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Abstract

Thin (d=60nm/140 nm) nanocrystalline Zas and ZrQ films were deposited onto Sjdlakes, using a liquid route synthesis. Their
sintering behaviour was characterized and compared to that of the corresponding powders and the known equivéilentriTté€rms of
grain size, grain growth and layer porosity. The effect of the substrate was noticeable on crystallisation process but not on grain growth. The
sintering behaviour was actually dictated by the initial size and the packing of the precipitated grains related to the synthesis of the film.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction The breakthrough for the development of nacreous pig-
ments was done when the deposition of thin metal oxide
Thin oxide films are today widely used. For example, tan- films was obtained in a controlled way on a substrate, i.e.
talum oxide is known as a high-quality dielectric material for mica (muscovite). Two main preparation processes have been
capacitor technolog¥.It is also used as electroluminescent largely developed. CVD methods are suitable for forming
and filed emission displaysppticaP and corrosion resistant  dense oxide film§%-23However, this technique is considered
coatings® For their part, ZrQ films have been proposed to  as too expensive for industrial pigments. Chemical methods,
be used as thermal barrier coatings for metal comportents, such as sol-gel or precipitation, are the other possible routes.
wear resistant coatind's sensor layer§;°dielectric! and The two main oxide films used as nacreous pigments
fuel cell films12-15 are FeO3 and Ti®.23-26 New improvements have been
The area of optics is obviously another field of current achieved recently with the use of new synthetic substrates,
investigations. A good example is the class of nacreous orsuch as Si@flakes which presentan homogeneous thickness,
pearlescent pigments that were originally developed to sim- unlike mica flakes which are obtained by a milling/grinding
ulate the appearance of natural pearls. Now, they are incor-process.” Now, TiOz/mica or TiQ/SiO, pigments are cur-
porated in various industrial products for functional (security rently prepared via an aqueous precipitation proéess.
printing, optical filter) or decorative purposes (cosmetics, car  The next step of the preparation of a pearlescent pigment
paints)18 They are made of thin platelets of high refractive in- deals with the conversion of the precipitated film into the
dex, which partially reflect and partially transmit lightThe final oxide, which is usually obtained through a sintering
lustrous, brilliant or iridescent colour effects are obtained by treatment. In fact, such a thermal treatment of a particu-
interference effects on these thin filfs!® late film attached to a rigid substrate corresponds to a con-
strained sintering problem. Many experimental and theoret-
- Cormesponding author. Tel: +49 6151 726004; fax: +49 6151 72916004, 1G] WOTKs have been done on that topfc?*In the present
E-mail address: peter.reynders@merck.de (P. Reynders). case, some interesting developments arise from the nanomet-
1 Member, European Ceramic Society. ric grain size within the film and the nature of the substrate.
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Yet, several questions are still unsolved, especially about the

role of the substrate on grain growth within the thin oxide
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Light microscopy micrographs of the samples were taken
using an Eclipse ME 600 (Nikon GmbH) under transmission

layer. Part of this problem has been addressed with the grainand reflection conditions.

growth study of FgO3 special effect pigments with different
substrates?®

The present study aims to describe the sintering be-

haviour of pearlescent pigments based opCeaand ZrQ

films. Although tantalum oxide and zirconia based spe-

The morphology of the particles was studied using scan-
ning electron microscopy (SEM) (LEO 1530 Gemini). SEM
was also used to measure the layer thickness on micrographs
of fractured pigments. The pigments were mixed with a lac-
quer and dried. The lacquer, containing the pigments, was

cial effect pigments as well as weather-resistant pearles-then broken in such a way that some of the Sil@kes were

cent pigment are mentioned in the patent literafré® 0

also broken which allowed the thickness of the coated film

no large investigation of the film microstructural changes to be measured.

during sintering was reported. Therefore, the first part of
this work concerns the characterization of the thermal be-

The Brunauer—Emmett—Teller (BET) specific surface ar-
eas and the pore volumes were measured using a Micromerit-

haviour (crystallisation, surface area, grain growth) of the ics ASAP 2400 apparatus with nitrogen at 77 K. Assuming
as-obtained oxide layers. The second part is related to thethat the surface area of the silica flakes (ca23mt) is neg-
comparison of their sintering behaviour to that of nanosized ligible and that the particles attached to them (the grains)

TapOs and ZrGQ powder and known equivalent Typig-

are spherical, the particle size of dried and calcined films

ments, in terms of grain size, grain growth and constrained was evaluated, taking into account the weight percentage of

sintering.

