
A

C
t
t
o
s
o
c
©

K

1

u
m
l
i
g
t
b
e
f
s
m
c
p
T
b
i

s

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 28 (2008) 2003–2010

Cracking of titania nanocrystalline coatings

Marie Mahé a,b, Jean-Marc Heintz b, Jürgen Rödel c, Peter Reynders a,∗
a PLS R&D Pigments, Merck KGaA, 64271 Darmstadt, Germany
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bstract

racking of wet-chemically precipitated nanocrystalline TiO2 films deposited on different platelet-like substrates is investigated. The thicknesses of
he films are also in the nanometric range: 60, 140 or 300 nm. Scanning electron microscopy, X-ray diffraction and nitrogen adsorption are employed
o determine layer thickness, grain size, and porosity. The synthesis of TiO2 films through an aqueous route affords very good reproducibility
f these properties (layer thickness ±5 nm). Mica, SiO and Al O platelets are used as substrates, providing different properties with regard to
2 2 3

urface charge, structure and roughness. The drying step is found to be responsible for the cracking of some of the TiO2 layers and the evolution
f the cracks during sintering is related to shrinkage of the substrate. Film thickness as well as the chemical nature of the substrate influences the
racking of nanocrystalline TiO2 films during the drying step.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Titanium oxide-coated platelet-like substrates are largely
sed in the industry of pearlescent pigments. The most com-
on substrate used for the precipitation of the titanium oxide

ayers in pigments is the muscovite mica, due to its availabil-
ty. Synthetic substrates, like SiO2 platelets, Al2O3 platelets,
lass platelets and synthetic mica have been developed during
he last two decades. These substrates allow, for example, a
etter control of the thickness and/or of the impurities. Nev-
rtheless, TiO2-coated natural mica remains commercially by
ar the most important family because of low cost of the mica
ubstrate in comparison to synthetic substrates.1,2 TiO2-coated
ica studied in this work was obtained using the chloride pro-

ess in which a TiOCl2 solution is slowly added to a mica
latelet suspension at low pH and temperatures of 60–90 ◦C.

he synthesis of TiO2-coated platelet-like substrates produced
y Merck has already been optimised in terms of TiO2 precip-
tation, lustre and chroma. Nevertheless, the presence of cracks

∗ Corresponding author at: PLS R&D Pigments, Merck KGaA, 64271 Darm-
tadt, Germany. Tel.: +49 6151 726004.
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an still be observed at the surface of some of the pigments.
n order to continuously improve the quality of the pigments,
rack formation at the surface of inorganic pigments needs to be
nderstood.

Cracking of inorganic films has repeatedly been reported
n the literature.3–14 Depending on the systems studied, sev-
ral reasons have been proposed for crack formation. The
rying of porous material, like sol–gel bodies3,4,8,13 or gran-
lar ceramics5–7,9–12,14 is often seen as a decisive step for the
ppearance of cracks at the surface of these materials. In these
ases, drying stresses develop which are linked to the tension
orces that exist in the liquid inside the pores of the drying
ody. Crack formation is also reported to occur during sin-
ering of ceramic films for cases with differential sintering
eading to strain incompatibilities.5–7,11 During sintering, cracks
avourably develop from intrinsic defects. Finally, problems of
rack formation and decohesion can also develop during cool-
ng of annealed ceramic films deposited on a substrate due to
ifferences between the thermal expansion coefficients of the
ubstrate and the coated film.15,16
An improved understanding of the cracking of TiO2 nano-
ayers deposited on platelet-like substrates is presented in this
tudy. The effects of the drying step and the calcination step on
racking are treated. Moreover, the influence of layer thickness

mailto:peter.reynders@merck.de
dx.doi.org/10.1016/j.jeurceramsoc.2008.02.002
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s well as of the underlying substrate has been examined, with
espect to their acido-basicity, crystallinity and roughness.

