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Sol-Gel Processing of 
Ceramic Films 
Dennis Gallagher and Terry A. Ring* 

Cera111icfi/111s are i111porta111 for optical and protec tive coatings and are increasingly impor­
tant for the production of electro11ic devices. For many applications, the film can be 
deposited .fro111 sol-gel solutions. This reviell' discusses the stages of processing ceramic 
fil111s,fro111 thefor111atio11 of the precursor solutions to the fi11al ther111al treat111e11t to produce 
the ceramic. By co11trolling the so/11tio11 chemistry and coating co11ditio11s, the 111icrostrnc­
turesfor111ed can be tailored and thus the final properties of the.films controlled. The sol-gel 
route requires relatively low processing temperatures and therefore can be applied to a ll'ide 
variety of substrate 111aterials. 

1. Introduction 
In traditional ceramic processing, ob­

jects are produced using mineral powders 
that are mixed together with additives to 
form the final shape before heat treatment. 
At high temperatures, these minerals sinter 
or melt, and often undergo solid state reac­
tions to form new phases not in the sta rting 
minerals. This traditional processing route 
is the subject of another review articlel271 in 
this issue of Chimia. Our paper describes 
the processing of ceramic materials directly 
from sol-gel solutions with emphasis being 
placed on making ceramic films. The pro­
cessing of ceramics directly from solutions, 
rather than minerals, has become a popu­
lar fabrication method for those materials 
which require purity and homogeneity not 
easily achieved by traditional routes. 

Most work in chemical processing of 
materials has been on the production of 
powders'211. Precipitating a powder from 
solution avoids one of the fundamental 
problems associated with sol-gel process­
ing: the separation of the ceramic from 
large volumes of liquid which are trapped 
in the gel structure. Sol-gel solutions can 
also be applied directly to the formation of 
fibers, low density monolithic materials, 
and as surface treatments for powders or 
fibers. Another direct use of sol-gel solu­
tions is in the deposition of ceramic films 
onto substrates. Here the traditional disad­
vantages of solution processing (e.g. the 
higher cost of raw materials) are alleviated 
by the low volumes of material used in the 
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forming of layers. For these reasons, sol­
gel coatings are used in making glass and 
cera mic coatings on substrates as an alter­
native to the chemical vapor deposition 
and sputtering processes. 

The earliest routes for forming ceramics 
from sol-gel solutions involved the precipi­
tation of metal oxide particles from solu­
tions. These form a true colloidal suspen­
sion - a sol. Upon aggregation of sols, a 
network is formed, a gel, which is intenne­
dia te between a solid and a liquid state. 
The term Sol-Gel has since been used by 
the materials science community to de­
scribe, albeit erroneously, virtually all 
chemical processing of ceramics from solu­
tions. 

The schematic diagram in Fig. 1 and mi­
cro graphs in F ig. 2 demonstrate the possi­
ble variations in sol-gel processing. There 
are a variety of chemical systems from 
which the starting solution may be made. 
These include metallorganic, polymeric, 
and ionic solutions. The chemistry chosen 
dictates the physical characteristics of the 
film produced. These characteristics in­
clude its structure, specifically, the density 
distribution in the gel network. The net­
works formed may be described as: 

Polymer Netll'orks giving low and uni­
form density distributions formed by 
c rosslinking polymers. 
Aggregate Netll'orks giving low and non­
uniform density distributions formed by 
clustering of aggregates. 

- Particle Networks giving high and non­
uniform densi ty distributions formed by 
the flocculation or sedimentation of par­
t icles. T he surface chemistry of the parti­
cles controls their suspension properties 
a nd their floe structure. 
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In this review, we will discuss the various 
stages of sol-gel processing with examples 
drawn from the formation of ceramic 
films. 

