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Abstract
An investigation was conducted into the impact of titanium ion  (TiO2) on the struc-
tural, dielectric, and shielding characteristics of glasses. Density improved from 3.70 to 
3.93 g  cm−3 as samples containing titanium ions rose from 0.0 to 10 mol% in the glasses 
network. FTIR investigations revealed the development of functional groups and units, 
including bridging  BO4 and non-bridging  BO3, in our recently developed glasses. Through-
out the low frequency range, the dielectric constant of every glass filled with various 
amounts of  TiO2 mol% sharply decreased as frequency increased. The dielectric constant 
value appeared semi-constant as the  TiO2 level increased to 4 mol% and then increased at 
higher concentrations. Every glass that was examined showed distinct relaxation peaks on 
their measured loss tangent (tan δ) between 100 Hz and 20 kHz. The exposure (EBF) as 
well as energy absorption (EABF) buildup factors of Ti-X glasses were computed using 
Phy-X/PSD software as a function of photon energy at 1–40 MFP. Both EBF and EABF 
improved with increasing photon energy until they reached a maximum, at which point 
they declined as photon energy continued to rise. The Ti-10.0 glass sample which contains 
the highest doping of the  TiO2 is the most effective removal cross-section. The sample 
Ti-10.0 had the lowest relaxation length (λFCS) and half value layer  (HVLFCS).
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1 Introduction

Glass is a category of material that is utilized in many different applications because it 
combines optical clarity, ease of molding, and low cost. Borate glasses are a good option 
for fiberglass applications because of their unique qualities, among them higher toughness, 
greater dielectric qualities, thermal endurance (especially during elevated temperatures), 
and durability against thermal expansion (Khattari et  al. 2022a, 2022b; Rammah et  al. 
2022, 2020; Alsaif et  al. 2022a, 2023a 2023b; Alrowaili et  al. 2023; Zakaly 2021). The 
boroxol ring  B3O6 is the boron atoms’ prevalent glass structure in pure  B2O3. A modi-
fier is added to pure  B2O3 to break the boroxol ring  B3O6, resulting in  BO3 and  BO4 units 
(Lakshminarayana et al. 2018; Kaky et al. 2019). Depending on the type and quantity of 
added modifier,  BO3 and  BO4 units vary (Hassib et al. 2019). Various factors need to be 
taken into account when selecting which metal oxides to add to the glasses. These include 
the oxides’ mechanical, thermal, optical, and, of course, radiation shielding capabilities. 
Adding bismuth oxide to borate glasses allows them to exhibit outstanding infrared trans-
mission as well as non-linear optical characteristics, which attracts the attention of many 
researchers. However, bismuth oxide alone cannot form a glass network due to its lim-
ited field strength. Bismuth oxide-containing glasses find use in thermal and mechanical 
sensors, opto-electronic device layers, glass ceramics, and reflecting windows (Kaky et al. 
2017, 2020).

Transition metal-doped glasses have received greater attention than other glass materi-
als because of their special properties; these include their level of sensitivity to nearby cati-
ons, their partially occupied d-shell with extremely reactive electrons, and their distinctive 
features resulting from the existence of transition metal ions across several valence states 
inside the glass matrix (Marzouk et al. 2016; Morshidy et al. 2022; Abul-magd et al. 2022; 
Hameed et  al. 2021; Srinivas et  al. 2022). The energy levels (d–d transitions) produced 
by the TM ions implanted in the host glass frameworks will be distinct. These dopants 
can improve the glasses’ useful applications by serving as probes to find such changes in 
energy levels.