. Experimental

.1. Synthesis of the samples

Titanium oxide layers were deposited on different platelet-
ike substrates via an aqueous liquid deposition process
LDP).1,2,17 It corresponds to controlled precipitation, at low
H (∼2), of titanium chloride within an aqueous suspension
ontaining the substrates. The TiO2 rutile structure leads to a
igher refractive index than the TiO2 anatase structure.2 There-
ore, a process has been developed at Merck to create a TiO2
utile layer on mica by precipitating first a very thin SnO2 layer
n the substrate, which acts as a template for the TiO2 rutile.
he preparation of the samples used in this publication has been
escribed in the literature.17 The thickness of the TiO2 layers
an be accurately controlled (±5 nm) by varying the amount
f titanium chloride solution. The precipitates were filtered off,
ashed completely with deionized water and dried at 110 ◦C

or 12 h. The dried pigments were then sintered at 850 ◦C for
0 min.

The TiO2 layer thickness deposited on the substrates were
qual to 60 nm, 140 nm and 300 nm after sintering. Natural mica,
iO2 platelets and Al2O3 platelets were utilized as substrates.
o describe the samples studied in this work, the following type
f notation will be used: “Ti-140-mica” with “Ti” for TiO2 layer,
140” for TiO2-thickness layer equal to 140 nm after sintering
nd “mica” for the substrate used.

.2. Substrates

The titanium oxide layers were precipitated on three dif-
erent substrates: mica platelets (Merck, diameter 10–50 �m,
hickness range 300–800 nm, mean thickness 400 nm), SiO2
latelets (Merck, diameter 10–50 �m, thickness 450 ± 10 nm)
nd Al2O3 platelets (Merck, diameter 10–50 �m, thickness
00 ± 10 nm). The mica employed is the natural dioctahe-
ral muscovite KAl2[AlSi3O10](OH)2.18 The surfaces of the
ica muscovite platelets are oriented along the (0 0 1) plane.19

he synthetic SiO2 platelets are produced by a web-coating
rocess.20 These substrates are amorphous. Al2O3 platelets (�-
l2O3, corundum) were produced using a controlled crystal
rowth process in molten sodium sulfate.20 The surface of the
latelets is preferentially orientated according to the (0 0 1) plane
f �-Al2O3 corundum. There is no correlation between the lat-
ice parameters of mica or Al2O3 platelets (corundum) with the
attice parameters of SnO2 and TiO2 rutile or anatase. The points
f zero charge (PZC) values, given in the literature, for the oxides
onstituting the substrates are the following: PZCSiO2 ∼ 2 and
ZCAl2O3(0 0 1) ∼ 5 − 6.18,21 Since the main plane developed at

he surface of mica is close to SiO2, the PZC of mica can be

onsidered close to the SiO2 value.

Most of the experiments have been carried out with the three
reviously quoted substrates: natural mica, SiO2 and Al2O3
latelets. Nevertheless, some experiments have been performed
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sing synthetic mica and glass platelets. In fact, the surfaces of
iO2, Al2O3 and glass platelets are smoother than those of nat-
ral and synthetic mica. Also, the chemical nature of synthetic
nd natural mica (respectively fluorophlogopite and muscovite)
s different.

.3. Characterization of pigments

The layers consist of oxide particles, which are called grains
hroughout this publication to make a clear distinction from the
hole pigment particles themselves that consist of these films

ttached to substrates. In a given sample, not all pigment particles
ontain cracks. Therefore, the average percentage of pigment
articles exhibiting cracks in a sample has been determined,
sing light microscopy. For ease of reading, the term “crack
ercentage” is used in the following instead of “average per-
entage of pigment particles”. Micrographs of the samples were
aken using an Eclipse ME 600 (Nikon GmbH) under reflection
onditions. It has also been used to determine the evolution of
he cracks between the drying and the sintering steps. For this
urpose, dried pigment particles were deposited on a sapphire
older on which markers had been inscribed. The dried par-
icles were observed through the optical microscope; then the
ystem composed of the dried particles on the sapphire holder
as sintered at 850 ◦C for 30 min. Thanks to the markers on the

apphire holder, the pigments previously observed in their dried
tate were identified and characterized after sintering.

The morphology of the TiO2 layers and of the substrates
as studied by scanning electron microscopy (SEM) (LEO 1530
emini). SEM was also used to measure the layer thickness on
icrographs of fractured pigments. The pigments were mixed
ith a lacquer and dried. The lacquer, containing the pigments,
as then broken in such a way that some of the particles were

lso fractured which allowed the thickness of the coating film to
e measured.

