. In addition, Kharita
et al. [10] used commercial glass (ordinary window glass in Syria)
as a potential gamma accidental dosimeter. They found that the
common glass can be used to estimate the irradiation dose. How-
ever, the use of commercial window glass in Thailand for radiation
dosimetry has not yet appeared although an accident involving
gamma radiation from Co-60 occurred in Thailand in 2000 [11].

Therefore, the main objective of this work is to investigate the
TL properties of commercial window glass in Thailand and to eval-
uate its possible use for gamma radiation dose measurements in
accident dosimetry. The window glass or sodalime glass is a
common material in almost all the laboratories and therefore if
comprehensively studied and developed for radiation dose mea-
surements, it will become a consistent means of estimating the
doses of personnel who may be accidentally irradiated [12–13].
2. Experimental

The window glass samples were used for the TL analysis before
and after exposure to an X-ray exposure machine. All of the sam-
ples were taken from the same window glass plate. The window

http://crossmark.crossref.org/dialog/?doi=10.1016/j.nimb.2014.01.008&domain=pdf
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glass was common window glass sold in Ubon Ratchathani, Thai-
land. The chemical composition analyses of the window glass were
carried out by using the WDXRF method and are shown in Table 1.
The window glass was cleaned and cut into small pieces of dimen-
sions 5 � 5 � 2 mm3 for the TL and XRD measurements. X-ray
diffraction studies were carried out to confirm the amorphous
structure of the window glass. A Philips X’Pert PANalytical diffrac-
trometer was used during the investigations. The radiation used
was CuKa and the pattern was recorded at a scanning rate of 4�/
min and an angular range (2h) of 5–80�. The absence of crystalliza-
tion peaks in the XRD data showed that the window glass was
amorphous (Fig. 1).

All samples were annealed at 400 �C for 1 h and 100 �C for 2 h
(dual step technique) before being irradiated with X-ray photon
energy of 100 keV at dose range 0–14.05 mGy to determine the
thermoluminescence response and glow curve. The photon energy
dependence was studied at photon energies of 25, 50, 100 and
110 keV, respectively. TL light emitted from window glass was
detected by a TLD Reader (Harshaw/Bicron Model 3500 Manual).
The glow curves were recorded from room temperature up to a
maximum temperature of 300 �C, at heating rates of 10 �C/s and
the second reading with the same profile. A region of interest
facility available in the TLD Reader was used to evaluate the
responses of different glow peaks resulting from the Computerized
Glow Curve Deconvolution (CGCD) procedure. The estimation of
glow peaks was carried out by copying the American Standard
Code for Information Interchange (ASCII) files from the TLD Reader
to the Excel program. Each data point observed in the figures was
obtained by an average of five measurements. The effective atomic
number (Zeff) for all types of materials, compounds as well as
mixtures, can be written in terms of the fraction abundance as
[14]:

Zeff ¼
P

ifiAiðl=qÞiP
jfj

Aj

Zj
ðl=qÞj

ð1Þ
Table 1
Condition of quantitative measurement of chemical composition of recycled window glas

Chemical Line Crystal Detector Co

Na2O Ka PX1 Flow 40
MgO Ka PX1 Flow 40
SiO2 Ka PE002 Flow 3
Al2O3 Ka PE002 Flow 3
CaO Ka LiF200 Flow 3
Fe2O3 Ka LiF200 Duplex 3
TiO2 Ka LiF200 Flow 3
K2O Ka LiF200 Flow 3
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Fig. 1. XRD pattern of
where fi ¼ niP
j
nj

is the fractional abundance of constituent element i,

ni is the total number of atoms and
P

jnj is the total number of
atoms present in the molecular formula, Ai and Zi are the atomic
weight and atomic number, respectively. (l/q)i is the mass attenu-
ation coefficient obtained from the WinXCom program.
3. Results and discussion

Table 1 shows the condition of quantitative measurement of the
chemical composition of recycled window glass (RWG) by using
the WDXRF method. The major components of window glass are
SiO2, Na2O, CaO, MgO, Al2O3, Fe2O3, TiO2 and K2O respectively.
The thermoluminescence samples irradiated with 100 keV photon
energy at doses of 2.01, 4.07, 6.00, 8.03, 10.06 and 14.05 mGy were
measured and are shown in Fig. 2. From observations, the glow
curves centered at about 235 �C and the relative light intensity of
TL signals increased with increasing irradiation dose. The investi-
gation of the dependence of the TL signal on irradiation dose was
carried out on window glass samples exposed to photons for doses
between 0 and 14.05 mGy. The average integrated TL signals of
each dose were recorded and the relative standard deviations were
calculated.

Fig. 3 shows the experimental trend obtained and the corre-
sponding calibration line of best fit resulting from the processing
of the experimental points. The correlation coefficient (R2) was
calculated to confirm the linearity of the dose response in the
investigated dose range. The minimum detectable dose (MMD)
value of window glass samples was determined as a dose of 3
times the corresponding value of the standard deviations of 10
un-irradiated samples. The estimated value of MMD obtained
was about 0.15 mGy. Hence thermoluminescence intensities of
the window glass were shown as likely to be used for low radiation
doses. Fig. 4 shows the reproducibility of the window glass
(annealing ? irradiation ? readout). Data from Fig. 4 reveal that
the calibration lines for the first and the second irradiation are
ses (RWG) by using WDXRF method.

llimator (lm) kV mA Concentration (%)

00 24 125 15.1700
00 24 125 3.4030
00 24 125 73.3900
00 24 125 0.5866
00 24 125 7.3390
00 50 60 0.0635
00 125 125 0.0263
00 125 125 0.0238
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.)(degθ2e

window glasses.
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Fig. 2. Glow curve of window glass irradiated with different doses.
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matching at low doses. For more information, the 10 samples were
annealed by using a dual step process, and then irradiated with
10.08 mGy, and the TL signal was read out. This procedure was car-
ried out for five cycles. The experimental values obtained are re-
ported in Table 2 and the average values are shown in Fig. 5. The
results indicated that after the reproducibility procedure the sensi-
tivity increased as shown in Fig. 4. This was due to the improve-
ment of the electron trap by heat treatment [15]. The statistical
analysis to represent the reproducibility used the coefficients of
variation analysis method. Covariance (CV) is a measure of how
much two random variables change together. The following coeffi-
cients of variation can be defined [15] as:

The system variability index (SVI) or %CV ¼ SD
�X � 100; this is the

mean value of percent standard deviations of each TL detector. This
quantity gives a measure of the reproducibility of the whole
system. The variation of SVI is 3.6% (Table 3).

The reader variability index (RVI) or %CV ¼ SD
mean� 100; this is

the percent standard deviations of the mean values of each cycle
of readings. This quantity gives a measure of the long-term reader
reproducibility. The variation of RVI is 1.8% (Table 4).

The detector variability index (DVI); this quantity gives a
measure of the reproducibility of the TL detectors (samples), and
is defined as:
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¼ 3:1%

The DVI values indicated the high reproducibility of samples.
However, the reproducibility of window glass samples required
improvement when compared with the initial read out (Fig. 5).
The author suggests that electron trapping should be improved
by adding the modifier for constant trapping in the structure of
the glass. This point is worthy of further investigation in the near
future.

The most important problems in TL technique applied to differ-
ent fields of dosimetry, such as personal, environmental and
clinical dosimetry, are related to the loss of the stored TL signal
after irradiation, generally called thermal fading (trapped charge
effects), and to its evaluation [16]. Fig. 6 shows the average inte-
grated TL intensity after a storage period of 1440 h at a dose of
14.05 mGy. This figure demonstrates a large decrease in the TL
signal in the initial range (about 65% decreased at 0–200 h). These
results suggest that the high loss of TL signal is due to un-stabiliza-
tion of trapped charge effects. However, the TL signals become con-
stant after a storage period of 200 h. Fig. 7 shows the average
integrated TL intensity after the irradiation of window glass at
6.00 mGy with different radiation energies (25, 50, 75, 100 and
110 keV, respectively) which predict the energy dependent
)mGy(
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Fig. 4. Reproducibility of window glasses with blue line (1) is first irradiation and pink line and (2) is second irradiation. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 2
Data for reproducibility of TLD measurement of recycled window glasses (RWG).

Chip No. 1st Reading 2nd Reading 3rd Reading 4th Reading 5th Reading

1 12.550 12.010 12.780 12.320 12.220
2 11.850 12.720 12.580 12.310 12.340
3 9.656 10.150 10.530 9.231 10.100
4 12.390 11.940 12.110 12.320 12.430
5 13.930 12.430 13.210 12.780 13.560
6 11.580 10.750 11.570 11.120 11.780
7 11.440 10.600 11.330 10.450 11.250
8 11.060 10.880 11.420 10.970 10.190
9 7.435 7.971 8.190 7.952 8.342

10 8.585 8.933 9.112 8.631 9.210
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Fig. 5. Reproducibility of window glass samples with 10.08 mGy for five cycles (dash line is initial read out). Error bars correspond to one standard deviation.
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behavior of the window glass. The energy dependence for window
glass may be highly related with the value of effective atomic num-
ber (Zeff) [9]. Fig. 8 shows the effective atomic numbers of window
glass. It has been observed that the effective atomic numbers
decrease with incident photon energy up to 15 keV. Then, effective
atomic numbers suddenly increase with incident photon energy up
to 150 keV. After that, effective atomic numbers become relatively
constant with incident photon energy in the range 200–7000 keV.
Effective atomic numbers slightly decrease with photon energy in
the range 8–50 MeV. Then, effective atomic numbers become
independent of the incident photon energy in the range 60–
100000 MeV. The investigated energy range from 25 to 110 keV
shows a linear increase of effective atomic number. This can be
explained on the basis of dominance of the photoelectric process.
For the photoelectric interaction near the K-edge of the elements
with the high Z numbers [4] (Table 1), the effect of impurity of
the window glass on the photoelectric effect is higher than the
Compton effect in the studied energy range. Moreover, the effec-
tive atomic numbers obtained in this study show that it is very
close to human biological tissues (Zeff = 6.7–8.4 at studied energy).
To confirm these results, the mass energy absorption coefficients
were calculated by comparison between window glass and soft
tissue. The mass attenuation coefficients of window glass were
obtained from the WinXCom program. The mass energy absorption



Table 3
Calculation of system variability index (SVI). The average values of the five reading calculated from Table 2.

Chip No. Average values of the five reading: �X Standard deviation: SD Covariance: CV ¼ �X=SD

1 12.376 0.298 0.024
2 12.360 0.332 0.027
3 9.933 0.500 0.050
4 12.238 0.207 0.017
5 13.182 0.598 0.045
6 11.360 0.418 0.037
7 11.014 0.455 0.041
8 10.904 0.449 0.041
9 7.978 0.344 0.043

10 8.894 0.280 0.031

CV 0.036

SVI ¼ CV� 100 3.6%

Table 4
Calculation of reader variability index (RVI). The values of each reading are average of TL signal of all Chip No. in Table 2.

1st Reading 2nd Reading 3rd Reading 4th Reading 5th Reading Mean SD RVI ¼ SD
mean� 100

11.048 10.838 11.283 10.808 11.142 11.024 0.202 1.8%
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coefficients of soft tissue were obtained from ICRU-44 [17]. The re-
sults are shown in Fig. 9, with good agreement of trend lines of
mass energy absorption coefficients between samples and soft tis-
sue. In order to verify that the window glass is tissue equivalent,
the ratio of Zeff for window glass and the Zeff for soft tissue was con-
sidered. Alajerami et al. reported that the human tissue Zeff is 7.42.
Therefore, the effective atomic number of window glass was com-
pared with the Zeff of human tissue [8]. The ratio
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ðR ¼ Zeff of sample
Zeff of human tissueÞ is in the range of 0.9–1.1 (at studied energy)

which is close to 1. The result was sufficient to state that the win-
dow glass is tissue equivalent.
4. Conclusions

The results obtained in this paper show that the window glass
sold in Ubon Ratchathani province, Thailand, is potentially a good
candidate for retrospective dosimetry or personal dosimetry due to
its common materials, easy sample preparation, linearity of TL
response and because its effective atomic number is close to that
of human biological tissues. However, the results also show differ-
ences in reproducibility and a high fading of the TL signal of
window glass. Therefore, the improvements of TL properties of
window glass as starting materials would provide an interesting
study in the future.
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A comparison between local sand and SiO2 with different compositions of CeO2 with respect to the struc-
tural properties of glasses after successive irradiation was carried out by using ultrasonic techniques and
FTIR spectroscopy. The ultrasonic velocities were measured by the pulse echo technique, with a fre-
quency of 4 MHz and at room temperature. From these obtained velocities and densities, various elastic
moduli, micro-hardness and Poisson’s ratio were calculated. The results indicate that local sand is more
affected by gamma irradiation than SiO2. These results are due to a higher iron impurity in local sand
leading to the occurrence more non-bridging oxygen (NBO).

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Borosilicate glass is a technologically important material be-
cause it generally has good chemical resistance and high dielectric
strength thanks to its low thermal expansion (ElBatal et al., 2007;
Baccaro et al., 2007; Baydogan and Tugrul, 2012). Therefore, the
structure of borosilicate glass has been extensively studied by
using several techniques, as this system has a wide variety of tech-
nological applications such as; optical lenses, nuclear waste mate-
rials, shielding materials and use in the electronics industry (Fayon
et al., 1998, 1999; Stentz et al., 2001). In addition, borosilicate is
extensively used in semiconductor microelectronics for obtaining
passive and insulating layers (Parchinskii, 2002). For this reason,
it is important to study the influences of various external factors,
in particular the effect of irradiation upon the structural properties
of this glass system (Malchukova et al., 2005; Arora et al., 2009;
Prymak et al., 2012; Deschanels et al., 2007; Bootjomchai et al.,
2012). The knowledge of the glass structure before and after
irradiation is a prerequisite for understanding the structural evolu-
tion of glass under long term irradiation (Ollier et al., 2004; De
Bonfils et al., 2010; Prado et al., 2001; Aygun et al., 2012). The
investigation of radiation effects leads to a better understanding
of the intrinsic structure as well as the alterations, which result
from the interaction with radiation. For this reason, it is important
to study the influences of irradiation on borosilicate glass.
Moreover, glass containing rare-earth ions has been the subject
of various investigations, due to its potential as optical-fibre,
amplifiers and scintillating glass (Weber, 1980; Marzouk, 2010).

The properties of glass are closely related to the inter-atomic
forces and potentials in the lattice structure. Thus, changes in the
lattice, due to doping and/or irradiation, can be directly noted.
The elastic properties, micro-hardness, Poisson’s ratio, and other
related parameters are of great interest, in order to investigate
the linear and anomalous variations as a function of composition
of glass, and have been interpreted in terms of the structure or
transformation of cross-linkages in the glass network (Sharma
et al., 2009; Rajendran et al., 2001). To study the structure of oxide
glass, the coordination number of the network former and the
change of oxygen bonds in the frame work, induced by the cation
modifiers, need to be investigated. This information can be
obtained from FTIR spectroscopy. Furthermore, many author’s
studies on borosilicate glass have been reported for irradiation
effects on structural properties of glass, by using ultrasonic
techniques (Bootjomchai et al., 2012; Sharma et al., 2009; Zahran,
1998; El-Mallawany et al., 1998). Therefore, the ultrasonic tech-
nique is a versatile tool for investigating the change in microstruc-
ture, the deformation process and the structural properties of
materials after successive irradiation.

In my previous work, I reported that the comparisons of struc-
tural properties between the glass, prepared from local sand (LGS)
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and pure silica (SGS), revealed that the glass samples were pre-
pared from Moon River sand, Ubon Ratchathani province, Thailand,
may substitute the pure chemicals (SiO2) by considering terms the
of elastic properties (Laopaiboon and Bootjomchai, 2013). It is
particularly interesting to study the effects of gamma irradiation
on the structural properties of the glass (Comparison between
LGS and SGS glass samples). Therefore, the present work has been
investigating the effects of gamma irradiation on the structural
properties of glass with different compositions of CeO2, by using
ultrasonic techniques and FTIR studies (comparison between local
sand and pure silica).
Sample

cm30

cm30

Fig. 1. Geometrical arrangement of gamma irradiation.
2. Materials and methods

2.1. Sample preparation

The rectangular shaped glass samples of the xCeO2–20Na2O–
1Al2O3–13B2O3–6.5CaO–1.5PbO–(58–x) local sand (LGS glass sam-
ples) and xCeO2–20Na2O–1Al2O3–13B2O3–6.5CaO–1.5PbO–(58–
x)SiO2 (SGS glass samples) (where x is mol.%) were prepared by
using the melt-quenching method. The oxides of cerium, sodium,
aluminium, boron, calcium, lead and silicon used in this work were
analytical regent grades. The local sand was acquired from Moon
River in Ubon Ratchathani province, Thailand. The qualitative and
quantitative data of local sand were defined by using the
wavelength dispersive X-ray fluorescence (WDXRF) technique
(The condition of quantitative measurements and the chemical
composition of local sand has been presented in previous work)
(Laopaiboon and Bootjomchai, 2013). The quantities of chemicals
and local sand were used as starting materials, and weighed using
an electronic balance and having accuracy in the order of 0.0001 g.
The starting materials were mixed thoroughly in alumina cruci-
bles. The mixtures were melted in an electrical furnace at
1250 �C to ensure homogeneity. Then the melted glass was poured
into a preheated stainless steel mold and annealed at 450 �C. The
glass samples were cut and polished by using different grades of
silicon carbide. The thickness measurement was carried out by a
micrometer.
2.2. Density and molar volume measurements

The variation of density of each sample was measured by using
the Archimedes’s principle with n-hexane as the immersion liquid.
The experiments were repeated three times for accurate value of
the density. The estimated error in these measurements was
approximately ±0.005 g cm�3. The molar volume (Va) was calcu-
lated for each glass from the expression; Va = M/q, where M is
the molecular weight of the glass, calculated according to the rela-
tion (Abd El-Moneim et al., 2006)

M ¼
X

i

xiMi ð1Þ

where xi is the mole fraction of the component oxide i and Mi is its
molecular weight. The estimated error in molar volume measure-
ments was about ±0.021 cm3 mol�1.
2.3. Gamma-ray irradiation

The glass samples were irradiated by an exposure machine
(THERATRON 780C) using a Co-60 gamma-ray source at a dose rate
of 1.16 Gy min�1 and field size of 30 � 30 cm2, at a distance of
30 cm from the source, and at room temperature. The samples
were irradiated for sufficiently long enough to achieve the overall
dose of 2 kGy. The diagram of the geometry is shown in Fig. 1.
2.4. Ultrasonic velocity measurements

An ultrasonic flaw detector, SONATEST Sitescan 230, was em-
ployed to measure ultrasonic velocity. The ultrasonic waves were
generated from a ceramic transducer (Probe model: SA04-45 for
shear velocity and SLG4-10 for longitudinal velocity) with a reso-
nant frequency of 4 MHz, and acting as transmitter–receiver at
the same time. The ultrasonic wave velocity (v) can be calculated
by following equation (El-Mallawany et al., 2006):

v ¼ 2x
Dt

ðcms�1Þ ð2Þ

where x is the sample thickness (cm) and Dt is the time interval (s).
The measurements were repeated three times to check the repro-
ducibility of the data. The estimated errors in velocity measure-
ments were ±11 m s�1 and ±8 m s�1 for longitudinal and shear
velocities, respectively.

