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Abstract

The phase formation processes in the zone of directional laser irradiation of compacted Al,0.-TiO,~Y,0O,
mixtures have been investigated. It has been established that the formed ceramic material (track) has a complex
structure. Its surface layer contains a-Al,O, as the main phase and Y, Ti,O, inter layers. With increase in the distance
from the surface of the track, the content of a-Al,O, decreases, and the content of Y,Ti,O, increases. The volume
layers of the track contain Y, Ti,O, as the main phase and inclusions of Y,Al,O,,. The absence of AL, TiO, or its smalll
content is explained by the decomposition of aluminum titanate into Al,O, and TiO, under the conditions of rapid

cooling of eutectic melt. Released titanium oxide takes part in the formation of the Y,Ti,O, phase.

Keywords: AlL,O,-TiO,-Y,0, mixtures; Laser treatment; Phase
formation

Introduction

Laser synthesis of ceramics from powder mixtures is a promising
method for the preparation of materials with a complex of new
properties that form under conditions of directional high-rate heating
and subsequent high-rate cooling. This synthesis is characterized by
the fact that phase formation proceeds in an arrow irradiation zone
and is determined by the irradiation mode, thermal conductivity of the
material, its thermal diffusivity, and a number of other technological
factors [1-6]. This is why the considered method was called Selective
Laser Synthesis (SLS), Though, as a rule, it is combined with selective
laser sintering (denoted by the same abbreviation SLS) [7-9]. Selective
laser sintering, in turn, is often combined with Selective Laser Melting
(SLM) [9-12]. The complexity and short time of processes proceeding
in the irradiation zone call for investigations that will enable one to
separate (at least, at a first approximation) sintering processes from
melting and phase formation processes. This problem is most urgent
in the case where the result of irradiation is formation of interaction
products. For instance, in [4,11], it was shown that the synthesis zone
should be considered as a set of layers of different phase composition.
In the direction, perpendicular to surface, the melting—crystallization
zone (surface layer), sintering zone (lower layer), and transient zone
between them can be distinguished. Correspondingly, each zone is
characterized by its own mechanisms of phase formation and set of
phases. As a rule, in the process of high-temperature heating of the
surface and irradiated compact (up to 2000°C and over), along with
the formation of new phases, the development of ablation processes
and decomposition of primary and newly formed compounds occur.
This, in turn must lead to a change in the phase composition of the
surface layer and the development of new mechanisms of phase
formation differing from those proceeding in the case of traditional
methods of heating and cooling. Under conditions of directional
laser irradiation, when the directional melting-solidification process
of the surface layer is realized, emerging texturing effects lead to the
additional modification of the surface properties of the irradiation zone
(track). At present, the laser texturing of the surface of the ceramics of
simple and complex composition is being extensively investigated and
used. A relation between the irradiation mode, texturing character, and
strength properties of the material was established [13,14]. However,
the character of texturing in the zone of laser synthesis has not been

adequately studied.

The aim of the present work is to investigate phase formation and
the morphology of the surface in the zone of laser treatment of ternary
(ALO,-TiO,-Y,0,) powder mixture. The interest to this ternary
system is due to a number of causes. Binary mixtures based on these
oxides have eutectic compositions [15]. Therefore, under directional
laser irradiation, in the surface layer of compacted powder mixtures,
eutectic melts must also form, and, in cooling, new compounds with
texture elements must solidify. In this case, the features of phase
formation in different temperature zones, particularly, in the melting-
ablation zone, are of interest.

Experimental Procedure

In the present work, specimens were prepared from analytically
pure ALO,, TiO,, and Y,0, powders (produced by REASOL).

Powder mixtures x mol.% ALO,-y mol% TiO,-z mol.% Y,O, were
homogenized in a ball mill for 4 hours and then were compacted in
pellets with a diameter of 18 mm and a thickness of 2-3 mm under a
unidirectional pressure (axial pressure) of 300 MPa. The compositions
of compacts are presented in Table 1. The compositions of the mixtures
were calculated so that, with increased in the AL O, content in the
mixture, the Y,0,/TiO, molar ratio will be R~0.35 in specimens No. 1
and No. 3 and R=0.71 in specimens No 3 and No 4.