2. Precursor Solution Chemistry 
Ceramic materials are made from the 

oxides, nitrides, carbides, or sulfides of 
metals. The precursor solution must con­
tain both the metal and the requisite 0, N, 
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Fig. I . Schematic diagram of rol//es for structural evolution of metallorgan ics in solution. 

Fig. 2. Le.ft : Transmission electron micrograph of aqueous alumina gel ( 125 000 x ) 1•1. -
Right: Sca1111i11g electro11111icrogrnph o.(sol-gel tinania spheres 111. 

C, or S in close liaison. Two broad classifi­
cations based on the physical properties of 
the precursor solution will be used: 1) true 
solutions where the metal ion docs not 
form a network, a nd 2) solutions which 
polymerize to form a network. Both types 
of so lutions can be used to form ceramic 
thin films. 

2.1. True So/11tio11s 
The true solutions are those in which the 

metal ion is complexed to allow solubility. 
This complex does no t react further to 
form a network. In these solutions the vis­
cosity, which is important in film forma­
tion, is cont rolled by the concentration of 
the metal ion complex. When metal salts or 
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complexing molecules are incompatible 
with one ano ther, undesirable precipita­
tion and segregation may occur during 
drying. 

Common complexing agents are biden­
tate ligands such as citric or oxalic acid, or 
a quaterdentatc ligand such as ethylcnedi­
aminetetra.acetic acid (EDT A). An exam­
ple of complexation is the formation of a 
yttrium, barium, and copper solution 
which is a precursor to the YBa2Cup1 _, 

superconducting phase. The highest con­
centration possible for the m.etal nitrates of 
Y, Ba, and Cu combined in solution is less 
than 10-• Min Cu. With EDTA as a com­
plex for the poorly soluble Ba 111 

EDTN9 + Ba(N03)i--.. 
[Ba(EDTA))19 + 2NO? 

( l) 

a YBa1Cup 7 _ , solut ion with a solubility 
of lM in Cu at pH 9.5 can be formed. 

Some metallorganic salts, like 2-ethyl­
hcxanoates, uaphthenates, and acetyl­
acetonates, are also soluble at high con­
centrations in organic solvents. For 
example Ba and Cu cthylhcxanoates, 
[M{OOCCH(C1H5)C~H9}J and Y naph­
thenate [Y(OOCC10H1h] are completely 
soluble in trichloromcthane and are used 
as a precursor to the YBa2C up 1 _ , super­
conducting phasei31• 

2.2. Network Fom1i11g So/11tio11s 
Solutes which form networks in solution 

give rise to a gel. The precursors most often 
used in the sol-gel process a re hydrolyzed 
alkoxides in alcohol solutions. A short dis­
cussion of the alkoxidc chemistry is useful 
to explain thei r gelling characteristics. 

The alkoxide precursors a re commonly 
formed as one of a series of homolcptic 
alkoxides M(OR). where n = 1- 6. Or­
ganic molecules such as alcohols tend to be 
strong p-donors and thus stabilize the 
highest oxidation state of the metaJl41. The 
specific synthesis route of a n alkoxide is 
dictated by the electronegativity of the 
metal. The most common routes for metal 
alkoxide forma tion are15l : 

- Reduction of alcohols for electroposi­
tive meta ls. 

- Substitution on metal ha lides for elec­
tronegative metals. 

- Catalyzed reaction with labile M-NR2 

or M-C bondsl4l for less active metals. 
The electronegative metals usually form 
unstable alkoxides which tend to polymer­
ize rapidly to form [- M(OR)2-0- ]0 • Solid 
alkoxides are easi ly solubilized in alcohols. 
Alkoxide precursors must be kept dry to 
avoid hydrolysis, which is the firs t step in 
the reaction of alkoxides to form networks. 
This is d ifficult because alkoxide solutions 
easily absorb water from the atmosphere. 