2.5. FTIR measurements

FTIR spectra of powdered glass samples were recorded in the
range of 400–4000 cm�1, using the KBr technique at room temper-
ature. A recording spectrometer from Perkin–Elmer was used to re-
veal the absorption spectra with a resolution of 4 cm�1.

3. Determination of elastic constants

The elastic strain produced by a small stress can be described as
two independents; the elastic constants, C11 and C44 (Eraiah et al.,
2010). The elastic moduli were calculated using the following stan-
dard relations (Eraiah et al., 2010):

Longitudinal modulus C11 ¼ L ¼ qv2
L ð3Þ

Shear modulus C44 ¼ G ¼ qv2
S ð4Þ

Bulk modulus K ¼ L� 4
3

G
� �

ð5Þ

Young’s modulus E ¼ ð1þ rÞ2G ð6Þ

Poisson’s ratio r ¼ L� 2G
2ðL� GÞ ð7Þ

Micro-hardness H ¼ ð1� 2rÞE
6ð1þ rÞ ð8Þ



Table 1
Density (q) and molar volume (Va) of the glass samples with different mol.% of CeO2.

CeO2

(mol.%)
q (g cm�3) ±0.005 Va (cm3 mol�1) ±0.021

Local sand
(LGS)

Silica
(SGS)

Local sand
(LGS)

Silica
(SGS)

0.00 2.839 2.863 23.731 23.812
0.50 2.882 2.857 23.870 23.695
1.25 2.894 2.874 24.037 23.687
3.75 3.014 2.975 24.059 24.138
5.00 3.030 3.099 24.102 24.211
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4. Results and discussion

4.1. Density and molar volume

The results of density were carefully mentioned in previous
work. However, in this work the values of density were taken to
calculate the molar volume. Therefore, the density overview is
mentioned again. Fig. 2 shows the variations of the density and
molar volumes with CeO2 mol.%. For the LGS glass samples, it is
clear that the density increases with increasing CeO2 mol.%. This
is due to the replacement of all the SiO2 and B2O3 (molecular
weights are 60.084 and 69.615 g mol�1, respectively) with CeO2

(molecular weight is 172.118 g mol�1) (El-Mallawany et al.,
2006; Eraiah et al., 2010; Gaafar and Marzouk, 2007; Veeranna
Gowda et al., 2007; Reddy et al., 2008). For the SGS glass samples,
the densities increase slowly with 0.00–1.25 mol.% of CeO2, and
then the densities increase rapidly with 1.25–5.00 mol.% of CeO2.
The initial increase of density (0.00–1.25 mol.% of CeO2) suggests
that CeO2 gets into the order structure with random distribution.
The concentration of the CeO2 increases (1.25–5.00 mol.% of
CeO2) results in the structure becoming compact leading to a rapid
increase of density.

The molar volume is defined as the volume occupied by the unit
mass of the glass, Molar volume can be used as a parameter to
identify an open structure (Singh et al., 2003). For LGS glass sam-
ples, the molar volume increases with increasing CeO2 mol.%. This
is due to the LGS glass samples having had high impurities in their
structure. Adding the CeO2 into the network structure leads to a
more open structure of the glass. On the other hand, the SGS glass
samples had low impurities in their structure. Initially, with 0.00–
1.25 mol.% of CeO2, the molar volume decreases due to the addition
of CeO2 in order to fill the interstices of the glass network. After
that, when the interstices are filled, the greater addition of CeO2

leads to a breakdown in the ring type structure of the glass sam-
ples, resulting in a rapidly increasing molar volume (1.25–
5.00 mol.% of CeO2). The exact values of density and molar volume
are shown in the Table 1.

4.2. Ultrasonic velocity and elastic moduli

The influences of concentration of CeO2 have been described in
previous work (Laopaiboon and Bootjomchai, 2013). Therefore, the
present work will only discuss the influences of gamma-irradia-
tion. Figs. 3 and 4 show plots of the longitudinal (vL) and shear
(vS) wave velocities before and after successive gamma-irradiation
Fig. 2. Densities (q) and molar volume (Va) of the glass samples with concentration of C
densities and molar volume are ±0.005 g cm�3 and ±0.021 cm3 mol�1, respectively.
against CeO2 mol.% of LGS and SGS glass samples, respectively.
From the figures, it is found that the ultrasonic velocities (both lon-
gitudinal and shear) decreased after gamma-irradiation, and the
exact values are shown in Table 2. The changes in geometrical con-
figuration, co-ordination number, cross-link density and dimen-
sions of interstitial space of glass determine the ultrasonic
velocity and, therefore, ultrasonic velocity is a tool in revealing
the degree of the structural change in the glass (Marzouk, 2009).
In general, the decrease of ultrasonic velocity is related to the in-
crease in the number of non-bridging oxygen (NBO) and, conse-
quently, the decrease in connectivity of the glass network (Gaafar
and Marzouk, 2007). Moreover, irradiation with gamma-rays is as-
sumed to create displacements, electronic defects and/or breaks in
the network bonds, which allow the structure to relax and fill the
relatively large interstices that exist in the interconnected network
of boron and/or silicon and oxygen atoms, causing expansion fol-
lowed by compaction of the volume (Ezz Eldin et al., 1992). Dam-
age by an irradiation species can create displacement of atoms
and/or breaks in the network bonds, leading to a rise of the number
of non-bridging oxygens (NBO) and resulting in a decrease of ultra-
sonic wave velocities (Prado et al., 2001). In addition, the LGS glass
samples were much more affected by gamma irradiation than the
SGS glass samples. ElBatal et al. have reported that gamma irradi-
ation produces induced defects and/or breaks in the network bonds
generated from collective combinations of trace iron impurities
(ElBatal et al., 2009). The LGS glass samples had higher iron impu-
rities (Laopaiboon and Bootjomchai, 2013) leading to more infor-
mation about non-bridging oxygens than the SGS glass samples.
Hence, the ultrasonic velocities of the LGS glass samples clearly de-
crease when compared to the SGS glass samples.

Figs. 5 and 6 show the variations of elastic moduli (bulk and
Young’s modulus values are listed in Table 3) before and after suc-
cessive gamma irradiation of the LGS and SGS glass samples,
eO2. Lines are fitting plots of the data. The uncertainty in the measurement of the



Fig. 3. Longitudinal (vL) and shear (vS) velocities before and after successive gamma irradiation of the LGS glass samples with concentration of CeO2. Lines are fitting plots of
the data. The uncertainty in the measurement of the longitudinal and shear velocity are ±11 m s�1 and ±8 m s�1, respectively.

Fig. 4. Longitudinal (vL) and shear (vS) velocities before and after successive gamma irradiation of the SGS glass samples with concentration of CeO2. Lines are fitting plots of
the data. The uncertainty in the measurement of the longitudinal and shear velocity are ±11 m s�1 and ±8 m s�1, respectively.

Table 2
Longitudinal (vL) and shear (vs) velocities before and after gamma irradiation of glass samples with different mol.% of CeO2.

CeO2 (mol.%) LGS glass samples SGS glass samples

vL (m s�1) ±11 vS (m s�1) ±8 vL (m s�1) ±11 vL (m s�1) ±11

Before After Before After Before After Before After

0.00 5678 5640 1455 1434 5676 5669 1445 1441
0.50 5648 5628 1420 1403 5643 5635 1390 1383
1.25 5608 5547 1357 1311 5595 5583 1378 1366
3.75 5492 5466 1316 1286 5484 5477 1350 1340
5.00 5456 5412 1307 1274 5432 5428 1321 1312
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respectively. From the figures, the elastic moduli (both bulk and
Young’s modulus) of the glass decrease after (both LGS and SGS
glass samples) irradiated with gamma rays. It is believed that the
behavior of both bulk and Young’s modulus are associated with
the change in the cross-linkage and coordination of the glass net-
work (Gaafar and Marzouk, 2007). Therefore, the decrease of bulk
and Young’s modulus of the LGS and SGS glass samples after gam-
ma irradiation suggests that the greater formation of NBO results
in a decrease in the cross-linkage and coordination of the glass net-
work. Furthermore, there is an apparent decrease of bulk and
Young’s modulus after gamma irradiation in the LGS glass samples
when compared to the SGS glass samples. This result indicated that
the LGS glass samples have a greater reduction of cross-linkage due
to a higher amount of non-bridging oxygens than in the SGS glass
samples. The results supported our discussion in that gamma irra-
diation produces NBO from a collective combination of iron impu-
rities. Figs. 7 and 8 show the variation of Poisson’s ratio and the
micro-hardness of the LGS and SGS glass samples before and after
successive irradiation, respectively, and the exact values are listed
in Table 4. Both LGS and SGS glass samples show an increase in
Poisson’s ratio after successive gamma irradiation. The variation
of Poisson’s ratio is a measure of cross-link density and it decreases



Fig. 5. Bulk (K) and Young’s (E) modulus before and after successive gamma irradiation of the LGS glass samples with concentration of CeO2. Lines are fitting plots of the data.
The uncertainty in the measurement of the bulk and Young’s modulus are ±0.21 GPa and ±0.08 GPa, respectively.

Fig. 6. Bulk (K) and Young’s (E) modulus before and after successive gamma irradiation of the SGS glass samples with concentration of CeO2. Lines are fitting plots of the data.
The uncertainty in the measurement of the bulk and Young’s modulus are ±0.21 GPa and ±0.08 GPa , respectively.

Table 3
Experimentally estimated values of the elastic moduli: bulk modulus (K) and Young’s modulus (E) before and after successive gamma irradiation of glass samples with different
mol.% of CeO2.

CeO2 (mol.%) LGS glass samples SGS glass samples

K (GPa) ±0.21 E (GPa) ±0.08 K (GPa) ±0.21 E (GPa) ±0.08

Before After Before After Before After Before After

0.00 83.51 82.52 17.61 17.11 84.27 84.09 17.52 17.43
0.50 84.18 83.71 17.04 16.64 83.61 83.42 16.20 16.04
1.25 83.91 82.41 15.66 14.63 82.70 82.45 16.02 15.75
3.75 83.96 83.41 15.34 14.66 82.24 82.12 15.92 15.69
5.00 83.30 82.19 15.21 14.47 84.23 84.20 15.88 15.67
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with an increase in the cross-link density. Therefore, the increase
in Poisson’s ratio shows that the reduction of the cross-link den-
sity, due to a rising amount of non-bridging oxygens after irradia-
tion with gamma rays. The decrease in hardness after irradiation
by gamma is related to the decrease of the rigidity of the glass
(Gaafar et al., 2009). This indicates that irradiation with gamma
rays attributes to defects created in the glass network (Mansour
et al., 2011). Moreover, the results of Poisson’s ratio and micro-
hardness are in good agreement with our discussion about iron
impurities having a greater affect upon LGS glass samples. For
confirmation of these studies, the information obtained from FTIR
spectroscopy is important.

4.3. Infrared absorption measurements

The IR spectra obtained for the studied glass samples are shown
in Figs. 9–13. Each figure (Figs. 9–13) shows the comparison be-
tween the LGS and SGS glass samples before and after gamma irra-
diation with 0.00, 0.50, 1.25, 3.75 and 5.00 mol.%, respectively. The
results obtained will be discussed in this section. The presence of



Fig. 7. Micro-hardness (H) and Poisson’s ratio (r) before and after successive gamma irradiation of the LGS glass samples with concentration of CeO2. Lines are fitting plots of
the data. The uncertainty in the measurement of the bulk and Young’s modulus are ±1.6 MPa and ±0.0002, respectively.

Fig. 8. Micro-hardness (H) and Poisson’s ratio (r) before and after successive gamma irradiation of the SGS glass samples with concentration of CeO2. Lines are fitting plots of
the data. The uncertainty in the measurement of the bulk and Young’s modulus are ±1.6 MPa and ±0.0002, respectively.

Table 4
Experimentally estimated values of the Poisson’s ratio (r) and micro-hardness (H) before and after successive gamma irradiation of glass samples with different mol.% of CeO2.

CeO2 (mol.%) LGS glass samples SGS glass samples

r ± 0.0002 H (MPa) ±1.6 r ±0.0002 H(MPa) ± 1.6

Before After Before After Before After Before After

0.00 0.4649 0.4654 140.80 134.50 0.4653 0.4655 138.11 136.89
0.50 0.4663 0.4669 130.69 125.29 0.4677 0.4680 118.84 116.74
1.25 0.4689 0.4704 110.47 98.09 0.4677 0.4682 117.50 113.85
3.75 0.4695 0.4707 106.00 97.37 0.4677 0.4682 116.60 113.38
5.00 0.4696 0.4707 105.04 96.17 0.4686 0.4690 113.31 110.34
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water groups is marked by the presence of bands above 2000 cm�1.
From the figures (Figs. 8–12), the band arising from the vibrations
of the borosilicate network appears in the range 400–1500 cm�1.
The signal around 470 cm�1 is assigned to Si–O–Si and O–Si–O
bending modes of bridging oxygens (Q4). The peak, at roughly
680 cm�1, is assigned to curve vibrations of Si–O–B bridges (Hand-
ke et al., 2003). The absorption bands in the regions extending from
800 cm�1 to 1200 cm�1 are observed at 954, 1012, 1054 and
1120 cm�1. These bands are assigned to the stretching vibrations
of the B–O bonds in the structural groups, consisting of BO4 units
in the di-, tri-, tetra- and penta- borate groups (Kaur et al., 2012).
Particularly, the region of 1000–1120 cm�1 can arise from
overlapping contributions of silicate (vibrations of NBO of SiO�4 )
and borate groups containing BO3 and BO4 units (Kaur et al.,
2012). The individual contribution of silicate and borate groups
cannot be separated, and is assumed to depend on the concentra-
tion of each component in the glass system. The peak at around
1460 cm�1 is assigned to stretching vibrations of NBO of BO3 trian-
gles. A small absorption edge at around 1625 cm�1 is assigned to
Si–OH stretching the surface of silanol hydrogen bonds into molec-
ular water. All samples show a similar presence of broad bands.

It can be observed from Figs. 9–13 that the IR absorption spectra
of investigated glass have four main absorption bands at around
470, 680, 800–1200 and 1460 cm�1. The absorption of these



Fig. 9. Comparison of IR spectra between LGS and SGS glass samples with 0 mol.%
of CeO2 before and after successive gamma irradiation.

Fig. 10. Comparison of IR spectra between LGS and SGS glass samples with
0.5 mol.% of CeO2 before and after successive gamma irradiation.

Fig. 11. Comparison of IR spectra between LGS and SGS glass samples with
1.25 mol.% of CeO2 before and after successive gamma irradiation.

Fig. 12. Comparison of IR spectra between LGS and SGS glass samples with
3.75 mol.% of CeO2 before and after successive gamma irradiation.

Fig. 13. Comparison of IR spectra between LGS and SGS glass samples with
5.00 mol.% of CeO2 before and after successive gamma irradiation.
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frequency bands decreases after successive gamma irradiation.
This result is due to the photon of gamma rays perhaps destroying
the associate of the silicon and/or boron with oxygen, creating non-
bridging oxygens (NBO). In addition, the absorption bands ob-
served for LGS glass samples seriously decrease in comparison to
the SGS glass samples. This indicates that the LGS glass samples
were more affected by irradiation than the SGS glass samples.
The results of the FTIR spectra are evidence of the results and dis-
cussion of the ultrasonic velocities.

5. Conclusions

From the studies both composition (Laopaiboon and Bootjomc-
hai, 2013) and radiation effects found that changes in ultrasonic
velocity and elastic moduli are related to a change in the structure
of the glass. In this work, the results indicate that gamma irradia-
tion produces the formation of non-bridging oxygens in the net-
work structure of the glass. Moreover, the SGS glass samples
shows obvious shielding effect towards successive gamma irradia-
tion exposure. The FTIR spectra also support the structural changes
resulting from irradiation effects. Finally, the properties of local
sand acquired from Moon River, in Ubon Ratchathani province
(Thailand), is very interesting because its properties are similar
to the pure chemicals. Furthermore, it is more affected by irradia-
tion than the pure chemicals. In this point, it is an interesting
investigation into the radiation response.
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Glass structure responses to gamma irradiation using infrared
absorption spectroscopy and ultrasonic techniques: A comparative
study between Co2O3 and Fe2O3
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H I G H L I G H T S

� Changes in BO3-BO4 and SiO�
4 -SiO4 due to the effect of radiation.

� Structural changes in BO3-BO4 and SiO�
4 -SiO4 have a more compactness structure.

� FTIR were adequate supporting our discussion in the structural changes.
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a b s t r a c t

The response of glass to radiationwas investigated using ultrasonic and FTIR spectroscopy. Newmaterials
were prepared from borosilicate-based glass with different cobalt and iron oxide compositions.
The results indicate that the glass structures were most responsive to irradiation at 1500 Gy. Moreover,
the results show that the radiation effect decreases when the cobalt and iron oxide compositions
increase. These results are relevant to studies on high-dose processing, radio-pharmacy and storage.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Radiation and its application have become indispensable to
modern society, through uses such as nuclear power plants and
radiotherapy. However, radiation can be dangerous in accidents,
such as the Chernobyl disaster in 1986 and, recently, at Fukushima
Dai-Ichi in 2011. Therefore, radiation damage in materials must be
studied. Understanding the effect of radiation on the structural
properties of matter is important in evaluating radiation shielding
materials and dosimetric materials (Singh et al., 2008; Han et al.,
2009; Abd El-Malak, 2002; Baccaro et al., 2007; Arora et al., 2009;
Prado et al., 2001; Sharma et al., 2009; Soliman et al., 2013).
Studies on radiation-induced defective centers in glass have been
an interesting subject recently because such studies aid in exam-
ining the suitability of glass for radiation dosimetry applications.
Many studies are available in the literature on the activating or
modifying effect of radiation on structural properties due to

certain transition metal ions (TMOs), such as Fe3þ and Co3þ , in
amorphous materials (Srinivasarao and Veeraiah, 2001; Dance
et al., 1986). In addition, glass doped with multivalent ions, such
as Fe3þ and Co3þ , have been used for many applications, such as
semiconducting glass, active oxide catalysts to oxidize CO and
hydrocarbons, and glassy behavior in manganites (Mao et al., 2011;
Vasilyeva et al., 2010; Tran et al., 2013; Azianty et al., 2012).

Borosilicate-based glass has certain remarkable features, such as
high chemical stability and low thermal expansion coefficients, which
render the glass resistant to thermal shock; this glass is also excellent
for transmission to visible light. Thus, this glass has been used in
application such as coatings, semiconductor microelectronics, optical
lenses, scintillation detectors, glass–ceramic cement, and hard nuclear
waste materials (Arora et al., 2009; Sharma et al., 2009; Ramkumar
et al., 2008; Sawvel et al., 2005). In addition, glass doped with and/or
with added transition metal oxide (TMOs) exhibits interesting optical,
magnetic, and electrical properties due to possible TMOs ions in two
or more valence or coordination states (Shelby, 1997).

