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ABSTRACT

Gd,0O5-doped glasses in the B,O3;-CaO-Na,O-5rO-P,0s5 system were synthe-
sized via melt annealing route and characterized through physical properties.
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ples increased, whereas the molar volume (V,,,)), free volume (V), polaron radius
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X-ray diffraction patterns. The change in the coordination number of boron and
the different B-O vibrational bands with the incorporation of gadolinium ions in
the investigated glass samples were examined by Raman and FTIR spec-
troscopy, which supported the presence of BO3;, BO,4, and GdO,4 groups.
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1 Introduction properties such as their significantly lower melting

temperature, low viscosity, good mechanical stabil-

Borate glasses containing rare-earth oxide are among
the most important materials which have been
invented since ancient time. They were considered as
useful materials in different field applications [1-3].
Due to the potential practical applications in
advanced laser materials [4], optical, memory devices
[5], and biomaterials glass fields [6], the study of the
borate glass is of great interest for basic research. In
recent years, borate-based glasses are very important
because of their interesting chemical and physical

ity, low chemical durability, attainability at low cost,
and high visible light transparency [7-9]. It is known
that in silicate glass, silicon is present in SiO, [10]. In
contrast to silicate glass, vitreous borate glasses con-
tain a mixture of triangles units BO; and tetrahedral
units BO, depending on the composition of the glass
[11]. Incorporation of the network-modifying cations
such as (CaO, SrO, and Na,O) into the borate matrix
glass is suggested to modify the network structure
and change the environment of the glass network
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[3, 6, 12, 13]. These modifiers will either be used to
break one of the three bonds between boroxol rings to
convert boron from a three-coordinated (BO3) unit to
a four-coordinated (BO,) unit or to create non-
bridging NBOs depending on the concentrations of
the B,O3; as a former and these modifiers [14].
Depending on the type and amount of the modifier
oxide, the maxima of the fraction of boron in tetra-
hedral coordination (N4) occurs around 35-45 mol%
[15]. It has been reported that the transformation
between BO; and BO,4 boron groups as a function of
the composition has a major influence on properties
of glass such as its density, hardness, and molar
volume (V) [16]. Strontium is an alkaline earth
metal which falls after calcium in the periodic
table and shares many similar properties [17]. The
presence of SrO as well as CaO in the glass compo-
sitions causes increase in the density, structural
rigidity [18], and enhances the bioactive properties of
borate glasses [19]. Nowadays, transition metal, lan-
thedate and, rare-earth oxide doped glass and glass—
ceramic are of increasing interest in various types of
applications such as optical [20], electrical [21], and
biomedical application [22]. The rare-earth oxide is
used as a glass dopant to probe the glass environ-
ment’s structure due to its sharp energy levels and
the modifications of the energy level of the modifier
ions structure by the glassy environment [23]. In
general, lanthanides are stable as trivalent ions in
most glass synthesized using the conventional melt
technique. As a classic lanthanide element, studies on
Gd,O5 containing borate glasses are limited. The
structural roles of the alkali and alkaline earth oxides
are well known in borate glass, but the role of Gd,O3
in such is not well known especially in bioborate
glass systems. Therefore, our study is to evaluate the
structural variation induced by Gd,O; and identify
its influence on the physical properties of borate-
based glass.

2 Experimental work and techniques
2.1 Sample preparation

Glass samples were synthesized by using high-purity
analytical grade chemical as reserved. Gadolinium
oxide (Gd,03, Sigma-Aldrich 99.9%) was introduced
as such, B,O; was introduced as H3;BO; (Sigma-
Aldrich, 99.5%), Ammonium dihydrogen
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orthophosphate (NH4H,PO,, Sigma-Aldrich 98%)
was used as the source for P,Os, SrO was introduced
as SrCO; (98.5%, Sigma-Aldrich, Germany), CaO and
NayO supplied by Aldrich company were also
introduced as CaCOz (99%) and Na,COs; (99%),
respectively, which were used as starting materials to
synthesize glass samples with composition 42.7B,05-
(23.5—x)Ca0-26Na,0O-55rO-2.8P,0O5—xGd,O3, where
0 <x < 0.5 mol% (Table 1).