Titanium oxide glasses, one of the many types of transition metal oxide-doped glasses, 
have attracted attention lately because of their possible use in non-linear optical systems, 
such as power limiters and ultrafast switches. Titanium oxide is commonly considered 
a crystal nucleating agent through silicate glasses. All other glass matrices, on the other 
hand, have been demonstrated to contain trace levels of  TiO2, which enhances the glasses’ 
ability to form glass and their resilience to chemicals. It is acknowledged that there are two 
valence states for titanium ions in glasses: the tetravalent  (Ti4+) and the trivalent  (Ti3+) 
forms (Khattari et  al. 2022a; Rammah et al. 2022). Glass composition and type, as well 
as melting conditions, determine the ratio of each state in the glass. The vacant or unfilled 
d-shells of  Ti4+ ions play a more significant role in the non-linear polarizabilities. Numer-
ous optical applications, including optical signal processing, optical computers, and a lot 
more, rely heavily on nonlinear optics. Furthermore, since the presence of these ions in a 
glass network  may dramatically change a wide range of physical characteristics, includ-
ing color, chemical resistivity, tensile strength, and insulating qualities (Raoa et al. 2005). 
Another interesting property of this material is the Ti–O bond length (~ 1.96 Å), which can 
greatly boost the non-linear polarizabilities of  TiO2 (Alajerami et al. 2013).  TiO2 is a glass-
forming agent that promotes a more polymerized structure and increases the glass’s stabil-
ity against devitrification. The development of glasses with low tanδ and high ε′ values 
enhances their potential for energy storage applications.
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Examining the effects of titanium ions on the structural, dielectric, and radiation 
properties of bismuth-zinc-borate glasses is the principal objective of this work.

2  Experimental

2.1  Synthesization of glasses

Glass blocks (65 − x)  B2O3–5Bi2O3–15ZnO–15BaO–xTiO2 were made using the con-
ventional melt quenching method with x ranging from 0.0 to 10 with 2.0 mol% incre-
ments.  Bi2O3, ZnO, BaO,  TiO2, and  B2O3 were the 99% pure raw ingredients that were 
employed. Each composite has a produced weight of 12 g total. The weighed powders 
in accordance with the molar ratio (refer to Table 1) are combined in a mortar for thirty 
minutes to produce an excellent, homogenous mixture. The resultant mixtures were then 
put into 50 mL uncoated ceramic pots and heated at 300 °C for 50 min. After that, it was 
moved to a second electrical oven and cooked at 1200 °C for 40 min, yielding a clear, 
very viscous liquid. The glass liquid was put into an iron cylinder to make samples. The 
finished glasses were subsequently baked at 300 °C for three hours in a muffled oven. In 
order to prepare the created glasses for the next measurements, they were polished.

2.2  Physical measurements

The density of the generated glass samples was calculated in a laboratory setting utiliz-
ing the Archimedes Principle and the following formula:

The weights of the sample in liquid and vacuum are denoted by  WLiquid and  WAir, 
respectively.

JASCO, FT/IR-430 spectrometer (Japan) was utilised to conduct FTIR measurements 
within the 4000–400  cm−1 range.

(1)�glass =
WAir

(

WAir −WLiquid

) × �Liquid

Table 1  Sample codes, chemical composition, density and molar volume of the prepared Ti-X glasses

Sample code Glass composition Density (g/cm3)

Ti-0.0 65B2O3–5Bi2O3–15ZnO–15BaO 3.70
Ti-2.0 63B2O3–5Bi2O3–15ZnO–15BaO–2Ti2O 3.77
Ti-4.0 61B2O3–5Bi2O3–15ZnO–15BaO–4Ti2O 3.81
Ti-6.0 59B2O3–5Bi2O3–15ZnO–15BaO–6Ti2O 3.84
Ti-8.0 57B2O3–5Bi2O3–15ZnO–15BaO–8Ti2O 3.88
Ti-10.0 55B2O3–5Bi2O3–15ZnO–15BaO–10Ti2O 3.93
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2.3  Dielectric spectroscopy

The dielectric property elements of the produced glasses have been analyzed using the HIOKI 
3532-50 LCR Hi-tester device, which runs in the frequency range of 50 Hz to 5 MHz with a 
fixed supply voltage of 1 V. The 1 cm-radius circle employed in the study was softened and 
painted with silver on both faces before it was positioned between two electrodes and applied 
the same amount of spring tension in the testing cell. The examined glasses’ capacitances (C) 
and resistances (R) were measured 14 times at all selected frequencies, and LabVIEW-based 
software was used to determine the mean value. The following formulas (Farha et al. 2024; 
Elsad et al. 2023, 2021) can be used to compute loss tangent (tan δ) and dielectric constant 
(ε′):

where sample thickness, tiny electrode cross-section area, applied field frequency, and free 
space permittivity are represented by the letters t, A, and f, respectively.