The glass properties are closely related to the lattice structure
inter-atomic forces and potentials. Therefore, lattice changes due
to composition change and/or irradiation can be directly detected.
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The coordination number of the former network and change in
oxygen bonds for the network by cation modifiers and/or irradiation
are helpful for better understanding the glass structure; these data are
generated through ultrasonic techniques and FTIR spectroscopy
(Baccaro et al., 2007; Arora et al., 2009). Ultrasonic techniques and
FTIR spectroscopy are versatile tools for investigating microstructure
change, structural deformation and materials' mechanical properties
due to a change in composition and/or irradiation (Sharma et al.,
2009; El-Mallawany et al., 1998; Doweidar and Saddeek, 2009).

The aforementioned concerns led to this study, wherein the
authors report the effects of TMOs composition (Co2O3 and Fe2O3)
and side effects from irradiation on structural properties. The
results herein were generated to consider the available materials
for high-dose processing, radio-pharmacy and storage.

2. Experimental details

2.1. Glass preparation

The glass samples were prepared in rectangular shapes from
the (Co2O3)x (Na2O)20 (Al2O3)1 (B2O3)13 (CaO)6.5 (PbO)1.5 (SiO2)58�x

and (Fe2O3)x (Na2O)20 (Al2O3)1 (B2O3)13 (CaO)6.5 (PbO)1.5 (SiO2)58�x

glass systems (x is the mol%) using the melt-quenching method.
The oxides used herein were analytical regent grade (more than
99% pure). The raw materials were weighed using an electronic
balance with accuracy on order of 0.1 mg; they were mixed and
calculated to yield a 50 g sample. Next, the starting materials were
mixed carefully in alumina crucibles. To ensure homogeneity, the
mixtures were melted at 1250 1C in an electrical furnace that was
constructed at the Department of Physics, Faculty of Science, Ubon
Ratchathani University. The melted glass was then poured into
pre-heated stainless steel molds and annealed at 450 1C. The glass
samples were cut and polished using different silicon carbide
grades. The sample thicknesses were measured to the micrometer.

2.2. Density and molar volume measurements

The density of each sample was measured using Archimedes'
principle and n-hexane as the immersion liquid as well as
applying the following equation (Marzouk and Gaafar, 2007):

ρ¼ ρL
Wa

Wa�Wb

� �
ð1Þ

where ρL is the immersion liquid density; Wa and Wb are the
sample weights in air and the immersion liquid, respectively. The
experiments were repeated three times for an accurate density
value. The molar volume (Va) was calculated using the expression
Va ¼M=ρ, where M is the molecular weight of the glass, which
was calculated using the following equation: M ¼∑ixiMi (Abd El-
Malak, 2002), where xi is the mole fraction of the component
oxides i and Mi is its molecular weight.

2.3. Gamma-ray irradiation

The glass samples were irradiated with gamma ray using an
exposure machine (THERATRON 780C) and Co-60 as the gamma-ray
source at the dose rate 1.16 Gymin�1 and the field size 30�30 cm2 at
room temperature 30 cm from the source. The samples were irra-
diated with gamma rays for a sufficiently long time to receive the
doses 500, 1000, 1500 and 2000 Gy.

2.4. Fourier transform infrared absorption measurements

Infrared absorption spectra for the powdered glass were
recorded in the range 400–4000 cm�1 using the KBr technique
at room temperature. A spectrometer from Perkin-Elmer was used
to measure the absorption spectra; the measurements were at a
4 cm�1 resolution (Chahine et al., 2004). The FTIR measurements
were measured immediately after irradiation by gamma rays
(Sharma et al., 2009).

2.5. Ultrasonic velocity measurements

To measure the mean ultrasonic velocity of the glass samples,
an ultrasonic flaw detector, the SONATEST Sitescan 230, was used
(Table 2). The ultrasonic waves were generated from a ceramic
transducer at the resonant frequency 4 MHz, which simulta-
neously acted as a transmitter and receiver. The mean ultrasonic
velocity was calculated using the following equation (Marzouk,
2009):

vm ¼ 3v3L v
3
S

v3L þv3S

" #1=3

ð2Þ

where vL and vs are the longitudinal and shear velocities, respec-
tively. The estimated error in the velocities measurement was
714.0 m s�1 for the longitudinal velocity and 710.0 m s�1 for
the shear velocity.

3. Results and discussion

3.1. Density and molar volume

The glass sample density and molar volumes were calculated,
and the exact values are listed in Table 1. The density variations
with different TMO compositions (Co2O3 and Fe2O3) are shown in
Fig. 1. The densities increase with increasing TMO concentrations
because SiO2 (molecular weight is 60.084 g mol�1) is replaced
with Co2O3 and Fe2O3 (molecular weight are 165.863 and
159.687 g mol�1, respectively) (Eraiah, et al., 2010; Laopaiboon
and Bootjomchai, 2013; Gaafar and Marzouk, 2007; Veeranna
Gowda et al., 2007). Moreover, the density of the glass samples
with the added Co2O3 was higher than the glass samples with the
added Fe2O3 because Co2O3 has a higher molecular weight than
Fe2O3. However, the glass samples with Co2O3 and Fe2O3 added
yielded densities with small differences.

Table 1
Density (ρ) and molar volume (Va) of glass samples with different concentration of Co2O3 and Fe2O3, respectively.

mol% Co2O3 Fe2O3

ρ ðg cm�3Þ Va ðcm3 mol�1Þ ρ ðg cm�3Þ Va ðcm3 mol�1Þ

0.00 2.688570.0011 24.218370.4990 2.688270.0010 24.238470.6512
0.50 2.728670.0015 30.354470.7082 2.701970.0012 32.190170.3100
0.75 2.732470.0012 36.508270.6760 2.712470.0016 37.180470.9983
1.00 2.746870.0020 54.898870.9683 2.712570.0013 56.271470.8593
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According to Shelby (1997), molar volume describes the
volume occupied by the unit mass of the glass, and it depends
on the ionic radius of the modifier. Fig. 2 shows that the molar
volume increases with increasing TMO concentrations (Co2O3

and Fe2O3). These results are easily explained; they are due to
the modifier ions ionic radii (the Co3þ and Fe3þ ionic radii are
0.545 and 0.550 Å, respectively), which are larger than the net-
work structure interstices (the ionic radius of Si4þ is 0.400 Å). The
modifier ion attraction to oxygen ions can yield a grater interstices
size and molar volume.

3.2. Ultrasonic velocity

Fig. 3 shows plots for the mean ultrasonic velocity (0.50, 0.75
and 1.00 mol% of TMOs, respectively) with different gamma
irradiation doses. The mean ultrasonic velocity increased with
increasing gamma irradiation doses from 0 to 1500 Gy. The mean
ultrasonic velocity then decreased with increasing gamma irradia-
tion doses from 1500 to 2000 Gy. Moreover, the results show that,

for the low TMO concentrations (0.50–0.75 mol%), the mean
ultrasonic velocity for glass samples with Co2O3 added were more
responsive than the samples with Fe2O3 due to a change in mean
ultrasonic velocity after irradiation. However, for high TMO con-
centrations (1.00 mol%), the glass samples with Co2O3 and Fe2O3

added did not yield distinctive mean velocities. To explain the
variations observed, the change in glass geometrical configuration,
co-ordination number, cross-link density and interstitial space
dimensions determine the ultrasonic velocity; therefore, ultraso-
nic velocity is a tool for discerning the level of change in glass
structure (Marzouk, 2009). Generally, an ultrasonic velocity
decrease is related to an increase in the number of non-bridging
oxygens (NBO) and, consequently, lower glass network connectiv-
ity (Gaafar and Marzouk, 2007). Abd El-Malak (2002) reported that
increased ultrasonic velocities with increasing radiation doses are
primarily due to the glass sample compactness and, consequently,
its glass network hardness and atom rearrangement. Irradiation
with gamma rays is assumed to create displacements, electronic
defects and/or breaks in the network bonds, which allow the
structure to relax and fill the relatively large interstices in the
interconnected silicon and/or boron and oxygen atom network,
which produces volume expansion followed by compaction
(Ezz Eldin et al., 1992). Damage by an irradiating species can
produce compaction in a borosilicate structure by breaking bonds
between triagonal (BO3) elements, which facilitate tetrahedral
(BO4) formation and/or changes SiO�

4 to SiO4. The tetrahedral
groups (BO4 and SiO4) are more strongly bonded than the
triangular groups (BO3 and SiO�

4 ) and a compact structure is
expected to increase the mean ultrasonic velocities. Therefore,
increases in mean ultrasonic velocity with an increasing gamma
irradiation dose from 0 to 1500 Gy are due to a change from a
triangular to tetrahedral structure (BO3-BO4 and SiO�

4 -SiO4). At
a high gamma irradiation dose (2000 Gy), the irradiation can
displace atoms and/or produce breaks in the network bonds,
which increases the number of non-bridging oxygens (NBO) and
decreases the mean ultrasonic velocity (Prado et al., 2001). The
results indicate that the glass structure with added Co2O3 is more
responsive to irradiation than glass with added Fe2O3. Moreover,
effect of irradiation was lower with high TMO concentrations due
to a dominant composition effect. To confirm these results,
information from FTIR spectroscopy is important.

3.3. Fourier transform infrared absorption (FTIR)

The FTIR spectra for the glass with Co2O3 and Fe2O3 added at the
concentrations 0.50, 0.75 and 1.00 mol% are shown in Figs. 4–6,
respectively. The water groups are indicated by frequency bands over
2000 cm�1. The frequency bands from the glasses network vibrations
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Table 2
Mean ultrasonic velocity (vm) of glass samples (each concentration) with different
dose of gamma irradiation.

Dose of gamma
irradiation (Gy)

vm (m s�1): Co2O3 vm (m s�1): Fe2O3

0.50
mol%

0.75
mol%

1.00
mol%

0.50
mol%

0.75
mol%

1.00
mol%

0 3795 4030 4165 4920 4678 4259
500 4598 4871 5097 5237 5011 5226

1000 4827 5071 5244 5292 5213 5443
1500 5290 5338 6075 5369 5451 5696
2000 4973 5180 5528 5299 5389 5417
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appear in the range 400–1500 cm�1. The first vibration signals near
470 cm�1 are assigned to the Si–O–Si and O–Si–O bending modes of
the SiO4 (Q4) bridging oxygens. The peaks near 680 cm�1 are assigned
to the Si–O–B bridges frequency vibrations (Handke et al., 2003).
The absorption bands in the region from 800 to 1200 cm�1 are at

954, 1012, 1054 and 1120 cm�1. These regions are assigned to the B–O
bonds stretching vibrations in the structural groups with BO4 units in
di-, tri-, tetra- and penta- borate groups (Kaur et al., 2012). The
individual contributions from silicate and borate groups cannot be
separated, and they are assumed to depend on the concentration of
each component in the glass system (Laopaiboon and Bootjomchai,
2013). The signal at approximately 1460 cm�1 corresponds to the BO3

NBO triangle stretching vibrations. A small vibration at approximately
1625 cm�1 is due to Si–OH stretching of a surface silanol hydrogen
bond with molecular water. The samples (Figs. 4–6) show a similar
frequency band.

Figs. 4–6 show that the IR absorption spectra for the glass
examined herein have four main frequency bands at approxi-
mately 470, 680, 800–1200 and 1460 cm�1. In each sample,
the peak at approximately 470 cm�1 indicates increased absorp-
tion bands with increasing irradiation doses (0–1500 Gy)
and, thus increased SiO4 formation with irradiation from 0 to
1500 Gy. Moreover, the peak at approximately 1460 cm�1

decreases with increasing irradiation from 0 to 1500 Gy. The
results show that BO3 transforms into BO4 upon irradiation
from 0 to 1500 Gy. The results compare glass with Co2O3 and
Fe2O3 added. The results from FTIR spectroscopy support our
discussion on the change from a triangular to tetrahedral structure
(BO3-BO4 and SiO�

4 -SiO4).

4. Conclusions

The results from this study show that glass with Co2O3 added is
more responsive to irradiation than glass with Fe2O3 added. The
structural response upon irradiation was a change from a trian-
gular to tetrahedral structure (BO3-BO4 and SiO�

4 -SiO4). In
addition, the irradiation effect was lower with higher TMO con-
centrations. Finally, future studies should include the lumines-
cence properties of the glass.
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Comparative studies on the theoretical and experimental values of elastic moduli of the borosilicate glasses (70-x)
SiO2–30B2O3–xHMOs glass system, where HMOs (heavymetal oxides) are TiO2, BaO and Bi2O3 with 0, 1, 2, 3, 4 and
5 mol% of each HMO, were investigated. Elastic moduli were assessed by measuring the ultrasonic velocities. The
number of network bonds per unit volume, the average of a stretching force constant, the average of cross-link den-
sity, the average of ring diameter and the theoretical bond compression bulk modulus were calculated by using a
theoretical bond compression model to confirm the obtained results from the experiments. The results show that
changes in the structure of the glass depend on a type and concentration ofHMOs.Moreover, the experimental elas-
tic moduli are in good agreement with the theoretical values.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Glass is a solidmaterial of interest because it is transparent to visible
light and is a good insulator. Of specific interest for a glass material, bo-
rosilicate glasses have high chemical and mechanical resistance, very
low electrical conductivity and thermal expansion coefficient. Thus,
they are widely used in laboratory, optical, heat-resistant, fiber, phar-
maceutical and sealing glass applications, and even for nuclear waste
immobilization [1–4].

Elastic properties are very informative regarding the structures of
glasses and they are directly related to the interatomic potentials. The
glasses are isotropic and have only two independent elastic constants:
longitudinal and shearmoduli. These parameters are obtained from cal-
culating the longitudinal and shear velocities and the densities of the
glasses. The bulk modulus, Young's modulus and Poisson's ratio can
also be deduced. The elastic moduli of borosilicate glasses containing
transition, rare earth and/or heavymetal oxide (HMO) depend on ultra-
sonic waves at room temperature andwere previously reported by sev-
eral groups [4–15].

The glasses based on heavymetal oxides (HMOs) such as BaO, Bi2O3,
PbO, TiO2, Ag2O, etc. have always been an area of interest because of
their characteristic structural and physical properties such as high re-
fractive index, high thermal expansion, high density, low transforma-
tion temperature and excellent infrared transmission (IR). Therefore,
these glasses have been desirable aspirants for potential applications
in IR technologies, design of laser devices and non-linear optics
[16,17]. Among HMO glasses, bismuth and/or barium borosilicate
glasses are the subject of growing and intense research. The glasses con-
taining BaO and/or Bi2O3 have attracted considerable attention because
mchai).

ghts reserved.
of their vast range of applications in the fields of radiation shielding,
glass-ceramics, reflecting windows, thermal and mechanical sensors,
etc. [18–20]. In addition, the glasses containing significant concentra-
tions of transition metal oxides (TMOs) such as TiO2, ZnO, Fe2O3, V2O5,
MnO2, etc. are of continuing interest because of their applicability in
memory switching, electrical threshold, optical switching devices, etc.
[21–25].

In this work, the elastic moduli of borosilicate glasses will be
discussed. Information regarding the number of network bonds per
unit volume, the average of stretching force constant, the average of
ring size diameter and the average of the cross-link density will be ex-
amined and discussed. The theoretical values of bond compression
bulk modulus and elastic moduli will be calculated and compared
with the experimental values.
2. Materials and methods

2.1. Preparation of glass samples

Rectangular shaped glass samples of the (70-x)SiO2–30B2O3–xHMOs
glass system (where HMOs are TiO2, BaO and Bi2O3 with 0, 1, 2, 3, 4
and 5 mol% of each HMO) were prepared by the conventional melt-
ing technique. The oxides of SiO2, B2O3, TiO2, BaO and Bi2O3 used in
this work were of an analytical regent grade. To prepare the glass
samples, appropriate amounts of SiO2, B2O3, TiO2, BaO and Bi2O3

were weighed using an electronic balance with the accuracy of the
order of 0.0001 g. The homogeneous mixtures were placed in ceramic
crucible and melted in an electric furnace until homogeneity of the
glass melt was ensured. The melted glasses were poured into graphite
molds and annealed for 2 h before naturally cooling down to room
temperature.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2014.01.039&domain=f
http://dx.doi.org/10.1016/j.jnoncrysol.2014.01.039
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2.2. Density and molar volume measurements

The densities of the glass samples were determined by Archimedes'
principle, using n-hexane as an immersion liquid and applying the rela-
tionship (1) [6]

ρ ¼ ρL
Wa

Wa−Wb

� �
ð1Þ

where ρL is density of the immersion liquid, and whereWa and Wb are
the sample weights in air and in the immersion fluid, respectively. The
experiment was repeated three times to obtain an accurate value for
the density. The estimated error in these measurements was about
±0.015 g cm−3 (shown in Table 1). The molar volume (Va) was calcu-
lated from the expression Va ¼ M

ρ , where M is the molecular weight
of the glass, which was calculated according to the relationship M ¼
∑
i
xiMi [26], where xi is the mole fraction of the component oxide i

andMi is itsmolecularweight. The glass packing density can be calculat-
ed from the following Eqs. (2)–(3) [7]

Vt ¼
ρ
M

X
i

xiVi ð2Þ

where Vi is given by,

Vi ¼
4πNA

3
xr3M þ yr3O

� �
ð3Þ

where NA is Avogadro's number, andwhere rM and rO are the ionic radii
of the cation and anion of the oxide MxOy, respectively. The uncer-
tainties in molar volume and packing density were acquired from ex-
periments repeated three times of densities. The estimated error in
these results was about ±0.200 cm3·mol−1 and ±0.003 × 10−6 m3,
respectively (shown in Table 1).