The electronic beam balance technique with an
accuracy of 0.0001 g was used to weigh the chemical
powders, and they were mixed with appropriate
amounts of raw materials. The batches were put into
the porcelain crucibles and then melted in the pro-
grammable electrical furnace at 1070-1150 °C for 60
min. After occasionally stirring the molten liquid for
many times to ensure homogenizing the melt and to
obtain bubble-free samples, they were cast into pre-
heated (at 300 °C) stainless steel plates of the required
dimensions and subsequently annealed for 1 h and
then cooled slowly to room temperature to remove
the thermal and internal stress from the samples. The
glass samples in this research are colorless.

2.2 Spectroscopic investigations
2.2.1 X-ray spectroscopy

X-ray diffraction diffractogram of the synthesized
samples was obtained by a Bruker Axs-D8 technique
using a source CuKa radiation (ACuKo = 0.1540600
nm). X-ray diffractometer operates at 40 kV as
accelerating voltage and 30 mA current in the inter-
vals of 0.02°, over a 2 theta ranging from 4° to 70°
using a time of 0.4 s. Data were fitted with an
Advantech super speed position-sensitive detector.

Table 1 Samples nomination and composition

Sample B,0; CaO SrO Na,O P,0Os Gd,04
Mol%
Gy 42.7 23.5 5 26 2.8 0.0
G 42.7 234 5 26 2.8 0.1
G, 42.7 233 5 26 2.8 0.2
Gs 42.7 232 5 26 2.8 0.3
Gy 42.7 23.1 5 26 2.8 0.4
Gs 42.7 23.0 5 26 2.8 0.5
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2.2.2  FTIR spectroscopy

FTIR spectra were obtained using FTIR spectroscopy
(Mattson 5000, USA) for all the observed glasses in
the wavenumber range 4004000 cm™' at 2.0 cm ™"
resolution to perform the function group of these
samples. Phosphate, borate, and the hydroxyl groups
were characterized. To obtain good quality spectra,
the glassy specimens were grinded to powder and
dispersed in KBr in the ratio 1:100. The mixture was
subjected to a constant pressure of 5 ton cm 2. Clear
transparent discs were obtained and measured
immediately after preparation. The dark current
noises and the background of the obtained IR spectra
were corrected using two-point baseline correction
before fitting.

2.2.3 Raman mapping spectroscopy

Raman spectra of the undoped glass and glass con-
taining Gd,O3; were recorded using a Renishaw in
Via Raman microscope with a laser line at 632.8 nm
wavelength to excite the specimen. It is operating at
500 mW and for each scan eight acquisitions were
taken.

2.2.4  Physical properties

2.24.1 Density — and  molar  volume  measure-
ments Archimedes’ principle was used to measure
the glass density (ds) at room temperature (30 °C) for
all prepared bulk samples using Xylene as an
immersion liquid (density = 0.865 g cm ™). A digital
balance (Mettler-Toledo, with error £ 0.0001 g) was
used to weigh the bulk solid in air (Ws,) as well as in
the solvent (Wsp), and the d; is calculated according
to the following equation [24]:

_ (Wsa)
4s = [(WSA - WSL)] x L, M)

where d, is the density of the sample, Wsa and Wgp,
are the weights of the sample in the air and liquid,
respectively, and 4, is the density of the Xylene. The
density measurements were carried out on three
samples of each glass, and the average value was
calculated. Density values are precise to + 0.002 g
cm >,

The V,, is defined as the volume of the substance
containing one mol%. V,, of the prepared glass
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samples were calculated from the obtained density
data using the formula [24]:

'Mi
Vi = ands ’ (2)

where M, is the molecular mass for a component i, 1;
is the molar ratio, and d; is the density of the sample.

2.2.4.2 Free volume (V) and packing density (P;) The
V¢ was defined as the unoccupied space which exists
between molecules, and it is used to explain the
mobility of the molecular within the network. The V¢
is given in the equation:

Vi=Va—Y x5V (3)

where x; is the molar ratio of the samples and V; is the
Vm of each component.

