Chapter II

2.1 Silica Powders

Silica powder Wiles of silica gel or of

coherent aggregrater :,_ : x;ﬂa LO8N-hat are linked together
in extremely weak % | 1o® powder might consist
of seperate, discr ' L":“{i» i ; HATE{h~ the particle diameter
is less than 100 ivr i ‘731‘; , , EMHL eously adhere together
in lan;a aggregrates. : wuich are on the borderline
between a gel _and z LN bonds between the ultimate
!Fiw readily broken by
mechanical Iaans,f{‘he i PPC170sed as a povder. On

colloidal parti ;;;

L dF

the other hand, uhen‘t colloidal ticles form a strong, coherent

e, B INRA TG 2 e o

the gel granaqes may be as smgll as a faw micron.
ammnmummmaﬂ
2. 1 1 Types of Powders
gsilica powders can be classified according to the way in
vhich they have been made, which wusually confers special
characteristics. ‘
Pulverized gels are made by grinding of xerogels. Ultimate

gel structure remain unchanged.
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Spheroidal gels are made by subdividing the precursor
gilicic acid or colloidal sol into fine droplets before gelling.
The gel structure is similar to gels formed under the same conditions.
The droplets may be suspended in air and dried or may be suspended

in an immiscible liquid in which the droplets solidify. The droplets

may also be formed in an aqueg; nse by coacervation of colloidal

"'/Jdruplats which are then

»n the ultimate silica

silieca with an organi
solidified.
Precipites

particles are co: ™Sin the aqueous medium,

recovered, washed 078 LN Nl ef fected by high salt

concentration or A Samonia, water miscible

solvents, or certr s - fe Ellhn?l als. When the ultimate

particles are larger be only weakly joined

together and if in Mion subsequently they can

easily be broken apart ngg — , ar example, in oils of rubber.

Aero/iH s ic pifcrs made by condensing

silica from theldl Fd e. The silica vapor

B

is produced by (a)flfirect voTZoTo=oIon ot Si0 ) :h) reduction of Si0,

-IF

to volatile Sio wifigh is reoxidfiged, (c) oxidation of volatile

sisoo off) UEI‘Q‘MEIWJ WELAAI: @ vanor stase

hydrolysis of SiF,.
mmﬂmumwmw
types powders by covering the surface with a monomolecular
chemisorbed layer of organic groups attached fto the surface atom
through =8i-c, =8i-0-C, = Si-ﬂ-H*-G, =8i-0-H-0-C types of linkages

(M is a polyvalent metal cation).
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2.1.2 Physical Characterization

Host of the methods of characterization apply to powders.
(Buzargh, 1937) identified the variables that must be taken into
account to define an aggregate structure.

1. the size and shape of the primary particles;

2. the spatial distrihution of the particles, including

the order and density of pg

3. the ‘ * 1ond between particles
(coalscence); 7

In powdogg y particles are always
aggregated into jecondary particles”,
"clusters”, or "aggre, "}avenienca. therefore,
different silica part- gllows :
Primary 4 (i.e., 2000 to 7500
molecular weight) siw. |

Secondary p%rt*f}t' - ordinate number aggregate of
'S

Ry | number aggregates,

the primaries. Typical
Tertipe

Vi

typically in the mifJfjon

i’

Higher aiFragates due t e] formation (ground xerogels)

ﬂ'LIEI’JVIEIWi‘WEI’]ﬂi

2.2 Sol-Gel g’hgesslng

QW'IQW‘S@U?JW]’JVIH’]MJ

2.211 Gene Sol-Gel Processing

L AF

Alkoxide sol-gel processing (see figure 2.1)is a chemical
syntehsis of oxides involving hydrolyzable alkoxides that undergo a
sol-gel transition. Sol-gel processing in general refers to any system
that undergoes a sol-gel transition, including colloidal sols and

soluble salts.
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Sol-gel processing has been used to prepare glasses,
glass-ceramics, and ceramics. Either amorphous or ecrystalline
materials can result depending on the composition, the precursors,
the handling, and heat treatment. These factors lead to either a
powder process (that uses discrete particles) or a powder-free process

(any process that does not olve an aggregatation of discrete

particles). Starting f alkoxides, a powder-free

process would genera* of a glass or ceramic in

the desired rgeomet: _ e species directly. The

—

desired geometry : N\ I "’ iber, or a bulk shape

called a monolit’ p / AN ™ig is carried out as

a powder process or ywae of the reasons for

application is the \ A materials.

