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Abstract

To study the modified phase formation sequence observed during sintering,eBEOQ core-shell powders, model experiments on phase
formation and microstructure evolution during BaZi@enesis were performed. Reaction products between BaO vapour anérii@)

single crystals with different orientations, obtained at different temperatures, were investigated by XRD texture analysis, HRTEM and EELS.
BaTiO; was found in reactions performed at temperatures between 700 an@ 908ing Pt markers, in-diffusion of Ba ions was detected

at 800 and 850C. Ti-rich phases were found after the reaction at&50At 900°C, BaTiC; forms at the surface of the reaction layer with a
well-defined orientation to the rutile substrate. In addition, pores and Ti-rich phases were identified at the-B&kitterface. The pore
formation is explained by an out-diffusion of titanium and oxygen ions from the BaTli@; interface through the reaction layer to the
surface.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction in the system Si@-BaTiOs using BaTiQ single crystals.
During growth of BaTiQ on TiO, single crystals in a barium
BaTiOs ceramics are widely used because of their flux, topotaxial reactions take place at the reaction front lead-
favourable dielectric and ferroelectric properties. To improve ing to a well-defined orientation relation between Ti@hd
the microstructure of BaTi@ceramics, attempts have been BaTi03.6 In this paper the orientation and the sequence of
made to structurally modify the precursdr€ore-shell pow-  reaction products during reactions between BaO vapour and
ders show a modified phase evolution during the sintering TiO, (rutile) single crystals are studied, and the consequences

process. In addition to the Ba-rich orthotitanate BEO4, in terms of the reaction mechanism are discussed.
Ti-rich phases can be observed depending on the annealing

temperature. The local appearance of the different phases was

determmed by Raman mlcro§c0?J>Th|s compl'ex reaction 2. Experimental
mechanism should be accessible more easily in model experi-
ments. In experiments with planar polycrystalline substrates,
BaTiOs was found to be the first reaction product, forming
by in-diffusion of Ba and O ions into the Tiattice? In a
previous work we determined the formation of Ti-rich phases

As substrates 10mmx 10mmx 1 mm rutile single
crystal substrates of four different orientations (100),
(001),(110),and (101) were used. Before the experiments
the substrates were annealed in air up to@@or 10 min.

For the reaction experiments between Ba-oxide vapour and
* Correqunding author. Present address: Fraunhofer Institut Werk- ::ghr %gsuerrfLeh;%it::%yBSSgﬁ;gel;[ga\llvrr?;e\lz\pl)iﬁztrg;edal: dathe

stoffmechanik Halle, Heideallee 19, D-06120 Halle (Saale), Germany : !

Tel.: +49 345 5589 113; fax: +49 345 5589 101. heated rutile crystals were exposed to the generated vapour

E-mail addressandreas.graff@iwmbh.fraunhofer.de (A. Graff). beam. The oxygen background pressure was10 2 Pa
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Fig. 1. XRD pole figures (centeryy=0°; rim: ¢=90°) measured at
20 =31.37 for the BaTiQ (1 1 0) planes after the BaO—-Ti®@apour—solid
reaction at 700C (a) on (100), and (b) on (110) rutile substrates. An ori-

ented growth of BaTi@is observed on both substrates.

raising to 1x 10~ Pa during the experiment. The deposition

surface. The formation of the Pt-particles was evaluated by
atomic force microscopy (AFM).

The phases formed were first characterized by X-ray
diffraction (XRD). ®—26 measurements were performed to
identify the oriented and polycrystalline reaction products.
To evaluate the orientation of the grown phases pole fig-
ure measurements were performed for certaih @gles.
Cross-section samples for transmission electron microscopy
(TEM) were prepared by conventional techniques includ-
ing sawing, polishing, dimpling and ion milling. The cross-
sections were investigated by conventional TEM, high reso-
lution TEM (HRTEM; Jeol 4010 EX), and electron energy
loss spectroscopy (EELS; Philips CM 20 FEG with Gatan
Imaging Filter).

rate was 0.1 nm/s. The substrates were heated to either 7003. Results

800, 850, or 900C in a tube furnace. After the experiment
the substrates were allowed to cool down with a rate of

At a reaction temperature of 70Q, BaTiO; is formed as

~10 K/min. For marker experiments a thin film of platinum a reaction product in the solid—vapour reaction. The orien-
was deposited by magnetron sputtering followed by an tation of the BaTiQ layer partly depends on the orientation
annealing to 1000C to form small Pt-spheres on the rutile of the rutile substrate surface. For the (100) and (110) ru-

Fig. 2. TEM cross-section micrographs of samples after reaction of a BaO vapour with a (1 0 0) rutile substrat€af&dormation of (11 0) rutile facets
underneath the reaction layer; (b) lattice plane image of the reaction productB&d)j©Corresponding image of the substrate in the [0 0 1] viewing direction.
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Fig. 3. TEM cross-section micrographs of the reaction layer on a rutile (1 1 0) surface growrf&t. 78pOverview; (b) magnified image of a Ba&iQrain;
(c and d) computer-processed lattice plane images of reaction layer and substrate, respectively.

tile orientations most of the BaT¢Tims grow with a well- This orientation relation is in agreement with the one de-

defined orientation to the substrate-26 XRD measure-  4,cad from XRD measurements (note: for convenience, for

ments show the appearance of the characteristic reflectionsthe HRTEM investigations the lattice of BaTiGs regarded
of BaTiOz beside the substrate reflectionsHig. 1a and b, as cubic with a lattice parametar 0.4 nm).