The Brunauer–Emmett–Teller (BET) specific surface areas
nd the pore volumes were measured using a Micromeritics
SAP 2400 apparatus with nitrogen at 77 K. Assuming that the

urface area of the substrates is negligible and that the TiO2
rains attached to them are spherical, the particle size GBET of
ried TiO2 layers was evaluated. (The specific area of mica, SiO2
latelets and Al2O3 platelets are 2.8, 3.05, and 1.8–3.0 m2/g,
espectively.) The weight percentage of TiO2 in the pigments is
aken into account for determination of the grain size:

BET(nm) = 6000fTiO2

SBET × ρTiO2

Here fTiO2 is the TiO2 weight oxide fraction, SBET is the
ET surface area (m2/g) and ρTiO2 is the theoretical density
f titanium oxide (4.26 g/cm3 (for rutile) and 3.85 g/cm3 (for

natase)). The relative densities ρrel of the TiO2 layers were also
educed from nitrogen adsorption measurements. Finally, the
verage pore radius r̄p of the sample is also calculated from the
itrogen adsorption analyses according to the following formula
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Fig. 1. SEM micrograph of mica substrates used in the LDP process.

Eq. (1)):

p = 2 × Vtot

SBET
(1)

he average pore radius r̄p is different from the most frequent
ore size deduced from the pore size distribution but provides a
ough estimate of the pore size in a sample.

X-ray analyses (Bruker AXS D5000 θ/θ diffractometer) were
arried out to determine the crystallite size of the titanium oxide
recipitated on the substrates. The radiation used was Cu K�1.
he crystallite size (DXRD) was estimated from the full width at
alf-maximum of diffraction peaks using the Scherer equation
Eq. (2)):

XRD = 0.9λCu Kα1√
B2 − b2 cos θ

(2)

ere θ is the scattering angle, B is the peak width at half height
nd b the peak width at half height of the reference substance

LaB6). The wavelength of the X-ray is λCu Ka1 = 0.1541 nm.

Pycnometry analyses were performed in ethanol at 20 ◦C for
iO2 platelets dried at 110 ◦C, and sintered at 600 or 850 ◦C.

Fig. 2. AFM micrograph showing steps at the surface of natural mica.
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The AFM results reported in this paper were obtained in air at
oom temperature using a Park Scientific Instruments Autoprobe
P scanning probe microscope (SPM) operating in the non-
ontact mode.

. Results

.1. Substrate morphology

SEM observations show that surfaces both from natural and
ynthetic mica platelets exhibit defects (Fig. 1). The presence
f step-like defects at their surface is related to the easy cleav-
bility of mica. These defects can be detected at the surface of
atural mica as well as synthetic mica. According to the SEM
icrographs, SiO2, Al2O3 and glass platelets are smoother.
AFM images were recorded on three small defect-free areas

edge length about 2–5 �m) that were selected from different
egions. For each substrate, two platelets were analysed and the
verage roughness determined. The synthetic mica exhibits a
ather high average roughness (∼9 nm) in contrast to natural
ica where it is rather low (∼1 nm). The average roughness of

lass platelets (∼5 nm) and SiO2 platelets (∼4 nm) is smaller
han the value for synthetic mica but larger than the average
oughness of natural mica. Finally, the average roughness of the
l2O3 surface is very small (<1 nm).
Mica substrate surfaces exhibit steps, especially close to the

dges of the mica particle. The height of the steps of synthetic
nd natural mica was determined: average values for these two
ypes of mica are around 20–100 nm (Fig. 2). Occasionally, rare
tep-like defects on Al2O3 or SiO2 can also be found.

.2. Thermal evolution of the substrates

Mica and alumina platelets, which are subjected to temper-
tures higher than 850 ◦C before their use in the LDP process,
o not exhibit any significant modification as regards to their
ize and mass during the sintering of the pigments. In contrast,
igments based on SiO2 can shrink in the lateral direction dur-
ng the heat treatment. Optical microscopy was employed to
etermine the in-plane shrinkage of non-coated SiO2 platelets
uring the sintering process. Between 110 and 850 ◦C, shrink-
ge is about 6–8%. These values are close to the ones that have
een measured on pigment particles (∼6%).

