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Preparation of cheap technical glass-ceramic materials by crystallizing glasses derived from Saudi basaltic
rocks and ceramic waste materials were investigated. The wastes of ceramic sanitary plants in Saudi Arabia
were used. The wastes were formed during the manufacturing of the sanitary ware and used in glass batches,
in amounts ranging between 10-50 wt.% of batch constituents. Batches were melted and then caste into discs
and rod shapes and subjected to heat-treatment, to induce crystallization. Different techniques were used in
the present study including differential thermal analysis, optical and scanning electron microscope, X-ray dif-
fraction indentation, micro hardness, bending strengths, and water absorption. The obtained glass-ceramic
materials were mainly composed of pyroxenes, anorthite, olivine and magnetite, of ultra-fine grained and
uniform textures as showed by SEM. The obtained glass-ceramic materials are characterized by high values
of hardness ranging between 9624 and 10074 MPa, zero water absorption and bending strengths values ran-
ged between 92 and 135 MPa, which makes them suitable for many applications under aggressive mechan-
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ical conditions.
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1. Introduction

Glass-ceramics are polycrystalline solids prepared by controlled
crystallization of glasses [1]. Controlled crystallization usually in-
volves a two-stage heat-treatment process, namely nucleation stage
and crystallization stage [2,3]. Fine-grained, randomly oriented crys-
tals, with some residual glass, without voids, micro-cracks or porosity
characterize the glass-ceramic structure [4].

Glass-ceramic materials have a number of outstanding characteristics
in composition, which make them favorable for wear and corrosion resis-
tant applications in advanced technology as well as in electronics and
medicine. However, due to the high cost of some raw materials (such as
Lix0, B,03, nucleation agents), and high melting temperatures or special
melting conditions, glass-ceramics are relatively expensive materials
[5,6]. Basalt, metallurgical slag and fly ash, as bases for glass-ceramics
are cheaper than glass-ceramics which are produced from the elementary
technical grade oxide powders. Superior abrasion, wear and chemical
resistant basalt-based glass-ceramics may be produced from basalt [2].

Senol et al., [7] studied the structural characterization of basalt-
based glass-ceramic coatings. These coatings were formed by crystal-
lization at 800,900 and 1000 °C for 1-4 h with the formation of augite,
diopside and aluminum diopside phases. The hardness of the coatings
varied between 1009 and 1295 Hy depending on crystallization tem-
perature and soaking times.
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The use of raw materials, such as igneous or sedimentary rocks,
for the production of glass-ceramics materials is of great economic,
technological and scientific importance. With proper batch formula-
tion, different types of igneous and sedimentary rocks can be success-
fully used for the production of crystalline-glass materials of different
microstructures and mineralogical constitutions having a wide range
of properties. Furthermore, the study of crystallization process taking
place in rock melts and their corresponding glasses has a great contri-
bution in petrology field. Minerals capable of wide isomorphous
substitutions in their crystal structures, and having the desired prop-
erties, may be the bases for production of many valuable crystalline-
glass materials [8-13].

Due to the high chemical durability of natural basalts, basalt-like
glass-ceramic materials were developed for nuclear waste disposal
[14-16] and for vitrification of various hazardous industrial wastes
[17-21].

Basalts are the main raw materials for the iron-rich glass and
glass-ceramic materials. They are characterized by low viscosity,
which allows production of polycrystalline materials by applying
short production cycles at low temperature. For these reasons, many
researchers continue to study the melting and the crystallization be-
havior of different igneous rocks, and to characterize the obtained
materials [22].

Basaltic rock outcrops are present in great areas in Saudi Arabia,
up to 150,000 km? and occupy the Western Coast extended and
didn't attract yet any attention for industrial application. Most of
the exposed basaltic rocks consist of massive to vesicular olivine ba-
salt of Miocene Quaternary age. Saudi basaltic rocks at Harrat Kishb
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will be investigated to see if they can be used for the production of
cheap glass-ceramic material.