textgre megsurements reveal the different orientations of the Experiments at 800 and 85@ were performed on rutile
BaTiO; lattice planes parallel to the surface of the (100) and g pqirates with Pt particles on the surface. These particles
(110) rutile substrates, respectively. Inthe case of the (100)ghoyiq act as inert markers for the initial interface. This re-
substrate, (112) BaTi®|| (100) Rutile. In the case of the  ,res the immobility of the Pt islands during the reaction. Pt

(110) rutile substrate most of the BaH@gions have their 2 icles of diameters of some tens of nanometer (determined
(100) planes paralleltothe (1 1 0) rutile surface. In both cases by AFM) were used.

the XRD results correspond to the TEM investigations. The ~ ypp ' measurements of the samples prepared at'8@00

cross-section micrograph Iig. 2 shows the reaction layer 4t shown) indicate the formation of BaTi@s a reaction

on top of the rutile (100) substrate. A roughening of the roqyct. Pole figures indicate the presence of an oriented
(100 surface occurs. Looking along the [00 1] rutile direc- 5t of BaTiQ, on all rutile substrates. TEM cross-sections
tion (Fig. 2a_), (110) fa}cets of the rutile are visible. Onthese ¢ these films show, however, the generally polycrystalline
facets, BaTiQ crystallites are formed as shown by HRTEM  ,cture of the deposited and reacted fiffig. 4 demon-
(Fig. 20). Interestingly the faceting of the surface is caused gyaies the situation for the (00 1) rutile substrate. The inter-

by the reaction, which was counterchecked by AFM of aSub- {56 petween the substrate and the reaction products is rough.
strate simply heated in high vacuum at 8@revealing the g gyrface ofthe reaction layer is not flat either. These results
surface staying flat. ) , indicate a reaction mechanism, which incorporates diffusion
On (110) rutile substrates the reaction layer consists of ha|je| to the interface. The Pt particles can be found on top
small grains. The interface to the rutile is less rough and not ¢ e crystalline reaction productig. 4a). HRTEM inves-
faceted Fig. 3). The orientation relation found by HRTEM  jjqations of the lattice fringes reveal BaT@s the reaction
IS: _ _ product. The position of the Pt islands on top of the reac-
BaTiO3(00 1)|Rutile (11 0); BaTiQ[1 1 0]||Rutile [11 0] tion product might result from in-diffusion of Ba ions, but
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Fig. 4. TEM cross-section micrographs of a reaction experiment performed a€8a®rutile (00 1). Viewing direction is [0 0 1] BaTiJ| [1 IO] rutile. (a)
Overview; (b and c) processed lattice plane images of the rutile substrate and & BediiQ respectively.

= BN glue

Fig. 5. TEM cross-section micrographs of reaction products formed &t®566 the rutile (1 0 0) surface; (a) overview; (b) formation of a Ti-rich phase between
the substrate and the BaTj@yer; (c) processed lattice plane image of the interface between the Ti-rich phase and thglBgdidd) FFT of image (c); the
BaTiO; reflections are connected by the grid.
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Fig. 6. Cross-section of a reaction layer grown at 90®n the (1 00) rutile surface. (a) Large holes are formed at the interface between the substrate and the
reaction layer. (b) BaTi@can be found on top of the Ti-rich phase. (c—e) Lattice plane images of reaction products and the substrate (magnified sections of
image (b)).

could also occur because the oxides are not sufficiently wet-py solid state reaction’sThe Ti-rich phase Beli13030 was
ting the noble metal. For the (00 1) and (1 1 0) rutile surfaces, identified by the fast Fourier transform (FFHig. 5d) of the
respectively, the orientation relations are: HRTEM image Fig. 5c). The (00 1) interplanar distance of
_ BayTi13030is about 1.4 nm which is roughly six times the in-
(110)BaTiQ||(001) Rutile; [00 1] BaTiQ||[1 1 0] Rutile terplanar distance of (11 1) BaTiOndeed these two lattice
(001)BaTiG||(1 1 0)Rutile; [11 0] BaTiOs||[1 1 0] Rutile planes are parallel to each other: Ba3{®@1 1)|| BayTi13030
(001), indicating a topotataxial formation mechanism.
Some amorphous layer can be found on top of the BaTiO Experiments at 900C without marker show the presence
film, most probably due to unreacted BaO or BaCO of different Ti-rich phases at the interface with the rutile sub-
Marker experiments at 85€ show the appearance of strate, identified by their large lattice constahtg( 6). In
an additional Ba—Ti—O phase. The reaction layer consists of addition holes are formed at this interface. On top of the
grains €ig. 5. In the HRTEM image Kig. %), the forma- Ti-rich grains some BaTi@remains with a well defined ori-
tion of an additional phase can be recognised between theentation to the rutile substrate. EELS measurements prove
rutile substrate and the BaTiQ@ilm. Stacking faults as the  the formation of the Ti-rich phases at the interface with the
ones visible inFig. 5o are typical for Ti-rich phases grown rutile substrate as demonstrated in the line scafigf7. The
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Fig. 7. (a) TEM cross-section micrograph of the reaction layer on a rutile (1 0 1) substrate. The line indicates the track of the EELS line scarcédm surfa
substrate; (b) EELS spectra; (c) EELS spectra of grains 1 and 2 and substrate, respectively.
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