An example of an alkoxid e solution pre­
pared as a YBa2Cu30 7 _ , p1·ecursor solu­
tion is given by Zheng et a l. 161. They used Y, 
Ba , and Cu isopropyloxy compounds in 
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Heterometallic complexes which contain 
an M' -0-M" linkage can also be formed in 
solution, allowing multi-metal ion gel net­
works to be formed; for example a Pb-Ti 
alkoxide has been prepared by the reaction 
of tetraisopropyl titanate [Ti(OC3H7)J 
with lead acetate [Pb(C2Hp:J2 • 3Hi0] in 
methoxyethano1'141. This alkoxide complex 
i.s used in forming PbTi03• Solutions may 
also be partially prehydrolyzed and mixed 
to control the reaction kinetics and avoid 
segregation. Prehydrolysis can help cir­
cumvent the problems of different reaction 
rates in multi-alkoxide systems. 

Gelation is initiated by chemical reac­
tions among precursor molecules, changes 
in solution chemistry, or evaporation of 
solvent. But irrespective of the process by 
which it is attained, the gelation of a pre­
cursor solution begins with the formation 
of fractal aggregates of the discrete units 
present in solution (monomers, oligomers, 
polymers, or particles). Brinker and 
Scllerer 1'51 have described the gelation pro­
cess as one in which these aggregates grow 
to the point at which they impinge on one 
another and link, forming a network. 
Though reactions may not be completed, 
the point at which a single aggregate clus­
ter appears to encompass the entire solu­
tion is defined as the gel point. 

A model for gela tion comes from the 
mathematics of percolation theory, where 
molecular groups are represented as points 
on a lattice and bonds are formed ran­
domly with probability P between nearest 
neighbor lattice sites 116J. This eventually 
leads to the forming of a random cluster 
which spans the lattice. The percolation 
threshold is analogous to the gel point seen 
in polymeric systems. At gclation, the 
chemical reactions may not be complete. 
The continuation of reactions is referred to 
as ageing and usually reinforces the net­
work. The sol-gel transition in alkoxides is 
not reversible. After the formation of the 
network, many characteristics of the struc­
ture are set, but some may still be altered 
during deposition, drying, and thermal de­
composition. 

4. Film Formation 
After forming the solution, the next step 

in sol-gel processing is film formation. 
There are many aspects to the processing 
of films which arc common to all the depo­
sition techniques. Scllroeder 1111 has out­
lined the conditions necessary for thin film 
formation: The solution must wet the sub­
strate, it must remain stable with ageing, it 
should have some tendency towards crys­
ta llization into a stable high-temperature 
phase, and for multiple layers the previous 
layers must be either insoluble o r heat 
treated to make them insoluble before sub­
sequent depositions. 

For a solut ion to wet a substrate the 
contact angle e between the surface of a 
drop of solution and the substrate must be 

less than 90°. The conditions for this to 
occur are described by Young 's equation: 

Y1.vCosO = Ysv - YsL (6) 

where }' is the surface tension for the liquid­
vapor, solid-vapor, and solid-liquid inter­
faces respectively. For wetting, the easiest 
variable to control is the surface tension of 
the solution. Alcohol solutions used with 
metal alkoxides \yet better than aqueous 
solutions because they have lower surface 
tensions. 

The method of depositing a solution 
onto a substrate also affects the mi­
crostructure of the film . Flow due to gravi­
tational and centrifugal draining of the sol­
vent before drying can cause shear which 
deforms the network. The capillary forces 
at the meniscus between substrate and so­
lution in dip coating also acts to shear the 
network. The effect of shear is lo restruc­
ture clusters and induce interpenetration 
or alignment of polymerl181. Whether the 
network formation occurs in the early 
stages of deposition rather than later dic­
tates how much of an effect the deposition 
technique has on structure. 

