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Abstract: The main objective of this study was to prepare transparent soda-lime-
silica and borosilicate glasses utilizing locally available raw materials. Major source
of oxides for the preparation of different various glass batches are silica sand,
limestone, magnesite, clay, feldspar, granite and nepheline syenite. The mean
chemical composition of soda-lime-silica glasses consisted of Si0, (70.72%), CaQ
(10.78%) and Na,©0 (16.67%) and that of borosilicate glass consisted of 510,
(71.83%), Na,0 (5.30%) and B,0O, (13.26%). The Coefficient of Thermal Expansion
(CTE) ranged from 93.64 to 110.78x1077°C for soda-lime-silica glass and from
44.85 to 73.25%107°C for borosilicate glass in the Temperature range of 25-300°C.
A strong correlation was observed between the batch and among other glass
parameters such as chemical composition, melting temperature, color, density,
microhardness, chemical suitability and coefficient of thermal expansion. The
multivariate analysis of major oxides and the different properties of prepared glasses
suggest that most of these properties depended on the composition of glasses. The
properties of the prepared glasses highlighted the potential of local raw materials
for glass mdustry in the Kingdom.

Key words: Raw materials, glass, density, microhardness, chemical durability,
coefficient of thermal expansion, correlation

INTRODUCTION

Glass is a super cooled liquid prepared from the abrupt quench of a mixture of
specified inorganic compounds. From the structural point of view, glass is an amorphous
non-crystalline solid. Currently, a variety of glasses are available in the market. Among these,
soda-lime-silica and borosilicate glasses were considered for investigation. Soda-lime-silica
and borosilicate glasses are inexpensive and widely used commercially. These are
characterized by versatile properties such as durability, high electrical resistivity, good
spectral transmission in the visible region, high and low coefficient of thermal expansion
(~100<1077/2C). These glasses are suitable for the processing plants in the chemical industry,
as laboratory apparatus, ampoules and other pharmaceutical containers.

The availability and easy procurement of raw materials for producing different type of
glasses are some of the major factors determimng the development of economically feasible
glass industry. During the present study, seven kinds of raw materials such as silica sand,
limestone, magnesite, clay, feldspar, granite and nepheline syenite for producing glasses
were selected from different parts of the Rivadh and Hail regions (Fig. 1). The emerging glass
industry can play an important role in the economy of a country like the Kingdom of Saudi
Arabia.
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The study of literature showed that the composition of the soda-lime-silica and
borosilicate glasses was similar to the previously manufactured glasses which were a mixture
of inexpensive batch materials such as soda ash (Na,CO,), lime (CaCO,), silica sand and B,0,
with a melting point of 1400-1500°C (Varshneya, 1990). The ratio of different oxides in
conventional containers, flat (soda-lime-silica glass) and other commercial glasses is
Na,0:Ca0:6Si0, containing about 15-18% (Na,O), 10% (Ca0), 72-75% (SiO,) and for the
borosilicate glass, this ratio contains SiO, (55.8-78.8%), Na,O (2-8%), Al,O, (3-16%) and B,O,
(10-15%). The Characteristics of such glasses depend not only on the composition of raw
materials but also on the processing parameters like melting condition, temperature and
annealing.

In Saudi Arabia, information is very limited on different types of commercial glasses
available in the market. Amjad (1998) conducted a study on the evaluation of silica sand for
glass production in Riyadh. In another study, Khater and Amjad (1999) showed the effect of
batch composition on the efficiency of commercial bottle.

The main objective of this study was to prepare two types of commercial glasses
(Soda-lime-silica and borosilicate glasses) using local raw materials and to determine the
physical and chemical properties of locally produced glasses.

MATERIALS AND METHODS

The study was carried out at King Abdulaziz City for Science and Technology (KACST),
Riyadh during 2004-2007.

Raw Materials

Most of the raw materials are predominantly strata bound sedimentary rock. These are
white sandstone, clay and limestone and belong to Biyadh, Dhurma and Tuwaiq Formations
and Magnesite from Zarghat area near Hail Region, Saudi Arabia. The feldspar and granite
were collected from Ar-Ruwaydah area along both sides of Riyadh-Makkah highway. The
nepheline syenite was collected from Jabal Sawada, west of Tabuk city (Fig. 1).