The volume shrinkage of SiO2 platelets was also investigated
sing pycnometry analyses in ethanol. SiO2 platelets dried at

10 ◦C or sintered at 600 ◦C or 850 ◦C were measured. The
ensities deduced from these experiments and the correspond-
ng volume shrinkages are provided in Table 1. Densification
ccurs mostly between 600 and 850 ◦C. Moreover, qualitative

able 1
olume shrinkage of SiO2 platelets deduced from pycnometry analyses

SiO2 platelets
110 ◦C

SiO2 platelets
600 ◦C

SiO2 platelets
850 ◦C

alculated density (g/cm3) 1.736 1.770 2.019
olume shrinkage Reference 1.9% 14%
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Table 3
Crack percentage in the different studied pigments (percentage of pigment par-
ticles exhibiting cracks in a sample)

Samples and number of samples studiedCrack percentage

Ti-60-mica (3 samples) Low (1–5%)
Ti-140-mica (16 samples) High (30–40%)
Ti-140-Al2O3 (5 samples) Very low (1%)
Ti-140-SiO2 (5 samples) Very low (1%)
T
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Fig. 3. SEM micrograph of Ti-140-mica pigment particles.

greement is obtained between 2D observations and pycnom-
try analyses since the final experimental value of the volume
hrinkage (�V/V = 14%) is about the same order of magnitude
f the value that can be calculated from the linear shrinkage
etermined by optical microscopy (�V/V = (1–�l/l)3 ∼ 17%).

A thermogravimetric analysis (TGA) of SiO2 platelets pre-
iously dried at 110 ◦C was also performed from 25 to 900 ◦C.
he weight loss is equal to 7.3% at 700 ◦C. About 3.8% of the
eight loss occurs before 200 ◦C and 3.4% of the weight is

ost from 200 to 700 ◦C. The major weight loss occurs before
00 ◦C, before the volume shrinkage of SiO2 platelets takes
lace.

.3. Pigment particles

The pigments obtained after the LPD process and drying are
resented in Fig. 3. A pigment sample is composed of thousands
f pigment particles. The diameter of a pigment particle is about
0–50 �m and TiO2 layer thicknesses are about 50–300 nm.

.4. TiO2 layers

Pore and grain sizes from the different dried TiO2 layers
re reported in Table 2. The average pore radius r̄p is about

nm. This value is quite consistent with a theoretical radius of
pore (rth) surrounded by 3 crystallites of radius R, that can be
alculated from the following equation14: (R + rth)cos 30◦ = R.

able 2
roperties of dried TiO2 layers

r̄p (nm) GBET (nm) DXRD(1 0 1) (nm)

i-60-mica 2.2 10 –
i-140-mica 2.0 18 24
i-140-Al2O3 2.6 26 21
i-140-SiO2 2.1 18 22
i-300-Al2O3 1.6 27 29
i-300-SiO2 2.1 43 31

p
a

3

s
m
t
c
t
s
s

i-300-Al2O3 (1 sample) High (20–30%)
i-300-SiO2 (1 sample) Moderate (∼10%) but some delaminati

In our case, R is taken from BET measurements: R = GBET/2
nd 10 < GBET < 30 nm, providing a theoretical pore radius rang-
ng from 0.8 to 2.3 nm.

TiO2 grains are confirmed as monocrystalline since values
iven by BET and X-ray diffraction measurements are very
imilar. The grain size seems to increase with layer thickness
ccording to both types of measurements.26

The SEM micrographs of the microstructure of dried TiO2
ayers in Ti-140-Al2O3 and in Ti-300-Al2O3 demonstrate that
he TiO2 granular layer is precipitated homogeneously and reg-
larly on the substrate (Fig. 4). The film thickness in a given
igment remains constant. Grain size of the dried layers is in the
anometric range as shown by BET and XRD analyses.

.5. Crack percentage

As already mentioned, the preparation of inorganic layer-
ubstrate pigments is composed of several steps. After
recipitation, the pigment particles are dried and then sintered
t 850 ◦C. The presence of cracks is detected after the drying
tep (Fig. 5), although the cracks are then barely visible.

