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D. H. J. Teeuw, M. de Haas, and J. Th. M. De Hossona)

Laboratory of Applied Physics, Materials Science Center and Netherlands Institute for Metals Resea
University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

(Received 11 March 1998; accepted 19 November 1998)

This paper discusses the induction of residual stresses during the curing process of
titania layers, which are derived using a sol-gel process. During this process, stresse
may build up in the spinning stage, the drying stage, and the consolidation stage. Th
magnitude and character of these stresses depend heavily on the morphology of the
layers in the various stages and the processing conditions. Dried layers are densified
using two different processes, conventional furnace heating and laser heating. X-ray
analysis and scanning electron microscopy are used as tools to study crystallization,
grain growth, phase transformation, and the evolution of residual stress fields in the t
titania layers. Through an extensive study of the residual stress state in the layers, m
insight is gained in the evolution of stresses during the curing process of sol-gel-deri
thin titania layers.
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I. INTRODUCTION

Ceramic materials are widely used for their supe
performance in applications where other classes of m
terial may fail. Possible applications are circumstanc
where materials have to withstand high temperatur
corrosion environments, and severe wear. Besides c
ings, complex millimeter-sized 3D ceramic/metal pro
ucts can be manufactured. A conventional method
produce ceramic foils is based on slipcasting. Anoth
method for the production of coatings is wet-chemic
processing, also called sol-gel processing. Sol-gel pr
essing may be defined as the preparation of cera
materials by preparation of a sol, gelation of the s
removal of the solvent, and further heat treatments. He
the sols are produced starting from alkoxides. Sol-
coatings can be used in many more applications th
for protective matters only, such as in the optical a
electronic. The problem of homogeneity, often encou
tered in the processing of powders, is absent in
sol-gel preparation technique because no comminu
is required. Moreover, the processing temperatures
be significantly reduced, and combining different co
ing liquids (hybrid systems) is easy. This latter asp
offers a great deal of freedom to fabricate coatings w
different properties. Finally, the introduction of organ
or conductive additives into the product is possible.

The densification of sol-gel layers takes place
mass transport from particles to the interconnect
points between these particles, thereby reducing t
porosity. Mass transport may take place through dif
sion processes or viscous flow. The driving force resu
from minimization of the surface energy. After spinnin
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and evaporation, the layers are usually densified b
further heat treatments and the objective of this paper
to report on the residual stress state that results after t
complete thermal cycle of preparation, drying, i.e., afte
heating up and cooling down. The research presente
in this paper concentrates on the densification of so
gel-derived thin nanotitania coatings by laser radiatio
and by furnace treatment. Deposition of the film is
done by means of spin coating. This paper primarily
aims at studying the residual stress states which evolve
during the production process for the titania coatings
Tensile stresses evolve in the layers during the spinnin
and drying stage. Due to capillary forces as a result o
the evaporation of liquids in the solid network, tensile
stresses evolve in the layer. The question is what is th
residual stress state left after the additional post-he
treatments.

A. Materials

The sols are produced starting from alkoxides a
the precursor, here a tetraethylorthotitanate precurso
Ti(OC2H5)4 or TEOTi, is used.1 This precursor will
result in TiO2 after deposition, gelation, and condensa
tion. The sols are deposited on fused silica substrate
by means of spin coating, as schematically depicted i
Fig. 1.2

After spinning and evaporation, the layers are den
sified in a furnace or laser treatment. During furnace
densification, the sample is placed in a furnace and cure
in air at temperatureT for a time t. For laser curing,
the power densityP and interaction timet are deter-
mined by3

P 
I

p
° x

2

¢2 t 
x
v

. (1)
 1999 Materials Research Society
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FIG. 1. Various stages in the spin process of the thin titania laye

Herex is the diameter,I the intensity of the laser beam
and v its scanning velocity. To investigate the impa
which the several parameters have on the final proper
of the layer, furnace as well as laser-cured specimen
studied using x-ray diffraction. Especially, residual stre
analysis and phase analysis are performed on a se
differently processed sol-gel-derived thin TiO2 layers.