2.4  γ‑ray buildup factors

The mathematical background and models employed to evaluate the γ-ray buildup factors for 
the studied glasses, readers can refer to Refs. (Şakar et al. 2020; Naseer et al. 2021; Divina 
et al. 2020; American National Standard 1991; Ferrari 2005) and the Supplementary materials 
included with this article.

2.5  Neutron fast neutron removal cross‑section (FCS)

The glass samples’ medium’s fast neutron removal cross-section (FCS) is a typical way to 
describe its neutron-slowing properties. The linear attenuation coefficient defines the interac-
tion between photons and matter; the removal of fast neutrons by materials can be seen as an 
analog of this ( FCS ,  cm−1). Also, the following formulas were used to find the half value layer 
 (HVLFCS) and relaxation length (λFCS) according to the neutrons calculations for the materials. 
The relaxation length is the mean distance that a fast neutron can move before it interacts with 
the medium (Maksoud et al. 2022; Kassem et al. 2023):

(2)�� =
tC

�oA

(3)tan � =
1

2�fRC

(4)HVLFCS =
ln 2

FCS

(5)�FCS =
1

FCS
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3  Result and discussion

3.1  Density

The densities of glasses doped with different amounts of titanium oxide are shown in 
Table  1. When the quantity of titanium rose from 0 to 10  mol%, the density for these 
glasses increased slightly, from 3.70 to 3.93 g/cm3. This density gain is caused by a high 
titanium oxide density (4.23  g/cm3)  compared to the more lightweight borate element 
(2.46 g/cm3). Another factor contributing to the greater density of the glasses under inves-
tigation is the dopant titanium oxide’s higher molecular weight (79.86 g/mol) compared to 
 B2O3 (69.617 g/mol).

3.2  FT‑IR characterization

FT-IR spectra for the generated glass samples have been analyzed to illustrate the dif-
ferent peaks that characterize the different supposed metal oxide forms in the glass sam-
ples. The FT-IR spectra for all the glass samples established the main structure of the 
glass sample before and after doping with different percentages of  Ti+2 as shown in 
Fig. 1 and Table 2. The main peaks of the FT-IR spectra for the glass system (65 − x) 
 B2O3–5Bi2O3–15ZnO–15BaO–xTiO2 for the following  TiO2 doping percentages 0%, 
2%, 4%, and 6% were observed as the following: the main characteristic peaks for ZnO 
appeared around 450, and 540   cm−1 referring to bond vibrations of Zn–O in its tetra-
hedral form  ZnO4 (He et al. 2014). The peaks for  B2O3 appeared at around 735, 1295, 
and 1450   cm−1, due to B–O bond vibrations in  BO3 in its trigonal form. The borate 

Fig. 1  FTIR spectra of prepared glasses doped with titanium oxide: [(65  −  x) 
 B2O3–5Bi2O3–15ZnO–15BaO–xTiO2 with x = 0.0, 2.0, 4.0, 6.0, 8.0, and 10.0 mol%]
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glass vibrations generally occur in three infrared areas. The first one, which spans 
1200–1600   cm−1, is caused by the B–O bonds in the  BO3 form stretching asymmetri-
cally. The B–O bond stretching in its tetrahedral  BO4 form was described in the second 
range, which was between 800 and 200   cm−1, and the B–O–B bending in its borate 
network was described in the third group, which was about 740   cm−1 (He et al. 2014; 
Iordanova et  al. 1996). The peak around 1050   cm−1 referred to B–O stretching vibra-
tions in tri borates  B3O5, tetra borate  B8O13