The pruce 8 =iz 72k 35 11: e colloidal dispersions

is defined as follo f solid particles called

the disperse phase, flled the dispersion medium, in

which at least.gone BN o5 in the solid phase

is between 1 nm 7 > ..:" cles in the disperse

phase contain few jij oms5 -0 per particle. A gel

v N A

is what results nqrt e viscosity es, e.g., by the loss of liquid,

i %ngﬂﬂgwgqﬂge RO

closely stulled. Fused silipa rapresents the lust explored of
LA LG LU RO T
that Wilica forms a single-component oxide glass, and here is an
increasing demand for high-quality {gnd high - purity) fused silica
optical components with high transmission in ultraviolet (UV) and
infrared (IR)wavelengths. Table 2.1shows, there are now many systems
that can be gelled from suitable sols, including almost half of the
periodic table.
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The steps in the process, and how they give rise to the

range of products from powders to monoliths, are compiled below in
figure 2.3.

The first stage is the sol preparation by wmixing

solutions and/or colloidal suspensions. This is the gel-forming

medium. Two types are distinguished, depending on the processed

leading to destabilizationg¢

alkoxide solutions.
(ii) moion and occlusion of
foreign cations by W sols destabilized by

electrolyte contro

Stage ' |i*-urtant with respect to

the form of thé¥ Ak i\\cPresents the same process
N W e .

occuring at vastly diffe/dass * xcess water is used to

rapidly destabilize the .- ez.3), a gel is produced

which in the né ‘;;"““"““""* ,9;31 if slow hydrolysis
| b

r Elye Fen\ in figure 2.3), gels
‘ i¥

are produced from a-1ch f1bras, lonnllths and coatings can be obtained.

AU NN TN AT

stiff mater@gls ¢ﬂnsistin£ of elementary gel part:clas that are

SN MG R ) H N (IR

reduction of electrical repulsion between them, leading to continuous

via atmospheriec

networks of seperate particulate aggregates. This is sometimes
referred to as "colloidal" gel to distinguish it from a "polymeric"
gel formed when sol particles are increased in size by a condensation

polymerization reaction from solution. Thus colloidal gels usually

019248
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stem from aquagels, and polymeric gels from alcogels.
The hydrolysis and polycondensation to silica alcogels

may be summarized by the following steps :

=5i-OR + HO  --—---- > =5i-0H + ROH (hydrolysis)
=5i-0H + HO-8i=z ------ » =8i-0-8i= + H,0 (condensation)
+ ROH (condensation)

=M-0OR + HO-8i= = ------ >

only the se _i.e., tLhe condensation of

hydroxyl groups, occug binding particles
together by =5i-0-8i= g
Stage is the removal of the

nrocess the solid also

2.2.2 Factors CJf JFai@ )l N \WNisLics

The n finished, dried gel are
determined by Gthe phys ;‘ ; al conditions at every step of
the process of lﬁ;“ L)

thel 7 f”i’ic]as at the moment

they aggregate in1:[tha

L A

the cnn‘ ration of t primary particles in solution

. v thﬂ HUANBNIHENT

he pH, salt cunientratlnn,‘gslperature, time during
o QWANANTAUHAIINHANE - oo
{this includes the possible step of replacing water with a water-
miscible liquid like alcohol);

mechanical pressure or shearing forces applied to the
gel before or during drying;

condition of temperature, pressure, pH, and salt content,

and surface tension of the liquid medium as being evaporated from
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the pores of the gel;
temperature, time, and type of atmosphere in which the

gel is heated after being dried.

2.2.3 Advantages and Limitations of the Sol-Gel Process

The advantages of tfj gol-gel process in general are high

purity, homogeneity, 2. Because the precursors can

be distilled and fiw are relatively free of
impurities. Because L. in solution, components
aix on the nanometg imes. If the intention
to use this proc i £ } 2 EH ‘ 1”,f?“ -ial, the porous dried
} NN Lo one-half)lower than
the liquidus temperr #fr & .o .' \ & means 1050°C vs 1723°C

For a lov jff L G= ::7 V.Hx» (M here is a reduced loss of
volatile unlpnnents.‘l' & — 5T . asfﬁ ons that cannot be made by
conventional means hacanfzihjggey;

some systems, thEWg il l rfiss-forming range.

saration or devitrification. In

One ‘S dF R ) he sol-gel process,

especially in th:! form U . > that f:he material is used
efficiently. _Any efigemss material @# recovered and can be used again.