B. Experimental

X-ray diffractograms are recorded for furnace-
well as laser-cured specimens using theu-2u goniometer
setup. The experiments are performed using a Phi
PW1820 goniometer. A divergence slit of1y6± and
soller slits are present at the primary optics side;
the secondary optics side a receiving slit of 0.2 mm,
antiscatter slit of1y2±, soller slits, and a monochromato
are installed. Since the diffraction yield of the thin laye
is low, no reflections are found for large values 2u.
To study crystallization processes and phase transfor
tions in the nanocrystalline material, diffractograms a
recorded over a 2u range in which the main reflection
for crystalline TiO2 are expected, from2u  21.0± to
2u  29.0±.

Residual stress measurements are performed
a Philips X’Pert PW 3040 x-ray diffractometer. Th
diffractometer is equipped with ac-goniometer, PW
3050, with MRD-Cradle. In order to employ thec-tilting
properly, the x-ray tube is mounted to deliver a poin
focus beam. A crossed slit collimator is used to adju
J. Mater. Res., Vol. 1
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the horizontal and vertical divergence of the beam. A
the secondary optics side a wide receiving slit, 0.2 mm
is installed to maximize diffraction yield. The generator
operates at 40 kV, 50 mA, and Cu Ka radiation is used.
The measurements are performed using positive as w
as negativec-tilting for different orientationsf of the
specimen. The aim of this extensive set of orientations
to check whether the residual stress state in the mater
is triaxial. If no triaxial stress state is present, it would
suffice to measure only positive or negativec-angles for
one orientationf and analyze the measurements usin
the sin2 c method.4

e33,L,fc  e11 cos2 f sin2 c 1 e12 sin 2f sin2 c

1 e22 sin2 f sin2 c 1 e33 cos2 c

1 e13 cos f sin 2c 1 e23 sin f sin 2c . (2)

Equation (2) describes the dependence of the measur
strain in crystallites with orientationf, c on the existing
macrostrain in the specimen.

II. EXPERIMENTAL RESULTS

A. Crystallization and phase analysis

In Fig. 2 the recorded diffractograms for the furnace
cured specimen are displayed. From the recorded di
fractograms, several properties of the layers may b
observed. The diffractogram of the 300±C cured speci-
men does not show any Bragg reflections. This indicate
that the material does not contain crystallites which
are in a suitable position for diffraction; e.g., they do
not satisfy the Bragg law for diffraction. This may
lead to two explanations. Either the layer is highly
textured and the reflections cannot be measured usi
the u-2u setup, or the layer is amorphous. Texture
will be discussed in the last section to draw accurat
conclusions concerning the morphology of the layer, th

FIG. 2. Determined x-ray diffractograms for the furnace-cured thin
TiO2 layers. From the displayed diffractograms information on crys-
tallization, grain growth, and phase transformation may be obtained
4, No. 5, May 1999 1897
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remaining specimen will be examined first. If the curin
temperature is increased, a reflection emerges as ma
observed for the 700±C cured specimen. This emergin
reflection indicates that, in contrast to the 300±C cured
specimen, there are crystallites in a preferred orientat
for diffraction. The 2u value of this reflection, 25.28±,
can be transformed using the Bragg equation to a lat
spacing ofd  3.52 3 1021 nm, which corresponds to
the lattice distance of theh101j planes of anatase, the
low temperature tetragonal phase of TiO2.5,6

Upon further increasing the curing temperature
900 ±C, the anatase reflection at 25.28± 2u becomes
more pronounced, indicating that the layer becom
more crystalline. As an additional effect of the increas
curing temperature, a second reflection is observed
27.44± 2u. This reflection is due to a lattice set wit
spacingd  3.247 3 1021 nm and corresponds to the
h110j planes of the rutile phase of TiO2. This means that
the layer is partly transformed from the low temperatu
phase, anatase to the high temperature rutile ph
For bulk materials this transition is expected arou
750 ±C.7,8

Finally, a diffractogram of a specimen cured
1200 ±C is displayed. The anatase reflection has
creased even further. The rutile reflection has also
come very distinct. Together, it can be concluded that
layer has become even more crystalline and that m
crystallites are transformed from the anatase phase
the rutile phase.

