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Abstract

Commercially, lead-based glasses are used in industry as transparent
radiation shielding material due to their durability. However, lead
toxicity could cause detrimental health issues to humans. Thus, in this
study, a new composition of thulium-doped bismuth borotellurite glass
was fabricated via melt-and-quench technique. The effect of bismuth
oxide (Biz03) on the physical, structural, and mechanical properties of
the glass was investigated. Glass with 0.25 mol% of Bi203 has the
highest density. However, the oxygen packing density (OPD) of glass
with 0.15 mol% of Bi203 is higher than 0.25 mol% of Biz0s. This is due
to a high number of non-bridging oxygen (NBOs) in 0.25 mol% of Bi203
glass structure. The bonds that are present in the glass structure were
verified by Fourier Transform Infrared Spectroscopy (FTIR) analysis.
Then, the mechanical properties were investigated by nanoindentation
test with Berkovich indenter. Comparing the mechanical properties of
indented glass samples, 0.15Bi glass projected the best mechanical
durability since it provides the highest hardness and reduced elastic
modulus value. Also, the low plastic work and optimal elastic work
make 0.15Bi glass resilient to stress. Thus, the 0.15Bi glass is deemed
as the best glass sample for high mechanical strength radiation
shielding glass. This lead-free radiation shielding glass does not pose
harmful effects to humans.

1. Introduction

Nowadays, lead-based glasses are abundantly used for photonic applications, especially in radiation shielding [1].
However, lead poses harmful effects to humans. Through ingestion of contaminated soil or dust, lead can be
readily absorbed through the bloodstream and causes harmful effects on the central nervous system,
cardiovascular system, kidneys, and immune system [2]. In China, specifically in Shaanxi and Hunan province, two
lead poisoning cases involving 2000 children sparked riots due to a weak monitoring system of lead exposure
levels in factories [3]. Nevertheless, lead-based glasses are still being chosen in medical and industrial application
that requires transparent radiation shielding due to their high mechanical durability. The lead-based glasses have
mechanical durability that is resistant to corrosion and does not degrade to other substances over time [4].
Although various research on radiation shielding properties has been done to replace high-density lead, there is
still a lack of study on the durability of lead-free glass, especially on the mechanical properties. There is only one
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piece of literature found on the investigation of radiation shielding glass by nanoindentation [5]. Consequently, it
is hard to compare the mechanical durability of lead-free radiation shielding glass. Thus, to enable lead-free glass
to be applied in industry, it is important to assess the mechanical strength of glass.

In this study, a new composition of lead-free glass was fabricated. The compound tellurium dioxide (TeOz) was
incorporated as the base-glass. Since TeO: is a conditional glass former, it is crucial to add dopants into the glass
system. Incorporation of dopants results in stable tellurite-based glass formation with slow cooling rates [6].
However, the amorphous nature of TeOz2 glasses is still not fully understood unlike silicon dioxide (SiOz). The
coordination number of pure SiOz is 4 while recent nuclear magnetic resonance (NMR) spectroscopy showed the
coordination number of TeOz is 3.9 [7]. This explains why it is difficult to produce a large quantity of tellurite-
based glass. Thus, further experimental try-out of new composition needs to be done to produce structurally
stable tellurite glass.

Boron oxide (B203) was also incorporated in the new glass composition. In lead-borate glass, it was found that
the glass had high structural steadiness against up to 250 kGy of gamma radiation [8]. B203 compound also has
the potential to be used on a large scale since it is low in cost and enables glass to be easily shaped [9]. Then,
thulium (III) oxide (Tm203) was doped in the glass composition. Previous research found that thulium-doped
glasses showed a significantly high linear attenuation coefficient compared to other rare-earth oxides such as
erbium and holmium [10]. A high linear attenuation coefficient is desired in radiation shielding material since it
indicates a high amount of incident photons attenuated per unit thickness of a material.

In this study, to investigate the effect of high-density bismuth oxide (Bi203), varying amounts of Bi203 was
incorporated. In a study of bismuth lead borate glass, glass with the highest density resulted in good radiation
shielding capability [11]. High-density materials are important for radiation shielding especially high penetration
radiation such as gamma rays. This is because there will be a higher probability of atoms interaction with the
gamma radiation. Thus, glass with the best radiation shielding capability would have the highest density.