The effect of structure on the character 
of the final film is summarized in Fig. S. A 
solution of linear and randomly branched 
polymers, as shown in Fig. SA, forms a 
highly sta blc and concentrated solution 
which gives a high and uniform density 
film. The linear polymers align themselves 
with the applied shear stress from spin or 
dip coating, and pack into an even higher 
density structure. The fine pore structure 
created in gelation increases the capillary . 

linear polymers 

B 

random aggregates 

c 

uniform partic les 
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forces during solvent removal which in­
creases the density and reduces pore vol­
umes. These are important characteristics 
for protective and electronic coatings. 

Fig. SB shows the character of a film 
formed from aggregates in solution. Ag­
gregates have a l ow and non-uniform den­
sity distribution. To prevent gclation they 
must be used at a high dilution. The higher 
dilution decreases the amount of material 
being deposited at the substrate surface. 
During solvent evaporation aggregation 
occurs. This leads to larger pores, higher 
pore volumes, and lower densities. These 
are desirable filn1 characteristics for cata­
lysts, anti-reflective coatings, and sensor 
materials such as surface acoustic wave 
devices which respond to the absorptive 
nature of the film . 

In gelled sols as shown in Fig. SC, the 
voids of the film .are very large since the 
packing of the gelled aggregates is only 
improved slightly by the shear forces dur­
ing deposition. These films sinter well with 
low stresses giving high density films. 
These are useful properties for making 
thick and protective films. 

Polymerizable systems, like the metal 
alkoxides, are interesting because it is pos­
sible lo form all of these different film 
structures by simply manipulating the so­
lution chemistry. Properties such as struc­
ture, viscosity, and concentration are eas­
ily controlled with polymers and there are 
fewer problems with the precipitation or 
segregation of phases. One of the most im­
portant coating variables is the solution 
rheology. It effects the films thickness and 
evenness during deposition. 

dense protective or 
crysta 11 ine fi Im 

highly porous anti­
reflect i on type film 

th ick film, glass pre f orm, 
cata lyti c substra t e 

Fig. 5. Schematic diagram sllowi11g the relatio11sllip between gel structure a11dfi/111 strnclure. 
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propanol which was further modified by 
the addition of an organic acid chelating 
agent. The chelating agent stabilizes the 
alkoxides with respect to hydrolysis. 

Polymer network solutions can also be 
formed from aqueous chemical systems. 
Aqueous metal chelates that have at least 
one additional carboxy group as a reaction 
site, can undergo polyesterification with a 
polyhydroxy alcohol to form a network p,sJ. 

Aqueous metal ions can also react with 
poly(acrylic acid) and be precipitated as a 
crosslinked polymer[91. The polymerization 
mechanism, and its rate, are important fac­
tors in determining the molecular weight of 
the polymers and the density distribution 
of the microstructure formed. 

3. iVlicrostructure De\•elopment 
The next stage in processing ceramic 

films from solution is the development of 
structure. There are two types of structure 
development to consider: 1) the structure 
of the primary aggregate or polymer, and 
2) the structure which develops upon gela­
tion. It is possible to control both types of 
structure development through the chem­
istry of the precursor solutions. The con­
trol of structure is essential to achieve the 
solution rheology necessary for film for­
mation and to determine the final mi­
crostructure of the dried film. 

3.1. Tme Solutious 
A true solution used for ceramic coat­

ings will precipitate and aggregate during 
solvent evaporation. This aggregated pre­
cipitate is deposited onto the surface of the 
substrate forming a film. Precursor solu­
tions which form structures in this manner 
are particularly useful for intentionally 
porous or thick films. 

