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Abstract

In this study, local mineral (silica sand) obtained from Hazara division; Khyber Pakhtunkhwa,
Pakistan was fabricated into soda-lime silicate glass. Titanium dioxide) @a@centration in

the range of 1-3 wt. % was added as a nucleating agent to investigate its effect on ctigstalliza
phase, density, hardness, therexlansion coefficient (a)), glass transition temperature (Tg),

micro hardness and optical bandgap of soda lime silicate glass. XRD analysis revealed the
formation of different crystalline phases such as cristobalite)S¥dllastonite (CaSig), and

rutile (unrefined TiQ, often with iron, B") at different processing temperatures. The
coefficient of thermal expansion and the optical gap energies varied from 72/Extt0
77x107/K and 3.71-3.92V with TiO2 concentration, respectively. The mechanical properties
were also in good agreement with those commercially used glass ceramics.
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1. Introduction

Silica sand is abundant in the earth crust and commonly used for making several base-glass
and glass-ceramics materials. These glasses have a number of applicabossruction and
telecommunication industrigs|[1], active and passive optical applicns [2], and biomedical
devices]. Silicate glasses prepared using silica sand raw material obtained from different
parts around the globe have been extensively studied, because of its high chemical resistance,
low coefficient of thermal expansion high optical transpar[5, 6], mechanical strength,

inexpensive raw materials used for fabrication, and solubility of transition rr[etals, [7-11]. The

properties of the base-glass and glass-ceramics are strongly dependent on their composition
and the presence of crystalline phases and glassy net@ks [12]. Hanﬁ( al. [13] studied the
compositional effect of sodium-calcium-magnesium-silicate on its mechanical properties. It
was found that glass transition temperature, hardness and density of the samples decreases by
replacing CaO by MgO. Further investigation of glass with 753&Na0-10CaO (in mofo)
composition also revealed a mechanical hardness ofGPA1 Omer et al| [14] synthesized
transparent sodium silicate glass from local minerals with hardness of 5.5 GPa. It was reported
that the coefficient of thermal expansion (CTE) decreases by increasingc@i@nt. In

another study, Mosallam et ﬂlS] studied silicate glasses with different ZnO concentrations

and found that replacing CaO by ZnO which resulted into decrease CTE.

The Control of crystal nucleation play an important role in advancirsggéamics for many

novel applications. In the absence of a nucleating agent, most glass systems crystallize from
the surface on heating; very few crystallize from the bulk. Mastelaro I. [16] reported that
surface and volume nucleation tendency depend on the local structure around (calcium and
lead) the modifier cations and the developed crystalline phase. The nucleating agents help to
promote crystallinity in the glass on re-heating([17]. The nature of the crystallinity and
distribution of the crystalline phase(s) formed during crystallization process are dependent on
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the type and amount of nucleating agent. Many researchers have useasTaucleating

agent|[17-20]. The addition of Tidmproves glass formations and stabilizes the glass structure

. Furthermore, it also increases the glass crystallization, which improves the mechanical
properties of the glass. The presence of.TiiOglass-ceramics decreases the viscosity of the
base glasses at high temperature and favours the nucleation and crystawth [18]. Mukerjee
et al. ] studied the effect of T#n calcium aluminium silicate systert.was found that

TiO2 promote crystallization in this glass system and increase its hardness. There has been
increasing interest in developing high strength glass that could be used to produce significantly
lighter glass products. Previous studies indicate that attempts have been made to control the
mechanical properties through composition variation. The results reported by Deriano et al.
and Hand and Tadji3] indicate that fracture toughness can be improved by replacing
the larger ionic radii and high coordination ions with smaller ones. The properties can be either
improved by composition of the glass or by converting the glass to glass-ceramics by adding
appropriate nucleating agents. Therefore, in the present work, the 7DBN@0O-10CaO-

4Al,03 glass prepared using locally mined raw materials and converted into glass-ceramics
using xTiQ (wt. %) as a nucleating agent. The crystallization kinetics were examined using X-
ray powder diffraction (XRD) and differential thermal analysis (DTA). The effect of nucleating
agent and heat-treatment on the mechanical and optical properties of the fabricated glass
ceramics were examined.