P; was defined as the ratio between the minimum
fraction of volume occupied by the ions and the
corresponding effective volume of glass [25]. P; was
obtained using the next formula [25]:

x;iVi

Py = v (4)

OPD is considered as a measure of packing oxide

network tightening of the prepared glass samples
and can be evaluated by applying the relation [26]:

OPD =n <1‘i/51> x 1000, (5)

where M is the average molecular weight and 7 is the
number of oxygen atoms per formula unit.

The effect of dopant concentration in the glass
matrix can be identified by the average boron-boron
separation according to the following relation [27]:

(ds_s) = K—ﬂ ©)

where VP is the molar volume of boron atoms and is
given by

A

" 2~ Xp)' (7)

where X3 is the mole fraction of B,O3 content.

2.2.4.3 Ton concentration (N) The Gd>" ions concen-
tration (N) is calculated using the equation [28]
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_ Mol% of dopant x Density of sample (d;) x Avogadreo’s No.

N
Glass average molecular mass

(8)

A polaron was defined as a quasi-particle which is
used to describe the interaction between the electrons
and ions and also used to understand the interaction
between the electrons and atoms in the solid mate-
rials. The polaron radius (r,) in (A) can be evaluated
depending on the value obtained of N, using the
following equation [29]:

&) =2 [X]" )

The inter-nuclear distance (r;) was calculated
according to the next expression [30]:

(10)

The field strength (F) can be evaluated using the
equations [30]:

F - <E2> 7
"

where Z the molar mass of the rare earth (gadolinium
oxide).

(11)

2.2.4.4 Microhardness measurements (Hy) The hard-
ness of the specimens was determined using a digital
Vickers microscope model (FM-7, Future-Tech Cor-
poration, Kawasaki-Japan). The Vickers's hardness
(Hy) test was performed under 50 g load and 15 s of
dwell time. The sample surface was polished, and
twelve indentations were made on the surface of each
specimen at room temperature and the average value
of the diagonal was used to calculate Hy from the
following equation [31]:

Hy = 1.854F/d*(2.3), (12)

where F is the applied indentation load in kgf, and d
is the arithmetic mean of the two measured inden-
tation diagonals d; and d, in mm. The applied
indentation load was calculated using the following
formula:
F=Kd" (13)
(14)

where n is Meyer’s index number, K is the substance
constant, n value was obtained from the plot of logF

logF = logK + n logd,
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versus logd since the slope of the line yields represent
the value of 1, which indicates whether the substance
is hard or soft.

3 Result and dissection
3.1 X-ray analysis

The nature of the glassy materials can be understood
using X-ray powder diffraction, but this approach is
particularly useful for the analysis of the glassy
materials network. Figure 1 shows the X-ray diffrac-
tion spectra of the B,O3-CaO-NayO-SrO-P,05 glass
system containing different concentrations of Gd,Os.
Broadband appears in the wide range (20 = 25°-35°)
and showed no identifiable diffraction peaks indi-
cating that Gd,O; containing glass has amorphous
nature.

3.2 Vibrational spectroscopy

FTIR and Raman spectroscopies are powerful tools
for structural analysis and are used as complemen-
tary techniques. They used with advantage to
understand the structure and environment of the
matrix, although they differ slightly from the work-
ing principle. The Raman spectra depend on the
change of the polarizability. On the other hand, the
bands arise from the polarizability change due to the
scattering of light by the vibrating molecules,
whereas the IR bands arise from the change in the
dipole moments as a result of the absorption of light
by molecules vibrations. A view of transitions are

Intensity
E

260degree

Fig. 1 X-ray spectra of all prepared glass samples
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forbidden in IR spectroscopy, but they are allowed in
Raman spectra [32]. These two techniques have been
employed to know the functional groups present in
the glass samples.

