CHAPTER 2

LITERATURE REVIEWS

2.1 Glass-ceramic materials

2.1.1. Formation of glass-ceramics

In glass manufacture the formation of crystals or crystallization or devitrification

is undesirable as it can change basic properties of glass such as viscosity and

coefficient of thermal expansion any problems. On the other hand,
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The material is ature then cooled down to
room temperature. At this ? ome phase separation, some
very small nuclei or c ‘ \ ) -- eous. The material is then
re-heated slowly to av. _ ck up to an appropriate
temperature for nucleatio !lh ucleation temperature for a
period of ~1 to 2 hours. Onc h? .. BE ppleted, the material is further heated
to an appropriate temperature for arystalline phases. This crystallization

temperature is chosef to etics yrowth rate in order to obtain

the desirable f!y.'““” ~avoid wanted transformations

within the crystalline p@es. or re-dissolution of some of th%hases. The nucleation and
crystallization temperature’can be varied depwping on the heat treatment process and
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properties desxrﬂi in final body [7, 9]. ¢
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method mvolves the sintering and crystallization of powder glass. The development of
glass-ceramics via this method has many advantages superior to those of bulk-
crystallized glass-ceramics. The traditional ceramic fabrication processes such as slip

casting, pressing and extruding can be used in this method. Glass-ceramic coating on



5

metals can be applied by using this process. The greatest advantage is the ability to

use surface imperfections in quenched frit as nucleation sites. The process making
glass-ceramic from glass powder is shown in Fig.2.3. A quenched glass is ground into
fine powder then sintered. The powdered glass compact (a) is transformed to a dense
sintered glass with some surface nucleation sites (b) and finally formed glass-ceramic

materials (c).
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2.1.2. Properties ofigla v

Glass-ceramics contain: many. differ ds crystals in the glassy matrix
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causing some of their properties to be superior to th of glasses, ceramics and metals.
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Glass-ceramics are generally s 5‘: ‘than’ onal ceramics by the fact of a wide
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crystal distribution and considerabiy [ess pores ermal expansion of glass-ceramics

is very low (near-zero) ich allows it to be very

highly resistant to so show high chemical

durability, which can ©€ controlled by the nature of crystals, the glass phase or the
nature of the j ‘Iﬁ , i - These properties mostly
depend on th%/ﬁﬂph ;’Y]Hﬁy ﬁﬁﬁﬂtﬁe properties can be
controlledﬁeither developing the nu€leation and crgstallization heat figatment process

orarplolrbcbmatgaid ol 3 V1) 6 E

2.2 Kinetic theory of nucleation and crystallization

Crystals usually form in glass by nucleation and growth mechanisms. In order to

form crystals, the nucleus must overcome two energy barriers, which are the kinetic
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barrier and the thermodynamic barrier. Nucleation rate (1), crystal growth rate (u)

and the volume fraction of crystallization are three main factors normally used to
determine whether or not the system will form a glass [10]. Nucleation rate (/) and
crystal growth rate (u) are plotted together with correspondence to temperature (7") as
shown in Fig.2.4. Initially the formation of nucleus (nucleation) with a critical size

(radius, r *) is required to introduce the subsequent growth of crystal.

It is noted that'the )¢ oséfits the ability of the liquid

to form glass during cooling wit 17 0. The smaller size of the

overlap leads to easiem:rmatio of glass out rystalli%on [10]. This confirms the

fact that crystallization wodld-never be formedw'ﬁhout the presence of nucleus.
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formed. On the other hand, if there are no foreign boundaries in the system, a

homogeneous nucleus trends to be formed. The heterogeneous nucleus is the most

common type of nucleus formed in glass-ceramics [6, 7].
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The thermodynamic process of nucleation must be accompanied with the
decrease in total free energy (AG ). The total free energy consists of two main factors,

which are a volume contribution and a surface contribution as described in eq. 2.2.

AG=—%M’3AGV +47zr2}' (eqg. 2.1)

The first term (—g—7zr3AG,,) is the change in volume free energy per unit volume

resulting from the formation of nuclei. The second term (47w y) is the change in surface

free energy per second resulting argement of the nucleus against the

opposing surface tension () of the / ““ any temperature below T the
atoms in liquid are able t 3 stable ucI “AG is negative. Therefore the

surface free energy term m in volume free energy [6, 7,

\\}\a 3 function of its radius at the

10]. Fig.2.5 shows free eng ‘
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Considét! the system without Jorelgn boundanes or homogeneous nucleation.

ﬂ md}]cmﬁ] g-lthe surface
energy rm 1S h|gh and dominates and then the tota energy Is increased. The embryo

in this situation is unstable. Once the embryo has grown to a critical size with radius » *
it is then stable and called a nucleus. The radius r* of the critical-size nucleus is

determined and given by
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= eq. 2.2
¥ G (eq. 2.2)

Upon further growth of the critical-size nucleus, the total energy is decreased and
volume energy term becomes dominant instead of the surface energy term. The nucleus

in this situation is stable and ready to be a precursor of crystal growth.