Mainly, this study was conducted to investigate the mechanical properties of thulium-doped bismuth
borotellurite glass by nanoindentation approach. This mechanical strength investigation would serve as a good
reference for the application of lead-free radiation shielding glass on an industrial scale. To examine the effect of
bismuth further, physical, and structural properties investigation also was conducted. The new composition of
thulium-doped bismuth tellurite glass also does not pose harmful effects to humans.

2. Materials and Methods

2.1 Glass Samples Fabrication

Thulium-doped bismuth borotellurite glass was fabricated using the melt-and-quench technique method with the
chemical composition of [Te02)o7s (B203)o.25]1x (Bi203) x [Tm203]0.02 where x = 0.05, 0.15, 0.25 mol %. Table 1
shows the glass code and chemical composition of fabricated glass samples based on stoichiometric calculation.
After the mass of each chemical compound was measured using PGW 214 analytical balance from AE Adam, the
chemical compounds were mixed and grounded using mortar and pestle. Then, the grounded mixture was placed
in an alumina crucible and underwent a pre-heat process at 400°C for an hour in an electrical furnace. Then, the
pre-heated crucible was transferred to another furnace for a melting process for an hour at 900°C temperature.
The molten sample was then poured onto a heated stainless-steel mould. Lastly, the poured sample underwent an
annealing process at 400°C for an hour and was left to cool down at room temperature. Figure 1 shows the
flowchart of the fabrication methodology and Figure 2 represents the fabricated glass samples.

Table 1 Glass code and chemical composition of prepared glass samples

Glass Code Chemical Composition

TeO: B20s3 Bi203 Tm203 TeO2
0.05Bi 0.702 0.102 0.147 0.049 0.702
0.15Bi 0.519 0.075 0.365 0.040 0.519
0.25Bi 0.390 0.057 0.519 0.034 0.390

2.2 Physical Properties

A density meter was used to investigate the density of the prepared glasses. By implementing Archimedes’s
Principle, the density of glass (pg;4ss) Was calculated using equation (1).

W .
pglass = (W . = )(pwater) (1)
air

— Wwater
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The symbols pyater, Wair and wy,q:0r represent the density of distilled water, the weight of the glass sample in air,
and the weight of the glass sample in distilled water, respectively. Using the pg;,,s value, the molar volume (17,,) of
the glass was calculated using equation (2).

| Stoichiometric calculation |

| Weight chemical compound |

| Mix and Grind |

| Pre-heat at 400°C |

| Melt at 900°C |

I Pour onto stainless steel mold |

I Anneal at 400°C |

Fig. 1 Flow chat fabrication of thulium doped bismuth borotellurite glass

® @

0.05Bi 0.15Bi 0.25Bi

Fig. 2 Fabricated glass samples
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The symbol M,, represents the relative molar mass of glass samples. Then, oxygen bonds in the prepared glasses
were evaluated by the calculation of oxygen packing density (OPD) with the equation as follows.

1
OPD = 1000 X 0 X (V—) (3)

m

Where O is the number of oxygens in the glass composition.

2.3 Structural Properties

Fourier Transform Infrared Spectroscopy (FTIR) analysis was conducted using Perkin Elmer Spectrum 100 FT-IR
Spectrometer to investigate the structural properties of prepared glasses. The solid glass samples were analyzed
in a range between 600cm ! to 1500 cm. The transmission spectrum of FTIR was studied to verify the chemical
bonds that are present in the glass composition.

2.4 Nanoindentation Procedure

Thulium-doped bismuth tellurite glass samples were polished using 600, 2000, and 5000 grid sandpaper to obtain
a flat and smooth surface before the nanoindentation procedure was done. All glass samples were polished to a
thickness of about 4 mm. Then, the glass samples were cleaned using distilled water and acetone. The
nanoindentation test was conducted using the Nano Test Vantage (Micro Materials Ltd) machine. Diamond
Berkovich indenter was used, and the load-controlled mode was applied. The maximum load applied was 500 mN
with 5 second dwell time at the maximum load. The loading and unloading rates were 50 mN/s. The frame
compliance was 0.402 nm/Mn. Five indentations were done on each sample.
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2.5 Mechanical Properties Calculation

Based on the nanoindentation results, load-displacement curves were plotted, and mechanical properties were
investigated based on the curves. Then, mechanical properties such as maximum depth, hardness, reduced elastic
modulus, elastic work, and plastic work were obtained from the nanoindentation instrument directly. Other
mechanical properties such as contact stiffness (§), contact depth (h.), and projected contact area (4,), were

calculated manually. S was determined based on the maximum penetration depth (h,,,,) and the unloading slope
(Z—D of the load-displacement curve from the nanoindentation tests as shown in Figure 3 S was determined based

on the penetration depth displacement (Ah) and load difference (AF ) of the unloading slope for the
nanoindentation load-displacement [12,13].