Because glass and glass-ceramics are known to have many commer-
cial applications, the transformation of waste into glass or glass-ceramics
provides the opportunity of making useful, marketable products.

Ceramic waste materials used in this investigation are formed as
waste materials from Saudi Ceramic plant Saudi Arabia formed during
the manufacturing of sanitary ware ceramics. This waste accumulates
in large quantities and poses serious problems to the surrounding
environment.

The use of waste materials such as ceramic waste, glass cullet, blast-
furnace slag and by-pass cement dust for the production of glass-
ceramic materials is of great economic technological and scientific
importance through proper correction of chemical batch composition.

The aim of this work is to explore the possibility of obtaining a
low-cost glass-ceramic material from natural volcanic basaltic rocks
of ceramic waste materials. The nature of the phase formation in
these materials will be investigated, which will also clarify some
typical aspects of the crystallization process and structural character-
ization in these materials. Saudi basaltic rocks at Harrat Kishb and
ceramic wastes formed during the manufacturing of sanitary ware
in Saudi Arabia ceramic plants will be used.

2. Experimental procedure
2.1. Batch composition and glass preparation

The collected basalt and ceramic wastes were crushed, milled for
20-30 min in an agate mill, and the obtained powder was sieved
under 75 um. Chemical analysis was performed by XRF. Table 1
shows the chemical analysis of the materials used for batch prepara-
tion. Six melted glass compositions were calculated based on basaltic
rocks with successive increase in the amount of ceramic waste. These
glasses are designated as GO, G10, G20, G30, G40 and G50; where the
number indicates the wt.% content of ceramic waste component and
the rest is the basaltic rocks (Table 2). The corresponding batches
were generally melted in fire clay crucibles at 1400-1450 °C for 2-
3 h depending on the composition of the batch mixture. Homoge-
neous and bubble free glass specimens were obtained. The viscosity
of the glass melts was noticed to increase in the direction from GO
to G50. The resulting glasses were stable to uncontrolled devitrifica-
tion and showed good working properties. After melting and refining
the bubble free melt was caste onto a steel plate in the form of discs
and rods, and then transferred to a preheated muffle furnace at
550 °C which is then switched off to cool to room temperature.

2.2. Differential Thermal Analysis (DTA)

Differential thermal analysis was carried out using a Shimadzu
DTG60 micro differential thermo analyzer, using 60 mg of powdered
glass sample, of grain size less than 0.60 mm and greater than 0.2 mm,
against Al,Os powder as a reference material. Heating rate of 10 K/min
and sensitivity setting of 20 pv/in. were maintained for all DTA runs.

3. Heat-treatment

Choice of the temperature range, for crystallization was guided in
most cases by the DTA results. Heat-treatments were also conducted

Table 1
Chemical analyses of the raw materials used.

Oxide raw Si0, AlLO3 Fe,O3 TiO, CaO MgO Na,0O K,O LO.I

material 1000 °C
Basalticrock 4590 16.55 11.80 149 10.85 830 3.24 0.76 041
Ceramic waste 70.14 20.20 0.88 060 1.63 033 245 230 1.17

Table 2

Chemical composition of the studied glasses.
Glass no. oxide GO G10 G20 G30 G40 G50
Si0, 45.90 48.32 50.75 53.17 55.60 58.02
Al,O3 16.55 16.92 17.28 17.65 18.01 18.38
Fe,04 11.80 10.71 9.62 8.52 743 6.34
TiO, 149 1.40 131 1.22 1.13 1.05
Ca0 10.85 9.93 9.01 8.08 7.16 6.24
MgO 8.30 7.50 6.71 5.91 5.11 432
Na,0 3.24 3.16 3.08 3.00 2.92 2.85
K,0 0.76 0.91 1.07 1.22 1.38 1.53

Where: GO=100% basalt; G10 = 10% ceramic waste + 90% basalt; G20 = 20% ceramic
waste + 80% basalt; G30 =30% ceramic waste + 70% basalt; G40 = 40% ceramic waste +
60% basalt; G50 = 50%ceramic waste + 50% basalt.

up to 1100 °C at 50 °C intervals with heating rate 10 K/min to follow
the transformations of crystallizing pyroxenes phases. Soaking times
3 h were measured from the time at which the sample reached
the desired temperature. The choice of this soaking time was due to
optimum time, to incite the crystallization process in these glasses.