2.3. Ultrasonic measurements and determination of elastic moduli

Tomeasure the ultrasonic velocity in the glass samples, an ultrasonic
flaw detector, SONATEST Sitescan 230, was used. The ultrasonic wave
was generated from a ceramic transducer with a resonant frequency
at 4 MHz and acting as a transmitter–receiver at the same time. The ul-
trasonic wave velocity (v) can be calculated using the following Eq. (4)
[5]:

v ¼ 2x
Δt

cm·s−1
� �

ð4Þ
Table 1
Glass composition, density (ρ), molar volume (Va) and packing density (Vt) of the glass sampl

Sample no. SiO2

(mol%)
B2O3

(mol%)
TiO2

(mol%)
BaO
(mol%)

S0 70 30 0 0
S1—TiO2 70 30 1 0
S2—TiO2 70 30 2 0
S3—TiO2 70 30 3 0
S4—TiO2 70 30 4 0
S5—TiO2 70 30 5 0
S1—BaO 70 30 0 1
S2—BaO 70 30 0 2
S3—BaO 70 30 0 3
S4—BaO 70 30 0 4
S5—BaO 70 30 0 5
S1—Bi2O3 70 30 0 0
S2—Bi2O3 70 30 0 0
S3—Bi2O3 70 30 0 0
S4—Bi2O3 70 30 0 0
S5—Bi2O3 70 30 0 0
The uncertainty
where x is the sample thickness (cm) andΔt is the time interval (s). The
measurements were repeated three times to check the reproducibility
of the data. The estimated error in the velocity measurements was
±23 m·s−1 for the longitudinal velocity and ±11 m·s−1 for the
shear velocity. The elastic strain produced by a small stress can be de-
scribed by two independent elastic constants, C11 and C44 [27]. Elastic
moduli were calculated using the following standard relations (5)–(10)
[27]:

Longitudinal modulus C11 ¼ L ¼ ρv2L ; ð5Þ

Shear modulus C44 ¼ G ¼ ρv2S ; ð6Þ

Bulk modulus K ¼ L−4
3
G; ð7Þ

Young0s modulus E ¼ 1þ σð Þ2G; ð8Þ

Poisson0s ratio σ ¼ L−2G
2 L−Gð Þ ; ð9Þ

Microhardness H ¼ 1−2σð ÞE
6 1þ σð Þ ; ð10Þ

Debye temperature calculated from Eq. (11) [28]

θD ¼
h
kB

� �
3zNA

4πVa

� �1=3
vm; ð11Þ

where vL and vS are longitudinal and transverse velocities, respectively.
h is Planck's constant, kB is Boltzmann's constant,NA is Avogadro's num-
ber, z is thenumber of atoms in the chemical formula and vm is themean
ultrasonic velocity defined by the relationship (12) [29].

vm ¼
3v3L v

3
S

v3L þ v3S

" #1=3

ð12Þ

Softening temperature Ts is related to the ultrasonic velocity of shear
waves vS by Eq. (13) [4]

Ts ¼
vSM
C2Z

ð13Þ

where Z is the number of atoms in the chemical formula and C is the
constant of proportionality and equals 507.4 m·s−1·K1/2. The
es.

Bi2O3

(mol%)
ρ
(g·cm−3)

Va

(cm3·mol−1)
Vt × 10−6

(m3)

0 2.548 24.704 0.485
0 2.547 24.287 0.498
0 2.572 23.821 0.512
0 2.594 23.390 0.526
0 2.614 22.985 0.540
0 2.634 22.585 0.555
0 2.582 24.933 0.485
0 2.600 25.023 0.488
0 2.630 25.189 0.489
0 2.647 25.381 0.489
0 2.671 25.503 0.491
1 2.676 24.132 0.501
2 2.800 23.645 0.516
3 2.947 23.020 0.535
4 3.021 22.996 0.540
5 3.123 22.767 0.551

±0.015 ±0.200 ±0.003



Table 2
Longitudinal (vL), shear (vS) andmean (vm) velocities, longitudinal (L), shear (G), bulk (K) and Young's (E) modulus, Poisson's ratio (σ), microhardness (H), Debye (θD) and softening (Ts)
temperature of the glass samples.

Sample no. vL
(m/s)

vS
(m/s)

vm
(m/s)

L
(GPa)

G
(GPa)

K
(GPa)

E
(GPa)

σ H
(GPa)

θD
(K)

Ts
(K)

S0 6134 3788 4178 95.87 36.56 47.12 87.15 0.1918 7.51 361 699
S1—TiO2 5925 3619 3996 89.41 33.36 44.94 80.22 0.2025 6.62 347 632
S2—TiO2 5783 3557 3925 86.02 32.54 42.63 77.82 0.1957 6.60 343 599
S3—TiO2 5521 3393 3744 79.07 29.86 39.25 71.47 0.1965 6.04 330 535
S4—TiO2 5399 3290 3634 76.20 28.29 38.47 68.17 0.2047 5.57 322 494
S5—TiO2 5288 3217 3554 73.65 27.26 37.31 65.76 0.2062 5.34 316 464
S1—BaO 6057 3737 4122 94.73 36.06 46.65 86.01 0.1927 7.39 355 681
S2—BaO 5963 3655 4035 92.45 34.73 46.14 83.30 0.1991 6.97 347 656
S3—BaO 5879 3594 3968 90.90 33.97 45.60 81.64 0.2016 6.76 341 636
S4—BaO 5811 3537 3907 89.38 33.11 45.23 79.86 0.2057 6.50 335 621
S5—BaO 5734 3524 3889 87.82 33.17 43.59 79.38 0.1965 6.71 333 619
S1—Bi2O3 6034 3725 4109 97.43 37.13 47.92 88.53 0.1921 7.62 358 685
S2—Bi2O3 5938 3633 4011 98.73 36.96 49.45 88.76 0.2009 7.37 352 660
S3—Bi2O3 5865 3578 3952 101.37 37.73 51.07 90.82 0.2036 7.45 350 643
S4—Bi2O3 5791 3522 3891 101.31 37.47 51.35 90.42 0.2065 7.33 344 641
S5—Bi2O3 5720 3459 3824 102.18 37.37 52.36 90.56 0.2117 7.18 340 628
The uncertainty ±23 ±11 ±16 ±0.9 ±0.4 ±0.6 ±0.7 ±0.0012 ±0.08 ±2 ±4
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uncertainties in elastic moduli, Poisson' ratio, micro-hardness, Debye
temperature and softening temperature were acquired from experi-
ments repeated three times of the densities and the ultrasonic veloci-
ties. The estimated errors in these results are shown in Table 2.

2.4. Theoretical bond compression model

A bond compression model is a useful guide for structures contain-
ing only one type of bond. For a three dimensional polycomponent
oxide glass, the bond compression bulk modulus is given by Eq. (14)
[30]

Kbc ¼
nbF
9

r2 ð14Þ

where r is the bond length between cation and anion and nb is the
number of network bonds per unit volume of the glass given by
Eq. (15) [30]

nb ¼
NA

Va

X
i

xnf

� �
i

ð15Þ

where x is the mole fraction of the component oxide i. F is the aver-
age of stretching force constant and can be calculated from Eq. (16)
[31]

F ¼

X
xnf F

� �
iX

xnf

� �
i

ð16Þ

where nf is the coordination number of the cation and F is the
stretching force constant of the oxide. The average atomic ring
size (l) of a structure consisting of a three-dimensional network ac-
cording to the ring deformation model is expressed in the form of
Eq. (17) [32].

l ¼ 0:0106
F

Kexp

" #0:26

ð17Þ

The theoretical Poisson's ratio for the polycomponent oxide glasses
according to the bond compression model is given by Eq. (18) [30]

σ cal ¼ 0:28 ncð Þ
−0:25 ð18Þ
where nc is the average cross-link density of the glass network and is
given by Eq. (19) [30]

nc ¼
1
η

X
i

ncð Þi Ncð Þi ð19Þ

where nc is the number of cross-links per cation (number of bridging
bonds per cation minus two) in oxide i. Nc is the number of cations
per glass formula unit and η = Σ(Nc)i is the total number of cations
per glass formula unit. The theoretical bulkmodulus (Kcal) can be calcu-
lated from Eq. (20) [31].

Kcal ¼ 1:062� 10−29Fl−4:0022 ð20Þ

The other theoretical elastic moduli can be obtained from the bulk
modulus and Poisson's ratio for each glass system as Eqs. (21)–(23)
[30].

Gcal ¼ 1:5Kcal
1−2σ cal

1þ σ cal

� �
ð21Þ

Lcal ¼ Kcal þ 1:33Gcal ð22Þ

Ecal ¼ 2 1þ σ calð ÞGcal ð23Þ

3. Results and discussion

3.1. Density and molar volume

The glass composition, density, molar volume and packing density
are given in Table 1. The density and molar volume increase when the
content of doping (TiO2, BaO and Bi2O3) increases as shown in Fig. 1.
The density increases with the content of doping in all the glasses.
Moreover, the density of the glass samples dopedwith Bi2O3was higher
than that of the glass samples doped with BaO and TiO2. This is due to
the adding of TiO2, BaO and Bi2O3 (molecular weights of 79.866,
153.326 and 465.959 g·mol−1, respectively) into the glass matrix [7].

The results of molar volume as shown in Fig. 1 revealed that the
molar volumes of the glass samples decreased with the increase of con-
tent of Bi2O3 and TiO2, whereas the molar volume of the glass samples
doped with BaO slightly increases. The molar volume is defined as the
volume occupied by the unit mass. To explain the results of molar vol-
ume the variations of packing density or compactness of the glasses
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were calculated and shown in Fig. 2. The glass packing density is the
ratio between the minimum theoretical volume occupied by the ions
and the corresponding effective volume of the glass. The packing densi-
ty or compactness of the glasses dopedwith Bi2O3 and TiO2 shows large
increasewith increasingmol% of the dopant as shown in Fig. 2. These re-
sults indicate that the compactness of the glass matrix increases with
the increase of the content of Bi2O3 and TiO2. Therefore, the molar vol-
ume decreases with the mol% of Bi2O3 and TiO2 increase. However,
the compactness of the glass doped with BaO slightly increases with
the increase of the content of BaO. These results suggested that the
glass compactness depends on the ionic radius of the modifier. The
ionic radius of the Ba2+ (1.49 Å) is larger than the ionic radii of Bi3+

and Ti4+ (1.17 and 0.745 Å, respectively) which can lead to an increase
in the size of the interstices and increase in the molar volume [33].
Therefore, the glass dopedwith BaO shows the smaller increase of pack-
ing density than the glass doped with Bi2O3 and TiO2. Moreover, the
larger ionic radius results in increasing of the molar volume.

3.2. Ultrasonic velocity and elastic moduli

The plots of longitudinal (vL) and shear (vS) wave velocities in the
borosilicate glasses with the mol% of the dopants are shown in Fig. 3
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Fig. 2. Variation of packing density (Vt) of glass samples with the
and exact values are shown in Table 2. It is observed that the ultrasonic
wave velocities, vL and vS, in the glasses decrease as themol% of the dop-
ants (TiO2, BaO and Bi2O3) increase. Preferably, the glasses doped with
TiO2 showed significant decreases of both vL and vS velocities with the
increase of concentration of TiO2. In general, the decrease of ultrasonic
velocity is related to the increase in the number of non-bridging oxy-
gens (NBOs) resulting in decrease in connectivity of the glass network
[28]. For these reasons, adding the modifier (TiO2, BaO and Bi2O3)
leads to structural changes by creating the formation of NBOs. The
lower sound velocity with doped TiO2 indicates that adding TiO2 leads
to higher formation of NBOs than that of BaO and Bi2O3. Therefore, the
decrease in ultrasonic wave velocities is due to the fact that HMO ions
are involved in the glass network as modifiers by breaking up the tetra-
hedral bond of SiO4 units [6]. In the asseveration of these results, the
number of bonds per unit volume (nb) is calculated by using a theoret-
ical bond compression model and exact values are given in Table 3. It
can be seen that all the samples show the decrease in the number of
bonds per unit volume with the increase of the mol% of the dopants.
In addition, the lower the number of bonds per unit volume of the
glass doped with TiO2, the greater the formation of non-bridging oxy-
gens (NBOs). These results supported our discussions of the ultrasonic
wave velocities of glass samples.
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difference of doping (lines are drawn as guides to the eyes).
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As seen from Figs. 4–6 and Table 2, all elastic moduli values (L, G, K
and E) decrease with the increase of TiO2 and BaO concentrations
while they increase with the increase of Bi2O3 concentration. All of the
elastic moduli are related to the average strength of the bond. The aver-
age strength of the bond depends on the value of the cation–anion
forces. For a given A–O–A bond angle, the A–A separation would be di-
rectly proportional to the stretching force constant F

� 	
of the glass net-

work [34]. As the A–O–A bond force constants decrease, the energy
required to produce a given degree of bond angle or length distortion
and/or bond distortion decreases which leads to the decrease in the av-
erage strength of the bond. To verify these results, the stretching force
constants F

� 	
are calculated by using a theoretical bond compression

model, and the exact values are shown in Table 3. From the table, the av-
erage stretching force constants F

� 	
for the glass doped with TiO2 and

BaO decrease with the increase of the mol% of the dopant (TiO2 and
BaO). On the other hand, the average stretching force constants F

� 	
for the glass doped with Bi2O3 show the increase with the increase of
the mol% of the dopant (Bi2O3). These results indicate that the glass
Table 3
E/G ratio, average cross-link density ncð Þ, average stretching force constant F

� 	
, average

ring diameter (l), theoretical bond compression bulk modulus (Kbc), number of network
bonds per unit volume (nb) and Kbc/Kexp ratio of the glass samples.

Sample
no.

E/G nc F
(N/m)

l
(nm)

Kbc

(GPa)
nb × 1022

(cm−3)
Kbc/Kexp

S0 2.384 2.615 431.5 0.5453 152.02 14.68 3.226
S1—TiO2 2.421 2.667 429.2 0.5513 176.22 12.37 3.483
S2—TiO2 2.421 2.657 426.8 0.5581 171.22 12.36 3.788
S3—TiO2 2.483 2.647 424.5 0.5694 166.34 12.33 4.238
S4—TiO2 2.516 2.636 422.3 0.5716 161.45 12.29 4.451
S5—TiO2 2.530 2.626 420.1 0.5754 156.50 12.27 4.723
S1—BaO 2.385 2.595 430.7 0.5465 151.21 14.39 3.242
S2—BaO 2.398 2.576 429.8 0.5478 151.25 13.99 3.278
S3—BaO 2.403 2.556 429.0 0.5491 150.84 13.59 3.308
S4—BaO 2.411 2.537 428.2 0.5500 150.27 13.19 3.322
S5—BaO 2.393 2.519 427.3 0.5550 150.12 12.79 3.444
S1—Bi2O3 2.411 2.583 425.0 0.5449 156.52 13.88 3.266
S2—Bi2O3 2.440 2.552 426.3 0.5421 160.64 13.67 3.248
S3—Bi2O3 2.444 2.522 427.6 0.5372 165.93 13.57 3.249
S4—Bi2O3 2.458 2.493 428.9 0.5323 167.03 13.14 3.253
S5—Bi2O3 2.462 2.464 430.2 0.5312 169.64 12.80 3.240
doped with TiO2 and BaO leads to the decrease in the average strength
of the bond (elastic moduli were decreased)while the average strength
of the bond increases when doped with Bi2O3 (elastic moduli were
increased).

Fig. 7 shows the variation of Poisson's ratio and micro-hardness of
the glass samples as a function of the dopants and the exact values are
listed in Table 2. Poisson's ratio of all samples increases as the mol% of
the dopants increases. The variation of Poisson's ratio related to cross-
link density decreases as the cross-link density increases. Therefore,
the increase of Poisson's ratio shows that the cross-link density de-
creases due to the increase in the number of non-bridging oxygens
after adding TiO2, BaO and Bi2O3, respectively. To confirm the results,
the average number of cross-links density ncð Þ was calculated by using
the theoretical bond compression model and shown in Table 3. The av-
erage number of cross-links density ncð Þ decreased when the mol% of
the dopants increases. These results strongly support the increase of
Poisson's ratio with the increase of the mol% of the dopants because of
the occurrence of non-bridging oxygens (NBOs). Moreover, these re-
sults support our explanation of the ultrasonic velocities. The micro-
hardness (H) of the glass samples as a content of the dopants is
shown in Fig. 7. It is defined as the resistance of amaterial to permanent
indentation or penetration [35]. It can be seen that the micro-hardness
has the same characteristic as the ultrasonic velocities with the increase
of the mol% of the dopants. Therefore, it is evident that the decrease in
micro-hardness is related to the decrease in the rigidity of the glass net-
work due to the occurrence of non-bridging oxygens (NBOs) [36].

Debye temperature (θD) and softening temperature (Ts) of the
glasses are listed in Table 2 and the plots of Debye temperature (θD)
and softening temperature (Ts) are shown in Fig. 8. Debye temperature
(θD) is an important parameter of a solid, describes the properties aris-
ing from atomic vibration and is directly proportional to themeanultra-
sonic velocity (vm). The variations of the mean ultrasonic velocity are
shown in Table 2 [29]. Softening temperature (Ts) is another important
parameter defined as the temperature point at which viscous flow
changes to plastic flow [6,28]. It can be observed from Fig. 8 that both
the Debye and softening temperature decrease as the mol% of the dop-
ants increases. The decreases in the mean of ultrasonic velocity, Debye
temperature and softening temperature are mainly contributed by the
increase in formation of non-bridging oxygens (NBOs) as a direct effect
of the insertion of HMO ions (ions of TiO2, BaO and Bi2O3) into the glass
network structures [6,28].
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The values of E/G, average ring diameter (l), theoretical bond com-
pression bulk modulus (Kbc) and Kbc/Kexp ratio are shown in Table 3.
The values of E/G were derived from the Poisson's ratio of the glasses.
The relationship between E/G ratio and Poisson's ratio was related to
the three chain network of the glass matrix [34]. From Table 3 and
Fig. 9, it is clear that the tendency of the E/G ratio is likely the same as
that of the behavior of Poisson's ratio with the increase of the mol% of
the dopants. From Table 3, it is quite clear that the values of the theoret-
ical bond compression bulkmodulus (Kbc) decreasewhen the content of
TiO2 or BaO increases while Kbc increases with the increase of the con-
tent of Bi2O3. This indicates that adding HMOs to the pure composition
of the glass plays a major role in the average coordination of the net-
work structure [37] or the average stretching force constant which
was found as a similar trend with the Kbc. In general, the ratio of Kbc/
Kexp is a measure of the extent to which bond bending is governed by
the configuration of the network bonds. This ratio is assumed to be di-
rectly proportional to the average ring diameter. The values of the Kbc/
Kexp ratio and average ring diameter are shown in Figs. 10 and 11, re-
spectively. From the figures, the variation of the Kbc/Kexp ratio increases
as TiO2 dopant increaseswhile it slightly increases as the BaO dopant in-
creases, yet it slightly decreases when the Bi2O3 dopant increases.
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Fig. 11. Variation of average ring diameter (l) of glass samples with d
Moreover, the variation of the Kbc/Kexp ratio has a similar trend to aver-
age ring diameter as shown in Fig. 11. These results of the Kbc/Kexp ratio
and average ring diameter confirm the results for elastic moduli of the
glass samples. Furthermore, the change in average ring diameter sup-
ports our discussion of the change of average strength of the bonds of
the glass matrix with differently doped HMOs.

Table 4 shows the theoretically calculated from a theoretical bond
compression model and experimental values of the elastic moduli (L,
G, K and σ) for the glass samples. From the table, the calculated elastic
moduli are in the range of the experimental values. It is observed that
a theoretical bond compression model is in a good agreement with
the experimental values of elastic moduli.

El-Mallawany et al. [32,38–41] studied the structure of TeO2 glass
which alsohas tetrahedral single bonds. Thenumber of bondsper unit vol-
ume (nb), average crosslink density ncð Þ, ring diameter (l) and stretching
force constant F

� 	
of SiO2 are compared with those of TeO2. These values

of TeO2 glass are listed in Table 5. The results show that the changes in the
number of bonds per unit volume (nb), average crosslink density ncð Þ, ring
diameter (l) and stretching force constant F

� 	
of TeO2 depend on the type

and the concentration of the modifiers. These results show good agree-
ment between the changes in the structure of SiO2 and TeO2.
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Table 4
Comparison of experimental estimated elastic moduli (L, G, K and σ) with those obtained
theoretically by using bond compression model.

Sample
No.