ﬂUEI’J‘VIEWI‘iWEI”Iﬂ’i

2.2.4 Dlsadvantagas of gthe Sol-Ggd, Process

A WANN 36U HAVINEFAY s o
structures and relatively low densities. Removal of the solvents from
these open networks and the overall shrinkage in processing require
special techniques to avuid cracking. In addition, thermal processing
must take into account high surface water and carbonaceous residues
that can lead to bloating, residual bubbles, or crystal formation if

not properly removed. These barriers tend to limit the size of
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monolithic glass parts that can be produced by direct casting
procedures.

2.2.4.2 The  high-purity alkoxides are relatively
expensive raw lntérinls.
2.2.4.3 Multi-step processing adds time and expense. It

is unlikely that high-vol products, such as containers,

cooking ware, flat l fiber, would be produced

economically by sol- have found their rich

in the specialty po

2.2.5 Sols

2.2.5y4

particle is related to

its size by the E"isanlutinn G. For the

dissolution of a si \ diameter d, we have the
particle-related Gibbs Erff

3

\ Y | phase
€ = 1 —rveen sfifid and liquid
*'Note : The nct.#l of the inteﬁ’cial tension makes dissolution

meﬂ WYY INBNAINYINT

t1p131ng this aqnntlun by HJI( v/6)d” .; ) converts the

GIQWWMW‘S’EMJWI')TIH"IMJ

- BN/ (d.p )

=
]

Molar mass in g/mol

density in g!cl=

=
1

With the saturation concentration of the infinitely extended phase

{d->= ) given as
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C, = exp(- ;E_!R.T}
we can formulate the saturation concentration of a colloidal particle
as
C = exp(- aG/R.T) =  C_.exp(6&N/R.T.d.»)

This is also known as the 1d - Freundlich equation. . It is

n/eff&ct of size on solubility
,aﬂ"ir ¢ 5 nm ;smaller particles

eprecipitate on larger

illustrated for silica i-
is most important for
in this size rangg

particles. This known as Ostwald
ripening, will rg s gilica particles to
5 to 10 nm at pH _ ih  will be negligible
for particles lar final particle sizes
increase with temp g JFé&=Cs ﬂﬁlxucs both factors increase
the solubilty of = Lﬁwf—;éd -hk | condensation reaction is
exothermic, each Si ato round itself with four siloxane

Whan 5 nm, more than

{.ilEl, ESi-Q—S
50% of the Si al ‘.l"' -““i" ust have one or more

silanol (i.e., =8 0H) DbondsS e L0e esswé‘ the interior of the

colloidal particles &g be regardedgas dense Si0

AUYINYNINYINT

The stabflity and cggg ulation of s is the most
AR ATA I SRR e
surrounding a nucleus do not constitute a spatially and temporally
uniform screen, every atom is a fluctuating dipole. This effect
creates an attraction between atoms known as the van-der-Waals force
or dispersion energy, which is proportional to the polarizabilities
of the atoms and inversely proportional to the sixth power of their

distance. The van-der-Waals Fforces result from three types of
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interactions : permanent dipole - permanent dipole (Keesom forces),
permanent dipole-induced dipole (Debye forces), and transitory dipole-
transitory dipole (London forces). It is the London forces that
produce the long-range attraction between colloidal particles (see
figure2.5). When atoms are far apart, the movement of their electromns

will distribute so as to the energy of the systen.

The f colloids by electrostatic

repulsion is succes @ DLY0 theory (named after

its pricipal cres’ wey, and Overback). The

net force betwee jumed to be the sum of

attractive van-der atic repulsion created

by charged adsorbe MYive barrier depends on

two Gtypes of double layer : charge-

determining ions on the surface of the

particles and counter o\ an in the vicinity of the
particles =s of the potential determining
ions. For hydromg o ol ing~ions are H and OH™,