The recorded diffractograms do not only provide i
formation concerning the phase of the material. From
width of the determined line profiles more informatio
may be gained, and the average crystallite size can
determined using the Scherrer equation9

D 
Kl

B cos uB
, (3)

where K is a factor , 0.9–1.0, l the wavelength of
the radiation used, andB the broadening of the profile
The broadeningB has to be corrected for instrumenta
broadening due to slit sizes and x-ray source ch
acteristics. To measure the instrumental broadening
reference diffractogram is recorded from a standa
FIG. 3. (a–c) Micrographs of 700, 900, and 1200±C furnace-cured TiO2 specimens.
1898 J. Mater. Res., Vol. 1
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specimen. This specimen should not broaden the lin
profiles; therefore, the crystallite size should be large
than , 1.0 mm and the grains should not be strained.
Silicon powder with grain size of, 5.0 mm may be used
as a standard. Using similar experimental settings as fo
the recorded diffractograms of the TiO2 layers, theh111j
reflection of silicon at 28.442± 2u is recorded. From this
line profile, the determined instrumental line broadening
is B  0.09± 2u. Using the x-ray line broadening as
determined from the diffractograms in Fig. 2, an esti-
mate for the average crystal size in the layers is given
in Table I.

Low-voltage high resolution scanning electron mi-
croscopy is used to measure the grain sizes in a
alternative way. The linear intercept method10 delivers
values for the average grain sizes in the samples. Th
method makes use of a line of known lengthl drawn
over the surface of the samples. Every intersection of thi
line with a grain boundary is counted. When sufficient
intersections are determined, the average grain radiusR
is a direct measure from the number of intersectionssNd
per total line lengthsLd, provided that sufficient,, 450,
intersections are determined.11,12

R 
3L
4N

. (4)

The measurements are performed on a set of micro
graphs, typically represented by Fig. 3, wherea, b,
and c represent micrographs of specimens treated a
700, 900, and 1200±C, respectively. The results of the
measurements are listed in Table II.

The values determined using the linear intercep
method correspond well to the values derived using th
x-ray line broadening experiments, leaving the x-ray

TABLE I. Average crystallite sizes furnace-cured TiO2 specimen.

Temperature (±C) Broadening (±2u)
Average grain radius,

Dy2, Eq. (3) (nm)

300 · · · · · ·
700 0.241 26.9 6 0.1
900 0.172 49.7 6 0.1

1200 0.137 86.7 6 0.1
4, No. 5, May 1999
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TABLE II. Grain sizes furnace-cured TiO2.

Heat treatment (±C)
30 min hold

Average grain radius,
R, Eq. (4) (nm)

300 2y2

700 24.2 6 0.1
900 50.1 6 0.1

1200 89.7 6 0.1

experiments an accurate method to determine aver
grain sizes in these layers.

To investigate the crystalline properties and t
phase of the laser-cured specimen, diffractograms
recorded using similar settings which were used for
furnace-cured specimen. In Fig. 4 three diffractogra
are depicted for laser-cured specimen with differe
curing parameters.

The three diffractograms exhibit similar behavio
indicating that the phase and structure of the lay
are comparable. In contrast to the furnace-cured sp
men, there is no evolution in crystallization and th
transformation from anatase to rutile is in general n
observed, and only faintly for the specimen cured us
laser parameters 55 kWymm2, 136 mmys. Overall, the
diffraction yield is small, compared to the furnace-cur
specimen. To perform x-ray residual stress measurem
accurately, the intensity of the reflection under investig
tion has to be, 10 times the background. The intensit
drops heavily upon tilting of the specimen, which mak
it not possible to perform residual stress measureme
on these layers.