Preparation of Glasses and Test Methods

Five batches of Soda-Lime-Silica Glass (SLSG) with dominant component as major oxides
were prepared (Table 1). Similarly, seven batches of borosilicate glass (BSG) were prepared
with dominant component as major oxides, feldspar, clay, granite and nepheline syenite using
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Fig. 1: Location map of raw materials
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Table 1: Chemical analysis of raw materials used in soda-lime-silica glass batches

Silica sand

Sarmnple No. 810, AlLO; Fe O, Ca0 MgO Na,0 K.0 Tio, PO LOL Total
Major oxides (%)

SLG-1and 2 9827 031 0.66 0.09  <0.01 0.10 0.02 0.09 0.01 026 9982
SLG-3 97.04 0.55 0.41 073  <0.01 0.05 0.02 0.15 0.01 090 9990
SL.G-4 98.44 008 003 0.05 -- -- -- 0.09 0.01 001 9914
S1.G-5 98.90 017 025 0.07  <0.01 0.04 0.02 0.07 <=0.01 015 9971
Limestone

SLG-1and 2 0.83 048  0l1le 3411 0.29 0.01 0.04 0.01 -- 4320 9913
SLG-3 0.67 018 011 338% 0.39 0.01 0.02 0.01 -- 4370 9912
SLG-4 037 0.21 003 3479 0.24 0.01 0.03 0.01 -- 43.40 9909
S1.G-5 0.76 018 005 3470 0.27 0.01 0.09 0.01 -- 43,40 9944
Magnesite

S1.G-2 3.27 009 003 278 47.19 0.03 0.04  <0.05 -- 4624 9973

Table 2: Chemical analysis of raw materials used in borosilicate glass batches

Silica sand
Sample No. 810, AbO; Fe,O; Ca0  MgO Na,0 K0 Tig, PO LOI  Total
Major oxides (%)
BORO-1 99.24 017 020 0.01  <0.01 0.06 0.02 0.07 0.02 0.17 99.97
BORO-2 99.18 0.08 023 0.08 <0.01 0.11 0.02 0.04  <0.01 0.19 99.96
BORO-3 98.89 027 021 0.02  <0.01 0.05 0.02 0.05  <0.01 0.21 99.77
BORO-4 97.12 1.31 0.43 0.34 0.13 -- 0.11 0.10 0.06 0.42  100.00
BORO-5 97.69 043 0.03 0.14 0.06 -- 0.01 0.09 0.02 0.34 99.16
Feldspar
BORO-1,3.4 7520  13.04 1.41 119 0.03 3.50 4.75 0.08 - 0.65 99.91
Clay
BORO-2,6,7 43.29 3710  0.78 0.19 0.07 0.03 0.03 3.74 - 14.10 99.64
BORO-5 60.51 23.77 1.82 0.22 0.24 0.44 0.30 1.77 - 10.80  100.00
Granite
BORO-2 64.81 1929 029 0.35 0.07 291 11.68 0.02 - - 99.42
Nepheline syenite
BORO-4 5332 2016 .04 1.68 0.10 7.32 5.17 0.15 - 3.74 99.08

the locally available raw materials (Table 2). The glasses were prepared by melting each
batch material (starting powder) in a sintered alumina crucible in the temperature range of
1350-1550°C. The glass melts were poured mto steel mould and patties amealed at 650°C in
the pre-heated muftle fumnace. The chemical analysis of the raw materials and the prepared
glasses samples was carried out m ALS Chemex Lab. (Canada).

The density of glasses was determined by Archimedes methods. The microhardness of
glasses was determined using a Vicker’s microhardness indenter (Digital Micro hardness
Tester; MHV2000). There were three replications of each batch samples. The mean values of
three random measurements for each sample with a load of 200 g and a time of 10 sec were
presented for evaluation.

The chemical durability of glass was obtained by the attacking rate of water, pH of
solution, the total volume of solution in contact with the glass, solution concentrations and
the glass composition. The Coefficient of Thermal Expansion (CTE) of glass samples
(dimension 0.5%0.5%2.0 cm) was measured using Netzsch dilatometer (DIL 402PC, Germany)
at a heating rate of 5°C min~".

RESULTS AND DISCUSSION
Chemical Composition
The chemical and physical properties such as density, microhardness, chemical

durability and coefficient of thermal expansion) of soda-lime-silica and borosilicate glasses
varied with the change in batch composition (Table 3, 4).