When foreign boundaries such as a solid surface or substrate are involved in the

system or there is heterogeneous nucleation as shown in Fig.2.6, atoms in the

supercooled liquid attempt to form a p lled a “crystal cluster”) in contact with

{ c
the substrate at the angle of 8. :\x\ ‘//
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Fig.2.6 Hetero e Aucies n a solid substrate [10]

As well as homogeneets-nucleatio eus is formed when its radius

, AY )
system has been deterfmine
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where, ,ﬂ is the surface energy of the liquid-crystal interface and AG, is the
G v - 175 4
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heterogéneous nucleation ( AG * ) is similar to that of homogeneous nucleation

(AG*

i

e
e
i

(eq. 2.3)

hetero

), only the addition of contact angle (@) is concerned, which is described as

homo

_ 2
AG* _AG*,. [(1 c056)4(2+cos0)]

hetero

(eqg. 2.4)
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It is noted that for the fully wetting substrate (8 = 0), any size of embryo can grow
without a thermodynamic barrier to nucleation. In the case of fully non-wetting substrate

or spherical embryo, the total free ener f heterogeneous nucleation is equal to that of

2

In general the nucl : of ﬂfith critical radius »* can be

homogeneous nucleation.

(eq. 2.5)
Where, AG,, i imodlynamic ffreg energy barrier, AG ), is the kinetic free
energy barrier, k is the Boltzmaan con: | ; the absolute temperature (K).
The volume fraction (X' ) ofierystallizedumaterial as a function of heat treatment
time (t) is described as
e - (eq. 2.6)

v'l T —1} |
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Where, V', is the vmlme of crystal and V) is the entire ﬁume.
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As described previously the rate of nucleation and crystallization are a function
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calculaﬁd as a function of time by using eqg. 2.7. The crystallization as a function of both
time and temperature can be plotted consequently, which is called time-temperature-

transformation (T-T-T) diagram as shown in Fig.2.7 This diagram is usually used for

determining the presence of crystals in glass matrix [9,10, 11].
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Fig.2.#fimedenibgrature-trapsformation.diagram [10]

Consider a liquid at a et ruired for nucleation and

growth is infinite because o driving force in the system.

When the temperature is ing force of nucleation and

growth, the formed crystals €a "; .m =Y e particular time. The shortest time

needed for crystalhzatlon is loca crggﬂ S c T-T curve at t, with respect to the

temperature of thef -L_”M_;________,__.;* n at the temperature T,

and time t,. When theriér o ‘ is decreased with the

B

eation and

increase in viscosity tl '-' limits the rate of nu h and the time required

for nucleation and growth s hien become largetagain. Therefore the crystallization could
not occur as | u
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nose of T-T-T dla ram [10, 11].
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The compositions of zinc waste generated from different plants can be varied
depending on type of zinc minerals and materials adding during the zinc recovéry

process [2, 3]. Therefore, it is necessary to understand the zinc refining process to
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obtain a better idea of the compositions contained in zinc waste. The processes of

zinc refining [12] are shown in Fig.2.8.
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(ZnO) and zinc- lrorvmde compounds (ZnO.Fe,0 )
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precipitate iron oxides and other impurities from pure zinc sulfate
solution. This process is called neutral leaching. The solution is then
separated by electro-winning, resulting in high quality zinc metals

through the process R, S, T and so on.
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(D) The precipitated iron oxides and impurities are dissolved in hot
concentrated sulfuric acid to remove metals from neutral leaching

process. This is called the hot acid leaching process.
(E) Zinc silicate ores are ground to fine powder

(F) Ground zinc silicate ores and impurities from hot acid leaching

process (D) are dissolved in sulfuric acid together.

ing process above are filtered by using

waste from zinc sulfide solution,

s and other impurities, is

o prepare for landfilling.

It is predictable SN t-PROCE " i ste that it contains a high
percentage of sulfur dio . whieh s fr furic acid. Silica from zinc

silicate ores and calciu : also be shown as main

scientists around the ical and social problems

are concerned, the development of useful materials obtained from recycling of industrial
oy o/ o

wastes beco VIIET?—\ ﬁ]tlf[joﬂﬂwr industrial wastes to

cement matri rm, 1.6 ordin rtland cement, Tfequire an ‘inexpensive thermal

to beeqi ental frie ﬁw : map es there tioh o t. However

it has been found that the volume of cement matrix is higher than the waste itself, which

reduces the capacity of landfill and the cement mix with toxic waste is not applicable for

reuse in the building industries. Accordingly, glass and glass-ceramic technologies are

considered to be the most appropriate technologies to immobilize heavy metals in the
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stable glass matrix with a consistent reduction of volume and the destruction of

organic matter associated with the wastes during glass processing [1].