To get some insight in the morphology of the lase
cured layers, the width of the profiles is determined
order to derive a value for the average crystallite siz
in the laser-cured layers. The derived values are lis
in Table III.

FIG. 4. Determined x-ray diffractograms for the laser cured th
TiO2 layers.
J. Mater. Res., Vol. 1
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TABLE III. Average crystallite sizes laser-cured specimen.

Laser
(kWymm2, mmys)

Broadening
(±2u)

Average grain size
(nm)

35, 43 0.185 85.7 6 0.1
50, 119 0.215 65.1 6 0.1
55, 136 0.190 81.4 6 0.1

The average crystallite sizes do not deviate to a lar
extent, indicating that grain growth is not affected by th
laser settings used in these experiments.

B. X-ray residual stress measurements

X-ray residual stress measurements are perform
on the furnace-cured TiO2 specimens. First the 1200±C
specimen is studied. The anatase reflection at 25.2±

2u proved in the phase analysis experiments to exhib
an intensity versus background ratio which is larg
enough for x-ray residual stress analysis to be performe
The position of the Bragg reflection is determined a
a function of crystallite orientationsf, c. For three
azimuthal angles,f  0±, 45±, and 90±, the tilt angle
c is varied from245± to 45± in stepsD sin2 c  0.12.
The results of the measurements are displayed in Fig.
For the different azimuthal anglesf, an offset is added
to the measured values for clarity.

From the measurements it is seen that the d
pendence of the lattice spacing upon the crystalli
orientation is linear, which is expected for linear elas
tic isotropic media. For the largerc values, however,
the lattice spacings measured for positive and negati
c values do show some deviations. This may be due
the existence of shear components in the strain tens
From Eq. (2) it is seen that ife13 and e23 are nonzero,

FIG. 5. Determined lattice spacings for the 1200±C furnace cured
specimen as a function of specimen tiltc in azimuthal orientations
f  0, 45, and 90±.
4, No. 5, May 1999 1899
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an extra contribution to the measured strain is expect
which differs for positive and negative values ofc due
to the termsin s2cd. To investigate whether the stres
state in the layer is triaxial, a procedure is followe
which enables the separation of the contributions fro
the several strain components on the measured lat
strains.13 If for an orientationf the average lattice strain
eavg is calculated from the measured valuesd1 andd2,
the following expression may be derived

eavg 
dfc1 1 dfc2

2d0
2 1


1
2

Ω
dfc1 2 d0

d0
1

dfc2 2 d0

d0

æ
 he11 cos2 f 1 e12 sin 2f 1 e22 sin2 f 2 e33j

3 sin2 c 1 e33 . (5)

From Eq. (5) it is seen that plottingeavg as a function
of sin2 c delivers a straight line. Measuringeavg for azi-
muthal anglesf  0±, 45±, 90± yields a set of equations
from which the strain componentse11, e12, e22, e33 may
be determined. A similar procedure may be followe
to determine the shear strainse13 and e23. By taking
the difference between the measured lattice strains
positive and negativec values, an expression may
be derived which correlates the shear strains to
crystallite orientationf.

edif 
dfc1 2 dfc2

2d0

 he13 cos f 1 e23 sin fj sin j2cj . (6)

Plotting edif againstsin j2c j for azimuthal anglesf 
0±, 90± delivers the shear strainse13 and e23 from the
gradient of the derived line. In Fig. 6 the dependen
of eavg on sin2 c and the dependence ofedif on sin j2cj

are plotted, respectively, for the three different azimuth
orientations used.

From Fig. 6 the strain components are determin
as:

measured strains:

0B@5.8 20.8 0.08
· · · 6.1 0.6
· · · · · · 0.3

1CA 3 1023.