After sintering, cracks are more easily detected with light
icroscopy or SEM and the crack percentage was determined.

n most cases, several samples corresponding to the same type
f pigments have been studied to check the reproducibility of the
esults. The influence of different parameters (layer thickness,
ubstrate nature, precipitation conditions) on crack percentage
fter sintering is reported in Table 3. It can be noted that there is
critical thickness beyond which the crack percentage increases

see Ti-60-mica and Ti-140-mica or Ti-140-Al2O3 and Ti-300-
l2O3). This critical thickness is smaller when TiO2 layers are
recipitated on mica (between 60 and 140 nm) than when they
re precipitated on Al2O3 and SiO2 platelets (>140 nm).

.6. Crack evolution during sintering of pigments

The evolution of cracks between the drying and the sintering
teps has been analysed for the different pigments. Examples of
ica based pigments are presented in Fig. 6. Cracks present at

he surface of sintered pigment particles are more visible than
racks present at the surface of as-dried pigments. Nevertheless,

he crack percentage of dried and sintered samples is about the
ame, which indicates that cracks are formed during the drying
tep.
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Fig. 4. SEM cross-section of dried pigmen
Moreover, SEM micrographs performed on the same area of a
racked pigment particle show that the crack opening displace-
ent within dried TiO2 layers increases during the sintering

rocess (Fig. 7).

m
b
f

ig. 5. Light microscopy images of (a) Ti-140-Al2O3 and (b) Ti-300-Al2O3 pigmen
racks can be detected in Ti-300-Al2O3.

Fig. 6. Light microscopy images of Ti-140-mica pigment

Fig. 7. SEM micrograph of a Ti-140-mica pigment partic
cles: (a) Ti-140-Al2O3; (b) Ti-300-Al2O3.
As shown in Table 3 and Fig. 5, the Ti-300-Al2O3 pig-
ent also exhibits cracking problems. The evolution of cracks

etween the drying and the sintering steps has been observed
or several Ti-300-Al2O3 pigment particles. Again, cracks at

t particles in their dried state: no cracks were found in Ti-140-Al2O3 whereas

particles (a) before and (b) after sintering at 850 ◦C.

le (left) before and (right) after sintering at 850 ◦C.
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he surface of sintered pigment particles are more visible than
racks present at the surface of dried pigments. Some cracks are
idening but the crack percentage of dried and sintered sam-
les remains similar. The same conclusion as for mica based
igments can then be drawn: the main cracks are formed during
he drying step. In contrast, the case of pigments based on silica
ubstrates is different from the other substrates. For example,
he crack percentage in Ti-140-SiO2 samples is very low. How-
ver, a very small amount of cracks can be detected in the dried
ample and the evolution of these cracks during sintering can
e observed using light microscopy. Cracks initiated during the
rying step were either eliminated or rendered less visible after
intering.

. Discussion

.1. Cracking during drying

As has been pointed out in the results, cracking of TiO2 lay-
rs can be attributed to the drying step of the pigments. The
rying of TiO2 layers is performed in this study at 110 ◦C. At
his temperature, the thermal expansion of the substrates should
e limited and the difference in thermal expansion between the
lm and the substrate should not cause crack formation. To con-
rm this hypothesis, a Ti-140-mica sample was dried at room

emperature in a desiccator. Its crack percentage was found com-
arable to a sample dried in the oven at 110 ◦C. Thus, it can be
oncluded that the difference in thermal expansion between the
iO2 layer and mica substrate is not governing the cracking of
iO2 layers.

The influence of the drying step on the cracking of inorganic
aterials like granular ceramics or gels8,22–25 has been mainly

inked to the presence of the liquid in the pores during the dry-
ng of the body. At the onset of drying, water evaporates from
he pores at the surface of the material. This leads to the sub-
titution of a solid/liquid interface by a solid/vapour interface,
f the water is not replenished from the interior of the body.
o prevent exposure of the solid phase, the meniscus of the liq-
id adopts a curved liquid/vapour interface. A capillary pressure
�P) develops across the curved interface liquid/gas and reaches
ts maximum value (�PM) when the radius of the meniscus is
mall enough to fit into the pores. This leads to tension in the
iquid, balanced by compressive forces in the solid phase which
auses the network to shrink. The maximum value of the capil-
ary pressure (�PM), which corresponds to the maximum of the
rying stress, is given by Eq. (3)8:

PM = 2γLV cosθ

a
(3)

ere γLV is the liquid/vapour interfacial energy, θ is the contact
ngle between the liquid and the solid phase, and a is the pore
adius.