In Europe, the production of zinc generates a large amount of inorganic waste
including goethite and jarosite waste. These wastes are classified as hazardous wastes
because they contain high percentage of toxic heavy metals such as zinc, lead, copper,
cadmium, and mercury. Most of zinc industries in Europe, which are located in Italy and
Spain, use the jarosite process. In 1998 Mario Pelino has studied recycling of jarosite

waste in the production of glass and r ic materials. Jarosite has been used as

eve the proper compositions for
eﬁﬁl treatment to produce glass-

vich is able to be converted

raw materials with other was
vitrification and crystalhzaﬂﬁbt
ceramics. This waste ¢
to glass-ceramic at o ommercial exploitation as

building materials in s and coloring pigments for

pycnometer and DTA T easurement The Avrami kinetics and the activation energy of
crystal growth id i Si te to valuable glass-
ceramic mate ﬁﬂ m g;’l w Wﬁq‘iﬂa d on standard of the
United States ( US) Environmental Profection Agency={EPA) toxic chardgcteristic leaching

sl i 1o bt o Wb Aoy or e

elements in glass and glass-ceramic samples [4].

Goethite waste (FeOOH) is a hazardous waste derived from zinc
hydrometallurgical process similar to jarosite waste but different in compositions.

Goethite waste contains many types of oxides including SiO,, CaO, MgO, Al,O, with
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high percentage of Fe,O,. Preparation and properties of glass-ceramic materials

produced by recycling of goethite waste have been studied [15, 16]. Goethite waste has
not only been used in producing glass-ceramics by control crystallization of glasses, but
has also been used to produce glass-ceramics by using the petrurgic method. In this
method the melted glass is cooled inside the furnace at a cooling rate of 1-2°C/min and
upon cooling the nuclei precipitate in a suitable time through crystallization steps then
form crystalline phases. Surface and bulk crystallization of glass-ceramics obtained from

this method have been studied. The obtained glass-ceramic was black and iridescent

matrix [5].

It has been fou : ft ‘ 3 ‘?Mrom zinc hydrometallurgical
process, various kind ; al solid waste, incinerator fly

ash, blast furnace sla produces glass-ceramics

materials. One has studi [ ' ' -ceramics from municipal
solid waste by sintering and 70% of this waste was
used as glass-composition | and thermal properties were
investigated. The chemical s TCLP test. A gehlenite glass-
ceramics was obtained and the ew__, affected by the heating rate [17, 18].

ceramics. The semicﬂ' ine mater : sy different heat-treatments.

The increase of the
from the use ‘nﬁ f fﬁqa light shift of glass-transition
and crystallizaﬁﬂz]at mﬁml s,’a ﬂ :joali the precipitation of
different c stallinahases startin%irj;m the surface=with the heterogéneous nucleation

[19]. @qa fr’o]n uﬁ:izzl ﬁs su mn;)pasm EJ ;]Liaaﬁaterial) has

been mixed with SiO,, MgO and TiO, to produce glasses, which were then converted to

, ALO, and Fe,0, with repect to the alkaline oxides resulting

glass ceramics [20].

In general, no matter what kind of industrial wastes used to produce glass-

ceramics, either other wastes or glass cullet has been added and mixed together in
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different ratios in order to reach the proper compositions for making glasses. For

example, a Spanish carbon fly ash has been mixed with glass cullet and dolomite slag
to produce glasses then converted to glass-ceramic materials. The nucleation and
crystallization kinetic were investigated. The major constituent of the product was
gehlenite [21, 22]. The Italian municipal incinerator bottom ash and glass cullet obtained
from a community glass recycling program were mixed in three different mixtures and
then the ability of these mixtures to be vitrified and devitrified by both bulk and sintering

process was investigated by X-ray diffraction, hot stage microscopy, firing shrinkage,

d scanning electron microscopy
%nt could induce the growth of
_J .
rmation owoxene group, and anorthite

NN

water absorption, bulk density

observations. The results show
crystallized fraction voluf?
in addition to wollastony

Other than bul aze was made from the

mixture of granite waste d irot ct of iron oxide content on
the crystallization of a dio 2 ied. The results showed that
the distribution of Fe’™ | ,.a« ent, cn ne phases such as franklinite

(ZnFe204) and hematite Fe2 end avm‘.‘_ he iron content in the original diopside

mixture. Thus the original gl Y franklinite or hematite when iron content is

5y¢ling of industrial wastes

to glass-ceramic mate@s of %vy metals by using TCLP
test as mentioned previqn% That means tta'ltest is widely used as a standard to

determine chﬂc%@h@ w&] %‘}wcﬁr@ﬁjﬁam various kind of

hazardous wast
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