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Abstract

The phase formation process in the zone of laser irradiation of Al,05-TiO, compacts with different contents of com-
ponents has been investigated with XRD, electron microscopy, and atomic force microscopy methods. The distinctive
feature of laser synthesis is the simultaneous formation of «-and 8-Al, TiO 5, which is caused by the non-uniform heat-
ing of the material in the irradiation zone. The motion of the eutectic melt under the action of hydrodynamic forces is
the motive force for texturing of precipitating crystalline phases during fast cooling. The degree of texturing of Al,O;
and AL, TiOj; crystallites depends on the amount of the formed eutectic melt.
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I. Introduction

Owing to its superior thermal properties such as low
thermal expansion and thermal conduction coefficients,
high melting point, high corrosion resistance, and thermal
shock resistance, aluminium titanate ceramic is classified
with high-temperature materials used under conditions of
large thermal loads 1-6.

Different methods of preparing aluminium titanate
powders 7~ 10 and aluminium-titanate-based ceramics are
known. These include various variants of solid-phase sin-
tering of titanium and aluminium oxides, melt synthesis,
spark plasma sintering, etc. />11-15.To improve the ther-
momechanical stability of Al,TiO5 ceramics, laser surface
treatment, which is based on directional solidification of
eutectics, is used 16-17,

Recent investigations have shown that effects of rapid
remelting of the surface layer of the ceramic followed by
fast cooling and rapid crystallization substantially change
the texture of the surface 16-19. At present, macro-, mi-
cro-, and nanotexturing are distinguished. The character
of texturing depends on the power of radiation, traversing
speed of the laser beam, and the composite composition of
the material. Since high temperatures are achieved in the
irradiation zone 29, it can be assumed that the synthesis-
sintering-texturing effects may be combined into one pro-
cess. The synthesized material must have a phase state dif-
fering to some degree from that obtained in common sol-
id-phase sintering and it must be surface- and volume-tex-
tured.
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The aim of the present work is to investigate phase for-
mation and texturing in the irradiation zone of compacted
Al,05-TiO, powder mixtures with different contents of
the components.

II. Experimental Procedure

In the present work, specimens were prepared from an-
alytically pure Al,O3 and TiO, powders (produced by
REASOL).

Type 1 Specimens. An aluminium oxide powder and
a 54mol% Al,03-46 mol% TiO, powder mixture were
compacted in pellets with a diameter of 18 mm and a thick-
ness of 2—3 mm under a pressure of 7 MPa.

As a result of irradiation, concave channels (tracks)
formed on the surfaces of specimens. These tracks were
easily removed from the compacts. The lower sides of the
tracks were cleaned to remove the loose slightly sintered
powder.

Type 2 Specimens. A series of cylindrical pellets with a
diameter of 5mm and a length of 7 mm were isostatical-
ly pressed from Al,O;-x TiO, powder mixtures, where
x=0.127,0.54,1.27, 6.29 and 12.41 mol% at a pressure of
5 GPa. On the surfaces of pellets annular tracks, firmly
bonded to the compacts, were formed.

Laser treatment was performed in an LTN-103 unit (con-
tinuous-action laser with A=1064 nm). In irradiation of
Type 1 specimens, the power of radiation (P) was 120 W,
the diameter of the beam (d) was 1.5 mm, and the linear
traversing speed of the beam was v =0.15 mm/s. The an-
gle of incidence of the laser beam on the sample surface
was 45°. A simplified scheme of the irradiation is shown in
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Fig. 1. Type 2 specimens were irradiated at P =130 W and
d=1.5mm by traversing the laser beam around a circle at
v=0.7 mm/s. The laser beam was at an angle of 45° to the
surface.
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Fig.1: A simplified scheme showing the irradiation of the mixtures
(a); overlay zones of heating and cooling with a moving laser beam
(b, c); a top view of track (b); a side view of track (c).

The synthesis products were investigated with the X-ray
diffraction (XRD) method in Cu K, radiation (a DRON-
3M diffractometer, Russia). An electron microscopy study
and an electron-probe microanalysis were performed with
aHU-200F type scanning electron microscope and a LEO
1450 VP unit. An atomic force microscopy investigation
(Digital Instruments Nanoscope IV in tapping mode with
a silicon nitride tip) was conducted in amplitude regimes.
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III. Results

(1) Type1Specimens

In the zone of laser irradiation of Al,O3 compacts and
compacts obtained from the 54 mol% Al,O3-46 mol%
TiO, powder mixture, channels form (Fig. 2a, b). Their
formation is associated with high temperatures in the ir-
radiation zone, owing to which the sintering and melting-
solidification processes proceed simultaneously 29.