vhich estahlia'yd X' ) by protonating or

deprotonating the,JrE bond dle particles

=5 of
aF

M-OH + H' ¢ ao-----

ﬂwﬂmﬂmwmm
rmjﬁ’l ANNTUURIANHAGE) s -

from the oxide (that is to say the acidity of the MOH group)
depends on the metal atom. The pH at which the particle is neutrally
charged is called the point of zero charge (PZC). At pH > PZC, the
second reaction predominates, and the particle is negatively charged,
vhereas at pH ¢ PZC, the first reaction gives the particle a positive

charge. Values of the PZC for several oxide are given in Table 2.2 :



the data are taken from an extensive tabulation by Parks t1;;5}.
2.2.5.3 Structure of sols
There is a strong analogy between the behavior of
particles in a sol and atoms in a fluid. At low concentration,
the particles behave independently, like atoms in a gas. As the

concentration increases, shojt e ordering appears. Further

increases in concentrat i,?“lBIHSter or gel in which the

ﬂ-i__ rphous or crystalline.

se diagrams for sols,

arrangement of prima
Aksay and Kikuchi ¢
introducing a par e of the a--pntent.ial,
vhich the author temperature. When

the “talpera.t.ure' raslike. Lowering T
leads to the fory / g% stals”. There is also
a miscibility gap ing@v ‘ - : s form and precipitate,
leaving monomers in s ,,__'_ - : [ srease in T leaves no time

for ordering, so an ,-;sz-‘a,;g; sgregate is formed (see figure

2.8), in anal ;< f' i rapid quenching of

a lE]t-. Slow "' intn a ecrystalline

|
st.ruct.ure 5 -

A fJﬁﬁﬂﬁ%‘ﬁ?}”’iﬁ*"iuiieh'iiy:i‘*it‘i:
he surface pltential wSwus the shgglding effect
qm AR IINGIRE v

¥hen the potential becomes zero, this is refered to as

(isoelectric point).

2.2.6 Gels

The pH and electrolyte concentration determine the time

t,.. of gel formation. At high pH the particles are stabilized by a
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negative charge, so t__, is long, however, the effectiveness of the
electrostatic barrier is sensitive to the presence of salts that
compress the double layer. For most oxides, the gelation rate
increases continuously as the isoelectric point is approached, but
gilica is anomalous : near the IEP (pH ™ 2) the stability is only

moderate, apparently because cf gpgection provided by layers of bound

{adsorbed) water(Iler,1972 (¢ IEP), where the particles

become positively attributed to fluoride
impurities.
pm colloidal particles
3 and the strength of
les are spherical and
monodisperse, and ' 4F A AW =hﬂakpf ‘!¢Ed gradually, the sol

may develop an ordere Jif L deessi s ‘ﬁhnﬁ_ re.

2.3 Drying

The major & W) the sol-gel process

Je shrinkoge —nveived and L3

is the large vo usual cracking of the

piece. ﬂm blen®agises when the@surface energy solid-liquid is

WL NELVIWNE e wet rosion o &

gel, Gthe al contracts to Bower the sqijd-liquid sumgface area. When

ARAAIAT U NR IR AR e

he solid-vapor interface. Meanwhile, the dry region tends to

less than

the

cover
contract to lower the solid-vapor surface area.

In drying a ceramic, the reverse occurs. As water is removed, the
vater layers between the particles, termed the shrinkage water,
decrease in thickness, allowing particles to approach one another ;

hence the shrinkage. At some point, the particles will come into
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contact and are not able to move further. At this point, shrinkage
is terminated, and residual water remaining in the voids, termed
pore water. Removal of the pore water is not accompanied by
shrinkage, making this portion of drying less eritical than the
removal of the interparticle water. Because the drying shrinkage

is related to the interpartj qater layers, bodies with finer

particles (and hence '-;*r unit volume)shrink wmore.

Naturally, the "ependent of composition
contribute also towe e used to control its
temperature M drying increases, the
rate of evaporatice

humidity f I :,: ;V*H “; . Mkses in humidity, the
drying rate incregfc ' - ”f' DE %xafzr zed by the following

rate equation.