2. Experimental procedure
2.1. Powder preparation
The tantalum, zirconium and titanium oxide layers were

deposited onto Sig flakes (Merck, diameter 10-5%0m,
thickness 450 nm: 10 nm) via an agueous liquid deposition

oxides in the pigment samples, according to the following
equation:

pom - %

where f is the weight oxide fractionSget is the BET
surface area (Ag1) and p is the bulk oxide den-
sity (gcnm3). The values of the theoretical densities
of the oxides that were used for the calculation were
d(TagOs)p-phase=8.20 9 cn3, d(ZrOz)tetragonaF 6.1 9 cnr3

process (LPD). It corresponds to the controlled precipita- andd(TiO2)anatase 3.85g cnts.

tion, at low pH, of the metal chloride within an aqueous

In fact, three types of grain size were deduced from these

suspension containing the substrates. The details are givenmeasurements. Crystallite size, grain size from SEM and
elsewheré! The thickness of the layers can be controlled by grain size from BET. One should remind that the meaning and
varying the amount of metal chloride solutions used in the the associated precision differ from one to the otbggr and

LPD. The precipitates were filtered off, washed completely Gcrystal are more precise at low temperature when particles

with deionized water and dried at 110 for 12 h. Two dif-

are small and interparticle sintering can be neglected while

ferent film thicknesses (for dried pigments) were considered Gsgm is more reliable at higher temperature. In all cases,

for the present study:=60 nm and = 140 nm, respectively

the best accuracy that can be obtained from these methods is

called Ta60, Zr60 and Ti60 and respectively Ta140, Zr140 estimated to be 10 nf.

and Til40 films. Using the same conditions,@g, ZrO»
and TiQ, powders were precipitated without any substrate.

All dried pigments were then calcined at different temper-
atures between 500 and 118D under air for 30 min.

2.2. Powder characterization

X-ray analyses were carried out under air from room tem-

perature to 1200C. The pigments were put on a Pt/Rh rib-

3. Results

Cross sections of dried films (Ta140 and Zr140) are pre-
sented inFig. 1 As it can be seen on these SEM micro-
graphs, the powder layer is precipitated homogeneously and
regularly onto the Si@ substrate. This was the case for
all films investigated. The film thickness remains constant,

bon. The measurements were carried out in reflection geom-with a precision of+10 nm. The dried films were also in-

etry with ad/6-diffractometer (Cu k&, HT-Chamber J. Otto

vestigated using light microscopy under transmission and

GmbH, Hechingen). The crystallite size was estimated from reflection conditions. As an example, Ta60 pigments are
the full width at half-maximum of diffraction peaks by the shown inFig. 2 In all cases, pigments appeared transpar-
Scherrer equation after subtracting the instrumental broad-ent, which denote their ability to scatter light as little as pos-

ening @=1.04\/[B — b]cose, where is the X-ray wave-
length (0.1541 nm)¢ the scattering angle of peakB,the
measured half-maximum width ahdhe instrumental broad-
ening (0.080)).

sible. It shows, macroscopically, the good quality of these
pigments and the homogeneity of the layers. The films con-
sist of oxide particles, which are called grains throughout
this publication to make a clear distinction from the whole
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Fig. 1. SEM micrograph of cross sections of (a) Ta140 film and (b) Zr140 film.

particles themselves that consist of these films attached toobserved. The tetragonal phase represents about 90% of the

substrates. volume of the layer as estimated from the surface area ratio
The dried samples were analyzed by TGA. A weight lost of the (111),, and (011) peaks. In the same manner, XRD

of 5% for TgOs films (at 700°C) and of 2% for ZrQ films (at analyses, performed on Zs@recipitated powder, show that

600°C) was observed which was attributed to water depar- the dried powder is amorphous. Crystallization also occurs

ture. This experimental weight loss was significantly lower around 450C to give the tetragonal metastable phase but

than that corresponding to the decomposition of hydroxides. conversely to Zr@ films, the powder transforms into the

It indicates that the precipitates were, in both cases, mainly monoclinic phase from 70CC.

oxides containing surface OH groups. In the case of titania films deposited on mica, alumina or
Figs. 3and gresentthe evolution of X-ray diffractograms, SiO; flakes, the layers are already crystallised after drying

respectively, of Tal40 film and the Zr140 film as a function and present the anatase structure. This phase remains stable

of the calcination temperature. up to 1150°C .23 The dried titania powder, precipitated in the
The dried tantalum oxide film is actually X-ray amorphous same conditions, is also obtained with the anatase structure
and crystallization is noticeable only above 700-760Up butaphase transition from anatase to rutile is observed around

to 1100°C, the main phase is the orthorhombic tantalum ox- 700°C.
ide (3-TapOs, JCPDS file no. 25-922). A very similar crys-
tallization process is obtained for Jas powder.