2−, and Penta borate  B5O8
−. The peak around 

1100  cm−1 referred to B–O bonds stretching vibrations in  BO3 form due to the presence 
of meta, and ortho borate. The broad peak around 1295  cm−1 referred to the B–O bonds 
asymmetrical stretching vibrations in  BO3 form (He et al. 2014; Iordanova et al. 1996). 
The main characteristic peaks for  Bi2O3 appeared around 520   cm−1 due to the Bi–O 
stretching vibrations that distorted  BiO6 in its octahedral units. Also, this peak may 
overlap with B–O–B bond-bending vibrations (He et  al. 2014; Kamitsos et  al. 1989). 
The peak is around 735  cm−1 due to the Bi–O bond’s symmetric stretching vibrations in 
its pyramidal  BiO3 form. The peak around 900   cm−1 referred to Bi–O bonds symmet-
ric stretching vibrations in pyramidal  BiO3 form, also this peak may be interfered with 
B–O bonds stretching vibrations in the  BO4 form (He et al. 2014; Kamitsos et al. 1989). 
Also, the peaks around 500, 740, and 865  cm−1 may be referred to as the Bi–O bond in 
its  BiO6 form, or referred to as the Bi–O bond in  BiO3 (He et al. 2014; Kamitsos et al. 
1989). In case the two-glass system doped with 8, and 10% of  TiO2 most of the previ-
ously mentioned peaks intensity decreased and this is an indication of the formation of 
new bonding through the  Ti+2, in the glass containing  TiO2.The peaks that appeared 
between 400 and 500   cm−1 referred to Ti–O–Ti vibrations, as well as the Ti–O vibra-
tions. In these two systems, there is a shift in the peak’s position and the intensity of the 
peaks decreases by increasing the percent  TiO2 in the synthesized glass samples (Kumar 
et al. 2021).

Table 2  A summary of FT-IR spectra at different band positions of the prepared Ti-X glasses

No Wave number cm −1 Functional group

1 400–500 Ti–O–Ti vibrations
2 450, and 540 Bond vibrations of Zn–O in its tetrahedral form  ZnO4

3 735, 1295, and 1450 B–O bond vibrations in  BO3 in its trigonal form
4 520 Bi–O stretching vibrations that distorted  BiO6 in its octahedral units
5 500, 740, and 865 Bi–O bond in its  BiO6 form, or the Bi–O bond in  BiO3

6 735 Bi–O bond’s symmetric stretching vibrations in its pyramidal  BiO3 form
7 740 B–O–B bending in its borate network
8 200–800 stretching of the B–O bond in its tetrahedral  BO4 form
9 900 Bi–O bonds symmetric stretching vibrations in pyramidal  BiO3 form, Or B–O 

bonds stretching vibrations in the  BO4 form
10 1050 B–O stretching vibrations in tri borates  B3O5, tetra borate  B8O132–, and Penta 

borate  B5O8–
11 1100 B–O bonds stretching vibrations in  BO3 form due to the presence of meta, and 

ortho borate
12 1295 B–O bonds asymmetrical stretching vibrations in  BO3 form
13 1200–1600 B–O bonds asymmetric stretching in  BO3 form
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3.3  Dielectric spectroscopy

Figure  2 displays the frequency dependence of ε′ for (65  −  x) 
 B2O3–5Bi2O3–15ZnO–15BaO–xTiO2. It is clear that for all samples, ε′ falls with increas-
ing frequency, which is consistent with oxide glasses’ typical behavior (Alsaif et al. 2022b, 
2023c; Habashy et  al. 2021; Abdel-Aziz et  al. 2022; Elsad et  al. 2019). Dipolar as well 
as space charge polarizations are the causes of the low-frequency value of ε′ (Abdel-Aziz 
et al. 2022). The permanent dipoles along the specimen are oriented in the direction of the 
supplied electric field, which results in dipolar polarization. On the other hand, the polari-
zation of space charges results from the build-up of mobile carrier charges at interfaces. 
Furthermore, the material’s amorphous nature is revealed by the high value of ε′, which 
denotes the impact of conductive ionic mobility and space charge polarization (Abdel-Aziz 
et al. 2022; Elsad et al. 2019; Alsaif et al. 2023c; Shams et al. 2021). The dipolar, as well 
as space charge polarizations,  steadily lessen as frequency rises, which causes the value 
of ε′ to decrease until it reaches an unchanged level at high frequencies. As a result, when 
the frequency of the field applied is increased, the dipoles have less time to rotate quickly 
and are unable to follow the line of the applied field (Abdel-Aziz et al. 2022; Alsaif et al. 
2023c).