Lexp
(GPa)

Lcal
(GPa)

Gexp

(GPa)
Gcal

(GPa)
Kexp

(GPa)
Kcal

(GPa)
σexp σcal

S0 95.87 104.02 36.56 37.37 47.12 54.32 0.1918 0.2202
S1—TiO2 89.41 99.07 33.36 35.61 44.94 51.71 0.2025 0.2200
S2—TiO2 86.02 93.84 32.54 33.75 42.63 48.96 0.1957 0.2197
S3—TiO2 79.07 86.17 29.86 31.01 39.25 44.94 0.1965 0.2195
S4—TiO2 76.20 84.45 28.29 30.40 38.47 44.02 0.2047 0.2193
S5—TiO2 73.65 81.85 27.26 29.48 37.31 42.64 0.2062 0.2191
S1—BaO 94.73 102.84 36.06 36.91 46.65 53.75 0.1927 0.2206
S2—BaO 92.45 101.59 34.73 36.43 46.14 53.14 0.1991 0.2210
S3—BaO 90.90 100.29 33.97 35.93 45.60 52.51 0.2016 0.2214
S4—BaO 89.38 99.35 33.11 35.56 45.23 52.06 0.2057 0.2219
S5—BaO 87.82 95.54 33.17 34.16 43.59 50.11 0.1965 0.2223
S1—Bi2O3 97.43 103.88 37.13 37.26 47.92 54.32 0.1921 0.2209
S2—Bi2O3 98.73 105.58 36.96 37.81 49.45 55.29 0.2009 0.2215
S3—Bi2O3 101.37 108.95 37.73 38.96 51.07 57.13 0.2036 0.2222
S4—Bi2O3 101.31 112.52 37.47 40.18 51.35 59.08 0.2065 0.2228
S5—Bi2O3 102.18 113.02 37.37 40.29 52.36 59.43 0.2117 0.2235

Table 5
The number of bonds per unit volume (nb), average crosslink density ncð Þ,average ring
diameter (l) and average stretching force constant F

� 	
of TeO2 with different compositions

[32,38–41].

Glass nb × 1022

(cm−3)
nc l

(nm)
F
(N/m)

TeO2 7.740 2.000 0.500 216
80TeO2–5TiO2–10WO3–5Nb2O5 9.950 2.480 – –

80TeO2–5TiO2–12WO3–3Nd2O3 9.499 2.450 – –

80TeO2–5TiO2–10WO3–5Nd2O3 9.648 2.480 – –

80TeO2–5TiO2–10WO3–5Er2O3 9.684 2.480 – –

80TeO2–20MoO3 8.600 – 0.512 219
80TeO2–20V2O5 7.560 – 0.535 231
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4. Conclusions

The elastic moduli and structure of the glass samples have been in-
vestigated as a function of compositions (different contents of TiO2,
BaO andBi2O3) bymeasuring ultrasonic velocities. The lowest longitudi-
nal, shear, bulk and Young's moduli of these glasses were 73.65, 27.26,
37.31 and 65.76 GPa, respectively for the composition S5—TiO2 glass
samples. The highest longitudinal, shear, bulk and Young's moduli of
these glasses were 102.18, 37.73, 52.36 and 90.82 GPa, respectively for
the composition S5—Bi2O3, S3—Bi2O3, S5—Bi2O3 and S3—Bi2O3 glass
samples, respectively. The number of bonds per unit volume, the aver-
age stretching force constant, the average cross-link density, the aver-
age ring diameter and the theoretical bond compression bulk modulus
were calculated by using a theoretical bond compression model for
the asseveration of the obtained results. The agreement between the
theoretically calculated and experimental elastic moduli is excellent
for the studied samples. Moreover, the results showed good agreement
when the number of bonds per unit volume, average crosslink density,
ring diameter and stretching force constant of SiO2 are compared with
those of TeO2. These results indicate the reliability of the experimental
data.
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The ultrasonic velocity of the alkali-borosilicate with different transition metal oxides (TMO) has been
studied using the pulse echo technique. The elastic moduli such as elastic constant and bulk modulus
have been obtained from the experimental data. Changes in the structure with different gamma irradiation
doses have been investigated by using FTIR spectroscopy and ultrasonic studies. The results show that
structural changes in the BO3 to BO4 due to TMO and irradiation are obtained.

Keywords: damage; gamma; radiation

1. Introduction

Several glasses have been developed for nuclear engineering application because they accom-
plish the double task of allowing visibility while absorbing radiation such as gamma rays and
neutron, this is protection of the observer (1,2). Recently, the use of nuclear energy and radiation
is indispensable in modern society such as nuclear power plants and radiotherapy. The knowl-
edge of gamma-ray interaction with materials is very important in the field of radiation protection
and/or nuclear safety. The most significant types of radiation for which shielding is required in
a nuclear reactor are primary neutrons and gamma rays originating within the core itself and
secondary gamma rays produced by neutron interactions with materials external to the reactor
core, example reflector, pressure vessel, shield, etc. (3). As mentioned above, many researchers
have studied the application of glass materials in radiation field. The technological affinity of
glasses has led to greater efforts to determine their structures, particularly effect of modifiers and
irradiation. The information was designed to gain a deep insight into the structure–properties
association that can be exploited for the design of new glassy materials (4–9). Borosilicate
glass is a type of glass with the main glass-forming constituents of silica (silicate) and boron
(borate) oxide (10). The new glassy materials from alkali borosilicate glasses with high ionic
conductivity are receiving considerable attention because of their unique properties and their
potential applications such as used in the processing of high-level radioactive waste disposal,
where the waste is immobilized in the glass (11–14). The role of alkali (such as Na2O and K2O)
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in the B2O3 network is to modify the host structure through the transformation of the structural
units of the borate network from BO3 to BO4. The sodium or potassium diborate is a type of
borate glass that consists of one-third sodium or potassium oxide and two-thirds boron oxide.
This type of borate glass draws great attention because of their improved electrical and optical
properties (15–17).

Oxide glasses containing transition metal oxides (TMOs) are of technological interest because
of the semiconducting properties that arise from the electron hopping between two TM ions hav-
ing different valence states in these glasses (18). The optical absorption spectra of vanadium
ions in various cabal, silicate and borate glasses before and after gamma irradiation have been
reported by several investigators (19, 20). Vanadium is believed to exist in glasses in three pos-
sible valences, namely, the trivalent, tetravalent and pentavalent states. The addition of TiO2 to
glasses contributes to an improved glass-forming ability, chemical durability and stabilization of
the glass structure (21). TiO2 has attractive characteristics, such as chemical stability and high
refractive index, and it is sometimes used as a photocatalyst. In recent years, ZnO and the materi-
als based on it are drawing more attention due to their interesting optical, electrical and magnetic
properties in combination with its non toxicity, non-hygroscopic nature and low cost.

The properties of glasses are closely related to inter-atomic forces and potentials in the lat-
tice structure. Thus, any change in lattice due to doping and/or irradiation can be directly noted.
The elastic properties are important material properties to investigate the linear and anomalous
variation as a function of the composition of glass and have been interpreted in terms of the
structure or transformation of cross-linkages in the glass network (22). To study the structure of
oxide glasses, the coordination number of the network former and the change of oxygen bonds
of the framework induced by the cation modifiers need to be investigated. This information can
be obtained from FTIR spectroscopy. The majority of structural investigations on glasses before
irradiation in the past have been made using vibrational spectroscopy and ultrasonic studies (23–
25). The ultrasonic technique is a versatile tool for investigating the change in microstructure,
the deformation process and mechanical properties of materials (26). Many authors have studied
the structural modifications in gamma irradiation dose of glasses by ultrasonic and FTIR spec-
troscopy. The experimental results clearly indicate that after irradiation a significant change in
the structure of borosilicate glass network is observed (7, 27–31).

In all of the above, the authors are producing new materials from borosilicate-based glass
with doped V2O5, TiO2 and ZnO. Then, the new glass materials were tested for stability of the
structural properties using gamma irradiation by using the ultrasonic technique. In addition, an
attempt has been made to do the same type of correlation between the changes in ultrasound
velocities and elastic properties of the anticipated structural changes in the borosilicate glass net-
work using FTIR spectroscopy. The obtained results were considered the possibility to materials
of choices for applied in the fields of retrospective dosimetry materials.

2. Experimental details

2.1. Sample preparation

The alkali borosilicate glasses with doped TMOs (V2O5, TiO2 and ZnO) were prepared using the
melt-quenching technique. The chemical compositions of all these glasses are given in Table 1.
The oxides of sodium, potassium, vanadium, titanium and zinc used in this work were of analyt-
ical reagent grade. The borosilicate glasses used in this work was waste glass from a laboratory.
The chemical compositions of the borosilicate glasses are given in Table 2. The method of prepa-
ration of recycling glass from the laboratory to be used in the work is to thoroughly clean and
grind to a powder form. The quantities of chemical powder and borosilicate glass powder were
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Table 1. Composition and density (ρ ± 0.07 kg/m3) of glass samples.

Samples

Composition (mol%)

Density (kg/m3)Borosilicate Na2O K2O TMOs

Base glass 70 25 5 Undoped 2538.54
V2O5 70 25 5 0.1 (V2O5) 2541.85
ZnO 70 25 5 0.1 (ZnO) 2539.87
TiO2 70 25 5 0.1 (TiO2) 2539.55

Table 2. Chemical compo-
sition of borosilicate glasses.

Compound Percentage

B2O3 20.20
Na2O 8.21
Al2O3 17.35
SiO2 48.51
K2O 5.73

weighed using an electronic balance having an accuracy of the order of 0.0001 g. The chemicals
and powders of borosilicate glass were mixed thoroughly in a crucible. The mixtures were melted
in an electrical furnace at 1250°C to ensure homogeneity. Then the melted glass was poured into
a preheated stainless steel mold and annealed at 500°C. The glass samples were cut and polished
using different grades of silicon carbide. The thickness measurement was carried out using a
micrometer.

2.2. Gamma-ray irradiation

The glass samples were irradiated by an exposure machine (THERATRON 780C) using a Co-60
gamma-ray source at a dose rate of 1.16 Gy/min and a field size of 15 × 15 cm2 at a distance
of 80 cm from the source at room temperature. The samples were irradiated sufficiently long
enough to achieve an overall dose of 5, 10, 15 and 20 Gy. The diagram of the geometry is shown
in Figure 1.

2.3. Infrared absorption measurements

Infrared (IR) absorption spectra of powdered glass samples were recorded in the range of
400–4000 cm−1 using the KBr technique at room temperature. A recording spectrometer from
PerkinElmer was used to reveal the absorption spectra and all measurements were at 4 cm−1

resolution. Optical measurements were taken immediately after irradiation.

2.4. Density measurement

The density of each sample was measured by Archimedes’ principle using n-hexane as the
immersion liquid and applying the relation (32)

ρ = ρL

(
Wa

Wa − Wb

)
, (1)
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Source

Sample

15 cm

15 cm

Exposure machine (THERATRON 780C)

80 cm

Figure 1. Geometrical arrangement of gamma irradiation.

where ρL is the density of the immersion liquid, W a and W b are the sample weights in air and
in the immersion fluid, respectively. The experiment was repeated three times to get an accurate
value of the density. The relative errors in these measurements were about ± 0.07 kg/cm3.

2.5. Ultrasonic velocity measurements

For the measurement of ultrasonic velocity in the glass samples, an ultrasonic flaw detector,
SONATEST Sitescan 230, was used. The ultrasonic wave was generated from a ceramic trans-
ducer with a resonant frequency of 4 MHz and acts as transmitter–receiver at the same time. The
ultrasonic wave velocity (v) can be calculated per the following equation (33):

v = 2x

�t
, (2)

where x is the sample thickness (cm) and �t is the time interval (s). The measurements were
repeated three times to check the reproducibility of the data. The estimated error in velocity
measurements was ± 12.0 m/s for the longitudinal velocity and ± 8.0 m/s for the shear velocity.

2.6. Determination of elastic moduli

The elastic strain produced by a small stress can be described by two independent elastic con-
stants (C11 and C44) and bulk modulus (K). Elastic moduli were calculated using the following
standard relations (34):

Longitudinal modulus C11 = L = ρv2
L, (3)

Shear modulus C44 = G = ρv2
S, (4)

Bulk modulus K = L − 4
3 G. (5)
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3. Results and discussion

3.1. Density results

Experimental values of density of the investigated glasses are given in Table 1. The density
of pure alkali borosilicate glass (based glass) is 2538.54 kg/m3. The values of the densities of
doped glasses with transition metals (V2O5, ZnO and TiO2) are slightly higher than that of pure
alkali borosilicate glass. This is due to the direct addition of 0.1 mol% of transition metals to
the pure composition. Moreover, the density of the glass was doped with TMO depending on
the molecular weight of TMO (V2O5 is 181.878 g/mol, ZnO is 81.379 g/mol and TiO2 is 79.856
g/mol, respectively) (7). The variations of the densities are shown in Figure 2.

3.2. Ultrasonic velocity and elastic moduli

Figures 3 and 4 show the variation of longitudinal (vL) and shear (vS) wave velocities with
different gamma-irradiation doses and the extracted values are given in Table 3. For the pure
composition (based glass), both longitudinal (vL) and shear (vS) wave velocities increase from
5773 to 5812 m/s, and 3527 to 3578 m/s, respectively, with increasing gamma-irradiation dose
from 0 to 20 Gy. In general, the increase in ultrasonic velocities is related to the decrease in the
number of non-bridging oxygens (NBO) and consequently the increase in connectivity of the
glass network (35). According to Abd El-Malak (36) the increase in velocities with increasing
radiation dose is mainly due to the compactness of the glass sample and consequently to its hard-
ness and rearrangement of the atoms in the glass network (36). Irradiation with gamma rays is
assumed to create displacements, electronic defects and/or breaks in the network bonds, which
allow the structure to relax and fill the relatively large interstices that exist in the interconnected
network of boron and oxygen atoms causing expansion followed by compaction of the volume
(37). Shelby (38) suggested that the boron–oxygen bond is more likely to be affected by irradi-
ation. Damage by an irradiation species can cause the compaction of B2O3 by the breaking of
bonds between trigonal elements, allowing the formation of tetrahedral (BO4). The tetrahedral
groups (BO4) are more strongly bonded than the triangular (BO3) and a compactness structure
in them is expected to lead to an increase in ultrasonic velocities. For the glass doped with
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Figure 2. Variation of density of glass samples.

D
ow

nl
oa

de
d 

by
 [

U
bo

n 
R

at
ch

at
ha

ni
 U

ni
ve

rs
ity

],
 [

D
r 

C
he

rd
sa

k 
B

oo
tjo

m
ch

ai
] 

at
 0

1:
29

 3
0 

O
ct

ob
er

 2
01

4 



Radiation Effects & Defects in Solids 867

5650

5700

5750

5800

5850

5900

5950

6000

Gy0
Gy5 Gy10

Gy15
Gy20

Based Glass

52OV

2TiO
ZnO

L
on

gi
tu

di
na

l v
el

oc
ity

 (
m

/s
)

Figure 3. Variation of longitudinal velocity (vL) of glass samples with different gamma irradiation doses.
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Figure 4. Variation of shear velocity (vS) of glass samples with different gamma irradiation doses.

TMO, considering a 0 Gy of gamma-irradiation dose, both longitudinal and shear wave veloci-
ties increased with the addition of 0.1 mol% of V2O5, ZnO and TiO2, respectively. For most of
the materials, ultrasonic wave velocities will increase as the density or compactness and/or con-
nectivity of the glass network increases. The increase in wave velocities of the present glasses
may be attributed to the increase in ionic radii of the TMO ions from vanadium (V5+ is 68 pm),
titanium (Ti4+ is 74.5 pm) and zinc (Zn2+ is 88 pm) which fill the interstices of the glass network.
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Table 3. Longitudinal (vL ± 12 m/s) and shear (vS ± 8 m/s) velocities of glass samples with different gamma
irradiation doses.

Dose (Gy)

Base glass V2O5 ZnO TiO2

vL(m/s) vS(m/s) vL(m/s) vS(m/s) vL(m/s) vS(m/s) vL(m/s) vS(m/s)

0 5773 3527 5793 3542 5883 3685 5928 3742
5 5787 3534 5770 3525 5873 3660 5922 3732
10 5798 3546 5780 3538 5887 3674 5954 3746
15 5807 3566 5796 3563 5896 3677 5951 3734
20 5812 3578 5805 3596 5908 3681 5932 3711

However, the TiO2 and ZnO glass samples show the opposite phenomenon. This is because the
density was necessary to considered. As for the effects of gamma-irradiation dose, both longi-
tudinal and shear velocities decrease at 5 Gy and then come back gradually increasing from 10
to 20 Gy. As a form of explanation, the initial decreases in sound velocities were suggested to
be due to the accumulated stress in the network structure as a result of addition of the TMO
resulting in bending of the bond. This result causes the weakening of the glass network and leads
to a breakdown of the ring-type structure of the glass network by gamma irradiation. The sound
velocities coming back with the increase in gamma-irradiation dose between 10 and 20 Gy were
suggested to be due to competition between bridging oxygen (BO3 → BO4) in the cross-linkage
direction and NBO ions in the glass network (38).

As seen from Table 4 and Figures 5 and 6, the elastic moduli (longitudinal and shear modu-
lus) values show increases due to the irradiation effect. In general, the elastic moduli increase
when the density or ultrasonic velocity increases (39). In this work, the elastic moduli have
the same trend as observed for ultrasonic wave velocities in Figures 3 and 4. From our obser-
vations, the increase in these moduli is due to the decrease in the formation of NBO atoms
(BO3 → BO4) that cause the formation of a compactness structure (40). Figure 7 shows the bulk
modulus of all glass samples with different gamma-irradiation doses. The behavior of bulk mod-
ulus is associated with the change in the cross-linkage and coordination of the glass network
(35). For pure glass composition (based glass), the bulk modulus remains constant with differ-
ent gamma-irradiation doses. The obtained results indicate that the irradiation dose has a little
effect on the cross-linkage. For the glass doped with TMO, the TiO2 and ZnO glass samples
show increases with an increase in the irradiation dose. This is due to the increase in the forma-
tion of bridging oxygens (BO) in all directions of the glass network. For the V2O5 glass sample,
the bulk modulus decreases with an increase in the irradiation dose. This result we suggested is
due to the increase in the formation of cross-linkage direction more than longitudinal direction
(K = L − 4/3 G).

Table 4. Longitudinal (L ± 0.85 GPa), shear (G ± 0.41 GPa) and bulk (K ± 0.32 GPa) modulus of glass samples with
different gamma irradiation doses.

Dose
(Gy)

Base glass V2O5 ZnO TiO2

L (GPa) G (GPa) K (GPa) L (GPa) G (GPa) K (GPa) L (GPa) G (GPa) K (GPa) L (GPa) G (GPa) K (GPa)

0 84.60 31.58 42.50 85.20 31.85 42.73 87.93 34.50 41.93 89.28 35.57 41.85
5 85.01 31.70 42.74 84.53 31.55 42.46 87.63 34.03 42.25 89.10 35.38 41.92
10 85.34 31.92 42.78 84.82 31.78 42.45 88.05 34.29 42.32 90.06 35.65 42.53
15 85.60 32.28 42.56 85.29 32.23 42.31 88.32 34.35 42.52 89.97 35.42 42.74
20 85.75 32.50 42.42 85.55 32.83 41.78 88.68 34.42 42.78 89.40 34.99 42.75
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Figure 5. Variation of longitudinal modulus (L) of glass samples with different gamma irradiation doses.
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Figure 6. Variation of shear modulus (G) of glass samples with different gamma irradiation doses.