The dried zirconia film is also amorphous and crystalliza- i
tion takes place from 400 to 45C. At 950°C, the main 0N 1110
phase is tetragonal zirconium dioxideZrO,, JCPDS file 2400 a1
no. 50-1089) while a small amount of monoclinic phase is (200 201)
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Fig. 2. Light microscopy images of Ta60 flakes (reflection stage—dark Fig. 3. Ta140 film crystallization process: in situ XRD patterns, performed
field). under air, at room temperature (RT), 750, 800 and 2100
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Fig. 4. Zr140 film crystallization process: in situ XRD patterns, performed
under air, at room temperature (RT), 450, 700 and @0
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Fig. 6. Grain size within zirconia films as a function of the measurement
method and the calcination temperature.

ing to the IUPAC classificatiof? The characteristic fea-
ture of this type is the hysteresis loop, which is associ-

When the films are CrySta”ised, Crysta”ite size has been ated to Capi”ary condensation tak|ng p|ace in mesopores

calculated from X-ray analyses and their evolution within

(2 <dp <50 nm). The expected saturation plateau at high pres-

the oxide films has been determined as a function of the cal- sure (Hl or H2 Subtype hysteresis) is not observed which is

cination temperatureH{gs. 5 and B Crystallite size within
TapOs films remains in the nanometric range and stays al-
most constant~25 nm) between 800 and 1200. Crystal-
lite size within ZrQ films is also clearly nanometrieL0 nm
at 500°C) but a slight increase towards 20 nm is observed
above 800C. Crystallite growth seems to be a little more
pronounced for the thicker film.

BET isotherms of the films (dried at 12Q or calcined
at 600 and 900C) exhibited a type IV isotherm, accord-
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Fig. 5. Grain size within tantalum oxide films as a function of the measure-
ment method and the calcination temperature.

attributed to the space present between single flakes, which
behave like large slit-shaped pores. The pore volume has
been then calculated from BET isotherms. As a matter of
fact, pore volumes decrease as the calcination temperatures
increase. A more precise analysis shows that micropores
and mesopores are present in the dried films and that their
relative proportion changes as the temperature increases.
For all films, only mesopores remain present at 900
(Ta60 film=0.039crhg~1, Tal40 fiim=0.048crg 1,
Zr60film=0.020cr g1, Zr140 film =0.042 crig™1, Ti60
flm=0.012cn?g~1, Ti140 film=0.012cMg™Y). Fig. 7

gives BET surface area of films and powders as a func-
tion of calcination temperature. As expected, surface area
decrease as the calcination temperatures increase. However,
the decrease of }®s film surface area arises at higher
temperature than that of Zgdilms, indicating that sinter-

ing of these layers is retarded compared to zirconia films.
Moreover, one should note that values of surface area of
films remain significant at 90CC and higher than powder’s
ones.

As explained in the experimental part, grain size has been
calculated from BET measurements. These values are re-
ported inTable 1(and also inFigs. 5 and & Grain growth
is observed for all types of sample. However, the tantalum
and zirconium oxide films show a limited grain growth since
final grain sizes (at 900C) remain less than 30 and 80 nm re-
spectively. Til40 sample presents a larger growth: at@)O0
calculated grain size is higher than 200 nm; but initial grain
size within the dried film was also an order of magnitude
higher than in the other oxide filn¥s.
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e T e T T e e e (Figs. 8(a and c) and Fig. 9(a ang gyain size of the dried
20l —®—Ta60fim NI pigments are clearly in the nanometric range in agreement
—s—Tat40fim | with BET measurements. As the calcination temperature in-
i creases, grain size and pore size increases without any crack
) development. Comparingig. 8a and c) and (b and d), one
can also note that grain size looks larger within the thicker
150 tantalum oxide layer. Such an observation seems to be in
— \g\ agreement with BET grain size calculations presented above
100 Y (Table 1 Fig. 5) that indicated a difference of grain growth
Ao behavior between Ta60 and Ta140 from 8G0SEM micro-
b — graphs of the reference Ti140 film, either dried or calcined at
50 \\ A 900°C for 30 min Fig. 10 show that the grain growth pro-
AN cessis even more marked than for tantalum oxide and zirconia
e films and no more porosity seems remaining in the layer.
0 200 400 600 800 1000 1200
(a) Temperature (°C)

200 —&—Ta 0, powder |

[

Surface Area (m?.g™")