Glass samples were heated in a muffle furnace from room temper-
ature to the required temperature and kept at the intended tempera-
ture for 3 h, after which the furnace was switched off and the samples
were allowed to cool inside it to room temperature.

A double-stage heat-treatment schedule was used, to study its
effect on the microstructure. Glass samples were first soaked at
720 °C for 1 h and then at 900 °C or 1100 °C for 3 h.

3.1. X-ray diffraction analysis

Crystalline phase identification was conducted by X-ray diffrac-
tion analysis of the powdered glass-ceramic samples. X-ray diffrac-
tion patterns were obtained, using a Bruker D8 Advance, Germany
adopting Ni-filtered CuKa radiation. Instrument settings were main-
tained for all the analyses, using a Si disk as an external standard.

3.2. SEM

The mineralogical constitution and microstructure of almost all the
heat treated specimens were examined optically in thin sections using
Zeiss scanning electron microscope model XL30, Phillips Holland, the
samples etched chemically by 1% HF + 1% HNOs solution of 1s. Then
dried and covered by gold film.

3.3. Microhardness measurements

Indentation microhardness of the investigated samples was mea-
sured by using Vicker's microhardness indenter (Shimadzu, Type-M,
Japan). Testing was made using a load of 100 g. Loading time was
fixed for all crystalline samples (15 s). The Vicker's microhardness
value was calculated using the following equation: H,=A (p/d?)
kg/mm?, where A is a constant equal to 1854.5, p is the applied load
(g) and d is the average diagonal length (um). The microhardness
values are converted from kg/mm? to MPa by multiplying with a
constant value 9.8 [23].

3.4. Bending strength and water absorption

Bending strength was evaluated by four point bending strength of the
as-prepared glass-ceramics (1000 °C for 3 h), measured on unpolished
as-produced test pieces using a universal testing machine (Shimadzu
Autograph DCS-R-10TS, Shimadzu) at a crosshead speed of 0.5 mm/
min. The reason for using unpolished test pieces is to obtain the strength
data from the as-produced samples such as those actually used in build-
ing materials and also to avoid chipping of glassy-phase-containing
samples by polishing.
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Dry the sample in the drier until the weight remains constant,
cool in desiccators and weigh (W1) Gms. Place the samples vertically
in a metal pot, with no contact between them. Add water so that
there is a depth of 5 cm of water until boiling and continue for 2 h.
Then maintain water level throughout the test. Stop heating and
allow the samples to cool under a stream of water. Remove the
sample from the metal pot and remove excess water from each side
of a sample with damp cloth and record as (W2) Gms.

W2-W1
— 5 X

Wi 100

Percentage of water absorption =

4. Results

Differential thermal analysis of the investigated glasses (Fig. 1)
showed various endothermic effects. These small heat absorptions
may indicate molecular rearrangement preceding glass crystallization
[24]. Exothermic peaks indicating crystallization reaction are also
recorded. Limits of crystallization lie around 4-30° of the crystalliza-
tion peaks; because powdered glass, surface nucleation and crystalli-
zation tend to obscure the internal structure changes [25].

There are also noticeable gradual increases in the exothermic
temperature from GO to G50. This may be attributed to increase of

Endotherm - AT - Exotherm ———=

677
400 500 500 700 800 500 1000 Ti00
Temp [°C]

Fig. 1. DTA curves studied of the studied glasses.