7

sh = d=#nsionless tunction descj"ing the air flow (air

. AU uninenns
ﬁw actu artial @Sessure
RS TTiRasY.
= diffusion coefficient of water wvapor
The fastest drying rate possible occurs therefore at
high temperature (i.e. high P_{(T)) with low humidity(i.e.,P->0) and
large volumes of air circulation. Ware cannot, however, be dried

initially with these conditions, as too quick a removal of water

causes stresses in the ware which result in varping or cracking.
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The process of drying of a porous material can be divided

into several stages. At first the body shrinks by an amount equal to
the volume of liquid that evaporates, and the liquid-vapor interface
remains at the exterior surface of the body. The second stage begins
when the body becomes too stiff to shrink and the liquid recedes into

the interior, leaving air-fil,

= near the surface. Drying of gel

results in network shri: n the capillary forces that

actively transport ths — U0 he =5 = Sor evaporation. The very

small pores tage than do the larger

pores. This is vroduce significantly

higher capillar; *hing during this step

is the occurance, ing rate causes the

outer surface to % \:spect to the center of

the gel, setting s P a % e. A similar gradient

can occur if heat 3 Maly over the gel surface.

Surfaces dried preferentizs ink, while the other portions

of the gel do [ h;ijwre in tension, the
v )

moisture one in only be relieved

h - -
dej ";d1ng On geOmEeLry.

Lt ﬂumnummmmm

Phenonulnﬂ descfibes stagem of drying@fAn detail (see

aef WIANTIUARTING IR Y

A. Constant rate period discusses the first

by cracking,

stage, when the decrease in volume of the gel is equal to the volume
of liquid lost by evaporation. The compliant gel network is drawn into
the liquid by capillary and/or osmotic forces. This first stage of
drying is called the constant rate period (CRP), because the rate

of evaporation per unit area of the drying surface is independent
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of time. The chemical potential, g, of the liquid in the adsorbed
film is equal to that under the concave meniscus. Otherwise, the
liquid would flow from one to the other to balance the potentials;
¢ is lower than for bulk liquid because of disjoining and capillary

forces, so the vapor pressure (P ) is lower according to

Where P_ is the JB WSS = bulk liquid (i.e., over a

planar liquid surfsg — 5 W he g tant, T is the absolute
temperature. ~
The rate of =_¥;*. al tp the difference

between P_ and A

Evaporation quid, but the reduced

ey v‘ n tion and less cooling.

W rature of the liquid is

temperature leads
wWhen equilibrium

called the wet-bulk te eases as P, decreases, so

T, decreases with the _mop ity. The exterior surface of a
drying body is "b.', | _.9 he CRP.
If there b W liquid and solid

EE

components of ¢t 3 gel, toe Saquiu would dMporate from the pores

leaving the etwor &xposed, but @herwvise unchanged. In reality,

wtsorpton ﬂuﬁl’l NUNINEANT e e o

liquid flows fl.'“.'}l. the interiosto replace at which evggprates.

HAIATUIRVINBA N o o

first Stage, when shrinkage stops and cracking is most likely to occur.

As the gel shrinks, the tension in the pore increases and the
vapor pressure of the liquid in the pores decreases according to
P = P_.exp(-P.M/ ’.R.TJ

Where M is the molar mass of the liquid and P is the tensile

stress in the liquid.
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P < P_.exp ((-25’,_,&03-:: J}
p-R.T.d
P, 1is the ambient vapor pressure, d is the diameter of pores,
M is the wetting angle between liquid and solid. At P, = 0,
shrinkage could continue until the pores collapse completely (d-»0).

In practice, however, the netyork stiffens as it shrink and at some

point becomes able to W #apillary pressure. Shrinkage

stops at this point. - in terms of the volume

fraction 1- e of s 2, JOX o the porosity w (both

lignid and air-filled:

period explains the

process of liquid empty pores. When

shrinkage stops, - f:‘ he meniscus into
the body as air uiTace may become less
translucent. In Y & eyt - % (FRP1), the rate of

evaporation decreases afl of Lhe surface rises above

the wet-bulb temperature et gores near the surface
resains in the W — :3-.' in figure 2.8,

(this means there mdce almle which a flow can

occur). Most of th ' evaporation is still occuring at the exterior
¢ a Qs

surface, anﬁuwﬂuarwﬂiﬂ Wﬂflﬂ? temperature,

and the rat.ef evaporalion is sensitive to the ambient temperature

and VAROR PGSR .o o -|‘ ( 51“ ﬂr “f' carries
sn]uteﬂﬂﬂhﬁ ﬂrflmu”ny glﬂﬂta. ahainvnlva-s
coupled equations for flow and diffusion of heat, liquid and vapor,
with transport coefficients that are generally dependent on temperature
and concentration.