500
4004 F_,,
3004

200

Load (mN)

dFidh
1004 oo

\ j

0 500 1000 1500 2000 2500
Displacement (nm})

Fig. 3 Loading and unloading slope of load-displacement curves

AF  dF
= —— — 4
S Ah  dh S

The h, is the value that shows the depth of the indenter tip that came into contact with the surface of the sample.
Using the Oliver-Pharr equation, h, was evaluated as follows [14,15].

E
hc = hmax - € = (5)
S
Where h,,4x, €, and F,,,, is the maximum penetration depth, indenter-constant, and maximum force, respectively.
Indenter-constant (&) for Berkovich indenter is 0.72 [14]. Then, using the value of h, the A, was calculated using

Equation (3) as follows [16].
A, =245h (6)
3. Results and Discussions

3.1 Physical Properties

Table 2 shows the density and molar volume of investigated glass samples. Based on the density results, as the
amount of Bi203 increases, the density of the glass also increases. The addition of heavier Biz03 compounds
replaced the lighter compounds in the glass system making the overall density of the glass increase. In radiation
shielding application, the material with the highest density, which in this case is 0.25Bi glass would provide the
best radiation shielding capability. This is because high-density materials would provide a high probability of
atom interactions [17]. The rise in density also can be attributed to the rearrangement of the glass structure.
Theoretically, the relationship between density and molar volume should be inversely proportional as shown in
equation (2). However, the investigated glass samples showed contradictory behaviour where the molar volume
increases with density as shown in Table 2. The contradicting behaviour is due to an increment in interatomic
spacing atoms. The ionic radii of modifier Bi3* ions (140pm) are bigger than the Te2* (74pm), and B3+ (85pm) ions
in the glass composition. Hence, this resulted in the creation of free excess volume in the glass network when a
higher number of Bi3+ ions was incorporated into the glass structure [18]. The 0.15Bi glass resulted in the highest
oxygen packing density (OPD). This is due to optimum Biz03 incorporated in the glass composition that acts as a
network former. Excessive addition of Bi203 caused the number of non-bridging oxygen (NBO) to increase [19].
This causes the glass to be less compact as depicted in OPD of 0.25Bi glass.
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Table 2 Glass code, density, molar volume, and oxygen packing density of thulium doped bismuth borotellurite

glass
Glass Code Density (g/cm3) Molar Volume (cm3/mol) Oxygen Packing Density (g/cm3)
0.05Bi 4811 32.950 69.742
0.15Bi 5.676 33.722 73.483
0.25Bi 6.200 36.176 72.147

3.2 Structural Properties

FTIR analysis was conducted to evaluate the chemical bonds that are present in the glass system. Figure 4 presents
the FTIR spectra of fabricated thulium-doped bismuth tellurite glass. A transmittance peak was observed at 619
cml, 622 cml, and 624 cm™ indicating the vibrations of Bi-0-Bi and Bi-O bonds for BiOs octahedral units in
0.05Bi, 0.15Bi, and 0.25Bi glass, respectively [20]. Then, a respective peak at 648 cm-!, 664 cm1, and 689 cm™ in
0.05Bi, 0.15Bi, and 0.25Bi glass represents the stretching vibration of Te-0O in TeOs units [21]. Comparing the Te-
0 and Bi-O peaks in the FTIR transmittance spectra, it is observed that the peaks appear more prominent and
broader in 0.15Bi glass than in 0.05Bi and 0.25Bi glass. This could be due to a high number of bridging oxygen
(BO) 0.15Bi glass which resulted in a high number of Te-0 and Bi-O bonds. The results of OPD verify this claim.
As mentioned earlier, the 0.15Bi glass resulted in a higher OPD than 0.05Bi and 0.25Bi glass due to a high number
of BO that makes the glass structure more dense than other fabricated glass samples. Furthermore, a small peak
was observed at wavenumber 901 cm ! which represents the stretching vibration of BO4 tetrahedra units [21-23].
Sharper peaks at 1215 cm, 1368 cm-1, and 1440 cm'! were due to stretching vibrations of trigonal BO3 units
[24,25]. This indicates that most B203 retain their trigonal BOs trigonal structural units rather than forming extra
BO to form BO4 tetrahedra units [26].