3.2.1 FTIR interpretation

Figure 2 demonstrates FTIR measurements in a region
4004000 cm™' for the prepared glass samples. FTIR
spectrum reported some bands at around 570, 708, 1022,
1220, and 1406 cm™'. The bands at about 12201406
cm™ ' areattributed to the vibration of the various borate
groups (B-O bond stretch of the BO; units) and related
to B-O-B bending vibrations [33]. The band at about
1022 cm ™ is attributed to the B-O bonding stretch of
BO4 units [34]. The small band at 708 cm™' can be
ascribed to the symmetric strength vibration of BO; [34].
The peaks within the range 400-600 cm ™" are assumed
by some authors [34, 35] to represent vibrations of
modifier cations (Na*, Ca®") and bending mode of
PO,> in these glasses [35]. As we have observed, the
band at around 570 cm ™! described B-O-Gd, and Gd-
O-Gd bending modes and GdOj,. The assignments for
each FTIR bands are recorded in Table 2.

Peak fit program was used to de-convolute the
FTIR spectra of all the prepared samples, and the de-
convolution parameters are given in Table 4 in Ap-
pendix. The FTIR spectra were corrected from the
dark current noises and background using two points
of baseline correction before fitting previously dis-
cussed [36, 37]. Figure 3a, b displays the FTIR de-
convolution, in Gaussian band, and the residual
graph for 42.7B,03;-23.4Ca0O-26Na,O-55r0-2.8P,05—

go
3]
1406
220
1022

8

Absorbance
59
4
1
70
gééég

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2 FTIR spectra of all the prepared glass samples
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0.1Gd,O5 sample, respectively, as an example. It was
found that the difference between the experimental
and simulated curves is less than 0.05% as can be
seen in Fig. 3b. And then BO; and BO, peaks areas
were integrated to calculate the Ny using the next
formula:

BO,

Ny=— 3% 15
* 7 BO; + BO, (15)

Figure 4 displays the N as a function of Gd,O3
content to estimate the Gd,O; effect on the change of
the relative population of tetrahedral units BO4 and
triangle units BO;. It is observed that N, values var-
ied between 0.47980 and 0.51502 according to the
Gd,0O5 concentration. It would appear that the addi-
tion of Gd,Oj3 tends to decrease BO, units.

3.2.2  Raman spectroscopy analysis

Normalized Raman spectra of the studied undoped
glass and glasses containing different concentrations
of Gd,O; are shown in Fig. 5. Raman spectra consist
of three major regions to clarify the effects of Gd,O3
in the glass network. The first is the low-wavenumber
region extending from 400 to 600 cm™". The second is
a mid-wavenumber region extending from 600 to
1100 cm™'. Besides, the high wavenumber region
falls between 1100 and 1600 cm ™. Previous studies
indicate that the Raman spectrum of the vitreous
B,O; is dominated by a strongly polarized intense
band at 810 ecm~!, which evidences that B,Os glass
consists mainly of boroxol rings, the band at 810 cm™"
being the characteristic feature [38—40]. But when the
alkali and alkaline earth oxide were added, several
changes occurred in the network of borate glass [38].
For example, the band at 810 cm™' disappears in
almost all of alkali and alkali earth borate glass
for > 20 mol% [38], such as in the present work. The
Raman spectrum of the present work (Fig. 5) does not
contain a band at around 810 cm ™!, which indicates
that most of the boroxol rings were converted to
diborate (in which BO; and BO, are equal), triborate,
and dipentaborate groups. The most notable is that,
in the mid-frequency region (600-1100 cm™') of the
measured spectra, the Raman bands displayed a
strong peak due to B—O vibrations, since the glasses
under investigation are low in Gd,O; and strong in
B,O; concentrations. And the sharpening of this peak
in the free and containing Gd,O; glass correlates
usually to the asymmetric vibrations of pentaborate,
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Table 2 Peaks position and bands assignment of FTIR and Raman spectra for investigated samples

FTIR band Raman band

Band Assignment Band Assignment
center center

(em™) (cm™")

400-580 Vibrations of modifier cations (Na™, ~ 400-600  Loose diborate & BO, groups due to the higher alkali oxide content [],

Ca®") and bending mode of PO,>~ and typically originates from B—O—B, Gd—0O—Gd, and B—O—Gd
stretching in units
708 Symmetric strength vibration of BO;  600-800  The six-membered rings with BO,™ units
1022 B—O0 bonding stretch of BO,4 units 900-1100 of pentaborate, tetraborate and connected to the diborate groups