178



Trends Applied Sci. Res., 4 (4): 176-187, 2009

Table 3: Batch, chemical composition and properties of soda-lime-silica glasses

Chemical durability

Chemical wt. loss (%) CTE «
Sample  Batch composition Microhardness Density — ----------------------ooo- *107oC
No. constituent _ of glass (%)  Descriptions (ke mm—) (gem™ H,O  HCL@0.1N) (25300°C)
SLG-1 Silicasand  Si0;: 71.0 Colour: Colourless 561 2.400 0.19 0.03 98.985

Limestone  Na,O: 16.0 Transparency :Transparent
Na, O, * AlLO:: 032 Melting Temp. (°C): 1450
MgO: 0.01 Mould State: Bubble Free
Ca(: 106 Annealing Temp. (°C): 700
Fe,0,:034  Devitrification: none
SLG-2 Silicasand ~ Si0Q;: 70.0 Colour: Light green 473 2.413 0.43 0.03 102.35
Limestone  Na,O: 16.45  Transparency :Transparent
Magnesite  Al,O0,;: 1.39  Melting Temp. (°C): 1450
Na,CO, * MgO: 2.18 Mould State: fine bubbles
Ca(: 9.67 Annealing Temp. (°C): 500
Fe,0,: 035 Devitrifiction: none
SLG-3 Silicasand ~ Si0Q;: 70.0 Colour: Light Blue 502 2.413 0.26 0.10 110.78
Limestone  Na,O:17.2 Transparency :Transparent
Na, O, * AlLO: 1.71 Melting Temp. (°C): 1350
Mg0: 0.13 Mould State: no bubbles
Ca(>: 1075  Annealing Temp. (°C): 540
Fe,0,:0.17  Devitrification: none

SLG-4 Silicasand  SiO;: 68.10 Colour: Colourless 528 2.456 0.09 0.05 93.64
Limestone  Na,O: 17.75  Transparency :Transparent
Na,CO, AlLO:: 248 Melting Temp. (°C): 1350

MgO: 009 Mould State: no bubbles
Ca(: 1165  Annealing Temp. (°C): 540
Fe,0,:0.06  Devitrifiction: none
SLG-5 Silicasand  SiQ;: 74.00 Colour: Colourless 419 2.445 103.287
Limestone  Na,O: 15.97  Transparency :Transparent
Na, O, * AlLO:: 339 Melting Temp.: (°C): 1350
MgO: 0.01 Mould State: no bubbles
Ca(: 1122  Annealing Temp.: (°C): 540
Fe,0,:0.10  Devitrification: none

*Soda Ash

The chemical analysis of raw materials for different batches of soda-lime-silica and
borosilicate glasses 1s given in Table 1 and 2. The batch of raw materials for soda-lime-silica
glass contained silica sand as Si0, (97.04-98.27%), limestone as CaQ (53.86-54.79%),
limestone as MgQ (0.24-0.39%) and magnesite as MgO (47.19%) (Table 1). The batch of
borosilicate glasses contamed silica sand as S10, (97.12-99.24%), clay as 310, (43.29-60.51%),
AL, (23.77-37.1%), feldspar as 510, (75.20%), ALO, (13.04%), Na,O (3.5%), K,0 (4.75%),
gramite as 510, (64.81%), ALO, (19.29%), Na,0 (2.91%), K,0 (11.68%) and Nepheline Syenite
[S10, (53.32%), ALO, (20.16%), Na,O (7.32%), K,0 (11.68%), Fe,0, (7.04%)] (Table 4). The
melting pomt of glasses varied from 1350 to 1550°C (Table 3, 4). Bourne (1994) stated that the
higher melting pomnt of glass 1s due to the presence of wwon and transition elements which
impart color. In the present study, most probably iron played a significant role in coloring the
glasses. The upper limit of chrome in the colorless glass is 0.0005%.