D. The second falling rate period discusses

the final stage of drying, when liquid can escape only by diffusion
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of its vapor to the surface. As the meniscus recedes into the body,
the exterior does not become completely dry right away, because
liquid continues to flow to the outside ; as long as the flux of
liquid is comparable to the evaporation rate, the funicular condition
is preserved. However, as the distance from the exterior to the

drying front increases, the capillary pressure gradient decreases

and therefore so does the tually (if the body is thick

-#/lm near the outside of

to the surface stops

enough) it become so0
the body is isolat
and liquid is removea r: 711 \ “H"*wcm:iffusinn of its vapor.
At this stage, dryin- hh“ﬂiid falling rate period
(FRP2), where evapor:-gf £ H H“ hbody. The temperature
of the surface a ' =hie (i3] . ﬁ‘wfi~ure and the rate of
evaporation becomes 4 | "HII‘ nditions (temperature,
hudimity, draft rate |

The pores of a mif fae vapor moves by Knudsen
diffusion, which means oid more frequently with
the walls of ¢ ;;"'—————“‘—" 'Edkhe permeation rate
becomes anomolous i; . - Iacause of interaction

} h

with the solid s faﬂe The slow dszuslnn of vapnr through the gel

el 712161121 )1 R

The slower dqr1ng encnuragas instability of the dry1ng front

" WBINTWINTINEINY.. ..

occupy such a small volume fraction that they do not exert much force
on the solid network. The strength of an aggregate decreases with the
saturation, because the force that holds the aggregate together comes
principally from Gthe capillary pressure in the saturated pores. As

the saturated region recedes into the body, the body expands slightly.
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At the same time, differential strain builds up because the solid
network is being compressed more in the saturated region than near the
drying surface. This can cause warping or cracking in a plate dried
from one side, as faster contraction of the wet side makes the

plate convex toward the drying side.

2.4 Sintering

Sintering is driven by interfacial

energy. Material M%sion in such a way as

to elimimate por lid-vapor interfacial

area. In gels, iriving force is great

enough to produce ow temperatures, where

the transport proce N R EI;E . The advantage of gel

sintering is complete : 1lization.

Amorphous materials =5 ; miscous flow and crystalline

paterials sinterfid gf, jhich materials move

and the relatiu‘f? ) '

force, jod different.

ort and the driving

of Wriscous sintering is

:::*:::::afuziﬁ"mma‘fwmﬁ%“* —
A SN RY oo,

phase transformation. Uhlmann(1972) introduced this apprnach AS & WEeans

~Analysis

used

- of establishing the critical cooling rate needed to produce a glass by
quenching a melt. Using standard theories (or measured values) for
the rates of crystal nucleation (I,) and linear crystal growth

velocity (U), the time dependence of the volume Ffraction (V) of

crystals produced by a given thermal history can be calculated using



29

Avrami’s equation (Avrami, 1939, 1940, 1941).

V o= 1-exp- 0%t 1~ T 0’ths

(special case of special crystallites)

I nucleation rate

w

U

linear crystal grc

In this equation t! leation rates are assumed to

be constant , and ¢t arical and isotropic. The
approximation applis d is small. According
to the classical t: " the nucleation rate

(nuclei per uni y Christian (1975).

Where E, is the ti formation of nuclei and
E, is the kinetic harrl__zl—""' gion across the liquid-nucleus
interface. The i'"',” ‘\ndercnuling (i.e.,
as T decreasi{Z W lire), because the
thermodynamic drijrif fo —— F th:: the rate decreases
because of the fallfipg atomic mobilgpy at low temperature, so U goes

through a ﬂﬁﬂ’}%&ﬂmlﬁw Hrf]gﬂas.hat, crystallize

rapidly duri heating, the tiﬂnsfurlﬂtiﬂ will genera be cnnp]ete

Q) TR TN HRVINBINE e -

approxihated by

r = T.exp(- E/k.T)

Where E, now is the kinetic barrier for transport at the
liquid-crystal interface. It is generally assumed that E, is equal to

the activation energy for viscous flow.
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Vo« (/T exp(-E, /k.T)
For a spherical nucleus, the thermodynamic barrier is given by

3 =
o /(a0 )

Where is

SL

gterfacial energy and aG_

is the free energn » crystallized. Thus the

temperature depend. and aG,.