1220-1406 B—O bond stretch of the BO5 units ~ 1400-1550 the vibration of B—O™ the BOj3 units
and B-O-B bending

0.7
1.0 R4
G-1 BO
3
0.8 - 0.6
’g 0 0.5 -—\-\—/_'\‘_/.
z BO, <
e §
BO3 0.4 - G 0.51502 |
o G 0.50386 |
7 G 048043
034 G; 0.50388
0.0 T T T T T T T Gy 0.45807
1800 1600 1400 1200 1000 800 600 400 LTI
Wavenumber (cm-l) 0.2 T . ; T . . . . : . .
0.0 0.1 0.2 0.3 0.4 0.5
(a) Gd203 (mol%)
0.05
Fig. 4 N, values versus Gd,O3 mol%
0.04
0031 g, {\ tetraborate, and connected to the diborate groups
= 0.02 (947 cm™Y) [39, 40]. The band at about 761 cm™! is
é 0.014 attributed to the six-membered rings with BO,™ units
[ -
€ g00- M A A A AN [36]. Thfllqw freguency broadband Celtltered at about
2 oot 500 cm™ is assigned to the loose diborate & BO,
é’ R groups due to the higher alkali oxide content [40] and
002 typically arises from B—O-B bending modes,
-0.03 4 Gd—O—-Gd and B—O-Gd stretching vibration in
0.04 - U units of BO; and GdO,. The band in the range of
0.05 L\ : : : : : : 400-600 cm™! is attributed to the bridging anion
1800 1600 1400 1200 1000 800 600 400  mpde of heavy metal oxide [41]. The formation of
Independent variable GdO, is depicted by the band at 500 cm ™' due to the
(b) vibration of Gd;—0O—-Gd,.

With growing Gd,O; content, the relative area
under the bands and the band’s amplitude are
increased due to the vibrations of GdO, tetrahedral

Fig. 3 a De-convolution of the FTIR spectrum of one selected
sample (G;), b residual of IR de-convolution of one selected
sample (G)
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Raman Shift (cm'w)

Fig. 5 Normalized Raman spectra of all the prepared glass
samples

units containing bridging oxygen (BO) and non-
bridging oxygen (NBO). Finally, the Raman spectra
include a medium band at about 1487 cm™' which
appears at a higher frequency area and is assigned to
the vibration of B—O~ the BO3 units, occurring in a
large borate network. This band contains contribu-
tions from symmetrical triangle boron units [40].
From the above discussion, it is found that the Raman
and FTIR results supported the presence of BO; BOy,,
and GdO, groups. Peaks’ position of the Raman
spectra is recorded in Table 2.

3.3 Physical properties
3.3.1 Density and molar volume

Density and V,, of undoped glass and glasses con-
taining gadolinium oxide are given in Table 3 and
Fig. 6. It is observed that the density of the investi-
gated samples increases from 2.64 to 2.78 g cm > due
to the increase of Gd,O3 mol% (from 0.0 to 0.5 mol%).

This increase can be explained based on the lower
atomic weight of CaO (atomic mass, Zc,0 = 56.08 g
mol~!) as compared to Gd,Oj (atomic mass, Zg4203-

= 362.4982 g mol~'). Moreover, the density of Gd,O3

(741 g cam ™) is higher than CaO (3.34 g cam ™),
leading to an increase in the density of the prepared
samples.

Figure 7 shows that P, displays a slight increase
with the addition of Gd,O; content due to the
increase in the number of the oxygen atoms resulting
from higher atomic weight of Gd,O5; [42]. It is
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observed also from Fig. 6 and Table 3 that the V,, of
the investigated glass samples is found to decrease
from 25.77 to 25.07 cm® mol . The ionic radius of Gd
(0.938 A) is smaller than that of Ca (1 A), therefore the
decrease of V,, can be explained based on the sub-
stitution CaO by Gd,O; causing shrinkage of the
glass network. The increase in the density values will
lead to a decrease in the V,, due to the inverse rela-
tionship between them [42, 43]. Hence, the compact-
ness of the synthesized glass will increase [44].
Besides, the V., is affected also by the decreasing V.
The substitution of CaO with Gd,O; has an effective
influence on the inter-atomic spacing between the
atoms or in bond length. The variation in the V,, was
affected by the rearrangement of lattice within the
glass network, the number of bonds per unit volume
[45], and the stretching force constant of the bonds
inside the glassy [45].