All the samples of soda-lime-silica and borosilicate glasses were transparent and
showed the umiformity of composite batch. The chemical composition of prepared soda-lime-
silica glasses was Si0, (68.10-74.00% with an average value of 70.62%), CaO (9.67-11.85%
with an average value of 10.78%), Na,O (15.97-17.75% with an average value of 16.67%, Al,0,
(0.32-3.39% with an average value of 1.86%), MgO (0.01-2.18% with an average value of
0.48%) and Fe,O, (0.06-0.35 with an average value of 0.20%) (Table 3). The chemical
components of borosilicate glasses were 510, (55.8-78.8% with an average value of 71.82%),
Na,0 (3.50-8.14% with an average value of 5.30%), Al,0,192.69-15.6% with an average value

179



Trends Applied Sci. Res., 4 (4): 176-187, 2009

Table 4: Batch, chemical composition of glass and properties of borosilicate glasses

Chemical chirability

Batch Chemical wt. loss (%) CTE «
Sample composition composition Microhardness Density — ----------m--smmeeeeannee ®x1077C™!
No. (Raw materials) of glass (%) Descriptions (kg mm ) (gem™ H,0 HCO0IN  (30300°C)
BORO-1 Silica sand 5i0,: 78.80  Colour: Colourless 499 2127 0.06 0.10 43.65

Feldspar Na,0:4.29  Transparency : Transparent

Boric acid AlLO;:3.88  Melting Temp. (°C): 1550

Na,CO, K,0:222 Mould State: no bubbles

B,0,: 11.90  Ammealing Temp. (°C): 450
Devitrification: none

BORO-2 Silica sand 5i0,: 7740  Colour: Colourless 542 2.021 0.55 0.09 46.69
Granite Na,O: 3.50  Transparency : Transparent
Boric acid AlLO;:269  Melting Temp. (°C): 1550
Na,CO, K,0:3.02 Mould State: no bubbles

B,0,: 14.10  Amnealing Temp. (°C): 450
Devitrification: none

BORO-3 Silica sand 5i0,: 7420  Colour: Light green 438 2.194 0.39 0.19 52.03
N Syanite: Na,O: 5.38  Transparency : Transparent
Boric acid AlLO;:4.04  Melting Temp. (°C): 1550
Na,CO, K,0:2.63 Mould State: fine bubbles

B,0,;: 14.70  Ammealing Temp. (°C): 450
Devitrification: none

BORO4 Silica sand 5i0,: 7720  Colour: Light blue 503 2.149 0.26 0.11 40.06
Feldspar Na,0:4.15  Transparency : Transparent
Boric Acid AlLO;: 638  Melting Temp. (°C): 1550
Na,CO, K,0:230 Mould State: no bubbles

B,0,: 11.60 Amnealing Temp. (°C): 450
Devitrification: none

BORO-5 Silica sand 5i0,: 7140  Colour: Colourless 521 2.303 0.15 0.10 53.93
Clay Na,O: 530  Transparency : Transparent
Boric Acid AlLO;:7.02  Melting Temp. (°C): 1550
Na,CO, K,0:276 Mould State: fine bubbles
KNO, B,0,: 14.4 Amnealing Temp. (°C): 450
Devitrification: none
BORO-6 Silica sand 5i0,: 68.00 Colour: Colourless 476 2.245 0.23 0.20 55.60
Clay Na,0: 6.36  Transparency :Transparent
Boric Acid AlLO;: 835 Melting Temp. (°C): 1550
Na,CO, K,0:341 Mould State: no bubbles
KNO, B,0,;: 14.40  Ammealing Temp. (°C): 450
Devitrification: none
BORO-7 Silica sand 5i0,: 55.80  Colour: Light smoky 493 2.328 1.54 042 69.68
Clay Na,O: 8.14  Transparency : Transparent
Boric Acid AlLO;:15.60 Melting Temp. (°C): 1550
Na,CO, K,0: 267 Mould State: with bubbles
KNO, B,0,: 11.70  Ammealing Temp. (°C): 450

Devitrification: none

of 6.85%) and B,O; (11.60-14.40% with an average value of 13.26%) as given in Table 4. The
percentage of Si0, in the prepared and standard commercial borosilicate glass was almost
similar. The Na,0 contents showed fluctuation in the borosilicate glasses due to the
difference in the amount of pure analytical grade Na,CO, in the batches. The fluctuation in
AlO, contents could be due to different natural source of Al,O; in the batches (feldspar =
13.04% and clay = 23.77-37.1%) as shown in Table 1 and 2. The presence of MgO in batch
sample (SLG-2; 2.18%) did not play any significant role on physical properties of the glass
as the soda-lime-silica glasses contained high contents of soda than lime. Because this
reaction consumed all the lime from limestone and magnesite thus resulting the magnesium
carbonate as free to decompose at the Na,CO,-CaCO, eutectic temperature (Roth et al., 1981).
The chemical analysis of standard soda-lime-silica and borosilicate glasses showed that the
composition of prepared glasses was almost identical (Table 3, 4). Although, physical
difference between both the standard and prepared glasses was small but it was more
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pronounced on other properties of glasses which could be attributed to variation in the
chemical composition of raw materials.