A typical wacocnted in figure 2.9,
wvhere I_ and the viscosity values
obtained from si, f AT :, "\ . “""% i Tseng (1984), as

well as viscosity silica (i.e., having

a low OH content). A e fraction of crystals

of V= 10" : for tin)

at 1575 K for the "wet" ;’W
lover in the g1iGH) RN o)t that the time to

the curve (é.g., ¢ 10 min.

"“. The viscosity is so much

reach that deg “.H':K ‘[* by © 3.5 orders of

magnitude. This e of analysis was further®dtended by Uhlmann,et

al.(1988) hii[ulh1ni‘bﬂhhe transfor@aétion curve with densification

ARECROR IR 1Rl i B YA e PRI

curves in Elgura 2.9 represenif the time tgs, reach full ggnsity at each

AAADINNBINBARY e e

ot cross the crystallization curve, then densification can

curves cal

temp

does
be completed before detectable crystallization occurs. Gels with
smaller pores (lower dashed curves) sinter faster, so they are less
likely to crystallize before sintering. The crystallization rate
does not depend on the microstructure of the gel. So as an important

consequence, manipulation of the pore size (e.g., by control of pH
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during hydrolysis and condensation) permits decoupling of the rates of
transformation and densification. During heating, the amount of
sintering depends only on the viscosity-temperature function integrated
over the time.

The most important factors that can be used to control the degree

of crystallization during s, ‘0 p are microstructure, applied

pressure, impurities, and, lei. Reducing the pore size

speeds sintering withgg — i £13 . .5 crystal nucleation or
. — -

growth. For example, .- 7 s have finer pores and

higher green densTu!y " Baly to sinter without
crystallization tXEZN 1 N E u by \ he crystallization
usually results ume. So, an applied

pressure can accelg
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RIANTUAM TN
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Fig. 2.1: Preparation _ -~ pdlass-ceramics, and ceramic

by the sol-gel (Mg
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solution or sol
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colloidal gel network
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Table 2.1: ENd N ol-gel process
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+ -4 solution n

stage 1

stage 2

stage 3

powder

compact .

-

combination of these

i Aad
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ceramics

glass

BMhic xerogel

carefully controlled

y 9 oval
)
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monoljgshic glass, glass fibres,

qmmmm AR o

Fig. 2.3 Generalized scheme of s

ol-gel synthesis



Table 2.2: Point of zero charge (PZC) of selected

Typical Range"

Oxide type PZC

1 < 12.5

n ¢ 10.5

Oxide type

FeOOk

Fe 0, 3

aHEINENTNY NS

oxides

REAIN TN

.0

from Parks, 19865

selected from Hunter, 1981

1maesdLh
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i‘. 2.4: variation in solubility of silica with radius
of curvature of surface. The positive radii of curvature
are shown in cross section as particles and projections

froom a planar surface, negative radii are shown as depression

or holes in the surface, from Iler, (1979)
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Fig. 2.6: The principal types of aggregates of rigid colloidal

particles, from Heller, (1980)
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Stages of drying

a) Initial condition

b) Constant rat

c) Falling r "--—- ------ A £

AVAY
E’.‘! FYBINYINT
e

1 [i!
maximum capillary pressure
P, = (67°,, -6 4. )+ 8P

v

Fig. 2.7: Schematic illustration of drying process
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After the critic""” Mbniscus retreats into
the pores of thogfo, i ate period, liquid is

in the funicular s g | ‘“ fluid flow is possible.
There is also diffus fn = 'ﬂi’ ‘ :zh rior in the vapor phase,
since the temperature I;ft = . (P,) both decrease in that

direction.

v | Y]

------------ » Diffusion

El’JiVIEI'ﬂ‘i‘N&I"Iﬂ’i

Evapu ation

’i "rﬁ%ﬁamiﬁ.- N N a t
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Fig. 2.8 : Schematic illustration of transport during the second

falling rate period
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Fig. 2.9 : TTT diagram for dry and wet silica, combined with

sintering curves

T T m —

CdF
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respactive]r. The lower viscosity observed by Sacks and Tseng,

1984 shifts allcurves to lower times at any temperature. Their
data for sol-gel derived glasses are also included: X nmarks
treatments that resulted in crystallization with little sintering
and S5 marks treatments that produced sintered glasses free of

crystallinity, from Uhlmann, et al.,1986
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