3.3. IR absorption

The FTIR spectra obtained for the studied glass samples are shown in Figures 8–11 (based glass,
V2O5, ZnO and TiO2 glass samples, respectively). The presence of water groups is marked by
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Figure 7. Variation of bulk modulus (K) of glass samples with different gamma irradiation doses.
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Figure 8. The IR spectra of based glass with different gamma irradiation doses.

the presence of bands above 2500 cm−1. The signal around 1600–1650 cm−1 is due to the defor-
mation modes of O–H groups and absorbed water molecules (41). The band arising from the
vibrations of the borosilicate network appears in the range 1500–400 cm−1. The signal at around
470 cm−1 is assigned to Si–O–Si and O–Si–O bending modes of bridging oxygens (Q4) over-
lapped with B–O–B linkages. The peak at roughly 683 cm−1 is assigned to curve vibrations of
Si–O–B bridges (42). The absorption bands in the region extending from 900 to 1200 cm−1 are
observed at 954, 1012, 1054 and 1120 cm−1. These bands are assigned to the stretching vibra-
tions of the B–O bonds in the structural groups consisting of BO4 units in di-, tri-, tetra- and
penta-borate groups (43). Particularly, the region of 1000–1120 cm−1 can arise from overlapping
contributions of silicate (vibrations of NBO of SiO−

4 ) and borate groups containing BO3 and BO4

units (43). The individual contribution of silicate and borate groups cannot be separated and is
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Figure 9. The IR spectra of glasses doped V2O5 with different gamma irradiation doses.

400 800 1200 1600 2000 2400

47
0

68
3

13
90

16
50 23

00

Tr
an

sm
is

si
on

)(cmWavenumber 1−

Gy0

Gy5

Gy10

Gy15

Gy2015
93

12
00

90
0

−

Figure 10. The IR spectra of glasses doped ZnO with different gamma irradiation doses.

assumed to depend on the concentration of each component in the glass system. The bands in the
region 1200–1500 cm−1 are due to the presence of BO3 structural units in the glass. The com-
ponent bands in this region appear at 1270 and 1390 cm−1 which can be attributed to stretching
vibrations of NBOs of trigonal BO3 units in metaborate chains and rings, pyro and ortho borate
groups (44). All samples (based glass, V2O5, ZnO and TiO2 glass samples, respectively) show a
similar presence of broad bands.

It can be observed from Figures 8 to 11 that the IR absorption spectra of investigated glass
have four main absorption bands at around 470, 683, 900–1200 and 1200–1500 cm−1. From
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Figure 11. The IR spectra of glasses doped TiO2 with different gamma irradiation doses.

Figure 8, the absorption frequency at 470 and 683 cm−1 increases with an increase in the
gamma-irradiation dose. Moreover, the absorption frequency at regions 1270 and 1390 cm−1

decreases with an increase in the gamma-irradiation dose. The results obtained show an increase
in the formation of BO due to the BO3 transform to BO4. Figures 9–11 show the similar trend
of absorption bands. The absorption frequency at region 470 and 683 cm−1 shows decreased
absorption when irradiation of gamma dose is at 5 Gy and switch to increased absorption when
irradiation of gamma dose increases from 5 to 20 Gy. However, the changes are not pronounced
by observations from the absorption bands at around 1200–1500 cm−1. Notwithstanding, the
results obtained from FTIR were adequate in supporting our discussion in ultrasonic wave
velocities.

4. Conclusions

The observed change in ultrasonic velocity and elastic moduli is related to change in the structure
of the glass matrix due to the composition effect as well as the irradiation effect. The acoustical
properties of present glasses indicate that the addition of TMO leads to change in the structure of
the glass network and influences of gamma irradiation at low dose. In addition, the FTIR spectra
are also good evidence of the irradiation effect. The observed results reveal that ultrasonic studies
can be used as a tool in exploring the stability of the glass exposed to radiation.
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a b s t r a c t

A comparative studies on the theoretical and experimental values of elastic moduli of
x x(90 )RWG (10)Na O ( )Nd O2 2 3− − − glass system, where RWG is recycled window glass and x is 0.001,

0.01, 0.1 and 1 mol%, was investigated. The radiation effects on structural properties and elastic moduli
were evaluated by measuring the ultrasonic velocities. In addition, the FTIR spectra were measured to
investigate the effects of irradiation on the structure of the glass. Moreover, the theoretical bond com-
pression model was used to confirm the obtained results from the experiments. The results show that
evidently changes in the structure of the glass depend on the concentration of the neodymium oxide and
gamma irradiation. Furthermore, the experimental elastic moduli are in good agreement with the the-
oretical values.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Glasses materials are receiving extensive attention due to their
unique properties such as hardness, transparency at room tem-
perature, high strength and excellent corrosion resistance. Con-
tinued effort for the improvement of new glassy materials and the
study of their properties is highly relevant because of the potential
in various technological fields. Glassy systems have physical iso-
tropy, the absence of grain boundaries, continuously variable
composition and good work ability over their crystalline counter-
parts (Joseph et al., 2002). Moreover, the radiation damage pro-
cesses which emerge in glass are generically the same as those
which occur in crystals. In the simplest provision, there are three
basic processes: (i) radiolysis, (ii) displacement (or knock on) da-
mage, and (iii) electron rearrangement. In all processes, what we
define as damage is the existence of after irradiation local struc-
tures (either atomic or electronic) which differ from the structure
present before irradiation (Ezz-Eldin et al., 1996). Irradiation af-
fects the structure of the glass matrix, resulting in changes in the
optical, physical and electrical properties. Therefore, the scientific
information of the glass structure before and after irradiation is a
requirement for understanding the structural evolution of nuclear
glasses under long term irradiation during storage of radioactive
wastes or isotopes sources, radiation shielding, radiation detection
by using glass dosimeter, etc. (Neuville et al., 2003). Studies on
irradiated glasses have been previously published on simple glass
systems such as silicate glasses (Devine, 1994) or on multi-
component glasses such as borosilicate glasses (Kaur et al., 2013;
Abdelghany et al., 2014; AbdelAziz et al., 2014).

Glasses containing rare-earth ions have attracted a great deal of
interest due to their important properties. For examples, the glasses
are heat-resistant, present interesting optical and magnetic behavior
(Clare, 1994; Lemercier et al., 1996; Clayden et al., 1999). The properties
of rare-earth glasses include greater glass transition temperatures,
greater hardness and elastic modulus, and greater chemical durability
than many other glasses (Lemercier 1996; Clayden et al., 1999).
Therefore, the rare-earth glasses have been successfully used as laser
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ion hosts, optical lenses, seals, and vivo radiation delivery vehicles (Lin
and Hwang, 1996; Shelby and Kohli, 1990). Among all the rare-earth
ions doped in glasses, the neodymium (III) ion has been distinguished
as on of the most efficient ones for obtaining laser emission, frequency
up-conversion and optical fiber amplification (Jayasimhadir et al.,
2007). Thus, the effects of gamma irradiation on structural properties
of rare-earth glasses have been interested to investigation.

The properties of glass are closely related to the inter-atomic forces
and potentials in the lattice structure. Therefore, changes in the lattice,
due to doping and/or irradiation, can be directly noted. The elastic
properties and other related parameters are of great interest, in order
to study the linear and anomalous variations as a function of com-
position of glass, and have been interpreted in terms of the structure
or transformation of cross-linkages in the glass network (Rajendran
et al., 2001; Sharma et al., 2009). To study the structural properties of
glass, the coordination numbers of the network structure and the
change of oxygen bonds in the network former, induced by the cation
modifiers and/or irradiation, need to be investigated. The information
can be obtained from FTIR spectroscopy. Furthermore, many re-
searchers use ultrasonic techniques for investigation the effects of ir-
radiation on structural properties of glass (Sharma et al., 2009; Zahran,
1998; El-Mallawany et al., 1998; Laopaiboon and Bootjomchai 2014a,
2014b). Therefore, the ultrasonic technique is an appropriate tool for
characterizing the microstructure, the deformation process and the
structural properties of materials after successive irradiation. More-
over, the depth scientific results of structural properties by using bond
compression model were reported (Abd El-Moneim, 2001; Marzouk
and Gaafar, 2007). Thus, the theoretical values of elastic moduli were
calculated by using the bond compression model to compare between
the experimental and theoretical modulus (Gaafar and Marzouk,
2007; Abd El-Moneim, 2003).

Therefore, the investigation of the influence of rare-earth oxides
(ROs) contents and gamma irradiation on the structural properties of
silicate glasses have been interested. In this article, the effects of rare-
earth oxides contents and irradiation on structural properties of glass
samples were studied via ultrasonic techniques and FTIR spectroscopy.
The elastic moduli of the glass samples before and after irradiation
with different concentration of neodymium oxide will be discussed.
Information about the structure of the glass samples can be deduced
after calculating the number of network bonds per unit volume, the
average cross-link density, the number of vibrating atoms per unit
volume, the average stretching force constant and the average ring
size. Moreover, the theoretical and experimental of elastic moduli have
been compared.
2. Experimental work

2.1. Glass Preparation

The glass samples were prepared in rectangular shapes from
the x x(90 )RWG (10)Na O ( )Nd O2 2 3− − − glass system (where RWG
Table 1
Glass composition, density (ρ), molar volume (Va) and packing density (Vt) of the glass

Sample no. Composition (mol%) (g cm )3ρ − 0.001±

RWG Na2O Nd2O3 Before After

G 0− 90 10 0 2.567 2.565
G 1− 89.999 10 0.001 2.572 2.558
G 2− 89.990 10 0.01 2.570 2.554
G 3− 89.900 10 0.1 2.575 2.560
G 4− 89 10 1 2.656 2.647
is recycled window glass and x are 0.001, 0.01, 0.1 and 1 mol%)
using the melt-quenching method. The oxides of Na2O and Nd2O3

used in this work were of an analytical regent grade. The RWG was
common window glass sold in Ubon Ratchathani, Thailand. The
chemical composition of RWG was determined in my previous
work (Bootjomchai and Laopaiboon, 2014). Preparation of re-
cycling glass from window glass to be used in this work is to
thoroughly clean and grind until powdery. To prepare the glass
samples, appropriate amounts of Na2O, Nd2O3 and RWG powders
were weighed using an electronic balance with the accuracy of the
order of 0.0001 g. The starting materials were mixed thoroughly in
ceramic crucibles. The mixture was preheated at 573 K for 1 h to
remove H2O and CO2. The preheated mixture was then melted in
an electric furnace whose temperature was controlled at 1523 K to
ensure homogeneity. The melted glass was then poured into pre-
heated stainless steel molds at about 723 K and then annealing
was carried out for a period of 2 h at 773 K. Bulk glass samples of
about 1.5 1.5 1.0 cm3× × were thus obtained. The glass samples
were polished using different silicon carbide grades. The sample
thicknesses were measured to the micrometer.
2.2. Density and molar volume measurements

The density (ρ) of each sample was measured by using Archi-
medes' principle with n-hexane as immersion liquid. The experi-
ments were repeated three times for accurate value of the density.
The estimated error in these measurements was approximately

0.001 g cm 3± − . The molar volume (Va) was calculated for each glass
from the expression; V M/a ρ= , where M is the molecular weight of
the glass, calculated according to the relation (1) (Abd El-Moneim
et al., 2006).

M Mx
(1)i

i i∑=

where xi is the mole fraction of the component oxide i and Mi is its
molecular weight. The glass packing density can be calculated
from the following Eqs. (2)–(3) (Hager, 2012)

V
M

Vx
(2)i

i it ∑ρ=

where Vi is given by,

( )V
N

xr yr
4

3 (3)i
A

M
3

O
3π

= +

where NA is Avogadro's number, and where rM and rO are the ionic
radii of the cation and anion of the oxide M Oyx , respectively. The
errors in molar volume and packing density were acquired from
experiments repeated three times of densities. The estimated error
in these results was 0.021 cm mol3 1± − and 0.0013 10 m6 3± × − ,
respectively and shown in Table 1.
samples before and after gamma irradiation.

V (cm mol )a
3 1− 0.021± V 10 (m )t

6 3× − 0.0013±

Before After Before After

23.351 23.3747 0.4592 0.4588
23.313 23.4391 0.4609 0.4584
23.340 23.4911 0.4690 0.4660
23.416 23.5458 0.5530 0.5500
23.837 23.9225 1.3838 1.3789
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2.3. Gamma-ray irradiation

The glass samples were irradiated by an exposure machine
(THREATRON 780C) using a Co-60 gamma-ray source at a dose
rate of 1.16 Gy min 1− and field size of 30 30 cm2× , at a distance of
30 cm from the gamma-ray source, and at room temperature. The
samples were irradiated for sufficiently long enough to achieve to
overall dose of 1 kGy.

2.4. Ultrasonic velocity measurements

An ultrasonic flaw detector, SONATEST Sitescan 230, was used
to measure ultrasonic velocity. The ultrasonic waves were gener-
ated from a ceramic transducer (Probe model: SLG4-10 for long-
itudinal velocity and SA04-45 for shear velocity) with a resonant
frequency of 4 MHz, and acting as transmitter-receiver at the same
time. The ultrasonic wave velocity (v) can be calculated by the
following Eq. (4) (El-Mallawany et al., 2006):

v
d
t

2
(cm s ) (4)

1=
Δ

−

where d is the samples thickness (cm) and tΔ is the time interval
(s). The measurements were repeated three times to check the
reproducibility of the data. The errors in velocity measurements
were 7 m s 1± − for longitudinal velocity (vL) and 14 m s 1± − for shear
velocity (vS).

2.5. FTIR measurements

FTIR spectra of powdered glass samples were recorded at room
temperature using KBr disk technique. The spectra in the wave
number range of 400 4000 cm 1− − with a resolution of 4 cm 1− were
obtained using Perkin-Elmer spectrometer.

2.6. Determination of elastic moduli

Elastic moduli include longitudinal (L), shear (G), bulk (K), and
Young's (E) modulus as well as Debye temperature ( Dθ ), softening
temperature (Ts), micro-hardness (H) and Poisson's ratio (σ) of
glass samples have been determined from the measured the ul-
trasonic velocities and densities using the standard relations (5)–
(12) (Sidkey and Gaafar, 2004):

Longitudinal modulus

L v (5)L
2ρ=

Shear modulus

G v (6)S
2ρ=

Bulk modulus

K L G
4
3 (7)= −

Young's modulus
Table 2
Longitudinal (vL), shear (vS) and mean (vm) velocities of the glass samples before and a

Sample no. v (m s )L
1− 7± v (S

Before After % different Befo

G 0− 5842 5827 0.257 364
G 1− 5838 5817 0.348 359
G 2− 5814 5798 0.281 357
G 3− 5791 5776 0.259 355
G 4− 5660 5647 0.230 352
E G(1 )2 (8)σ= +

Poisson's ratio

L G
L G

2
2( ) (9)

σ = −
−

Micro-hardness

H
E(1 2 )

6(1 ) (10)
σ
σ

= −
+

Debye temperature

⎛
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h
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zN
V

v
3
4 (11)

D
B

A

a

1/3

mθ
π

=

Softening temperature

T
v M

C z (12)s
S
2=

where h is Planck's constant, kB is Boltzmann's constant, NA is
Avogadro's number, z is the number of atoms in the chemical
formula, C is the constant of proportionality (equals
507.4 m s K1 1/2− ) and vm is the mean ultrasonic velocity defined by
the relationship (13) (Marzouk, 2009).
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3
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3

S
3

1/3

=
+

The uncertainty in mean ultrasonic velocity was shown in Ta-
ble 2. The uncertainties in elastic moduli, Poisson's ratio, micro-
hardness, Debye temperature and softening temperature were
acquired from experiments repeated three times of the densities
and the ultrasonic velocities. The estimated errors in these results
are shown in Table 3.
3. Theoretical models

A bond compression model is a helpful introduce for structures
containing only on type of bond. For a three dimensional multi-
component oxide glass, the bond compression bulk modulus is
given by Eq. (14) (Bridge and Higazy, 1986)

K
n F

r
9 (14)bc
b 2=

¯

where r is the bond length between anion and cation and nb is the
number of network bonds per unit volume of the glass given by
Eq. (15) (Bridge and Higazy, 1986)

n
N
V

xn( )
(15)i

ib
A

a
f∑=

where x is the mole fraction of the component oxide i. F̄ is the
average of stretching force constant and can be calculated from
fter gamma irradiation.

m s )1− 14± v (m s )m
1− 11±

re After % different Before After

6 3635 0.302 4017 4005
2 3577 0.427 3964 3947
0 3549 0.565 3940 3919
7 3484 2.062 3926 3852
0 3502 0.516 3880 3861



Table 3
Longitudinal (L), shear (G), bulk (K), Young’s (E) modulus, Poisson’s ratio (σ ), micro-hardness (H), Debye ( Dθ ) and softening (Ts) temperature of the glass samples before and
after gamma irradiation.

Sample no. L (GP) 0.03± G (GPa) 0.01± K (GPa) 0.02± E (GPa) 0.04± 0.003σ ± H (GPa) 0.01± Dθ (K) 2± Ts (K) 5±

Before After Before After Before After Before After Before After Before After Before After Before After

G 0− 87.63 87.10 34.13 33.89 42.12 41.91 80.62 80.09 0.181 0.181 7.26 7.20 354 353 612 609
G 1− 87.64 86.56 33.18 32.73 43.39 42.93 79.33 78.28 0.195 0.196 6.74 6.63 349 347 593 591
G 2− 86.87 85.83 32.75 32.17 43.21 42.94 78.43 77.22 0.198 0.200 6.60 6.43 347 344 586 583
G 3− 86.35 85.43 32.58 31.08 42.92 44.00 78.00 75.46 0.197 0.214 6.58 5.92 345 338 584 563
G 4− 85.09 84.39 32.91 32.46 41.21 41.12 77.98 77.09 0.185 0.188 6.92 6.76 339 337 582 578
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following Eq. (16) (Abd El-Moneim, 2003)

F
xn F
xn

( )
( ) (16)

if

f i

¯ =
∑
∑

where nf is the coordination number of the cation and F is the
stretching force constant of the oxide. The average atomic ring size
(l) of a structure consisting of a three-dimensional network ac-
cording to the ring deformation model is shown in the form of Eq.
(17) (El-Mallawany, 2000).

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥l

F
K

0.0106
(17)exp

0.26

=
¯

The calculation of Poisson's ratio for the multicomponent oxide
glasses according to the bond compression model is given by Eq.
(18) (Bridge and Higazy, 1986)

n0.28( ) (18)cal c
0.25σ = ¯ −

where nc¯ is the average cross-link density of the glass network and
is given by Eq. (19) (Bridge and Higazy, 1986)

n n N
1

( ) ( )
(19)i

i ic c c∑
η

¯ =

where nc is the number of cross-links per cation (number of
bridging bonds per cation minus two) in oxide i. Nc is the number
of cations per glass formula unit and N( )icη = ∑ is the total number
of cations per glass formula unit. The theoretical bulk modulus
(Kcal) can be calculated from Eq. (20) (Abd El-Moneim, 2003).