Density

Density 1s the most unportant property of glass and provides information about the
constitution or structure of glass. The density of soda-lime-silica glasses ranged from
2.40-2.45 g cm™ with an average value of 2.42 g cm ™ and that of borosilicate glasses ranged
from 2.02-2.33 g cm ™" with an average value of 2.19 g cm™ (Table 3, 4). These results agree
with the results of Morey and Merwin (1932), Konijnendijk (1971) and Tmoka ef al. (1971).

The regression analysis between the density and the chemical composition of
borosilicate glass showed negative correlation between S10, and density (r = -0.62), positive
correlation between Na,0 and demsity (r = 0.74) as well as between Al,O; and density
(r=10.63) (Fig. 2) and a positive correlation between density and Na,O+ALO, (r = 0.6012) in
the borosilicate glasses (Fig. 3). The other published worl shows that in borosilicate glass,
especially in the binary-component system (B,0,-310,), the density increased with decrease
i B,0, contents (Jabra ef al., 1980). Whereas, in the multi component system (Na,0-B,0,-
S10,), the effect of composition on density was not very clear. The correlation showed that
density increased with the corresponding increase of Na,0O+ALO; contents in the soda lime
glass (Fig. 3). These findings are in agreement with study of Khater and Amjad (1999).

The difference in the density of different type of glasses may be attributed to the water
contents in addition to temperature and other factors (Volf, 1990). Bruckner and Navarro
(1966) stated that the density increases on the sample cooled from the sample melted at
temperature up to 1 500°C and decreases with that melted at temperature above 1500°C. But
n the present study, the density of soda-lime-silica glasses decreased following the decrease

8i0, vs Density

g 2.3 r=0.62

Al Q, vs Density
r=0.63
2.0 2 T T T 1
0 20 40 60 80

Oxides wt. (%)

Fig. 2: Relationship between oxides and density of borosilicate

25-
T 24-

230 240 241 242 243 244 245 246
Density {(gem '}

Fig. 3: Relationship between density and oxides of soda lime silica glass
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in the melting point (31.G-5, 1350°C, density 419 g cm™) and increased at a higher melting
point (SLG-1, 1450°C, density 561 g cm ™). There was no relationship between melting point
and density of borosilicate glasses as the melting pomt remamed constant during the
process (1550°C) but a fluctuation in the density was observed which could be subjected to
many other unknown factors.

Microhardness V'IH

The hardness 1s a complicate mixture of resistance to fracture and elastic to plastic
deformation. Microhardness varies from one type to another type of glass. Microhardness
is a bond sensitive property (Zarzycki, 1991) which provides an insight on the nature of the
chemical bonding n a material. The soda-lime-silica glass 1s the hardest. The microhardness
of soda-lime-silica glasses ranged from 419-561 kg mm™, with an average value of
496.6 kg mm* (Table 3) and that of borosilicate glasses varied between 43% and 542 kg mm™
with an average value of 496 kg mm™ (Table 4). Ainsworth (1954) studied the
microhardness of Na,0O-CaO-510, and Na,0-B,0,-5i0, glasses which ranged from
487-620 and 478-591 kg mm ™~ respectively in different batches. The study of Imoka et ai.
(1971) supported the microhardness values of both types of glasses prepared in the present
study. However, Varshneya (1990) showed the microhardness value was 460 kg mm~ ¥or
Na,(0-Ca0-810, glass) and was 480 kg mm ™~ for Na,0-B,0,-510, glass.

The correlation between microhardness and 510, contents of soda-lime-silica glasses
was negative and very poor (r = 0.4258) (Fig. 4), positive between microhardness and
CaO (r = 0.640), while it was negative between microhardness and Na,O (r=-0.621) (Fig. 5).
Also, the correlation was negative and poor between microhardness vs Na,0/CaO+MgO
(r=-5497) (Fig. 6).