In Eq. (3), pores are considered cylindrical and the pore radius

a) is the radius of the pores in the drying material when �PM
s reached. The exact value of a for the present products was
ot precisely determined since the layer characterization was
erformed after the drying and not during the drying. Never-

(

h

eramic Society 28 (2008) 2003–2010

heless, a can be approximated by r̄p, the average pore radius
educed from the nitrogen adsorption measurements since most
f the shrinkage occurs before �PM is reached.8 Then, for
os θ ≈ 1, γLV = 7 × 10−3 J m−2 (surface tension of water) and
≈ r̄p ≈ 2 nm, the maximal capillary pressure �PM is about

0 MPa. It is possible to show with this simple estimation of
PM that there is a significant capillary tension in the liquid

t the critical point. The capillary pressure �P causes contrac-
ion of the solid phase during drying. When the solid phase is a
lm deposited on a rigid substrate like a gel film24,25 or a gran-
lar ceramic film,9,10,12,13 the contraction of the film imposes
ompressive stresses on the substrate and corresponding tensile
tresses in the film. These can lead to the initiation of cracks at
tress concentrators like pores.

.2. Cracking during sintering

Sintering does not promote cracking in mica and alu-
ina based pigments. Specifically, sintering of constrained
i-140-mica and Ti-300-Al2O3 films leads to a widening of

he cracks and also to a higher densification near the crack
aces since there are no geometrical constraints close to the
racks.26

The sintering behaviour of the SiO2 platelets leads to a differ-
nt scenario: for the Ti-140-SiO2 pigment, the occasional cracks
ormed during drying are eliminated or partially healed during
he sintering step. The increase in density of the amorphous SiO2
latelets from 1.770 to 2.019 g cm−3 between 600 and 850 ◦C is
ttributed to a real densification. This increase in density is not
orrelated to the SiO2 platelet weight loss, which occurs mainly
etween 25 and 600 ◦C. The weight loss is first due to water
emoval from the surface of the SiO2 platelets (until 200 ◦C)
nd then due to the release of water resulting from the dehy-
roxylation of silanol groups on the surface of SiO2 platelets.
he obtained density at 850 ◦C (2.019 g cm−3) is in agreement
ith values found in the literature for amorphous silica of around
.200 g cm−3.27 Therefore, the densification of SiO2 substrates
eads to shrinkage of the platelets, which can lead to partial or
omplete crack healing.28

.3. Influence of layer thickness on the cracking of dried
iO2 layers

Cracking behaviour is observed to depend on layer thickness:
or the same substrate, cracking of TiO2 layers increases with
he thickness of the layer (Table 3 and Fig. 5).

According to linear elastic fracture mechanics, a constrained
lm, subject to stress, will crack when the strain energy released

n the process exceeds the energy required to form the crack.29,30

or a film and a substrate having the same elastic moduli, a
ritical thickness for film cracking (hf) can be expressed at a
iven level of tensile stress (σx) by the following equation Eq.

4)30:

f = 2

π · c2
e

ΓfĒf

σ2
x

(4)



an Ceramic Society 28 (2008) 2003–2010 2009

H
m
n

c
s
m
h
l
i
c
u
E
fi
m
o
(

4
l

g
r
i
o
c

b
d
o

s
t
s
l

s
p
T
t
i

e
o

s
e
w
r
a
o
r
(
m

f

Fig. 8. Mechanical and geometrical parameters used in the FEM analysis
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ere ce is a dimensionless constant (close to 1), Ef is the elastic
odulus of the film and Γ f is the energy required to form two

ew crack surfaces per unit area.
In our case, it is not possible to calculate precisely this

ritical cracking thickness since Ef and Γ f are not known for
uch granular nanometric films. However, due to the nano-
etric character of the microstructure, the development of

igh drying stresses in these nanocrystalline films is very
ikely (see the high value of capillary pressure estimated
n Section 4.1). It can account for a submicrometer critical
racking thickness as it is often observed in the case of gran-
lar films obtained through sol–gel processes (<0.1 �m).31–33

xperimentally, the critical cracking thicknesses of the studied
lms fit reasonably well with this analysis. They can be esti-
ated to be of the order of 100 nm when TiO2 is deposited

n mica and >140 nm when deposited on alumina or silica
Table 3).