Al,03 and SiO, and to the decrease of Na,0, TiO, and Fe,0s in ceramic
waste. The positions of both exothermic and endothermic peaks
(Fig. 1) were slightly shifted to higher temperatures for glasses in
the order GO to G40, respectively. In other words the temperatures
corresponding to either T, or pre-crystallization endothermic peaks
of the glasses emerged slightly towards higher temperature values
as the ceramic waste content (SiO, + Al,O3) was increased in the
glass composition.

The broad nature of the exothermic peaks (Fig. 1) indicates the
wide temperature range through which crystallization of the investi-
gated glasses may take place. Accordingly glass samples GO-G50 were
treated at a temperature in the middle and extreme crystallization
range, i.e. 900 and 1100 °C. However, the low peak height indicates
the necessity of relatively considerable volume fraction of the crystal-
line phases. About 3 h at 900 or 1100 °C were found to be the mini-
mum time required to incite the crystallization process in these
glasses. This heat treatment process at 900 or 1100 °C for 3 h covers
most of the thermal variations appearing on their DTA curves (Fig. 1).

Table 3 summarizes the DTA peak temperatures, thermal effects
and corresponding structural changes resulting in the studied glasses.

Table 3

Thermal behavior of the studied glasses.

Glass Peak temperature Thermal effect Structural changes
no. (°C)
GO 665 Minor shallow dip Tg
677 Little explicit Precrystallization
endothermic peak process
864 Sharp exothermic Crystallization
peaks ofaugite
+ magnetite
+ anorthite (minor)
+ olivine (minor)
G10 675 Minor shallow dip Tg
703 Little explicit Precrystallization
endothermic peak process
879 Sharp exothermic Crystallization of
peaks augite + magnetite
+ anorthite (minor)
+ olivine (minor)
G20 683 Minor shallow dip Tg
708 Little explicit Precrystallization
endothermic peak process
884 Sharp exothermic Crystallization of
peaks augite + magnetite
+ anorthite (minor)
+ olivine (minor)
G30 689 Minor shallow dip T,
718 Little explicit Precrystallization
endothermic peak process
895 Moderate exothermic Crystallization of
peaks augite + magnetite
+ anorthite (minor)
+ olivine (minor)
-+ quartz
G40 702 Minor shallow dip Tg
732 Little explicit Precrystallization
endothermic peak process
906 Broad exothermic Crystallization of
peaks augite + magnetite
+ anorthite (minor)
+ olivine (minor)
+ quartz
G50 680 Minor shallow dip Tg
701 Little explicit Precrystallization
endothermic peak process
907 Broad exothermic Crystallization of

peaks

augite + magnetite
+ anorthite (minor)
+ olivine (minor)
+ quartz
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X-ray diffraction (Table 3 and Fig. 2) showed that augite, anorthite,
magnetite, olivine and quartz were the main crystalline phases devel-
oped after heat treatment of the glass samples at 900 °C for 3 h. The
occurrence of these phases depends on the base glass composition.
In samples GO-G20 augite Ca (Fe, Mg)Si,Og, anorthite (CaAl,Si,0g),
magnetite (Fe30,4), olivine (Fe, Mg),SiO4 phases were crystallized. In
samples G30-G50 the augite seems to be more developed, especially
in sample G50 as shown by the increase in the augite lines (e.g. at
d-spacing of 2.99, 2.94, 2.91 and 2.54 A). X-ray examination of glasses
heat treated at 900 °C for 3 h revealed that the amounts of augite crys-
tallized in these glasses were greater than nominal amounts. Augite
pyroxene seems to represent the major crystalline phase in the fully
crystallized specimens. Quartz appears in minor amounts in samples
G30 to G50 (e.g. lines 4.24, 3.34 and 1.87 A). The high frequency of
augite phase together with slight observed a little shift of diffraction
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Fig. 2. X-ray diffraction patterns of the studied glasses heat- treated at 900 °C for 3 h.

lines towards higher 26 values relative to the standard ASTM d-
spacing (ASTM powder file 24-203) indicate a significant solid so-
lution most probably of Ca-Tschermak's component CaAl,SiOg in
augite pyroxene.