The dependence of the dielectric constant (ɛ′) on titanium loading at a  frequency of 
3 kHz is depicted in Fig. 3. According to this figure, the ɛ′ value is semi-constant up to 4 
weight percent of titanium doping and noticeably rises with additional doping. The degree 
of produced interconnectivity across all glass structure ingredients has a significant impact 
on the dielectric constant (Alsaif et al. 2022b; Shams et al. 2021; Ali et al. 2020). Because 
of titanium oxidation, there are more charge carriers when the concentration of titanium 
increases. The semi-constant ɛ′, which was observed during the titanium doping process 
from 0.0 to 4 weight percent, represents the equilibrium between the increase in charge 

Fig. 2  dependence dielectric constant on the applied frequency at RT for prepared glasses doped with tita-
nium oxide: [(65 − x)  B2O3–5Bi2O3–15ZnO–15BaO–xTiO2 with x = 0.0, 2.0, 4.0, 6.0, 8.0, and 10.0 mol%]
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carriers and the improvement in interconnectivity across all glass structure constituents. 
The high dose of titanium alters the glasses’ structure by rupturing the B–O–B bond, 
which increases the flexibility of charge carriers that form up at interfaces and increases the 
polarization of space charge. More precisely, as titanium concentration rises, more charge 
carriers are present, and the production of trivalent  (Ti3+) and tetravalent  (Ti4+) couples 
correspondingly quickens. Thus, the dielectric constant rises in tandem with the polariza-
tion of charges (ElBatal et al. 2016).

Figure  4 illustrates the dissipation factor, tan δ, for (65  −  x) 
 B2O3–5Bi2O3–15ZnO–15BaO–xTiO2. As shown in the figure, the tan δ across glasses 
doped with different amounts of titanium decreased in the lower frequency zone of the 
utilized field and stabilized in the higher frequencies sector with the establishment of some 
interfacial relaxing. In fact, there is a close relationship between electrical conductivity 
and the tan δ value (Alsaif et al. 2023c; Shams et al. 2021; Ali et al. 2020). Tan δ reduced 
substantially in the low-frequency  zone because there was considerably less free charge 
carrier hopping since there was not a sufficient amount of time for an outside electric field 
to reverse. The dielectric relaxing at low frequency could perhaps be attributed to the inter-
facial polarization process (Elsad et al. 2019; Alsaif et al. 2023c; Shams et al. 2021; Ali 
et al. 2020; Mansour et al. 2016).

3.4  γ‑ray buildup factors

Figures 5 and 6 show the exposure (EBF) and energy absorption (EABF) buildup factors 
values as a function of photon energy for the substances studied at 1–40 MFP. Sample 
composition, penetration depth, and photon energy all have an impact on the BUF’s upper 
limits. At deeper depths, several scatterings take place. The BUFs readings were highest at 

Fig. 3  Variation of dielectric constant (ε′) with titanium content at RT



Effect of titanium ion doping on γ‑ray shielding, structure…

1 3

Page 9 of 16 1098

40 MFPs, and lowest at 1 MFPs. As seen in Figs. 5 and 6, the BUF values increase with 
photon energy up to a maximum, then decrease with further increases in photon energy. 
Since interactions at low energies are dominated by the photoelectric effect (PEE), a sig-
nificant amount of photons have been absorbed and the BUFs are lowest (Basu et al. 2021). 
The largest BUFs values are seen in the intermediate photon energy (Eγ) range because 
the prevalent Compton scattering (CS), but cannot destroy it. Once more, the photons were 
absorbed in the larger energy region, where the primary interaction is pair formation (PaP) 
(Saleh et al. 2022).