3.2. Netwol'lc Fol'miug So/11tio11s 
Metal alkoxides are easily hydrolyzed. 

Once hydrolyzed, they polymerize by poly­
condensation mechanisms. The hydrolysis 
and polycondcnsation mechanisms may be 
represented as[1°1: 

Hydrolysis 

M(OR) 0 + Hp-. ( ) 
M(OR)

0
_ 10H + ROH 

2 

Polyco11de11sat ion 

2M(OR)" _ ,OH-> 
(RO)n _ IM-0-M(OR)n- iOH +ROH (3) 

2M(OR). _10H--> (4) 
(R0)

0
_ 1M- O- M(OR)

0
_ , + Hp 

where the R is an alkyl group. Because 
alkoxidcs arc immiscible in water, it is nec­
essary to put the alkoxidcs and water into a 
mutual solvent such as an a lcohol for the 

hydrolysis reactions to occur. 
The relative rates of reaction for the hy­

drolysis and condensation dictate the 
structure and properties of an alkoxidc gel. 
These reaction rates are schematically de­
scribed in Fig. 3 for the example of a silicon 
ethoxide. In acidic solutions hydrolysis is 
achieved by a bimolecular displacement 
mechanism which substitutes a H9 (hydro­
nium ion) for an alkyl group (R)[121. Under 
t hese conditions the hydrolysis is rapid 
compared to the condensation of the hy­
drolyzed monomers and promotes the de­
velopment of larger and more linear 
molecules, as is described in Fig. 4. Under 
basic conditions hydrolysis occurs by nu­
cleophilic substitution of OH9 for alkyl 

FAST 

Cl> ..., 
"' a:: 
Cl> 
> 

Condensation 

0 2 
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groupsP 31. Here the condensation is rapid 
relative to hydrolysis, promoting the pre­
cipitation of three-dimensional colloidal 
particles as shown in Fig. 2b (titania 
spheres). 

In addition to adjusting pH, the reaction 
rates may be varied by the temperature, 
water concentration, and the choice of 
alkoxidc ligands. The steric interactions of 
the alcohol solvent chosen also influences 
the rates. If the alcohol solvent is different 
from that of the alkoxide ligand, transes­
terification may modify the reaction rates. 
For example[~!: 

M(OEt)0 + mPrOH--> 
M(OEt)0 _m(OPr)m + mEtOH 

8 10 

(5) 

Fig.3. Schematic co111pariso11 between the rates of hydrolysis and conde11satio11 for silicon 
e thoxide solutions (.from Sc/we.fer'"', Copyright 1989 by the AAAS). 
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Fig.4. Sche111atic diagram of the effect of pH 011 the growth and gelatio11 of a si/ico11 
e lhoxide. 
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be added to the solutions which reduce 
drying stress. These are known as drying 
control chemical additives (DCCA)l121. In 
general, these additives either reduce capil­
lary pressure at the gel surface, reduce the 
solvent vapor pressure, or modify the pore 
size distribution. Another technique is to 
use hypercritical evacuation 1231. Above the 
critical temperature and pressure of the 
solvent, there is no longer a liquid/vapor 
interface and therefore no capillary pres­
sure to cause shrinkage. Gels formed under 
these conditions are called aerogels. With 
the film constrained by a substrate, all 
shrinkage during drying is normal to the 
surface of the substrate. If thin enough 
( < 0.5 ~nn), films tend not to crack upon 
drying. Lange IHJ hypothesizes that since 
crack growth is a function of the stress 
relieved per unit volume, a low volume of 
material, as in films, makes crack growth 
an unfavorable process11i1. 

6.2. Thermal Deco111positio11 
As the gel increases in temperature, 

weight is lost from the degradation of the 
sol-gel network. An example of weight loss 
from a sol-gel system is given in Fig. 8. At 
low temperatures, up to about 150°C, 
there is the loss of the solvent, physically 
adsorbed water, and weakly bound ligand 
molecules. The fine porosity of the matrix 
slows down the liberation of these 
molecules past the temperature· when they 
normally volatilize. 