3.3.2  lon concentration, polaron radius, and field
strength

The calculated values of physical parameters such as
Gd>* ions concentration, rp, 11, F, and OPD of the pre-
pared glass samples were recorded in Table 3 and
illustrated as functions of gadolinium concentration in
Fig. 8a, b. They reveal that values of both Gd ions con-
centration and F are increased linearly according to the
increase of the Gd,O3 content, while the values of both
rp and r; are decreased, which is a logical result where
the atomic radius of gadolinium (238 pm) is larger than
that of the calcium (231 pm). The decreasing of the r,
and r; and the increasing values of F indicator to the
stronger bond between Gd—O, which in turn producing
stronger filed around Gd>" ions. It can be also observed
from Table 3, that the decreases of the average boron-
boron distance, < dg_g > , (nm) with increasing Gd,O3
content denotes the increase in compactness of the glass
network and also supports the increments in the glass
density as discussed above. Increasing ion concentra-
tions lead to decreases in 7, and inter-nuclear distance.
The average molar mass of the synthesized samples also
increases with the increasing Gd,O; content. One of the
important physical parameters is OPD, which provides
an insight into the structure of the prepared glass
samples. It is observed that the OPD values increase
with increasing Gd,O3 content, this result is in agree-
ment with density and V,, results. As a result, the
addition of the Gd,O; makes the glass network high and
tightly packed.
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Table 3 Physical properties of 42.7 B,03 (23.5—x) CaO-26Na,—5Sr—2.8P,05—x(Gd,03) glasses system
Parameters Glass code
Go G, G, G; Gy Gs

Density (ds) g em ™ + 0.0002 2.6458 2.7040 2.7264 2.7452 2.7606 2.7802
Molar volume (V) ecm® mol™" £ 0.0001 25.7701 25.3312 25.2321 25.1711 25.1400 25.0724
Packing density (P,) 0.59226 0.60483 0.60646 0.60806 0.61013 0.61149
Free volume (Vy) 10.51 10.05 9.93 9.86 9.81 9.74
Average mol.wt. (My,) (g) 68.183 68.494 68.790 69.099 69.403 69.701
Ton concentration (N) (x 10%° ions cm™>) - 0.238 0.477 0.717 0.958 1.2006
Polaron radius (r,) (A) - 14.014 11.109 9.697 8.806 8.1675
Inter-nuclear distance (;) (A) - 34.781 27.560 24.065 21.856 20.270
Molar volume of the boron atoms (Vgl) 22.487 22.103 22.016 21.963 21.937 21.876
Field strength (F) x 10'®(cm™?) - 1.85 2.94 3.86 4.67 5.43
Average boron—boron distance (dg_g) (nm) 33.43 33.23 33.19 33.16 33.15 33.12
Oxygen packing density (OPD) (g atm 17" 76.290 77.694 78.082 78.347 78.520 78.819
Hardness (Hy) (Kg mm™2) £ 0.02 270.24 301.45 322.52 350.34 365.37 373.22

T T T T T T 0.616 T T T T T T 10.6

2.80 - 25.8
— 0.612 |
-10.4

_ 2.76 - 25.6 0.608 -

”E ’—; %
3 = 0.604 - 102 g
;;,’ 2.72 1 -25.4 &E.L > ME
2 £ 0.600 | s
g - - S 100 &

2.68 - -25.2 0.596 -
9.8
2.64 - - 25.0 0.592 1
T T T T T T 0.588 T T T T T T 9.6
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

Gd,0, (mol%)

Fig. 6 Density and V, of 42.7 B,0O; (23.5—x) CaO-26Na,0O—
5SrO-2.8P,05—x(Gd,05) glass samples