2. Experimental Methods

Sodium silicate glasses were synthesized by using silica sand obtained from Hazara division in
Pakistan. The silica sand (source of Si@owders were initially analysed using X-ray
fluorescence (XRF) to determine the percentage composition of each element present in it.
Based on this silicatglass of the following compositions 70S{D4Na0-10Ca0-4AI03 with

different concentrations of xTgwhere x =0, 1, 2, &1t.%) were prepared. T® wt.% TiOy),



T1(Awt.% TiO), T2(2wt.% TiO), and T3 wt.% TiOy) designatedssilicate glass samples
which contain different concentrations of the nucleating agent, respectively. Th& @)

of reagent grade was used as a nucleating agent. The purity oiv&g209.5% (Alfa Aesar)

and particle size was 2{1m. A 30 g batch of each composition was weighed and mixed
thoroughly. The well-mixed powders were melted in platinum crucible for 3 hrs in the
temperature range of 1450-15%1) at a heating rate of 10 °C/min. After melting, the samples
were transferred to a preheated furnace of approximately to 80% of the correspgratidg T

left it to anneal for 2 hrs to remove internal stresses. Then the furnace was allowed to cool to
room temperature. The molten glass was then poured stézl mould and properly annealed

in a pre-heated furnace at 450 °C for 2 hrs to ensure the removal of any leftover internal

stresses.

The densities of all samples were measured using a high precision densitometer. The nucleation
and crystallization temperature were determined using simultaneous thermal analysis (STA,
8000, PerkinElmer USA). Alumina crucibles were used withOAlpowder as reference
material. The STA measurements were performed at a heating rat€afi@in dry nitrogen
atmosphere with a flow rate of 20 ml/min. The micro hardness of the investigated glasses was
obtained from measurements usinyiaker’s micro hardness indenter (Wilson tukon 1202
knoop/vickers tester, USA). The samples were cut with slow speed diamond saw and then
grounded and polished with diamond paste to get the required surface smoothness and flatness
before indentation. The glass transition temperatugeafid the CTE were determined using

DTA and glass dilatometer at a heating rate of 5 Knimair. The phase identification of as
prepared (annealed) and post heat-treated samples were determined using Phillips X-ray
diffractometer (Phillips X’pert diffractometer USA). UV/Vis/NIR Spectrophotometer
(LAMBDA 950 PerkinElmer USA) was also used to measure the optical transmittance of the

investigated samples.



3. Result and Discussion
3.1 Crystallization characteristics

Figure 1 shows the DTA curves of the samples where the endothermic peak centred at 590-620
°C temperature range corresponds to the glass transition tempergtulter@s observed that

as the concentrations of TiGhcreased from Wt.% to 3wt.%, the T value increased from

596 °C (TiQ free) to 617 °C. Besides, exothermic peak630-650 °C were also observed
which may be attributed to a single-phase crystallization or transformation of the crystal
structure. T1 glass is the only sample which exhibited a broad band exothermic outcome. In
contrast, T2 and T3 glasses which contain high concentrations of f#We very small
exothermic effects as depicted in Fig. 1. It was found that an increasezmdn€entration

leads to changes in both endothermic and exothermic peak temperatures. Furthermore, the
densities of the crystallization peak temperatures gradually decreased.aig@ntration

increased, while endothermic dips tend to increase.

XRD pattern of the as prepared glasses confirm amorphous phase band around 25° as shown
in Fg. 2. The sample TO (Tigfree) is entirely amorphous; whereas those ob @idped glass
samples are mixtures of amorphous and crystalline phases while the crystalline phases of T1,
T2 and T3 occur at ~ 45° and 5@24].

In order to study the effect of heat treatment on crystallization, all samples wetechtsd-

from room temperature to 850 °C and 950 °C at 10 °C/min heat rate, 5 hrs dwell time and then
cooled down at a ramp rate of 1°C/min to room temperature. Figures 3 shows the XRD data of
samples heat-treated at 850 °C and“@a(rhe XRD analysis of the crystalline products of the

base glass (T0) at 85 revealed distinct intense reflections centred ~ 22°, 36° and some
other reflections. The dominant peaks were observed as major crystalline phase which

corroborate with cristobalite (S#{pof a card number 01-073-9753. At 9%0) similar intense



peaks were also identified in the parent glass. Besides cristobalite phase, the XRD patterns of
1, 2 and 3 wt.% concentrations of Bi@oped glasses also revealed two more additional
crystalline phases at 88C and 950C heat-treated samples. Cristobalite and rutile £{TiO