According to XRD analysis data, in irradiated alumini-
um oxide compacts, the channel material is a-Al,O3
(Figs. 3a, b). The channel material of the specimens com-
pacted from the 54 mol% Al,O3-46 mol% TiO, con-
tained, basically, the 3-Al, TiO5and «-Al, TiO5 crystalline
phases, a small amount of Al,O3, and traces of TiO,
(Fig. 3c). An analysis of the intensities of diffraction lines
of AL, TiOs and Al,Oj5 revealed the distortion of the ratio
of intensities (Table 1), which is characteristic of textured
materials.

Table 1: The ratio of intensity of X-ray diffraction lines for the phases «-
Al,Oj3 and 8-Al,TiO5

Type Phase I,/1, Standard After
of specimen irradiation
A1203 O(—A1203 1(104)/1(116) 1.1 0.71
54mol% ALO; | B-ALTIOs | Ioso/Issy | 226 0.32
-46mol% TiO, | «-ALO; | Iige/Iis) 11 0.068

The electron-probe microanalysis showed the presence
of only Al and O in the channel material of the Al,O4
compact (Fig. 4a) and the presence of Al, Ti, and O in the
channel material of the irradiated mixture (Fig. 4b).

Fig. 2 : Electron micrographs of channels formed after laser irradiation of specimens compacted from Al,O3 powder (a, a’, 2””) and a 54 mol%
Al,03-46 mol% TiO, powder mixture. (b, b’, b”). (a, ’, b, b’) cross-section of the channel; (a”, b”’) top view.
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Fig. 3: Fragments of X-ray diffraction patterns of the initial Al,O3
powder(a), track material on the surface of an Al,O; compact (b),
track material on the surface of a 54 mol% Al,03-46 mol% TiO,
compact (c). (®) «-Al, TiOs; (v) 8-Al,TiOs; (0) Al,O3; (x) TiO,.
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Fig. 4: Contents of elements at different places of an Al,O3 track
(a) and an AL, TiOj5 track (b). 1 and 2 correspond to places 1 and 2,
respectively, in Fig. 1b”.

The surfaces of channels are represented by, respectively,
Al,035and Al,TiOs5 grains, textured along the direction of
traversing of the laser beam (Figs.2a”, b”). On AL, TiOs
grains, we can see longitudinal traces in the form of tracks,
which are characteristic of lamellae formation (Fig.2b”).
Microcracks and pores are located along grain bound-
aries and between them. On a cross-section of a channel
(Figs. 2a, b), it can be seen that the body of the channel
consists of different zones. The upper part of the channel
is the zone of melting and recrystallization of Al,O3 and
AL, TiOj5 grains, the sizes of which increase as the distance
to the surface of the channel decreases (Fig.2a’, b). The
lower part of the channel is the sintering zone. The AFM
data indicate that Al,TiOj5 grains consist of nanoparticles
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with a size of ~7 nm, which form chains of different length
and orientation.

(2) Type2Specimens

As noted above, after laser treatment of Al,O5-x TiO,
dense compacts (where x<12.41 mol%) convex torus-
like tracks with a hollow at the centre form on their
surfaces (Fig. 5a). The causes of formation of the tracks
are high temperatures achieved in the irradiation zone of
dense compacts and the fairly large width of the laser beam
with regard to its defocusing relative to the diameter of the
compact. As a result, longer heating at the centre and the
transfer of the melt of the material to the periphery take
place (see Fig. 5b).

Fig.5: Image of a track on the surface of a 99.873 mol% Al,O;-
0.127 mol% TiO, dense compact after irradiation.

According to the XRD analysis data, «-Al,O5 is the ma-
jor crystalline phase of the torus material (Fig. 6). Only in
specimens prepared from mixtures with TiO5 contents ¢
6.29 mol% was the «-Al,TiO5 phase identified (Fig. 6d).
An analysis of the intensities of Al,TiO5 diffraction lines
revealed the distortion of the ratio of intensities (Figs. 6,
7), which indicates the texturing of the track material. The
character of texturing is different for specimens of differ-
ent composition and correlates with the TiO, content in
the initial mixtures and the amount of formed Al,TiO5 in
the tracks.
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Fig. 6: Fragments of X-ray diffraction patterns of the initial powder
mixture 93.71 mol% Al,03-6.29 mol% TiO, (a) and track materials
obtained as a result of laser irradiation of a 99.873 mol% Al,O;-
0.127 mol% TiO, (b); a 98.73 mol% Al,03-1.27 mol% TiO, (c),

and 2 93.71 mol% Al,03-6.29 mol% TiO, compact (d). (0) Al,O3;
(x) TiO»; (*) ALTiOs.