Above 250 °C pyrolysis of the molecular 
network begins. The volatilization of the 
decomposition products of ligand groups 
is responsible for the weight loss. The 
structure decomposes first by cleavage of 
the weakest bonds'211. The decomposition 
temperature varies with bond strength, 
crosslinking, and structure of the groups 
efTccted, as well as the atmosphere in which 
it takes place. Different chemical struc­
tures have different decomposition be­
haviors. Fig. 8 shows the thermal dccom-
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position of a Ba- and Cu-ethylhexanoates 
and Y-naphthenate solution in trichloro­
methane. Each of the metal carboxylatcs 
has a different decomposition profile when 
measured separately. When the weight loss 
of each component is added up in the ap­
propriate proportions for the composite 
solution, the profile is different than that 
observed experimentally for the solution. 
Interactions between the different metal 
carboxylates in solution cause slight 
changes in decomposition temperatures of 
the components and there is also an over­
lap of the separate decomposition temper­
atures. The pyrolysis stage results in an 
amorphous and homogeneous sol id. 

In the absence of oxygen, or presence of 
difficult to decompose molecular struc­
, lures, residual organic groups form chars 
which remain in the structure until high 
temperatures. Above 800°C, th.is residual 
organic is removed by decarbona ti on. Car­
bon is difficult to remove completely and 
the presence of carbon and other chemical 
residues in the final piece is normal. 

6.3. Si11teri11g 
With decomposition, the collapse of the 

skeleton begins and this eventually leads to 
the complete consolidation by sintering. 
Since gels are amorphous the dominant 
sintering mechanism is viscous f1ow. Vis­
cous flow is a much faster mechanism than 
the diffusion in crystals and this con­
tributes to lower sintering temperatures in 
gels as compared to sintering of mineral 
powders. Scherer 126J has studied viscous 
sintering of porous gel networks and con­
cluded that the rate of contraction for the 
network e varies with: 

. Ys1•N''3 

e oc---
11 

(9) 

where Ysv is surface energy of the gel, 1/ is 
the viscosity, and N is the number of pores 
per unit volume. As one decreases the pore 

- YBo2c u3oz 
- - Cu 2- Ethylhexonoote 
· · · · Bo 2-Ethylhexonoote 

Y Nophtenote 
- ··- Combined Powders 

20 

10 Dt·_:_·_:_·_:_·_:_·_:_·_:_·_:_·_:_·_:_·_:_·_:_·_ 

0 
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Fig.8. Thermogravimetric analysis of superconducting YBa1Cu30 7 _ _ Jllm solution and the 
rall' materials used to form the precursor solution : yttrium naphthenate, bariwn 2-ethyl­
hexanoate, and copper 2-ethylhe:rnnoate 131. The rall' materials curve is a calcula ted.from 
proportions of raw materials i11 the composite.film solution . 
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size, keeping the density constant, the 
number per unit volume increases and as a 
result the gel sinters faster. Another obser­
vation is that viscosity decreases with in­
creasing temperature, and increases with 
the degree of crosslinking. But if one heats 
the sample fast, the effects of crosslinking 
are minimized and sintering is enhanced. 
Though rapid heating may be detrimental 
in bulk materials because of trapped pores, 
this is not a problem of the same magni­
tude in thin films. It is also important to 
sinter to full density before crystallization 
occurs which reduces the sintering rate. 

7. Conclusion and Outlook 
This overview of the processing technol­

ogy for sol-gel films has focused on the 
effects of solution chemistry and network 
structure in forming · a sol-gel film. The 
structure formed, its deposition, and its 
thermal treatment all offer opportunities 
to affect the final properties. This flexibil­
ity is one of the unique advantages to the 
application of sol-gel processing to form­
ing films. 