3.3.3 Hardness of the prepared glass samples

Figure 9 represents the Hy values as a function of the
Gd,0O5; content. As noted below, the values of Hy
increase with increasing Gd,O; content, indicating
the formation of a rigid structure which makes the
glass harder. Cations that have smaller radii and high
F are high anf strongly attracted to the surrounding
structural units of borate units. Therefore, it is worthy
to note that the smaller radii and high F of Gd cations
can affect the hardness number of borate glass. The
increase in hardness and density is due to the higher
molecular weight of Gd,O3 (362.4982 g mol™"') com-
pared with CaO (56.08 g mol™"), and coupled with
high F. The presence of GdO,4, BO;, & BO, groups in

Gdy03 concentration (mol%)

Fig. 7 P; and Vi of 42.7 B,O; (23.5—x)CaO-26Na,0-5SrO—
2.8P,05—x(Gd,03) glass samples

the glass network causes an increase in the connec-
tivity of the structure which leads to an increase in
microhardness values. Therefore, the investigated
samples become more compact (more tightly
packed).

4 Conclusion

Borate glasses containing different concentrations of
Gd,O5; have been characterized using several tech-
niques. XRD patterns of the investigated samples
revealed amorphous nature. The changes in the FTIR
and Raman spectra and physical properties due to the
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Fig. 8 a Variation of both 7, and F as a function of Gd,0;
content. b Variation of both N and 7; as a function of Gd,O3
content

addition of Gd,O; contents result from the changes in
bonding configuration, mainly Gd-O-B bonds and
stretching vibrations of BO,, GdO,, and BO; units in
the glass structure. The density values increase with
increasing the heavier Gd,O; at the expense of lighter
CaO content. The result of the Raman spectra sup-
ported the presence of GAOy, BO3, & BO,. The density,
P4, and microhardness of the prepared samples were
found to be increased with Gd,O5 content, while the
Vm and Vi were found to decrease demonstrating an
opposite trend. The presence of GdO,, BO3;, & BO,
groups in the glass network causes an increase in the
connectivity of the structure which leads to an increase
in microhardness values. Raman spectra revealed that
the borate glasses network is affected by the addition
Gd,O3 content.
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Appendix

See Table 4.
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Table 4 De-convolution
parameters of FTIR spectra of

Gd,03 mol%  Structural units and band parameters

all prepared glass samples,

where B.C is the band center 0.0 B.C 576.65 70842 906.57 104443 1231.48 1408.80 15944
(em™"), RA. is the relative A 69915 18.542 78.839 180.161 20.1737 169.949 35228
area (%), and A is the area of R.A 0.0134  0.0356  0.1517 0.34680 0.03883  0.32714  0.0678
the component bands group BO, BO, BO, BO, BO, BO,
0.1 B.C 573.77 71212 899.58 1036.48 1225.66 1418.82 1637.3
A 3.0223 14.687 56.723 192.026 25.6275 187.899  16.720
R.A 0.0060  0.0295 0.1141 0.38659 0.05159 0.37829  0.0336
group BO; BO,4 BOy4 BO; BO; H,O
0.2 B.C 575.07 71030 897.83 1036.06 1225.76 1413.62 1605.3
A 5.0688 17.336  58.787 190.289  30.7200 183.790  27.992
R.A 0.0098 0.0337 0.1143 0.37022 0.05976 0.35758  0.0544
group BO; BO, BO, BO; BO; H,O
0.3 B.C 573.07 709.51 897.85 1036.09 122635 141434 1617.8
A 2.9894 15360 62.568 194.713  17.1222 199.546  21.295
R.A 0.0058  0.0299 0.1218 0.37911  0.03333 0.38852  0.0414
group BO; BO, BO, BO; BOs H,O
0.4 B.C 573.14 71435 90694 1039.99 1222.25 141746 15842
A 8.1532  20.228 77.957 161.737 53.1195 180.888  28.313
R.A 0.0153  0.0381 0.1469 0.30493 0.10015 0.34104 0.0533
group BO; BOy4 BO, BO; BO; BO;
0.5 B.C 57298  713.99 900.89 1036.68 1233.22 1406.44 1510.96
A 6.7925 19.569 66.770 174.659  63.7249  133.121 42.684
R.A 0.0126  0.0365 0.1247 0.32623  0.11902  0.24865 0.0797
group BO; BO,4 BOy4 BO; BO; BO;
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