After treatment at a higher temperature 1100 °C for 3 h (Fig. 3)
the picture of the X-ray patterns became more explicit and nearly
approaching the nominal phase constitution. From Figs. 2 and 3 it
can be noticed that there are increases in the intensities and explicitly
of anorthite lines (e.g. 4.05, 3.78 and 3.18 A). These phenomena are
accompanied by a decrease in intensities of augite lines (e.g. 2.99,
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Fig. 3. X-ray diffraction patterns of the studied glasses heat-treated at 1100 °C for 3 h.
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Table 4
Crystalline phases developed in the glasses at selected heat-treatment temperatures.

Glass no. Heat-treatment
parameters (°C, h)

Phases developed

GO 900 °C,3h Augite + magnetite + anorthite (minor) +
olivine (minor)
1100°C,3 h Augite + anorthite + olivine + magnetite
G10 900 °C,3h Augite 4 anorthite (minor) 4+ magnetite +
olivine (minor)
1100°C, 3 h Augite + anorthite (minor) + olivine + magnetite
G20 900 °C,3h Augite + magnetite + anorthite (minor) +
olivine (minor)
1100°C,3 h Anorthite + augite + olivine + magnetite
G30 900 °C,3h Augite 4 anorthite (minor) + magnetite +
quartz + olivine (minor)
1100°C, 3 h Augite + anorthite + magnetite + olivine
G40 900 °C,3h Augite 4 anorthite (minor) + magnetite +
quartz + olivine (minor)
1100°C,3 h Augite + anorthite + magnetite + olivine
G50 900°C,3h Augite 4 anorthite + magnetite + quartz +
olivine (minor)
1100°C,3 h Augite 4+ Anorthite + Magnetite 4+ Olivine + Quartz

2.95 and 2.90 A) particularly in heat treated samples up to 1100 °C
for 3 h. It can be said that heat treatment at 1100 °C for 3 h leads to
crystallization of augite, anorthite, olivine and magnetite with in-
creasing amounts of anorthite at the expense of augite.

The above mentioned ASTM card 24-203, which had the most
precise fitting to the diffractograms of (Figs. 2, 3).

Table 4 gives a summary of the crystalline phases developed after
various heat treatment conditions as identified by XRD. The above
results emphasize the capability of the expanding pyroxene structure
to accommodate different amounts of other cations forming complex
series of solid solutions. Thus instead of the formation of the plagioclase
molecules CaAl,Si;0g, the Ca-Tschermak's component CaAl,SiOg are
formed which can be accommodated in solid solution in the pyroxene
structure.

Figs. 4-9 show photo micrographs of the crystallized specimens.
From microscopic examinations of glasses (G0-G50) heat-treated at
1100 °C it can be seen that crystallization began in glasses GO to
G20 by surface nucleation at relatively lower temperatures. While in
ceramic waste rich glasses G40-G50 crystallization by both surface
and bulk nucleation starts at higher temperatures. The bulk nucle-
ations predominate in G30 to G50, where crystallization readily
took place throughout the entire volume of these glasses. The crystal
sizes are slightly smaller (Figs. 4-9).

The various properties of the resultant glass-ceramics are listed in
(Table 5). The bending strengths of the present glass-ceramics lie in
the range 78 to 130 MPa were carried out in glass ceramic samples

Fig. 4. SEM micrograph of GO heat-treated at 720 °C for 1 h and then at 1100 °C for 3 h.
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Fig. 5. SEM micrograph of G10 heat- treated at 720 °C for 1 h and then at 1100 °C
for 3h.

GO-G50 after treated at 1100 for 3 h. The strengths were increased
from GO to G40 the difference in strength may be attributed to the
different major crystalline phases. It is, therefore, found that augite
is a more preferable crystalline phase than anorthite from the view-
point of the strength of these glass-ceramics. A similar tendency
was also reported by Park et al. [26] in glass-ceramics prepared
from sewage sludge fly ash. They prepared two glass-ceramics with
diopside > anorthite and anorthite> diopside, and found that the
bending strength of the former glass-ceramic (92 MPa) was higher
than that of the latter (75 MPa).