often with iron, B*) crystalline phases were identifigd TiO, doped glasses for 88C heat

treated sample, matched PDF#01-073-9753 and 04-0141 [20]. Furthermore, the XRD
results of glass samples heat-treated at’@5@vealed additional crystalline phase known as
sodium calcium silicate (matched PDF# 00-023-0671) as shown in Fig. 3(b), which was not
found in Fig. 3(a). Therefore, it was concluded that:E®a nucleating agent in sodium silicate
glass has strong influence on the number of the crystalline phases that are produced on heat-
treatment. It was noticed that for samples with 3 wt.%Ti@e rutile crystalline phase
disappeardon heat treatment at 830 (Hg. 3(a)). The intensity of the peaks for samples heat-
treated at 95€C is about twice higher than those samples heat-treated & 8bBese samples

heat treated can therefore be considered to be transformed to glass-ceramics.

3.2 Co-¢efficient of Thermal Expansion

Figure 4 shows the coefficient of thermal expansion (CTE) of the as prepared quenched
samples and heat-treated (glass-ceramics) samples. CTE increased with increasing temperature
in both as prepared and the glass-ceramics samples heat-treatedt B& glass-ceramic
samples shoed lower CTE values in comparison to the as prepared glass samples.
Furthermore, addition of TiDas a nucleating agent leads to decrease in the CTE values of
glass-ceramic samples as compared to, Ti€e sample (TO)This decrease in CTE values

from 77x107/K to 72.5x10//K may be attributed to the formation of crystal phases such as
cristobalite and rutile in the heat-treated samples. Shelistaﬁ.al [25] reported the CTE of the
soda-lime glass as 92xI. CTE value obtained for cristobalite phase is ~26.0%40
therefore, the decrease in CTE of the heat-treated sample may be attributed to the formation
cristobalite phase, as evident from XRD data.
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3.3 Microhardness and density

Mechanical properties of material play a vital role towards its application. Hardness, which is
the resistance of the materials to permanent deformagian,important mechanical property

of materials] Vicker’s hardness test is a suitable method for hardness measurement. A
Wilson hardness equipped with Vicker’s and Knoop indenters was used to determine
microhardness, fracture toughness, and brittleness in this work. Several indentations were
performed to measure hardness by varying the working loads from 50 g to 1000 g at a constant
dwell time of 10 second. The samples were kept in desiccators for 24 h after indentation to
enable the residual stresses to be released.

Ten indentations were measured for each load and the average value of average diggonal len

(d) was recorded. Vicker’s hardness number (H) was then obtained by using equation [13]:

_ 1.8544P

Hy =250 e ~ (1)

where‘P’ is the applied load artd’ is the average diagonal length.
Optical microscope (Olympia) was used to measure the total crack length (2c). The fracture
toughness K. ) was evaluated using Evans and Charles reln [13]:

0.0824P

Kic = —7 - (2)

C3/2

Brittleness was formulated as the ratio of the hardness to toughness as shown in equation (3)

below

Hv

Bom MY e 3)

Figure 5 shows optical microscope images of the indentation showing cracks emanated on the
un-heat treated and heat-treated glass. The microhardness increased with increasing applied
load which indicated the presence of the reverse indentation sizeﬁect [26]. As clear from Fig.

5(a) and (b), the heat-treated samples generated more permissible indentation cracks. This is

due to change in the mechanical prope [27] of the heat-treated samples such as hardness,
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fracture toughness and brittleness. Kilinc e [studied the soda-lime silica glasses and
reported that the mechanical properties of the investigated glasses improved with increasing
alkaline earth content and reported the maximum hardness to be 5.96 GPa and the brittleness
as 6.0 um*2. Hand and Tadjie3] also studied NCMS (Sodium Calcium Magnesium
Silicate) glasses as a function of composition seported the hardness as 4.91 GPa) and
brittleness as 6.8@m*2. Wu et.al ] studied glass-ceramics containing high2Ta@ntents

and reported that the crystallization of the glass yielded better mechanical properties than the
parent glass. In the present study, the hardness of the T3 sampte6r@®a and brittleness

was 5.52 umf2. Upon crystallization the hardness was observed to inctea8e GPa and

the brittleness decreased to 4.87 YfmiThe increase in the hardness of heat-treated samples
may be attributed to the formation of cristobalite stable phase during the nucleation process.
The progress of crystalline phases increases the connectivity, which shows more resistance to
deformation, and may enhance hardness. Table | illustrates the values of hardness, fracture
toughness, brittleness and densities for all the samples. It can be seen that the observed hardness

of the samples increased with increasing concentrations efai@ell as heat treatment.