The derived values for the strain components indica
that a biaxial strain field exists in the layer. The value
for e11 and e22 are overall , 10 times larger than
the other strain components, where the measured sh
strain componentse13 and e23 are small compared to
the principal strainse11 and e22. Assuming that the
material is isotropic in its elastic properties, the presen
of a biaxial strain state indicates that the stress st
is also biaxial. Therefore, application of thesin2 c

method is justified to measure residual stresses in th
layers. For the three azimuthal directions the stres
1900 J. Mater. Res., Vol. 1
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FIG. 6. Determination of triaxial strain. (a) Evaluation of the average
lattice spacing, as defined by Eq. (5), as a function of specimen ti
c. (b) Evaluation of the differential lattice spacing, as defined by
Eq. (6), as a function of specimen tiltc.

TABLE IV. Measured stress 1200± specimen.

f (±) sf (GPa)

0 2.4 6 0.3
45 2.3 6 0.3
90 2.4 6 0.3

are determined as listed in Table IV; in the analysis
the material properties of TiO2 are used according to
E  410 GPa,v  0.19.

The values determined for the orientationsf are
comparable within the error margins, indicating that
the stress state is biaxial and, from Eq. (2), it also
follows thats11  s22, determining the valuesf. Con-
sequently, an averaged residual stress value is derive
for the 1200±C specimen,sres  2.4 6 0.2 GPa.

Similar experiments are conducted for the 700±C
and the 900±C specimen. The measurements are agai
averaged, since no discrepancies are found between t
measured stresses as a function of azimuthal orientatio
4, No. 5, May 1999
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TABLE V. Experimentally derived stresses in layers.

Curing temperature (±C) sres (GPa)

700 1.4 6 0.2
900 2.0 6 0.1

1200 2.4 6 0.2

f. The eventually determined residual stress states
the layers are listed in Table V.

III. DISCUSSION AND CONCLUSIONS

X-ray residual stress measurements are perform
on the TiO2 layers, and a relevant point of discussio
is whether the basic requirements necessary to the
formance of x-ray residual stress measurement are m
The material must be polycrystalline in order to pe
form stress analysis using linear elasticity theory. If t
material is monocrystalline, there will only be one or
entation c for which the Bragg law is satisfied an
x-ray residual stress analysis is not possible. If the m
terial exhibits preferred orientation, i.e., the material
textured, x-ray residual stress measurements also m
become a problem. When a material is textured to
large extent, Bragg reflections will decrease upon tilti
the specimen from its preferred orientation, as for t
case of monocrystalline materials. Additionally, textu
in a polycrystalline material may cause the material
become anisotropic in its linear properties. Especia
for materials which exhibit larger anisotropy in Young’
modulus, this may give rise to problems. For a pol
crystalline material, which is considered to be isotrop
in its macroscopic elastic behavior, it is not a proble
provided that the analysis useshhklj plane specific x-ray
elastic constants. For highly textured materials, it m
become questionable, because Hooke’s law no lon
applies. To check whether the materials were textur
the diffraction yield was measured for all orientation
f, c of crystallites in the specimen. This is done b
placing the detector at the 2u reflection of interest. Sub-
sequently, the specimen is tilted over an anglec . After
measuring the diffraction yield as described for a spec
tilt angle c , all anglesf are measured. Because tiltin
a specimen will cause defocus errors in the measu
intensity, the measurements are corrected according
calculated defocus patterns. The data can be plotted
contour plot with axesf andc . If any preferred orien-
tation is present in the specimen, it will show as poles
the contour plots. The measurements were performed
the same Philips X’Pert MRD system, but operating
a texture analysis mode. The x-ray source is mounted
deliver a point focus beam. At the primary optics side
cross slit collimator is installed; at the secondary opt
side a wide receiving slit, 0.2 mm, is installed. No soll
J. Mater. Res., Vol. 1
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FIG. 7. Pole figures for the (a) 1200±C and (b) 900±C specimen.
The measured intensity of the2u  25.28± reflection is measured as
a function of the tilt anglec, plotted radially, and azimuthal anglef.