Indentation microhardness measured for the obtained glass-
ceramic materials was found to lie in the range 9624 to 10074 MPa
which was carried out on glass-ceramic samples GO-G40 treated at
1100 for 3 h. The Vicker's hardness values increased as the content
of ceramic waste increased. This indicates the high abrasion resis-
tance of these materials which makes them suitable for many applica-
tions under aggressive mechanical conditions.

5. Discussion

The DTA curves show small dips in the temperature ranging be-
tween 665 and 700 °C due to the transition temperature of the glass
Tg, or corresponding approximately, in accordance with Devekey
and Majumdar [27], to the temperature range defined by Tg and Ts.
An increase in the DTA-Tg could be observed as the nominal content

5 pm

1000)
y

Fig. 6. SEM micrograph of G20 heat-treated at 720 °C for 1 h and then at 1100 °C
for 3 h.
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Fig. 7. SEM micrograph of G30 heat- treated at 720 °C for 1 h and then at 1100 °C
for 3h.

of ceramic waste was increased from GO (665 °C, ceramic waste = 0%)
to G40 (700 °C, ceramic waste =40%).

Another two pertinent features related to the crystallization pro-
cess could be noticed on the DTA curves. The first feature is the
broad endothermic peaks appearing in the temperature range 667-
732 °C. These endothermic peaks approximately correspond to phe-
nomenon preceding glass crystallization (pre-crystallization process-
es), where the glass forming elements begin to arrange themselves in
preliminary structural groups suitable for subsequent crystallization
[24]. This thermal absorption range will be considered as the nucle-
ation range. The second feature is the major exothermic peaks
appearing in the temperature range 864-907 °C immediately follow-
ing the major endothermic peaks. These exothermic peaks are due to
glass devitrification and release of corresponding thermal energy.

XRD results show that the formation about pyroxene phases in quan-
tities are greater than their normative values. This is favored by the ten-
dency of aluminum to share in the building of complex pyroxenes [28].

Augite is the most widespread member of pyroxenes and repre-
sents a group of closely related minerals with chemical formula of
Ca (Mg, Fe, Al) (Si Al) Og, identical in structure, but containing differ-
ent percentages of certain elements [29]. In the light of the experimen-
tal results it can be considered that there is an intermediary member
between diopside (CaMgSi»Og) and Ca-Tschermak (CaAl,SiOg). This
member represents a mineral midway between these two minerals
along this series, where AI>*™ occupies both octahedral (AlOg) and
tetrahedral (AlO,4) position in the structure.

Spot Magn
15 5000

P sum
¥ 30 (70 1 1000)

Fig. 8. SEM micrograph of G40 heat- treated at 720 °C for 1 h and then at 1100 °C for
3h.

Fig. 9. SEM micrograph of G50 heat-treated at 720 °C for 1h and then at 1100 °C
for 3h.

Salama et al. [23] determined the maximum concentrations of
the of CaAl,SiOg component, which can be taken up by diopside as
25%. Omar et al. [30] showed that complex pyroxene containing up
48% of the CaAl,SiOg component under non-equilibrium conditions
of crystallization could obtained. Ca-Tschermak (CaAl,SiOg) is a
pyroxene phase. The amount of aluminum sharing in the pyroxene
structure is dependent upon the original composition of the glass
and the crystallization parameters. Flemming and Luth [31] studied
the system of CaMgSi;0g—CaAl,SiOg. They showed that the composi-
tion across the diopside-Ca-Tschermak's solid solution follow the
general formula:

Ca[Mgl—x, Al ] (Si(1—x)/2, Al x/2),04
Octahedral sublattice tetrahedral sublattice

The displacement of the major characteristics d-spacing lines
of the pyroxene variety towards higher 26 values may support the
suggestion that AI>* was incorporated in the pyroxene ss of diopside
type. It was previously mentioned by Omar and El-Shennawi [28] that
during the crystallization of basaltic and similar basic silicate melts
the boundary curves between the plagioclase and pyroxene fields of
crystallization is displaced towards widening of the crystallization
field of complex aluminous pyroxene phases.