3.4 UV-Vis-NIR spectroscopy

The UV-Vis transmission spectra of the prepared samples before and after heat treatment are
shown in Fig. 6. The spectra shesha good transmission around ~ 72 % and above for glasses
before heat treatment. As the doping concentrations of ifie glasses increased from 1 to

3 wt.%, the transmission decreased slightly as depicted in the Fig 6(b). The UV-Vis studies of
as prepared samples revealed some weak absorption bands at ~ 378 nm, 444 nm and 484 nm
which may be attributed to ferric irofr€*) and TiQ nanoparticles presence in these glasses

. All these identified absorption peaks are consistent with the rutile crystalline se [30],
consistent with the XRD data. The overall transmission of glasses heat treated°@ 800
decreased and this may be due to the formation of micro-crystallites and the transformation of
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glasses to glass-ceramics. This also led to the disappearance of the absorption bands due to the
absence of nanocrystalline phases, as shown in Fig. 6(b).
The optical band gap energy of un-doped and @igped glasses were calculated from the UV

absorption edge using Mott and Dagdelation for amorphous materi31]:

ahv = B%(hv — Eg)2 ------------- @)
where‘a’ is absorption coefficienyv is the energy of incident photons, i& the optical band
gap,‘B’ is the band tailing forbidden anah’ is the different transition states. It is known that
amorphous materials are best fitted with m = 2 in equation (4).
Nocun et. al ] studied that; prolajannealing time increases energy band gap. They also
reported that Ti@crystal growth may also increase the energy band gap. AIaI [33] studied
the band gap energy of the soda-lime glass doped with ZnO. They reported an incEgase in
with increasing ZnO concentration.

Refractive index of Ti@doped glasses before and after heat-treatment were calculated using
the relation (5)

n*-1 E
2 o %0 ______ ®

Salih et.al] reported that the addition of ZnO to Soda-lime glass may increase the refractive

indices of the resulting glasses. This might be due to the fact that ZnO generates more non-
bridging oxygen’s in the network. Tan et. al.] studied the silica glass and reported that the
refractive index increased with increasing density. The higher refractive index of 1.53 was
reported for the samples with 2.58 gfatensity.

The optical band gap and refractive indices of all the investigated samples before and after
heat-treatment are given in Table Il. The refractive index and optical energy lmntitha
samples before and after heat-treatment varied in range 2.181 ~ 2.189 and 3.90 ~ 3.93 eV and
2.211 ~ 2.228 and 3.71 ~ 3.79 eV respectively. The optical energy band gap decreased by a

small amount as the concentration of Tifcreased from 1 to 3 wt.% in both before and after



heat-treated samples. This decrease in band gap may be due to increase in bondingldefect an

non-bridging oxygen’s (NBO) .

4. Conclusions

Different batches of sodium silicate glass were prepared from a locally available raw material
such as silica sand from Hazara division, Khyber Pakhtunkhwa, Pakistan. The base glass was
modified by adding nucleating agent BiQvith different concentrations. Studies were
conducted to evaluate the effect of different concentrations of 8n@ heat treatment on the
crystallization, coefficient of thermal expansions, hardness, and optical properties of the as
prepared glass and glass ceramics. Differential thermal analysis showed slight change in the
transition temperature giranging from 590 to 62C and exothermic peaks shift from 630 to
650C. XRD measurements of the parent glass revealed the presence of cristobaljtas(SiO

the main crystalline phase. The cristobalite and rutile phases were also observed at high
temperature in glass samples doped withoTiGcleating agent and the crystallinity increased

with increase in temperature. The anaf/sonducted with as prepared and heat-treated
samples reveatinet increased in hardness. The coefficient of thermal expansion also increased
with increase in concentration of nucleating agent. This study shows that the transmittance as
well as the energy band gap of the samples decreased by converting parent glass to glass
ceramics. A good combination of mechanical properties was achieved for these samples.
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0.0 3.93 3.79 2.181 2.211
1.0 3.92 3.75 2.183 2.220
2.0 3.91 3.72 2.184 2.226
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Fig. 3
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Fig. 6
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