3.3 Mechanical Properties

The representative load-displacement curves for thulium-doped bismuth tellurite glass using the Berkovich
indenter are displayed in Figure 5. The indentation was performed at five different indentation sites. The loading
and unloading curves for each glass sample agree well with each other. This indicates the homogenous nature of
glass samples. Based on the loading curves, no noticeable pop-ins observed. The absence and presence of pop-ins
were due to shear bands on the surface of deformation zones. According to the results obtained with Pd-Si glass,
a primary shear band (PSB) caused the pop-ins in the load-displacement curves [27]. Meanwhile, a secondary
shear band (SSB) cannot be observed from the curves due to indentation machine limitation.
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Fig. 4 FTIR spectra (a) 0.05Bi; (b) 0.15Bi; and 0.25Bi glass at wavenumber 600 cm to 1500 cm™!

Figure 6(a) portrays the plot of load versus average displacement curve of thulium-doped bismuth
borotellurite glasses at Bi203 concentration. When comparing the displacement curves of 0.05Bi, 0.15Bi, and
0.25Bi glass samples, a shift in load-displacement curves was observed. When the amount of Biz03 incorporation
increases from 0.05 mol% to 0.15 mol %, the graph shifts to the left due to lower penetration depth in 0.15Bi glass
than 0.05Bi. Then, the load-displacement curve shifted to the right when 0.25 mol % of Bi»03 was incorporated
due to high penetration depth. This shift in load-displacement curves also was observed in AlsZr crystal embedded
in aluminium, polycrystalline, and cement matrix [28]. AlsZr crystal embedded in cement matrix has the highest
penetration depth when compared to AlsZr crystal embedded in aluminium, and polycrystalline. Hence, the AlsZr
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crystal embedded in the cement matrix was located at the rightest part of the load-displacement curve. Figure 6(b)
shows the zoomed-in view of the unloading curves. Pop-outs can be observed at load 50 mN for every indented
glass sample as depicted in Figure 6(b) by arrows. Similar pop-outs also were observed in single-crystal Si where
pop-outs occur atload 30mN [12]. In single-crystal silicon (Si), the pop-outs occur due to a phase transformation
of crystal to amorphous Si [29,30]. When observed under transmission electron microscopy (TEM), and selected
area diffraction (SAD), a mixture of amorphous Si and crystalline Si were observed [12]. Thus, it can be inferred
that the presence of pop-outs in the fabricated glasses was due to the presence of amorphous and crystalline
phases in the glass structure.

Table 3 Summary of FTIR spectra bands position and assignments for thulium doped bismuth tellurite glass

Wavenumber (cm1) Assignments
622 (a)
624 (b) Bi-0-Bi and Bi-0 in BiO¢ octahedral [20]
619 (c)
648 (a)
664 (b) TeOs stretching vibration [21]
622 (c)
901 Stretching vibration BO4 tetrahedra units [21-23]
1215
1368 Stretching vibration of trigonal BOs units [24,25]
1440
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Fig. 5 Load-displacement curves of thulium doped bismuth borotellurite glasses at five different indentation sites

The hardness and reduced elastic modulus of fabricated glass samples are shown in Figure 7. Hardness can be
described as the resistance toward local deformation [31]. In the case of this study, the hardness of a material is
the average stress on the surface of indented glass. As for reduced modulus, it is a combination of the sample
material and indenter elastic deformations [32]. Based on the results, the 0.15Bi glass sample shows the highest
value of hardness compared to 0.05Bi and 0.25Bi glasses. The high value of hardness is because the 0.15Bi glass
sample has the highest number of network connectivity. Since the hardness of a glass is dependent on network
connectivity, the presence of a high number of NBOs reduces the hardness of the glass [33]. The 0.25Bi glass has
a high number of NBOs based on the result of OPD tabulated in Table 2. Then, the reduced elastic modulus of
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fabricated glass samples was compared. The 0.15Bi glass shows a significantly high value of reduced elastic
modulus. The high reduced elastic modulus is due to the strong interatomic force and OPD in the glass structure
[34]. Since the 0.15Bi glass has a lower number of NBOs than other prepared glass samples, it showed that the
0.15Bi glass is tightly packed thus resulting in a high OPD. Meanwhile, low reduced elastic modulus occurred due
to the high number of broken bonds in the glass structure [35]. In the case of 0.25Bi glass, the broken bonds of
NBOs caused its low reduced elastic modulus. Generally, 0.15Bi glass is the best glass sample in terms of hardness
and reduced elastic modulus. It was clear that the incorporation of Biz03 would enhance the hardness and the
reduced elastic modulus of the glass system. However, Bi203 should not be added excessively since it would
increase the NBOs which results in decreasing hardness and reduced elastic modulus of the glass system.