slits and no filters are used. For the 1200±C specimen,
a contour plot is measured for theh101j anatase reflec-
tion at 2u  25.28±. The tilt anglec is varied from 0±

to 45± and f ranges from 0± to 360±. At every crys-
tal orientation, the diffraction yield is measured for 5 s
Afterward, corrections are made for defocusing effec
The determined contour plot is displayed in Fig. 7(a
The measurements indicate that there is no distin
preferred orientation present. Forc tilts ranging from
, 10–30±, the intensity measured is mostly constan
with some areas with increased diffraction yield. Fo
specific f orientations, 0±, 90±, 180±, 270±, a slight
increase in intensity can be observed, indicating th
more crystals are oriented in this orientation. For th
900 ±C specimen a contour plot is measured using
similar procedure to the 1200±C specimen. The result is
displayed in Fig. 7(b). The contour plot exhibits feature
comparable to the contour plot for the 1200±C specimen.
Intensity as a function ofc is constant over a large
range ofc values. An increase in diffraction yield is
4, No. 5, May 1999 1901
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again observed, as for the 1200±C specimen, for specific
crystallite orientationsf  0±, 90±, 180±, 270±. The
magnitude of these poles in the contour plots is sligh
larger for the 900±C specimen than for the 1200±C
specimen. The 900±C specimen was cured twice a
long, 60 min, versus 30 min for the 1200±C specimen,
which may be an explanation for the more pronounc
preferred orientation in this specimen.

From the contour plots it is concluded that x-ra
diffraction can be used to measure residual stress fie
in these specimens. The layers contain randomly orien
crystallites, which is a requirement for application o
x-ray residual stress analysis.

The thin TiO2 layers proved to exhibit large dif-
ferences in morphology, structure, and residual stre
state between dissimilar curing processes. The ques
is whether the drying process that proceeds further cur
treatments already sets the stress level right from
start. Upon drying the layer the rate of evaporation
liquid, ÙVL, must equal the flux of liquid,JL, from the
solid porous network to the surface.JL is determined
by the permeability of the filmsDd, the viscosity of the
liquid hL, and the pressure gradient in the liquid. Th
gradient causes the liquid-vapor interface to remain at
surface of the drying film and to compress the netwo
in the film. The liquid covering the solid phase will be in
tension. The tension is balanced by compressive stres
which tend to suck the network under the surface
the liquid. The permeability in turn depends strong
upon the average capillary sized sD ø d4d,2 and hence
upon the pore size in the solid network. Because of t
very small pore sizes of the solid network in the dryin
film, the permeability is relatively low with respect to
ordinary bulk ceramics. As a consequence of this lo
permeability, very steep pressure gradients may ar
even for modest drying rates. The steeper, the grea
the difference in shrinkage rate between the exterior a
the interior of the network, and the more likely the film i
to fracture. From the pressure gradient, a relation for t
maximum tensile stress which occurs at the surface
the film can be approximated.2 This relation also includes
the thickness of the filmL:

s ø
LhL

ÙVL

3D
. (7)

Equation (7) shows that high tensile stresses are expe
for thick films, or when drying at high evaporation rate
and for networks which have low permeability. Th
average pore diameter in the layer will decrease af
drying. This decreasing pore size distribution will resu
in a decrease in permeability of the layer, and hence
creasing the stress rate in the layer. These stresses d
capillary forces are present in the dried starting mater
of a certain thickness governed by evaporation proces
of the volatiles. The densification of titania films in
1902 J. Mater. Res., Vol. 1
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particular is strongly affected by the internal atmosphere
(organic alkyl groups) and heating rate.14,15 At higher
temperatures as in our experiments these stresses du
to capillary forces will be reduced substantially by the
dynamic character of the densification/sintering process
and probably also by creep mechanism.

For the various curing temperatures an evolution in
phase is observed. The 300±C specimen is still amor-
phous after the curing process. Since this specimen doe
not exhibit any Bragg reflection, due to the amorphous
state of the layer, an average crystallite size cannot
be determined from line broadening experiments. For
the same reason, x-ray residual stress analyses are n
performed on this specimen.