3.5  Neutron fast neutron removal cross‑section (FCS)

Figure  7 shows the fast neutrons removal cross-section (FCS) for the six prepared Ti-X 
glass samples which were 0.108, 0.109, 0. 109, 0. 109, 0. 109, and 0.110  cm−1, for Ti-X 
glasses where X = 0.0, 0.2, 0.4, 0.6, 0.8, and 10.0, respectively. Because of its high density 
(3.930 g  cm−3) and high amount of light components, the Ti-10.0 glass sample, which has 
the maximum doping of  TiO2, has the most successfully removed cross-section.

In addition, as shown in Fig. 7, the FCS for the ready Ti-X samples were compared to those 
of three commercial concrete compounds—limonite/sand concrete (BLC), goethite/sand/
boron carbides mixed with concrete (BGC), and commercial glass samples, RS-253-G18, 
RS-360, RS-520, and TZNNd9 (Sabry et al. 2021; Nabil et al. 2023; Abd Elwahab et al. 2019; 
Khalil et al. 2024; Salem et al. 2023; Zakaly et al. 2023). The Ti-X glass samples’ FNRCS 
value was found to be higher than that of the commercial concrete and glass samples that were 
tested, and lower than that of the polymer samples. The Ti-X glasses that are being studied are 
probably superior at shielding against neutrons. Figure 8 also displays the  HVLFCS and λFCS 

Fig. 4  Variation of tan δ with the applied frequency at RT for prepared glasses doped with titanium oxide: 
[(65 − x)  B2O3–5Bi2O3–15ZnO–15BaO–xTiO2 with x = 0.0, 2.0, 4.0, 6.0, 8.0, and 10.0 mol%]
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for the prepared Ti-X glass sample. Based on the simulated FCS values, the  HVLFCS and λFCS 
values were the lowest for the Ti-10.0 glass sample. Better neutron shielding properties are 
found in Ti-X glasses under investigation.

Fig. 5  The exposure buildup factor (EBF) vs. photon energy for the prepared samples a Ti-0.0, b Ti-2.0, c 
Ti-4.0, d Ti-6.0, e Ti-8.0, and f Ti-10.0
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4  Conclusion

In this work, we experimentally examined the impacts of  TiO2-doping on the struc-
tural, shielding, and dielectric spectroscopic modifications of glass blocks: (65  −  x) 
 B2O3–5Bi2O3–15ZnO–15BaO–xTiO2. According to the findings, the  density of the sug-
gested glasses somewhat increased when the glassy network’s  TiO2 mol% level rose. The 
studied glasses treated with  TiO2  up to 4  mol% exhibited a stable dielectric constant; 

Fig. 6  The energy absorption buildup factor (EABF) vs. photon energy for the prepared glass samples a 
Ti-0.0, b Ti-2.0, c Ti-4.0, d Ti-6.0, e Ti-8.0, and f Ti-10.0
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Fig. 7  Comparison of The fast neutron removal cross-section (FCS) for the prepared Ti-X glass samples 
and commercial glass and concrete samples

Fig. 8  The fast neutron removal cross-section (FCS), the half value layer  (HVLFCS), and the relaxation 
length (λFCS) for the prepared Ti-X glass samples
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however, their dielectric constant increased with increasing  TiO2 concentration. High-
titanium (Ti-10) glass sample is thought to be the best option for energy storage applica-
tions. The Phy-X/PSD software was employed to estimate the exposure (EBF) and energy 
absorption (EABF) buildup factors of Ti-X glasses as a function of photon energy at 1–40 
MFP. Both EBF and EABF increased with photon energy up to a maximum, then decline 
with additional increases in photon energy according to PEE, CS, and PaP interactions. 
The glass sample Ti-10.0 had the highest removal cross-sectional efficiency. The sample 
Ti-10.0 had the lowest relaxation length (λFCS) and half value layer  (HVLFCS).

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11082- 024- 06809-6.
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