.4. Influence of the substrate on the cracking of dried TiO2

ayers

Considering Ti-140-mica, Ti-140-Al2O3 and Ti-140-SiO2
reen pigments, the TiO2 layers exhibit the same properties with
espect to porosity, grain size and layer thickness but the crack-
ng behaviour of these layers differs. Therefore, the substrates
n which the layers are precipitated exert an influence on the
racking of the TiO2 layers.

As already mentioned, the difference in thermal expansion
etween the different substrates is not the main cause of the
ifference in cracking behaviour of TiO2 layers since cracking
ccurs at relatively low temperature (110 ◦C).

The surface charge and the surface structure of the different
ubstrates also cannot explain the different cracking behaviour of
he TiO2 layers. In the precipitation conditions (pH < 2), all sub-
trates present a relatively positive surface charge (pH < PZC),
eading to the same TiO2 precipitation.

Further, no correlation could be established between the sub-
trate lattice parameters and the SnO2 ( TiO2 rutile) lattice
arameters, so that template effects are not expected. Besides,
iO2 anatase layers were precipitated on different substrates, and

heir cracking behaviour depends on the underlying substrates
n the same way as for TiO2 rutile layers.

The roughness of the different substrates should be consid-
red in more detail since this parameter can control the adhesion
f the film on the substrate.

The values obtained for the roughness of the different sub-
trates are, however, not conclusive. 140 nm TiO2 layers only
xhibit cracks when deposited on synthetic or natural mica,
hich exhibit an average roughness of either 9 nm or 1 nm,

espectively. The average roughness of glass platelets (∼5 nm)
nd SiO2 platelets (∼4 nm) is smaller than the average roughness
f synthetic mica and larger than the average roughness of natu-
al mica. Finally, the average roughness of Al2O3 is very small

<1 nm). However, a common feature of natural and synthetic
ica is the steps present at the surface of the platelets.
A Finite Element Model (FEM)-stress simulation was per-

ormed to simulate the development of stresses in a drying
F
l

�T = 100 K, αsubstrate = 9 × 10 K , αlayer = 0.976 × 10 K ).

ayer deposited on a rigid substrate containing steps. For this
odel, constrained film shrinkage was simulated using the strain
ismatch which occurs when cooling from an increased temper-

ture with different thermal expansion coefficient for film and
ubstrate. The temperature difference and the thermal expansion
ismatch were chosen to match the strain incompatibility during

rying. Mechanical and geometrical parameters are provided in
ig. 8. The results of the computation are provided with a focus
n the effect of surface inhomogeneities on stress distribution
Fig. 9). The FEM simulation confirms that there is an increase
f the stress when step-like defects are present at the surface of
he substrate. The increase of the stress occurs in the vicinity
f the steps and extends to a distance of the order of the step
eight. In some cases, cracks are experimentally observed along
he steps at a distance that fits reasonably with the simulation.
n other cases, no clear correlation between cracking and steps
ould be observed. However, this FEM simulation was quite
imple and therefore too limited to simulate precisely what hap-
ens in a polycrystalline TiO2 layer. For example, the different
owder packing around steps and the attendant effect on local
racture energy cannot be avoided and could not be taken into
ccount.
ig. 9. FEM analysis: contour plot representing the stress distribution in a drying
ayer deposited on a substrate in the vicinity of a step-like defect.
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. Conclusion

Cracking in thin nanocrystalline titania films deposited on
ifferent substrates has been shown to develop during drying.
he subsequent sintering step leads to an increase of the crack
pening displacement for dense substrates (mica and alumina)
nd to partial or complete crack healing for densifying substrates
silica). A critical thickness for cracking could be discerned for
hese layers, which was about 100 nm for mica substrates and
igher than 140 nm for the alumina and silica substrates. Sur-
ace steps in the mica are suggested to be responsible for this
ifference.
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