The V'H value of borosilicate glass is generally controlled by the glass compositions.
Any increase in the V'H value of the glasses is followed by an increase in the 510, contents.
Nassar and Adawi (1981) stated that ALO, concentration in the glass composition plays an
umportant role with the microhardness and an increase of AL,O; lead to an increase of non-
bridging oxygen ions. However, such an increase in the concentrations of non-bridging
oxygen reduces the connectivity of the glassy network and elastic modules of the glass
(Shelby, 1997).

Chemical Durability
The chemical durability of soda-lime-silica glasses ranged from 0.03-0.10% on weight
basis (Table 3). The chemical durability was highest (0.1%) in S1.G-3 glass containing 17.2%

810, (% on wt. basis)
b |

67 T T T 1
400 450 500 550 600

Microhardness (kg mm )

Fig. 4: Relationship between microhardness and S10, of soda lime silica glasses
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Fig. 5: Relationship between microhardness and Na,© and CaO of soda lime silica glasses
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Fig. 6: Relationship between microhardness and Na,0O/CaO+MgO of soda lime silica glass

Na,O and lowest (0.03%) in SLG-1 and SLG-2 glass containing 16.0 and 16.45% Na,0,
respectively. The high contents of Na,O decreased glass chemical durability. Whereas, high
durability was achieved with low concentration of Na,0 and Al,O; (Table 3). This is in
agreement with the results of Sinton et al. (2001) who found that Na,0 decreases chemical
durability. The chemical durability of the borosilicate glasses varied with the batch
composition. The weight losses were 0.06-1.54% (on weight basis) in water and 0.09-0.19%
(on weight basis) in 0.1 N HC]. The difference in percent weight loss was more in water than
0.1 N HC1 solution. Overall, percent weight loss was higher in borosilicate glasses than soda-
lime silica glasses. Similarly, the chemical durability of borosilicate glasses was much lower
than soda-lime-silica glasses and the weight loss was higher in water that in 0.1 N HCl
solution.

Coefficient of Thermal Expansion (CTE) of Glasses

The wvalues of CTE of the prepared soda-lime-silica glasses ranged from
93.64-110.78=107"™C™" with an average value of 101.8x107"°C™" in the temperature range of
25-300°C (Table 3, Fig. 7). The correlation was poor and negative between CTE and CaO
(r=-0.25) (Fig. 8) and between CTE and microhardness of the soda-lime-silicate glasses
(r =-0.383) (Fig. 9). Comparison between standard, Physical and chemical characteristics of
prepared soda-lime-silica glasses is shown in Table 5.

The data showed that majority of samples in soda-lime-silica glasses of multi component.
system did not show any significant relationship with its batch composition. Other
experimental studies on soda-lime-silica glass showed that an increase in alkaline oxides such
as CaO and MgO increased the CTE (Rawson, 1980).
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Temperature (°C)
Fig. 7. Thermal expansion curves of soda lime silica glasses. 1: SLG-1, 2: SLG-2, 3: SLG-3, 4:
SLG-4, 5: SLG-5
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Fig. 8: Relationship between CTE and CaQ of soda lime silica glass
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Fig. 9: Relationship between CTE and microhardness of soda lime silica glasses

Table 5: Comparison between standard and physical and chemical characteristics of prepared soda-lime-silica glasses

Properties Standard SLG-1 SLG-2 SLG-3 SLG-4 SLG-5
Chemical (wt. %)

Si0, 72.0 71.00 70.00 70.00 68.10 T74.00
Na,O 16.0 16.00 16.45 17.20 17.75 15.97
ALO; 2.0 0.32 1.39 1.71 248 3.39
CaO 93 10.60 9.67 10.75 11.65 11.22
Physical

CTE =1077 em? (°C) 92-100 98.98 102.35 110.78 93.64 103.29
(25-300%) (50-350°C)

Density (g cm™) 2.31-2.52 2.40 2.41 2.41 245 2.45
Annealing point (°C) 554°C 700.00 500.00 540.00 540.00 540.00
Microhardness (kg mm™?) 500-600 561.00 473.00 502.00 528.00 419.00
*US Patent (2003)
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Fig. 10: Thermal expansion curves of borosilicate glasses. 1: Boro-1, 2: Boro-2, 3: Boro-3, 4:
Boro-4, 5: Bore-3, 6: Boro-6, 7: Boro-7
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Fig. 11: Relationship between CTE and Si0, Al,O,and Na,© of borosilicate glasses
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Fig. 12: Relationship between CTE and density of soedium borosilicate glasses