Curing the layer at 700±C results in crystallization
of the TiO2 layer in the anatase form. This crystallization
typically results in a large compressive stress. The forma-
tion of grains in the layer is accompanied by a reduction
of stress in the layer due to a volume decrease associate
with the grain formation. X-ray line broadening analysis
delivers an average grain size in the layer of, 53.9 nm.

Increasing the curing temperature to 900 and
1200 ±C results in phase transformation. The anatase
phase is transformed to the rutile phase upon increasing
the curing temperature. The resulting film is a mixture
of anatase and rutile.16 This effect is seen from the
diffractograms in Fig. 2, which show a rutile reflection
for both the 900 and 1200±C cured specimens. X-ray
line broadening analysis delivers for the 900 and
1200 ±C specimens average grain sizes of, 99.3 nm
and , 173.3 nm, respectively. The average grain sizes
correspond to those obtained using scanning electron
microscopy. In the derivation of the average grain sizes
from x-ray line broadening, the contribution of second
and third order stresses to the broadening is neglected
Because the determined grain sizes correspond well to
the scanning electron microscope values, the second an
third order stresses are assumed to be small enough t
not influence the line profiles.

The measured residual stresses in the layers increas
with the curing temperature. Together with the fact
that the stresses measured are tensile, this may b
an indication that the residual stress state is evolved
upon cooling during the curing process. The linear
thermal expansion coefficient of the layers and the
substrate are, s8.0 6 0.5d1026 K21 and , s0.5 6

0.1d1026 K21, respectively.17,18 From the difference
in thermal expansion coefficients and the temperature
difference upon cooling from curing temperature to
room temperature, a thermally induced stress may be
calculated according to19

sthermal 
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1 2 vl
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In this equation,Da is the difference in thermal ex-
pansion coefficients,DT is the temperature difference,
El is Young’s modulus of the layer, andnl its Poisson’s
ratio. In this equation, the substrate is assumed to
infinitely stiff. Using this expression, the thermally
induced stress in the layers are estimated as listed
Table VI.

In Fig. 8 the measured residual stress values as w
as the calculated thermal misfit induced stresses a
plotted versus the curing temperature of the specime
From the graph it is suggested that the measured resid
stress values lie within the expected range for therm
misfit induced stresses in the layer.

If the stresses, however, are not solely due to therm
misfit, then a line may be fitted through the data whic
is not forced to go through the origin of the graph, th
fitted line then intersects the vertical axis at, 300 MPa.
This effect may be an indication that the densificatio
stress upon curing of the specimen is, 300 MPa. The
main assumption made in this conclusion is that th
densification in the three different layers cured at 70
900, and 1200±C is comparable. If the densification
differs for the various curing temperatures, then th
densification shrinkage will cause different densificatio
stresses in the various cured layers. The offset in t
residual stress versus temperature line will then b

TABLE VI. Thermally induced stress.

Curing temperature (±C) sth (GPa)

700 1.3 6 0.4
900 1.6 6 0.5

1200 2.1 6 0.6

FIG. 8. Determined residual stresses in the various furnace-cur
TiO2 specimens. In the graph, the calculated thermal stress is a
depicted.
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nonequal for different curing temperatures; hence, fitting
a straight line through the points, indicating that the
differences in stresses is solely due to thermal misfit,
is no longer justified.

Overall it is seen that large stresses may evolve
in the curing process, which may be attributed to the
differences in thermal expansion coefficients. It has to
be emphasized that measured stress state is explain
from the difference in expansion coefficients during
the cooling process, meaning that the stress presen
in specimen at the curing temperature is taken as th
reference state. During the heating process it is suggeste
that the stress generated by capillary forces in the startin
material is substantially reduced. The stress after a
completethermal cycle of heating up and cooling down
is assumed to be due to the differential shrinkage of the
layer and substrate.
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