K l1.062 10 F (20)cal
29 4.0022¯= × − −
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Fig. 1. Variation of densities (ρ) before and after irradiation with γ-radiation of the gla
The other theoretical elastic moduli can be obtained from the
bulk modulus and Poisson's ratio for each glass system as Eqs.
(21)–(23) (Abd El-Moneim, 2003).

⎡
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⎤
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cal cal
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σ
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=
−
+

L K G(1.33) (22)cal cal cal= +

E G2(1 ) (23)cal cal calσ= +

The number of vibrating atoms per unit volume N V( / ) will be
expressed as follows (24) (El-Mallawany and Afifi, 2013).

N
V

N
V

x n m( )
(24)i

i
A

a
∑= +

where n m( )+ is the sum of the atoms present in the i th− oxide
of the chemical formula.
4. Results and discussion

4.1. Density and molar volume

The glass composition, density, molar volume and packing
density are given in Table 1. The density of the glass samples are
shown in Fig. 1. The results shows that the densities of the glass
samples increase with increasing the concentration of Nd2O3 but
decrease after irradiated by gamma radiation. The decreased of the
density of the glass can be attributed to three factors, namely
(Alajerami et al., 2013):
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(i) transformation of the main glass network structure from
triagonal (Q )4 to tetrahedral (Q )3 ,

(ii) decrease in the molecular mass of the glass because of the
glass because of the higher atomic weight of the modifier, and

(iii) decrease of the bridging oxygen (BO) ratio in the glass
composition, due to the adding of modifier and/or irradiation.

From mentioned above, damage by an irradiation species can
create displacement of atoms and/or breaks in the network bonds,
leading to a rise of the number of non-bridging oxygens (NBOs)
and/or transformation of the main glass network structure from
tetrahedral (Q )4 to triagonal (Q )3 and resulting in a decrease of the
densities of the glass samples after irradiation (Ezz El-Din et al.,
1992; Prado et al., 2001).

The molar volume is defined as the volume occupied by the
unit mass of the glass, molar volume can be used as a parameter to
identify an open structure (Singh et al., 2003). Fig. 2 shows that the
molar volume increases with increasing Nd2O3 concentrations and
after gamma irradiation. These results are easily explained; they
are due to the modifier ions ionic radius (the Nd3þ ionic radius is
1.123 Å), which is larger than the network structure interstices
(the ionic radius of Si4þ is 0.400 Å). The modifier ion attraction to
oxygen ions can yield a grater interstices size and molar volume.
Irradiation with gamma rays is assumed to create displacement of
atoms, electronic defects and/or breaks in the network bonds,
which allow the structure to relax and fill the relatively large in-
terstices in the interconnected silicon and/or boron and oxygen
atom network, which produces volume expansion followed by
compaction (Ezz El-Din et al., 1992). To confirm this results the
packing density of the glasses were calculated and shown in Ta-
ble 1. The packing density is the ratio between the minimum
theoretical volume occupied by the ions and the corresponding
effective volume of the glass (Bootjomchai et al., 2014). Therefore,
the increase of packing density with increases concentration of
Nd2O3 due to the volume occupied by the ions increase (the ionic
radius of Nd3þ is large). Adding Nd2O3 into the glass matrix re-
sulting to produces volume expansion followed by compaction.
Therefore, the molar volume increases with the mol% of Nd2O3.
After irradiation, the packing density was decreases in all samples.
This is due to the increase of the effective volume of the glass
matrix. The damage of radiation can create the opens structure
lead to increase of molar volume of the glass samples. Moreover,
this results good agree with the transformation of the main glass
network structure from tetrahedral (Q )4 to triagonal (Q )3 after
irradiation.
4.2. Ultrasonic velocity and elastic moduli

The plots before and after irradiation of longitudinal v( )L and
shear v( )S velocities in the glass samples with the concentration of
Nd2O3 are shown in Figs. 3 and 4, respectively and exact values are
shown in Table 2. In addition, elastic moduli L G K E( , , and ),
Poisson's ratio ( )σ , micro-hardness H( ), Debye temperature ( )Dθ and
softening temperature T( )s of the glass samples are shown in Ta-
ble 3. The ultrasonic velocities v v( and )L S in the glasses decrease
as the mol% of the dopant increase and after irradiation. The
changes in geometrical configuration, co-ordination number,
cross-link density and dimension of interstitial space of glass de-
termine the ultrasonic velocity and, therefore, ultrasonic velocity
is an appropriate tool in revealing the degree of the structural
change in the glass (Marzouk, 2009). In general, the decrease of
ultrasonic velocity is related to the increase in the number of non-
bridging oxygens (NBOs) and, consequently, the decrease in con-
nectivity of the glass network (Gaafar and Marzouk, 2007).
Therefore, the decrease in ultrasonic velocities is due to the fact
that Nd3þ ions are involved in the glass network as modifiers by
breaking up the tetrahedral bond of SiO4 units. Moreover, damage
by an irradiation species can create displacement of atoms and/or
breaks in the network bonds, leading to a rise of the number of
NBOs. Hence, the ultrasonic velocities decrease with mol% of
Nd2O3 increases and after gamma-irradiation. Moreover, differ-
ence of ultrasonic velocity before and after irradiation as shown in
Table 2 (%different). The results indicated that highest damage of
irradiation on the structure is occurred in G 3− glass sample. In the
asseveration of these results, the number of bonds per unit volume
n( )b is calculated by using a theoretical bond compression model is
shown in Table 4. From the results, all samples show the decrease
in the number of bonds per unit volume with increase of the mol%
of dopants. Furthermore, the decrease of bonds per unit volume of
glass samples after irradiation due to the greater the formation of
non-bridging oxygens (NBOs). These results supported our dis-
cussions of the ultrasonic velocities of glass samples.

The elastic moduli L G K E( , , and ) as shown in Table 3 decrease
with the increase of Nd2O3 concentrations and after irradiation. All
of the elastic moduli are related to the average strength of the
bond. The average strength of the bond depends on the value of
cation-anion forces. For a given A–O–A bond angle, the A–A se-
paration would be directly proportional to the stretching force
constant F( )¯ of the glass network (Higazy and Bridge, 1985). As the
A–O–A bond force constants decrease, the energy required to
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produce a given degree of bond angle or length distortion and/or
bond distortion decreases which leads to the decrease in the
average strength of the bond. To confirm these results, the
stretching force constants F( )¯ are calculated by using a theoretical
bond compression model, the exact values were collected in Ta-
ble 4. The stretching force constants decrease with the increase of
the mol% of the dopant. These results indicate that the glass doped
with Nd2O3 leads to the decrease in the average strength of the
bond (elastic moduli were decreased). While the elastic moduli
decrease after gamma irradiation can be speculate that the bond
distortion occurred by irradiation.

Variation of Poisson's ratio and micro-hardness of the glass
samples as a function of the dopants are listed in Table 3. Point to
influence of Nd2O3 on Poisson's ratio can be seen that the Poisson's
ratio nearly constant with concentration of Nd2O3 from
0.001 mol% to 0.1 mol% (G 1 to G 3− − ) and then decreases with
increasing of mol% dopants from 0.1 mol% to 1.0 mol%
(G 3 to G 4− − ). The variation of Poisson's ratio related to cross-
link density. Poisson's ratio decrease as the cross-link density in-
creases. At low concentration of dopants, effect of modifier is in-
significant as a result the nearly constant of Poisson's ratio.
However, when the concentration of modifier reach to 0.1 mol% or
higher resulting to the decrease of Poisson's ratio due to the
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Fig. 4. Variation of shear velocity (vS) before and after irradiation wit
increase of cross-link density in the glass network. After irradia-
tion, the Poisson's ratio is higher than the before irradiation
especially at 0.1 mol% (G 3− glass sample) indicate that the highest
effects of irradiation occurred in G 3− glass sample. These results
support our discussion of the ultrasonic velocities. In addition, the
average numbers of cross-link density n( )c¯ was calculated by using
the theoretical bond compression model for confirm the effects of
Nd2O3 on Poisson's ratio and are shown in Table 4. The average
numbers of cross-link density n( )c¯ extremely increase when the
mol% of the dopant increase from 0.1 to 1.0 mol%. These results
strongly support the results of Poisson's ratio. Moreover, the the-
oretical of Poisson's ratio ( )calσ was calculated to compare the re-
sults (Table 4). It is observed that a theoretical of Poisson's ratio is
in a good agreement with the experimental values. The micro-
hardness is defined as the resistance of a material to permanent
indentation or penetration (Abd El-Moneim et al., 2006). It can be
seen that (Table 3) the micro-hardness decrease with increase
concentration of dopant reach to 0.1 mol% and then it is return to
increase at 1.0 mol% of dopant. The micro-hardness decrease of all
samples after irradiated with gamma ray. These results show that
the rigidity and/or compactness of the sample depend on the
concentration and irradiation. The results good agreement with
the results of molar volume as was described.
11.0
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Table 4
Average cross-link density (nc¯ ), calculation of Poisson' ratio ( calσ ), number of vibrating atoms per unit volume (N V/ ), average stretching force constant (F̄ ), average ring

diameter ( ) of the glass samples. Theoretical bond compression bulk modulus (Kbc), number of bonds per unit volume (nb) and K K/bc exp ratio of the glass samples before and

after gamma irradiation.

Sample no. nc¯ calσ 10 (cm )N
V

21 3× − F (N/m)¯ (nm) K (GPa)bc n 10 (cm )b
22 3× − K K/bc exp

Before After Before After

G 0− 3.6364 0.2028 7.7341 377.96 0.5424 170.99 170.81 14.9526 14.9375 4.0595
G 1− 3.6365 0.2028 7.7467 377.95 0.5382 171.26 170.34 14.9770 14.8966 3.9471
G 2− 3.6375 0.2027 7.7390 377.89 0.5388 171.08 169.98 14.9611 14.8651 3.9593
G 3− 3.6479 0.2026 7.7256 377.29 0.5396 170.70 169.76 14.9268 14.8443 3.9772
G 4− 3.7500 0.2012 7.7026 371.42 0.5431 169.33 168.72 14.7990 14.7464 4.1088
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Debye temperature ( )Dθ and softening temperature T( )s before
and after irradiation of the glass samples are listed in Table 3.
Debye temperature is an important parameter of a solid, describes
the properties arising from atomic vibration and is directly pro-
portional to the mean ultrasonic velocity v( )m . The variations of the
mean ultrasonic velocity are shown in Table 2. Debye temperature
represents the temperature at which all the high-frequency “lat-
tice” vibrational modes are excited (Gaafar et al., 2009). Softening
temperature is another important parameter defined as the tem-
perature point at which viscous flow changes to plastic flow
(Marzouk and Gaafar, 2007; Gaafar and Marzouk, 2007). It can be
observed that the decrease of the Debye temperature, softening
temperature and mean ultrasonic velocity with adding Nd2O3 and
after irradiation are mainly contributed from the increase in for-
mation of NBOs as a direct effect of the insertion of Nd2O3 and
effect of irradiation. For clarity of obtained results, the dependence
of Debye temperature could be discussed on the basis of the
number of vibrating atoms per unit volume (El-Mallawany and
Afifi, 2013). Therefore, the number of vibrating atoms per unit
volume N V( / ) was calculated and shown in Table 4. The number of
vibrating atoms per unit volume was found to decrease with the
increasing mol% of the Nd2O3.

The values of average ring diameter ( ), theoretical bond com-
pression bulk modulus K( )bc and K K/bc exp ratio are shown in Table 4.
From Table 4, it is rather clear that the values of the theoretical
bond compression bulk modulus K( )bc decrease when the content
of Nd2O3 increases and decrease after irradiation. This indicates
that adding Nd2O3 to the pure composition of the glass plays a
20

30

40

50

60

70

80

90

100

110

120

20 30 40 50 60

K:ulusmodBulk

G:ulusmodShear

E:ulusmods'Young

umodalLongitudin

Experime

ul
us

m
od

l
Th

eo
re

tic
a

Fig. 5. Variation of theoretical modulus vs experimental mod
major role in the average coordination of the network structure
(Burkhard, 1997) or the average stretching force constant which
was found as a similar trend with the theoretical bond compres-
sion bulk modulus K( )bc . In general, the ratio of K K/bc exp is a mea-
sure of the extent to which bond bending is governed by the
configuration of the network bonds. The variation of K K/bc exp ratio
increase with increase of concentration of dopant. This indicates
that the network bonds are expanding of extent. This ratio is as-
sumed to be directly proportional to the average ring diameter.
The average ring diameter is shown in Table 4. It is very clear that
the average ring diameter increase with increase of the con-
centration of Nd2O3.

Comparison of experimental estimated elastic moduli
K G L E( , , and ) with those obtained theoretically by using bond
compression model are shown in Fig. 5. From Fig. 5, the calculated
elastic moduli are in the range of the experimental values. It is
observed that a theoretical bond compression model is in a good
agreement with the experimental values of elastic moduli.

4.3. FTIR measurements

FTIR spectral curves in 400 4000 cm 1− − region of the glass
samples before and after irradiation are illustrated in Fig. 6(a) and
(b), respectively. The water groups are indicated by frequency
bands over 2000 cm 1− . The main absorption band and corre-
sponding vibration modes of FTIR spectrum of glass samples are
shown in Table 5. The frequency bands from the glasses network
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Fig. 6. FTIR spectra of the glass samples before (a) and after (b) gamma irradiation.
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vibrations appear in the range 400 1500 cm 1− − (Wang et al., 2014;
ElBatal et al., 2014). The FTIR absorption spectra for the glass
samples examined herein have four main frequency bands.
Fig. 6(a) shows apparently decrease of Si O Si− − anti-asymmetric
stretching of BOs within tetrahedral (995 1050 cm 1− − ) peak
when the mol% of Nd2O3 increases. Furthermore, the Si O Si− −
bending vibrations (470 485 cm 1− − ) peak and the Si O Si− − and
Table 5
Main absorption band and corresponding vibration modes of FTIR spectrum of

glass samples in 400 2000 cm 1− − region.

Wave number

(cm 1− )

Assignment References

470 485− Si O Si− − Bending vibrations [Wang et al., 2014;
Zahran, 1998]

650 780− Si O Si− − and O Si O− − symmetrical
stretching of BOs between
tetrahedra

[Wang et al., 2014;
Zahran, 1998]

910 930− Si O Si− − stretching of NBOs [Zahran, 1998]
995 1050− Si O Si− − anti-asymmetric

stretching of BOs within tetrahedra
[Wang et al., 2014;
Zahran, 1998]

1370 Carbonate group [Zahran, 1998]
1640 Molecular water vibrations [Wang et al., 2014]
O Si O− − symmetrical stretching of BOs between tetrahedral
(650 780 cm 1− − ) peak shows decrease of absorption with mol% of
Nd2O3 increases. The results from FTIR spectroscopy support our
discussion on the transformation of SiO4 tetrahedral units from Q4

to Q3 with consequent rising in NBO when mol% of Nd2O3 in-
creases. Fig. 6(b) shows decrease of FTIR absorption bands at
470 485− , 650 780− and 995 1050 cm 1− − all samples after irra-
diation. These results reveal that the formation of NBOs occurred
when the glass sample were irradiated with gamma ray. The re-
sults of the FTIR spectra are evidence of the discussion the change
in structure of the glass network was added Nd2O3 and after
irradiated.
5. Conclusions

The present study gives the understanding of the structural
properties of soda lime glasses doped with Nd2O3 and effect of
gamma irradiation by measuring ultrasonic velocities. Influence of
Nd2O3 and irradiation makes the distorted network structure. The
values of the theoretical bond compression model were calculated
for asseveration of the obtained results. The agreement between
the theoretically calculated and experimental elastic moduli is
excellent for the studied samples.
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a b s t r a c t

Alkali-silicate glass doped with dysprosium oxide was prepared and investigated. Recycled window glass
(RWG) was substituted with pure SiO2 chemical as starting material. Physical properties of the glass
samples such as density, molar volume and ion concentrations were determined. The thermolumines-
cence properties such as sensitivity and linearity of the glass samples were investigated. Trap depth
parameters were studied using the glow curve shape method. Moreover, the optical absorption of the
glass samples was studied with the transition mechanisms of Dy3þ ions.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Investigations of radiation induced defect centers using the ther-
moluminescent properties of glass have been well documented in
recent years. These studies advance the knowledge of the suitability of
glass in radiation dosimetry applications [1–6]. In the field of per-
sonnel monitoring, the thermoluminescence (TL) technique could be
an interesting area of research to measure high dosages incurred
during various radiation process applications, such as in nuclear power
plants, food irradiation, radiotherapy andmedical product sterilization.
Amorphous systems development is therefore of paramount impor-
tance for this specific application. New materials are now being
developed with more sensitivity and linearity of TL output over a
broad range of dosages. Several amorphous materials such as alkali,
alkaline oxy, fluoro borate, phosphates, borophosphates, silicates, alkali
silicates, alkali aluminosilicates and borosilicate glasses doped with
small concentrations of rare-earth ions and/or transition metal ions as
activators were identified as effective [7–12].

Rare-earth doped luminescent materials play a significant part as
radiation detectors in many fields of basic and applied research, for
example nuclear power plants, radiotherapy, personal and environ-
mental monitoring of ionizing radiation and even in geological
dating. The added rare earth impurities in the host may cause the

changes in its TL features as well as the dosage amount [13]. Recently
several rare-earth doped aluminates and silicates have been pre-
sented and developed for various display and signage applications
[10,14]. Among the different rare earths the Dy3þ ion is recognized as
an active luminescence centre. The Dy3þ ion is identified as an f-
localized trap-creating ion and found to increase the afterglow for a
protracted time [15]. The Dy3þ ions form some electron trapping
levels in the intra-band gaps of the host material. The attributed
excitation of Dy3þ ions plays an important role in TL emission by a
trap filling process that may occur through the direct transfer of
electrons from the excited state of Dy3þ ions to trap centers and not
via conduction bands, as the excitation energy is smaller than the
band gap [16–18].