The CTE values of borosilicate glasses ranged from 44.85-73.25x107°C™" with an
average value of 54.29x107°-°C~! (Table 4, Fig. 10). Moreover, the CTE curves showed the
familiar pattern which are characteristics of normal silicate glasses. The correlation was
negative between CTE and 310, (r = -0.9218) and positive between CTE and Na,O (1 = 0.8749)
as well as between CTE and Al,O, contents (r = 0.7043) (Fig. 11). The correlation was positive
between CTE and density of glasses (r = 0.53838) (Fig. 12). Comparison between standard,
Physical and chemical characteristics of prepared borosilicate glasses 1s shown in

Table 6.
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Table 6: Comparison between standard and physical and chemical characteristics of prepared borosilicate glasses

Standard
Properties ASTM (2006) BORO1 BORO2 BORO3 BORO4 BOROS BORO6 BORO7
Chemical
Si0, 81 78.80 77.40 74.20 74.20 71.40 68.00 55.80
B:0; 12.5 11.90 14.10 14.70 14.70 14.40 14.40 11.70
ALO; 12.5 11.90 14.10 14.70 14.70 14.40 14.40 11.70
Na,O 4.5 4.29 3.50 5.38 5.38 5.30 6.36 8.14
Physical properties
CTE X10mm*C 32-33 44.85 47.88 52.83 45.02 56.01 60.19 73.25
(25-300°)
Density g em™ 2.53 213 2.02 219 2.149 2.30 2.24 2.33
Annealing point°C 560 450.00  450.00 450.00  450.00 450.00  450.00  450.00
Microhardness kg mm™  488-512 499.00 542,00 438.00  503.00 521.00  476.00  493.00

In the two component system (B,0,-510,) and multicomponent system (Na,0-B,0,-
S10,), the CTE mcreases with an increase in B,0; % on weight basis (Cousen and Turner,
1928; Mazurin et al., 1969). The above statement supported the present findings because in
this case, the sample (BORO-1) contains only 11.09% B,Q, and its coefficient of thermal
expansion is 44.85x107°C, but when the B,0, % mcreased to 14.40 in the sample (BORC-5)
then the CTE increased to 56.01x107°C. The results of the study strongly agree with the
findings of Kurkjian (1963) and Mazurin et al. (1969) who stated that increasing the contents
of Na,0 increases the CTE values of borosilicate glasses. The above stated results showed
a great potential for the production of commercially viable soda-lime-silica and borosilicate
glasses from the local raw materials. The properties of the prepared glasses were comparable
to the properties of known standard glasses. Tt is further mentioned that the consistency of
chemical composition of the raw materials is very important because any change will affect
the physical and chemical properties of glasses. Overall, the study findings suggest that
local raw materials are suitable for the production of glasses i a local glass mdustry and can
be exported to other countries from the Kingdom. Besides this, standardization of glass batch
composition is vital for the production of commercially viable soda-lime-silica and
borosilicate glasses in Saudi Arabia.

CONCLUSION

Soda-lime-silica and borosilicate glass batches were prepared from locally available raw
materials such as silica sand, limestone, magnesite, clay, feldspar, gramte and nepheline
syenite. The chemical composition of the final prepared soda-lime-silica glasses composed
of 510, (68.10-74.00% with an average value of 70.62%), CaO (9.67-11.85% with an average
of 10.78%), Na,0 (15.97-17.75% with an average value of 16.67%, Al,0, (0.32-3.39% with an
average value of 1.86%), MgO (0.01-2.18% with an average value of 0.48%) and Fe,O,)
0.06-0.35 with an average value of 0.20%) as given in Table 3. The chemical components of
borosilicate glasses were Si0, (55.8-78.8% with an average value of 71.82%), Na,0
(3.50-8.14% with an average value of 5.30%), Al,0, (92.69-15.6% with an average value of
6.85%) and B, (11.60-14.40% with an average value of 13.26%). The slight variation in the
standard and prepared glass composition amounted to more than 80% and is related to the
composition of raw materials and the glass batch preparation from the natural raw materials.
The composition and physical properties of prepared glasses showed mainly positive
correlation with the batch composition. In conclusions, the locally prepared borosilicate
glasses seem to be commercially more viable than the soda-lime-silica glasses when
considering its usefulness.
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