10
. 1o M
| = f —
3 B ] 3_
£ S
® )
@ <
L
= 2 ¢ 3
= L
- : §
3. R P | )
R — — _ B

[ 0.l 1 5 10
Content of TiO., wt.%

Fig.7: Change in the ratio of the intensities of the (214) and (113)
X-ray diffraction lines of Al,O3 and the intensity of the line a-
AL TiOs in a torus depending on the TiO, content in the initial
mixtures. (1) 7(214y/1(113y; (2) 1,-a1,Ti0, With d = 0.260 nm.
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It can be seen in micrographs of specimens with a small
TiO, content (from 0.127 mol% to 0.62 mol%) that the
torus surface is smooth (Figs. 5b; 8 and 9a, b). With an in-
crease in the TiO, content in the initial mixtures, on the
surfaces of irradiated specimens (tori), roughness with in-
dications of texturing emerges (see Figs. 8b —d). The direc-
tion of texturing coincides with the traversing direction
of the laser beam and, as it follows from Figs. 9a, b, with
motion of the liquid phase. On a fracture of the specimen
(Fig. 9¢), we also see texturing in the volume of the torus.
As in the case of loose compacts, the coarsening of Al,O;
grains (crystallites) occurs in the direction towards the sur-
face (see Fig.22").

IV. Discussion

In analysis of the experimental data, it is necessary to take
into account the following features of laser treatment: at
the used power of radiation, local temperatures on the sur-
face of the specimen can attain 2000 °C 1%; the high-tem-
perature heating of compacted specimens is realized in a
narrow zone. As a result of traversing of the laser beam,
the fast heating stage is followed by the fast cooling stage;
depending on the thermal conductivity and the density of
the material, diameter of the laser beam, and degree of its
defocusing, in different regions of the material and at dif-
ferent depths of compacts, zones of different temperature
form, i.e. a radial and a vertical temperature gradient ex-
st 19, 21,

The studied Al,O3-TiO, powder compositions form
liquid eutectics in temperature treatment. Depending on
the ratio of the components and temperature in cooling of
the melt, different phases crystallize 22:23. As can be seen
from Fig. 3¢, on irradiation of 54 mol% Al,O3-46 mol%
TiO, compacts, a-and B-Al,TiO5 form simultaneously.
Taking into account the presence of the temperature gradi-
ent, it can be assumed that this is caused by the simultane-
ous formation of different temperature zones in the com-
pact. For instance, a-Al,TiO5 must form in the zone of
higher temperature (the surface zone of the channel). The
presence of Al,O3 and traces of TiO, indicate the partial
decomposition of Al,TiO5 into Al,O3 and TiO, 24 and
participation of ions Ti** in formation of «-phase 25. The
B-phase must form in zones of lower temperature that are
adjacent to the sintering zone 24 9.

The powder mixtures used for preparing Type 2 speci-
mens correspond to the alumina-rich region of the consti-
tution diagram (see Fig. 10). Only with an increase in the
TiO, content (see Fig. 6), conditions of formation of the
eutectic melt and, as a result, conditions of crystallization
of Al,O3and Al,TiOj5 in cooling are formed. Under the
action of hydrodynamic forces 26-28, which arise in the
longitudinal direction of the traversing of the laser beam,
liquid executes directional motion. Asaresult, both Al,O;
crystallites and Al, TiO5 crystallites become textured dur-
ing cooling (see Fig. 9). The degree of texturing increas-
es as the content of the liquid phase increases (see Fig. 7).
The major phase of Type 2 specimens is Al,O3, and corun-
dum crystallitesformacrystalline skeleton. Aluminium ti-
tanate Al,TiOj5 plays the role of the second phase, and its
crystallites must be located between Al,Oj5 crystallites.
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Fig. 10: Fragment of a constitution diagram of the Al,03-TiO,
system in the region of high corundum content 19. "
Thus the investigations performed showed that as

the laser beam traverses over the surface of compacted 5

Al,03-TiO, powder mixtures in the zone of fast heating,

Al,TiOjs is synthesized in a certain volume of the materi-

al, and in the zone of fast cooling, texturing of the surface 4

layer occurs.

V. Conclusions

The performed investigations showed the following: 15

— laser treatment of compacted Al,O3-TiO, powder
mixtures with a high Al,O3 content is accompanied by
the formation of the same crystalline phases as those
present in the constitution diagram;

— the distinctive feature of the laser synthesis is the for- 16
mation of a-and B-Al,TiOs, which is caused by the
non-uniform heating of the material in the irradiation 17
zone;

— the motion of the eutectic melt under the action of
hydrodynamic forces is the motive force of texturing
of precipitating cryst.alhne phases during cool1ng; 18

- with increasing density of the compacts a texturing of
the surface begins corresponding to texturing of the
ceramic samples which were subjected to horizontally
directed laser remelting. 19
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