Previous work has studied the thermoluminescence properties of
the window glass sold in Ubon Ratchathani Province, Thailand. Results
showed that this window glass is potentially a good candidate for
retrospective or personal dosimetry. It is a common material, has easy
sample preparation, good linearity of TL response and its effective
atomic number is close to that of human biological tissues [19].
However, reproducibility of the results and fading needs to be imp-
roved due to the unstable nature of trapped charge effects. From the
literature reviews, Dy3þ ions can create electron trapping levels in the
intra-band gaps of the host material. Therefore, it is particularly
interesting to study the effect of dysprosium oxide powder (Dy2O3)
on thermoluminescent properties and trap depth parameters, using
recycled window glass as a starting material. This study looks at very
low doses of irradiation which may be useful for clinical dosimetry.
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2. Experimental details

2.1. Preparation and determination of the final composition of
based glass

Binary ð100�xÞRWG�ðxÞNa2O glass with different concentrations
of Na2O, where x is 5, 10, 15 and 20mol%, was prepared using the
melt-quenched technique. The sodium oxide (Na2O) used was of
analytical reagent grade. The RWG was common window glass sold
in Ubon Ratchathani, Thailand. The chemical composition of the RWG
has been previously determined [19]. Preparation of the recycling glass
from window glass (RWG) involved a thorough cleaning and it was
then ground to a powder. The quantities of Na2O and RWG powder
were weighed, using an electronic balance with accuracy of the order
of 0.0001 g. They were calculated and mixed to give 50 g samples. The
starting materials were mixed carefully in ceramic crucibles. To ensure
homogeneity, the mixtures were melted at 1250 1C in an electrical
furnace, constructed at the Glass Technology Excellent Center (GTEC),
Department of Physics, Faculty of Science, Ubon Ratchathani Univer-
sity. The melted glasses were poured into stainless steel molds and
immediately annealed at 500 1C for two hours before natural cooling
to room temperature. The glass samples were cut into small pieces
with dimensions 5� 5� 2 mm3 for TL measurements at 14 mGy. The
sensitivity of the TL signal was normalized with respect to the weights
of each condition of glass sample as shown in Fig. 1. Results showed
that the ð90ÞRWG�ð10ÞNa2O glass system had the highest sensitivity;
therefore this condition was selected as the base glass (G�0).

2.2. Preparation of glass samples doped with Dy2O3

For this study ð90ÞRWG�ð10ÞNa2O�ðxÞDy2O3 glass systems
(where x is 0.001, 0.010, 0.100 and 1.000 mol%) were prepared.
For each glass, the thermal history; melting temperature, melting
time, annealing temperature, annealing time and all preparation
conditions were kept as similar as possible. The dysprosium oxide
used was of analytical reagent grade. The details of the chemical
compositions of the glass samples are shown in Table 1.

2.3. Thermoluminescence measurements

Each sample was annealed at 400 1C for one hour and then
100 1C for two hours (dual step technique), before being irradiated
with X-ray photon energy of 100 keV with a dose range of
0–14 mGy, to determine the thermoluminescent response and
glow curve. TL light emitted from the glass samples was detected
using a TLD reader (Harshaw/Bicron Model 3500 Manual). The
glow curves were recorded from room temperature up to a
maximum of 300 1C, at heating rates of 10 1C/s. A region of interest
facility available in the TLD reader was used to evaluate the

responses of different glow peaks resulting from the Computerized
Glow Curve Deconvolution (CGCD) procedure. The estimation of
glow peaks was carried out by copying the American Standard
Code for Information Interchange (ASCII) files from the TLD reader
to an Excel program. Each data point observed was obtained from
an average of five measurements.

2.4. UV–vis spectroscopic measurements

Absorption spectra of all the samples were recorded using the
bulk form of the samples. All spectra were measured at the
Chemistry Department, Ubon Ratchathani University. The spectro-
photometer (Perkin Elmer Instrument, Lambda 25) results were
recorded at a range of 300–900 nm with a resolution of 0.1 nm.

2.5. Density and molar volume

The variation in the density of each sample was determined by
Archimedes's Principle. n-hexane (99.99% pure) was selected as an
immersion liquid. For all samples the measurement was repeated
three times at room temperature. The density can be calculated
using the following equation:

ρ¼ WA

WA�WB

� �
ρL ð1Þ

whereWA and WB are the weights of the glass sample in air and in
n-hexane respectively and ρL is the density of n-hexane. The
estimated error in these measurements was 70:002 g cm�3. The
molar volume (Va) was calculated using the equation Va ¼M=ρ,
where M is the average molecular weight of the glass samples,
calculated according to the relationship M ¼∑xiMi [20], where xi
is the mole fraction of the component oxide i and Mi is its
molecular weight. Uncertainties in molar volume were recorded
by repeating the density measurements three times. The esti-
mated error in the results was 70:085 cm3 mol�1.

2.6. Ion concentration

The rare-earth (RE) ion concentration can be calculated using
the following equation [21]:

N¼ ðmol% of RE dopedÞðρÞðNAÞ
M

ðions cm�3Þ ð2Þ

where NA is Avogadro's number. After determining the ion con-
centration, three other related physical properties can be calcu-
lated using the standard relations as shown below [21–22]:

Polaron radius : rp ¼
1
2

π

6N

� �1=3
ðA
o
Þ ð3Þ

Interatomic distance : ri ¼
1
N

� �1=3

ðA
o
Þ ð4Þ

Fig. 1. Integral TL signal of ð100�xÞRWG�ðxÞNa2O glass system irradiated with
X-ray photon energy of 100 keV at dose of 14 mGy. The sensitivity of TL signal was
normalized with respect to the respective weights of the samples.

Table 1
Details of the chemical composition of the glass samples.

Glass sample
Compositions (in mol%)

RWG Na2O Dy2O3

G�0 90 10 –

G�1 90 10 0.001
G�2 90 10 0.010
G�3 90 10 0.100
G�4 90 10 1.000
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Field strength : F ¼ Z
r2p

 !
ðcm�2Þ ð5Þ

where Z is the valence number of the rare-earth ion.

3. Results and discussion

3.1. Physical properties

The physical properties offer an insight into the atomic arrange-
ments in a glass network. The density of the glass increased with
increasing Dy2O3 concentration. The increase can be attributed to
three factors, namely:

� Transformation of the main glass network structure from
triagonal (O3) to tetrahedral (O4).� Increase in the molecular mass of the glass because of the
higher atomic weight of dysprosium.

� Increase of the bridging oxygen (BO) ratio in the glass composi-
tion, due to the Dy2O3 concentration [23].

Molar volume describes the volume occupied by the unit mass of
the glass; it depends on the ionic radius of the modifier [24]. The
molar volume decreases with the content of dopant (Dy2O3) increase
as shown in Table 2. The glass system ð90ÞRWG�ð10ÞNa2O, RWG has
a main structure of SiO2 (the ionic radius of Si4þ is 0.400 Å). When
RWGwas added to Na2O (the ionic radius of Naþ is 1.060 Å) this led to
the expansion of the interstitial size of the network structure of the
glass. Thus, when Dy2O3 (the ionic radius of Dy3þ is 0.912 Å) was
added to the glass matrix it resulted in a decrease in the interstitial
size of the network structure, which led to a decrease in the molar
volume. These results showed that the glass samples increased in
compactness with increasing concentrations of Dy2O3.

From Table 2, the ion concentrations increase with the mol% of
Dy2O3. These results for the molar volume and the ion concentration
are very promising. Clearly, the ion concentration increases as the
molar volume decreases. The ion concentration is high due to the
large number of mobile ions. The increase in the ion concentration of
Dy3þ showed that Dy3þ ions are uniformly spread throughout the
glass network [25]. An inverse relationship is observed between the
dopant concentration and both the Polaron radius and interatomic
distance. The Polaron radius (Table 2) decreases with increasing
Dy2O3 concentrations. This could be due to an increase in the
concentration of Dy3þ ions. The observed decrease in the intera-
tomic distance (Table 2) with the increase in Dy2O3 concentration
eventually leads to a more compact glass network [26]. It is notable
that the glass network will be crowded with dysprosium interstices.
Thus, the average RE-oxygen distance decreases. As a result the Dy–O
bond strength increases, producing a stronger field strength (F)
around the dysprosium ions [27]. This result agrees with the
literature [23,28,29] and also supports the increased compactness

of the glass structure as discussed above. Thus, a perfect conductivity
for this glass system could be expected [30].

3.2. Thermoluminescence properties

The glass samples were irradiated with 100 keV of photon energy
at doses ranging from 0 to 14mGy. The sensitivity of the TL signal was
normalized with respect to the weights of each condition of the glass
samples at a dose of 14mGy and shown in Fig. 2. The main glow
curves were similar and centered for peak 1 and peak 2 for all the
glass samples at 450 K and 558 K respectively. Dy3þ ion doping has
been shown to cause significant increases in TL. Wani et al. [16]
reported that RE3þ ion doping resulted in increased sensitization of
TL. The important role of Dy3þ ions in TL emission is the trap filling
process that may arise through the direct transfer of electrons from
the excited state of Dy3þ to trap centers. TL sensitivity slightly
increased after Dy3þ doping as shown in Fig. 2. This suggested that
the impurities in the composition of RWG [19] were strongly related to
the intrinsic defects attributed to well-known concentration quench-
ing phenomena and tallied with the results obtained by Hashim et al.
[31]. Results showed that the highest integrated TL signal of the glass
samples was for 0.100mol% of Dy2O3, with all giving improved TL
sensitivity after Dy3þ doping. An investigation of the dependence of
the TL signal on irradiation doses was carried out on the glass samples
exposed to photons for doses between 0 and 14mGy. The average
integrated TL signal of each dose was recorded and the relative
standard deviation was calculated. Fig. 3 shows the experimental
trend obtained and the corresponding calibration line of best fit
resulting from processing the experimental points. The correlation
coefficients (R2) were calculated to confirm the linearity of the
response in the investigated dosage range. The results indicated that
glass samples doped with Dy2O3 at 0.100 mol% (G�3) gave the best
linearity. From these results (Figs. 2 and 3), a minimum detectable
dose (MMD) value of G�3 glass sample was determined as three

Table 2
Physical properties of glass samples.

Measurements
Glass samples

G�0 G�1 G�2 G�3 G�4

Density, ρ ðg cm�3Þ 2.567 2.572 2.585 2.602 2.682

Molar volume, Va ðcm3 mol�1Þ 23.351 23.307 23.186 23.036 22.349

Ion concentration, NRE ð�1021 ion cm�3Þ – 0.026 0.258 2.577 25.359
Polaron radius, rp ðAoÞ – 13.633 6.325 2.939 1.371
Interatomic distance, ri ðAoÞ – 33.835 15.698 7.294 3.404

Field strength, F ð�1016 cm�2Þ – 0.016 0.075 0.347 1.595

Fig. 2. Integral TL signal of ð90ÞRWG�ð10ÞNa2O�ðxÞDy2O3 glass system irradiated
with X-ray photon energy of 100 keV at dose of 14 mGy. The sensitivity of TL signal
was normalized with respect to the respective weights of the samples.
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times the corresponding value of the standard deviations of ten non-
irradiated samples. The estimated value of MMD obtained was
3.697 mGy. Fig. 4 shows the stability of TL signals of the G�3 glass
sample after a storage period of 720 h at a dose of 14 mGy, compared
with the window glass (RWG) [19]. There was a rapid decrease in the
TL signal in the initial range, (45% and 65% decreased at 0–200 h of the
G�3 glass sample and RWG respectively). This suggests that the lower
loss of TL signal of the G�3 glass sample results from the higher
stabilization of trapped charge effects when compared with RWG.
These results are supported by the fact that the stability and sensitivity
of TL signals improved after Dy3þ doping.

For investigation of trap depth parameters, general expressions for
evaluating activation energy and trap depth were derived by Chen
[32]. His method is useful for a broad range of energies ranging
between 0.1 eV and 2.0 eV, and for values of the frequency factors
between 105 s�1 and 1023 s�1. Chen's method does not require
knowledge of the kinetic order, which is found by using the symmetry
factor (μ¼ T2�TM=T2�T1) from the peak shape. The equations are as
following:

Eα ¼ cα
KT2

M

α

 !
�bαð2KTMÞ ð6Þ

where K is the Boltzmann constant, TM is the glow peak temperature,
α is τ or δ (τ¼ TM�T1 and δ¼ T2�TM), T1 (rising end) and T2 (falling
end) are the temperatures at the half-widths of the glow peak. The
values of cα and bα are summarized below.

cτ ¼ 1:510þ3:0ðμ�0:42Þ and bτ ¼ 1:58þ4:2ðμ�0:42Þ ð7Þ

cδ ¼ 0:976þ7:3ðμ�0:42Þ and bδ ¼ 0 ð8Þ
Glow curve shape is a popular method of analyzing a TL glow

curve in order to ascertain the activation energies and frequency
factors. The G�3 glass sample was selected for investigation of the
trap depth parameters due to its highest sensitivity and linearity.
The variation of trap depth parameters of the G�3 glass sample
can be compared with G�0 (un-doped) glass sample and window
glass (RWG) as shown in Fig. 5. Data of the trap depth parameters
from Fig. 5 are collected in Table 3. X-ray irradiation on the glass
produces secondary electrons from the sites where they are in a

stable state, which now have excess energy and also non-bridging
oxygens (NBOs). The electrons may traverse through the glass
lattice depending upon their energy and the composition of the
glass network, but they are finally trapped, forming color centers.
Alternatively they may form excitons with energy states in the
forbidden gap at the inherent structural defects like ½SiO3=2O�� ,
½SiO2=2O2�2� or ½SiO1=2O3�3� . This process leads to the formation of
(i) electron centers, (ii) non-bridging oxygen hole centers and (iii)
oxygen hole centers. Thermoluminescence is a consequence of
radiative recombination between the electrons, released by heat-
ing from the electron centre and an anti-bonding molecular orbital
of the nearest oxygen hole centre. Under X-ray irradiation there is
also the possibility for the following reactions [33]:

Dy3þ-Dy2þ þhþ

Dy3þ-Dy3þ þhþ þe�

In the first reaction, a hole trapped at a lattice site during
irradiation recombines with Dy2þ and produces TL when the
material is heated. In the second reaction, the electrons and holes
created in the lattice in the vicinity of Dy3þ ions during irradiation
recombine at Dy3þ ion sites as the material is heated and emit TL.

Fig. 3. Linear relationship between TL response and irradiation dose of glass samples.

Fig. 4. Fading of G�3 glass sample irradiated with X-ray photon energy of 100 keV
at dose of 14 mGy at room temperature and it was compared with the window
glass (RWG) [19].
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To be more precise, with X-ray irradiation the SiO4 groups are
changed to ½SiO3=2O�� , ½SiO2=2O2�2� , ½SiO1=2O3�3� and interstitial
oxygen ions (O�

i ions). During the thermal excitation O�
i ions

distribute back to the silicate groups and excited them. This
excitation is then transferred to the nearby Dy3þ ions and
produces TL emission as shown by the reaction below [33]:

O�
i -

hυ ½SiOn=2Om�m�- ½SiOn=2Om�m�� �n
-Dy3þ þhυ½SiOn=2Om�m�

wherem¼ 1; 2; 3 and n¼ 3; 2; 1. At the same time the local O�
i

compensation captures electrons from an ½SiOn=2Om�m� site to
form Dy2þ ions, releasing electrons that will later recombine with
silicate complexes. This excitation is either transferred to Dy3þ

ions, to produce TL emission, or it may excite silicate complexes to
dissociate and form different silicate groups and oxygen ions. The
mechanism of this process can be represented as reactions [33]:

½SiO3=2O��-hυ ½SiO2=2O2�2� þe� then Dy3þ þe� - Dy2þ

after the material is heated.

Dy2þ-Dy3þ þe� then ½SiO2=2O2�2� þe�- ½SiO3=2O��
� �n

-

½SiO2=2O2�2� þO�� �
=Dy3þ þhυ

This results in a decrease of activation energy when the Dy3þ ions
are added to the structure units. A brief description of this mechanism
is presented in Fig. 6. The frequency factor (S) is a constant character-
istic of the electron trap and is proportional to the frequency of the
collisions of electrons with the lattice phonons. The frequency factor is
clearly related to TL signal intensities and stimulated by temperature,
as shown in Fig. 5. Moreover, the values of the trap depths indicates
that the lifetime (τ) of electrons in these traps is of the order of several
months [34].

3.3. Optical absorption properties

From Fig. 7, the optical absorption spectra of the glass samples
(G�0 to G�4), recorded at room temperature in the wavelength
region of 300�900 nm exhibited the following standard electronic
transitions of Dy3þ ions [35]:
4F9=2-

6H15=2 ðblue ) 500 nmÞ

4F9=2-
6H13=2 ðyellow ) 580 nmÞ

4F9=2-
6H11=2 ðred ) 670 nmÞ

The results in Fig. 7 show that the absorption intensity increases
with increasing mol% of dopants. It is also well documented that the
4F9=2-

6H15=2 (blue) transition scarcely varies with the environment,
whereas the 4F9=2-

6H13=2 (yellow) is the hypersensitive transition,
which is strongly influenced by the ligand environment. The relative
intensities of these two bands depend strongly on the local symm
etry of Dy3þ ions. The effect of concentration quenching mech
anism on the 4F9=2-

6H15=2 (blue) and 4F9=2-
6H13=2 (yellow)

transitions of Dy3þ ions in glass samples has been attributed to the
exchange interaction among the exited Dy3þ ions at higher concen-
trations [35] (Fig. 7).

Table 3
Data on various trap depth parameters of recycled window glass (RWG), G�0 and G�3 glass samples.

Glass type
Tm ðKÞ τ ðKÞ δ ðKÞ μ Eτ ðeVÞ Eδ ðeVÞ S � 105 ðs�1Þ

Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2

RWG 502 – 61 – 44 – 0.420 – 0.401 – 0.482 – 2.455 –

G�0 443 558 43 32.5 47.5 19 0.525 0.369 0.564 0.990 0.621 0.853 725.487 16.983
G�3 458 558 53 40 57.5 25 0.520 0.385 0.460 0.805 0.537 0.774 38.055 1197.895

Fig. 5. Glow curve of glass samples irradiated with X-ray photon energy of 100 keV
at dose of 14 mGy.

centreElectron

centreHole

lightTL

trapsHole

trapsElectron

SE
DE

ExcDyE

DyGE

CE

FE

VE

Fig. 6. Brief description of TL mechanism in RWG�Na2O : Dy3þ glasses. Due to
the X-ray irradiation electrons and hole become trapped at electron and hole defect
energy trapping levels, respectively. ES represents shallow traps while ED represents
deeper traps of electrons from where the probability of escaping is very less. In this
study, ED may be taken as the energy levels of electron traps surrounded in the
vicinity of AlO4 structural units (as part of the chemical composition of RWG [19]).
Due to thermal stimulation of the irradiated samples the electrons at the ES level
gain sufficient energy, escape and recombine with holes giving TL emission. EDy
represents electron trap levels of Dy3þ ions.

Fig. 7. Optical absorption spectra of glass samples recorded at room temperature.
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4. Conclusions

The ð100�xÞRWG�ðxÞNa2O glass system with different con-
centrations of Na2O was prepared and their integrated TL signals
were recorded. The results indicated that the ð90ÞRWG�ð10ÞNa2O
glass sample produced the highest TL intensity, thus this glass was
selected as base glass (G�0). The ð90ÞRWG�ð10ÞNa2O glass
system was doped with different concentrations of Dy2O3. The
physical and thermoluminescent properties were determined. The
results of the thermoluminescence testing showed that the G�3
glass sample had the highest integrated TL signals and linearity.
Therefore, the G�3 glass sample was selected to compare varia-
tions of trap depth parameters with the G�0 un-doped glass
sample and RWG. The optical absorption testing of glass samples
(G�0 to G�4) was carried out. Results show that the transitions
of Dy3þ ions in the glass samples is attributed to the exchange
interaction among the exited Dy3þ ions at higher concentrations.
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