4. Discussion

250 —&— 7160 film 4.1. Structural evolutions

—HE—7Zr140film

Crystallisation process appears to be different in the three
studied systems. First, tantalum and zirconium oxide films
are precipitated as amorphous products, while the reference
titania films are already crystalline after drying at 200
Second, the subsequent evolution fop@a films and ZrQ
films differ. According to X-ray diffractionFig. 3), tantalum
oxide films crystallized in the stabgephase at about 70@
and show no other phase transformation in the investigated
N temperature range (<110Q). On the other hand, crystalliza-

Y tion of zirconia films is noticeable from 400 to 450 and
the metastable tetragonal phase is maintained up to“XD00
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the precipitated phases. But, the effect of the substrate on the
Fig. 7. BET surface area vs. calcination temperature for (a) Ta60, Ta140 thermal evolution of the film can already be mentioned. When
films and TaOs powder and (b) Zr60, Zr140 films and Zs@owder. tantalum oxide was precipitated without a substrate but using
the same conditions as for the films, the same crystallographic
Fig. 8 presents SEM images of the top surface of Ta60, behaviour was observed. On the other side, in zirconia and
Tal40 films and Tz0s5 powder after drying (110C) or cal- titania samples, crystalline evolution versus temperature is
cination at 900C. Fig. 9shows SEM top surface of Zr60 and not the same for powders and films. For Zr@wders, the
Zr140 for the same conditionBig. 10corresponds to Til40  tetragonal to monoclinic transformation takes place between
films. The surface of all specimens appears homogeneous700 and 900C which is not observed for the films. For Ti0
excepted for the powder. For the samples dried at°Cl0 anatase precipitated titania powder shows a phase transition

Table 1

Calculated BET grain size as a function of the calcination temperature and green relative densities of films and bulk powders

Sample GgeT (M) Relative density of the dried film (%)
Dried 600°C 900°C

Ta60 film 22 34 176 25

Tal40 film 27 36 26 296

TapOs powder 169 415 208 70

Zr60 film 38 18 395 275

Zr140 film 5 151 508 39

ZrO, powder 5 11 50 53

Ti140 film 15 42 250 68

TiO2 powder 193 527 237 66

2 This value means that the size of the grains have reached the thickness of the layer. It corresponds to an extension of the grains in the plamatef the subst
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Dried 110°C Calcined 900°C
Ta60 film y e

100 nm

Tal40 film

Ta,0, powder §

Fig. 8. SEM micrographs of Ta60, Ta140 films and of@a powder, either in their dried state (a, ¢ and e), or calcined at@Q0, d and f).

from anatase to rutile at about 700, while the anatase phase enttechniques: nitrogen adsorption, XRD and SEM measure-
remains stable up to 115C in the case of titania films de-  ments. All the calculated grain sizes are reported respectively
posited on mica, alumina or SiGlakes3343In both cases,  in Figs. 5 and 6

zirconia or titania, interactions between the powder layerand  Fig. 5 shows that, according to the BET measurements,
the stiff substrate limit the strong lattice contraction which Ta60 and Tal40 films behave in a similar manner below

retards the crystallographic transformation. the crystallization of the tantalum oxide at 7D. For this

low temperature range, SEM measurements give larger size
4.2. Microstructural evolution of tantalum and which reveal agglomeration of the amorphous nanoparticles.
zirconium oxide films Atabout 700°C, crystallization occurs and grain growth takes

place according to BET and SEM measurement methods.
Microstructural evolution of Tg0s and ZrQ films has The fact that sizes obtained by BET and XRD measurements
been examined during calcination on the basis of three differ- come close suggests that grains are monocrystalline without
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Dried 110°C

Calcined 900°C

Zre0 film  BSES

Zr140 film FES

Fig. 9. SEM micrographs of Zr60 and Zr140 films either in their dried state (a and c), or calcined’& @and d).