SEM results show that, as the ceramic waste component (or more
specifically its Al,O5 ingredients) in the glass increases, the tendency
of the glass through bulk crystallization increases. At about 30 wt.%
ceramic waste (i.e.G30) the tendency towards bulk crystallization
increases and it is therefore possible to relate such a high tendency
towards bulk crystallization to the effect played by AI* T ions. AI>™

Table 5
Physical tests of the studied glass.

Properties Heat-treatment Hardness Bending Phases developed

glass no.  parameters (°C, h) (MPa) strength (MPa)
GO 1100 9624 92 Augite + anorthite +
olivine 4+ magnetite
G10 1100 9771 98 Augite + anorthite +
olivine + magnetite
G20 1100 9967 110 Augite + anorthite +
olivine + magnetite
G30 1100 10,006 123 Augite + anorthite +
olivine 4+ magnetite
G40 1100 10,074 135 Augite + anorthite +
olivine 4+ magnetite
G50 1100 9947 132 Augite + anorthite +

olivine 4+ magnetite
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Tons may likewise be responsible for encouraging bulk crystallization
on going from GO to G50 as a result of a possible change in its coordi-
nation from four to six. The coordination state of AI** ions in silicate
glasses has been subject to considerable debate. Physical property
measurements on alkali silicate glasses [32] and alkaline earth silicate
melts [33] suggested that Al,03 acts amphoterically over a wide range
of compositions. Aluminum can also occur in both network forming
and network modifying positions, and that AI* ™ jons would therefore
in both fourfold and six fold coordination.

The mechanism of surface crystallization in the glasses (G0-G20)
may be explained as follows. When a high ferrous iron-containing
silicate glass is heat-treated in an oxidizing environment, the cations
diffuse from the interior towards the surface. Transition cations, e.g.
Fe2™, undergo chemical oxidation during the diffusion of cations
toward the surface [34]. The overall mechanism of the diffusion of
cations towards the surface in a glass is well described by Cooper
et al. [34]. According to them, heat-treatment in an oxidizing atmo-
sphere results in an enrichment of Ca®> ™ and Mg? ™ at the free surface.
The outward diffusion of Ca?* and Mg? " is accompanied by a coun-
ter flux of the positively charged electron holes that move toward the
interior of the sample and hence cause oxidation of Fe? ™ to Fe3 ™.

Generally speaking, as the basaltic rocks content increases in the base
composition and consequently ceramic waste decreases, the crystalliza-
tion is easier (i.e. the glass is more crystallizable) and crystallization
began at lower temperatures, and vice versa. This is most probably due
to the role played by Na,O Fe,O3 and TiO, in basaltic composition,
which is acting as nucleating agents in the iron reach glasses, and are
known to reduce the viscosity of the melt, and consequently the mobility
and diffusion of ions of the corresponding glasses are increased [35].

6. Conclusion

Saudi basalts from Harrat Kishb with ceramic waste materials
from Saudi Ceramic Factories can be successfully used for making
glass-ceramics materials that have excellent properties. The present
results show that the increase of ceramic waste material in glass re-
sults, in increased bulk crystallization. This effect is accompanied by
a change in the texture of the glass-ceramic specimens from coarse
to fine grained augite, anorthite, olivine, magnetite which were
formed during heat-treatment. The final samples are characterized
by, zero water absorption and low-cost manufacture cycle; the me-
chanical characteristics significantly surpass these of the traditional
ceramics. The microstructure, bending strength and microhardness
results showed that the best among the glasses tested was G40,
with the composition of 60% basaltic rocks and 40% ceramic waste.
These glass-ceramics can be used for different purposes such as
floor and wall tiles, and many other products.
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