It can be expected that this technology 
will find uses beyond the current applica­
tions such as anti-reflective films in win­
dow glass, to areas such as corrosion resis­
tance coatings and electronic devices in the 
near future. With these new applications, 
more complex multi-oxide films and diffi­
cult to control chemistries will need to be 
investigated. Compositions such as indium 
tin oxide for transparent conductive layers, 
Ta02 for protective coatings in corrosive 
chloroalkali processing, Ti02 as photo­
chemical catalysts, and Si02 in surface 
acoustic wave devices present challenging 
problems in controlling chemistries and 
structures. In order to successfully develop 
the technology required for these new ap­
plications, a better unders tanding of the 
p_hysical chemistry of the precursor solu­
tions and the film formation will have to be 
obtained. 
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5. Coating Techniques 
Although there are many factors con­

trolled by the network structure in solu­
tion, the deposition parameters are also 
important to the final properties of a film. 
Therefore, we will discuss the critical vari­
ables in the most common techniques for 
deposition from solution: dip and spin 
coating. 

5.1. Dip Coating 
Dip coating is the term applied to de­

scribe all techniques where a substrate is 
withdrawn from a solution. Fig. 6 demon­
strates the coating of a substrate and sche­
matically shows the factors which elTect 
film thickness. Scriven 1•91 has reviewed 
these factors and gives the following equa­
tion to govern the thickness (h) of the de­
posited layer: 

( 1111)'1
6 

('"') h = 0.944 - -
a pg 

(7) 

where p is the densi ty of the solution, 11 
viscosity, g gravitational constant,µ is the 
withdrawal speed, and a is surface tension. 
This equation does not include terms for 
solids concentration, effects of evapora­
tion, or angle of inclination. But it does 
indicate that thickness will increase with 
withdrawal speed as is observed experi­
mentally by Strawbridge and James 1101. If 
the withdrawal speed is too low, viscous 
drag can keep the solution from wetting 
the substrate. 

5.2. Spin Coating 
In the spin coating method, solution is 

dripped onto a spinning substrate and is 
then spread by centrifugal force evenly 
across the surface as seen in Fig. 7. This 
technique is less economical than dipping 
because excess solution is lost during depo­
sition and it is not a continuous process. 
Spin coating is more suitable for coating 
small disks and lenses. Many of the same 
factors in the dipping of films apply here as 
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hoo final thickness 

Solution Properties: 

Tl viscosity 

a surface tension 

Fig. 6. left: Schematic diagram of substrate and interactions l vitli solution during d1i1ping. -
Right: Photograph of sol-gel solution during dip coating. 

well. i\lfeyerhofer lz•1 has studied the factors Fig. 7. Photograph of the spin coating of a sol-gel solution. 
effecting film thickness and predicts: 

(8) 

where f is the spin rate, 'Ii is the initial 
viscosity, and e is the evaporation rate. Be­
cause the evaporation rate itself varies with 
spin rate (e ocf- 112

) , attempts to predict 
thickness are complicated. 

6. Thermal Treatment 
The final stages for processing a ceramic 

film from a sol-gel solution are drying and 
heating of the deposited material to form 
the ceramic phase. Many complex interac­
tions with the substrate and the atmo­
sphere, as well as transformations within a 
film take place at this stage. Since these 
effects are system specific, the discussion 

will only cover the more general aspects of 
thermal treatment. 

6.1. Dl'yi11g 
The drying of gels is best described as a 

function of the weight loss (solvent loss) in 
the following stages''51: 

- Constant Rate Period: Liquid flows to 
the surface to replace that which is lost 
to evaporation. This is the stage where 
most shrinkage and warping occurs as a 
result of the capillary pressure differen­
tials within the film. 

- Critical Point: The gel matrix reaches a 
point where it can no longer shrink to 

release the solvent necessary to reduce 
the capillary pressure. At this point the 
liquid meniscus enters the matrix and 
drying from within the film begins. This 
is when a crack is most likely to appear 
in the material. 

- First Falling Rate Period: The last layers 
of solvent are removed by flow along the 
pores walls to the surface. 

- Second Falling Rate Period: The 
volatilized solvent is removed by the dif­
fusion of vapor to the surface. 

The timing of these stages is intimately 
linked to the structure of the film. 

There are several ways to reduce crack­
ing during drying of gels. Chemicals may 
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