100
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Fig. 6 (a) Load-displacement curves; and (b) zoom-in view of pop-outs of unloading curves of thulium doped
bismuth tellurite glass with varying Biz03 concentration

The term "stiffness" refers to the amount of force required to cause a specific deformation in a structure [36].
Based on the results in Table 3, 0.05Bi glass results in the lowest stiffness value compared to 0.15Bi and 0.25Bi
glass. The trend stiffness does not correlate with hardness as shown in the previous study where the concept of
low stiffness would result in high hardness [37]. However, the calculated contact depth and projected area using
the value of stiffness showed a direct relationship with hardness where low indentation contact depth was due to
high hardness. As shown in Table 3, 0.15Bi which poses the highest hardness resulted in the lowest contact depth.
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Fig. 7 (a) Hardness; and (b) reduced elastic modulus with error bars of thulium doped bismuth borotellurite glasses

Table 3 Stiffness, contact depth and projected area of thulium doped bismuth borotellurite glass

Glass Hardness Reduced Modulus Stiffness Contact Depth Projected Area
Code (GPa) (GPa) (mN/nm) (nm) (nm?) (x 107)
0.05Bi 5.0896 69.8083 0.7821 2007.00 9.8687
0.15Bi 5.5255 77.6813 0.8511 1934.32 9.1669
0.25Bi 3.2288 65.2816 0.9271 2524.07 15.6088
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Figure 8 shows the graph of elastic and plastic work of thulium-doped bismuth borotellurite glass. It is worth
noting that the value of hardness correlates well with the value of plastic work [38]. When the hardness of a
material increased, the plastic work decreased as projected in Figure 8(a). It is also found that the 0.15Bi glass
sample has the lowest plastic work compared to other investigated glass samples. This means that 0.15Bi glass is
the least likely to undergo permanent deformation. As for elastic work, a good correlation between elastic work
and stiffness was observed. The decreasing stiffness of a material indicates that the elastic work increases. Based
on the result in Figure 8(b), 0.05Bi glass has the highest elastic work compared to other glass samples. Thus, it
shows that 0.05Bi glass is resilient and able to withstand the highest amount of stress before permanent
deformation occurs. Comparing the elastic-plastic behaviour of prepared glasses, 0.15Bi glass is the best glass
sample in terms of mechanical durability since the indentation resulted in the lowest plastic work and optimal
elastic work.
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—~ I _ i
3280- 1 3180-182.64t 1.145
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‘g 5704 26822 £ 2.026 § 175 4 i
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=B 53] T
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20 165.08 + 1.712
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0.05Bi 0.15Bi 0.25Bi 0.05B1 0.15Bi 0.25Bi
Glass Code Glass Code

Fig. 8 (a) Plastic work; and (b) Elastic work with error bars of thulium doped bismuth borotellurite glasses

4. Conclusion

In this study, the mechanical properties of thulium-doped bismuth borotellurite radiation shielding glass were
investigated using a nanoindentation test with Berkovich indenter. The load-displacement curve of the
nanoindentation at five different indentation sites agrees well with each other indicating that the prepared glass
is homogenous. Pop-outs were observed on the unloading curves of all glass samples due to a phase
transformation of crystals to amorphous. Comparing the mechanical properties of indented glass samples, 0.15Bi
glass projected the best mechanical durability since it provides the highest hardness and reduced elastic modulus
value. Material with high hardness resulted in low contact depth and low projected area value as depicted by
0.15Bi glass. Also, the low plastic work and optimal elastic work make 0.15Bi glass resilient to stress before
permanent deformation occurs. Thus, the 0.15Bi glass is deemed to be the best glass sample in terms of mechanical
strength. This lead-free glass is eco-friendly and has the potential to replace lead glass in radiation shielding
applications.
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