Dried 110°C Calcined 900°C

Ti140 film

Fig. 10. SEM micrographs of Ti140 film: (a) dried at 1’XD and (b) calcined at 90CC.
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any internal pores; this is confirmed by BET isotherms that the thicker films, it could be attributed to larger precipitated
shows that there is no more micropore volume at9@@nly grains.
mesopores remain in the film at that temperature). So tanta-
lum oxide films can be considered as made of agglomerates o#.3. Influence of the substrate
initially amorphous particles and then monocrystalline grains
whose sizes remain lower than 40 nm up to 1200 As afirst point, the densities of the dried tantalum and zir-
Fig. 6 presents grain growth behavior of zirconia films. conium oxide films have been estimated from the pore volume
Considering the typical errors mentioned in the experimental taking into account microporosity and mesoporosity values
part, grain size evolution obtained from SEM and BET meth- deduced from adsorption measurements. These values are re-
ods can be considered as practically identical up360°C. ported inTable 1 It appears that film densities are lower than
Such correlation shows that the grains, observed on the SEMthe corresponding bulk powders. These low densities cannot
micrographs, do not contain a significant amount of internal be attributed to their amorphous state since the bulk powders
pores (micropores witd <2 nm). This is also seen directly are also amorphous but much denser. This difference can be
from the low-temperature adsorption data. Then, XRD mea- related to the presence of the substrates during precipitation.
surements shows that the size of the crystalline domains isFor the two powder films, attachment of the initial nucleus
always significantly smaller than the grain size calculated to the substrate restrains the packing of grains. This effect is
from nitrogen adsorption or shown on the SEM images. This quite important due to the fact that the growth step, related
difference proves that grains consist, all along the thermal to these syntheses, is weak as it is shown by the crystallite
treatment, of agglomerated crystallites which are not sepa-size of the dried products. Therefore, a porous layer is ob-
rated by pores. Preliminary TEM investigations performed on tained and rearrangement or agglomeration is unlikely during
these samples lead to the same conclustfiismeans that  drying, which can be obtained for the bulk powders.
zirconia films, when crystallized, are made of polycrystalline In the case of titania, films and powders do not show that
nanometric grains that grows up to 50—60 nm at 12D0 difference in green density. In fact, these samples are already
Another point of interest deals with the influence of the crystalline at 110C and the grain size is also larger. The pre-
film thickness on grain growth behavior. For,@ films, a cipitation process is different and the growth step is favored
slight difference of grain size is observed between the two compared to the previous case and the packing of the powder
films when SEM measurements were considefed. (). It on the substrate is already good.
could enter in the error bar (5-10nm). For BET grain size,  As a second point, grain growth evolution withinoGy
only the heat treatment at 90Q leads to the same low dif- and ZrQ films has been compared to that of unsupported
ference between the two films. A way to characterize grain oxide powders. Grain sizes have been calculated from BET
growth behavior as a function of temperature is to consider measurements and results for selected temperatures are pre-
the grain growth factor (GGF) which is the ratio of the BET sented inTable 1 Concerning TgOs samples, grain size
grains size at 908C to the initial BET grain size. In fact,  within bulk powders is always larger than that of films, all
the two values for Ta60 film and Ta140 film are very close: along the sintering process. The SEM micrographs presented
GGFras0=8 and GGHka140=9.6. So, we can consider that on Fig. 1Qf) confirms that, after heat treatment (90D),
the grain growth process is about the same. Therefore, thepowder grains are larger than film grains. Now, grain growth
slight difference in 900C grains size if it exists, could be is almost the same for the two types of samples. The value
attributed to small differences in the initial grain sizes. In of the GGF of TaOs powder, GGFa,05 powder= 12, is only
the same manner, grains of Zr140 film heat treated at@00 a little higher than the film values (8 and 9.6). It expresses
look larger on SEM pictured={g. 9(d)) than Zr60 film grains  that grain growth law is about the same; only the starting
(Fig. 9b)). One can also note that according to XRD mea- point is different. Concerning zirconia, the different samples
surementsKig. 6), crystallite size is always slightly larger  present almost the same grain sizes as a function of tempera-
for the thicker zirconia film. Since zirconia grains are poly- ture. The same grain growth is observed for the bulk powder
crystalline, larger crystallite growth would result in a larger and the films. The GGF value obtained for the bulk powder is
grain growth. But, calculation of GGF gives Ggkp=8 and GGFzr0, powder= 12. This value is similar to Zr140 one. In
GGFzr140=10.1. These values are also quite close (consid- fact, grain growth of Zr140 film and zirconia powders are also
ering the uncertainty of the measurements) which means thatclose to what was observed by Srdic for nanometric zirconia
grain growth within these films can be considered as identi- powders?® It confirms that grain growth within the films can
cal, like in the case of tantalum oxide films. Such a behavior is be considered as normal grain growth. Therefore, in both
in agreement with other work related to grain growth within cases, the influence of the substrate on grain growth appears
powder films*®> When the size of grains within a powder film  limited. This has also been observed for alumina membranes
remains significantly lower than the film thickness, a normal sintered with and without a substrédte.
3D grain growth is expected. As a conclusion, grain growth  This is correlated with grain growth behavior of titania
within TapOs and ZrQ films does not depend on the thick- films and powders. In that case, the films are less porous and
ness of the films, since the size of grains remains lower thanthe same increase in grain size is observed when these sizes
the film thickness. If some larger grain size are observed in remain lower than the film thickness (at 6a@Dfor example).
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