Laser treatment was performed in an LTN-103 unit (continuous-
action laser with A=1064 nm). 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=0.15mm/s. A simplified scheme of irradiation
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Number of

the compact| Composition of the compact Phase composition of the track*

and track

1 6;3.5 mol.% Al,0, + 27 mol.% YZTi2Q7, a-ALO; YALO,,, little
TiO,*+ 9.5 mol.% Y,0, B-AlL,TiO,

3 7_7.7 mol.% Al,O, +16.5 mol.% a-Al,O, Y2Ti207l, little  Y,ALO,,,
TiO, + 5.8 mol.% Y,0, traces of B-AlL,TiO,,
67.4 mol.% ALO, +19.1 mol.% '

2 TiO, + 13.5 mol.% Y,0, YaTi0p a-ALO,  YALO,
84.6 mol.% Al,O, + 9.0 mol.% '

4 TiO, + 6.4 mol.% V,0, a-ALO; Y, T1,0 YALO,

*Note: phases are enumerated in the order of decrease in their content.

Table 1: Phase composition in zone of a track.

is shown in Figure 1la.

As a result of irradiation, concave channels (tracks) formed on the
surfaces of specimens (Figure 1d). Their formation is associated with
high temperatures in the irradiation zone, due to which the sintering
and melting-solidification processes proceed simultaneously. These
tracks were easily removed from the compacts (Figure 1b,c). The
lower sides of the tracks were cleaned from the loose slightly sintered
powder. The designations of tracks correspond to the designations of
used mixtures.

The synthesis products were investigated by the X-ray Diffraction
(XRD) method in Cu K radiation (a DRON-3M diffractometer, Russia).
An electron microscopy study and an Electron-Probe Microanalysis
(EPMA) were performed with a HU-200F type scanning electron
microscope and a LEO 1450 VP unit. An Atomic Force Microscopy
(AFM) investigation (Digital Instruments Nanoscope IV in tapping
mode with a silicon nitride tip) was carried out in phase regime.

Results
XRD data

In the zone of laser irradiation of different mixtures, composite
ceramic materials usually form (Figure 2 and Table 1). In tracks of
specimens, No. 1 and No. 3, the a-AL,O, and Y, Ti,0, crystal phases are
dominant. The Y,AL.O ,and B-ALTiO, phases form in much smaller
amounts. In specimens’ No. 2 and No. 4, Ot—A1203 and Y,Ti,0, also
dominate, whereas |3-A12TiO5 is absent. In tracks with the same value
of R, with increase in the Ale3 content in the initial mixtures, the
intensity of the lines of corundum increases, and the intensities of the
lines of Y,ALLO,,and Y,Ti,O, decrease (Figure 3). With change in the
contents of TiO, and Y,0, and their ratios, the intensities of the lines of
phases containing Tiand Y change. In Figure 3, it is seen that the larger
R, the higher the intensities of Y,Ti,0, and Y3A15012. The formation of
theY,Ti,O, phase is preferred.

The deviation of the intensities of the lines of ALLO, from standard
values [16], indicates the texturing of corundum. In Table 2, the values
of the Texture Coefficients (TC) for different phases in tracks Nos. 1-4
are presented. The calculation was performed by the formula [17]

Ik 1N 1K) |
retkh= 1, (k) {n Z I, (hkl)} ’

where I(hkl) are the measured intensities of the (hkl) reflection,
I (hkl) are the calculated intensities presented in the JCPDS cards, and
n is the number of reflections used in the calculation. In the calculation,
cards No. 83-2080 for (1—A1203, No. 89-2065 for Y,Ti,0,, and No. 82-
0575 for Y,ALLO,, were used [16].

It follows from Table 2 and Figure 4a that the texturing of a-Al O,
crystallites occurs in the direction <1010>. Their Texture Coefficient
(TC) decreases as the AL O, content in the initial mixtures increases.
The tendency of the dependence of the TC on the ALLO, content in the
initial mixtures is also observed for the Y,Al,O,, phase in the direction
<840>. However, for the Y,Ti,0, phase, the change (increase) in the TC
correlates with the decrease in the Y,O, content in the directions <444>
and <800> (Figure 4b).

Electron microscopy and EPMA data

The surface of the track formed in irradiation of mixture No. 1 has
a complex texture. On its surface, we can see macro texture in the form
of arcs (Figure 5a), which reflects the motion stage of the solidifying
melt under the action of the traversing laser beam. Arcs consist of
accumulations of particles (domains). Domains can be considered as
elements of microtexture (Figure 5b). In the micrograph of a diagonal
section of a track (Figure 5¢), it is seen that the upper part of the
track consists of predominantly dark crystallites, between which light
interlayers are present. The EPMA data indicate (Figure 5e) that the
domains on the surface of the track and dark crystallites (Figure 5c)
contain primarily Al and O. In the composition of interlayers, along
with Al and O, the presence of Y and Ti was registered. In the cross-
section of the track, in the sintering zone (Figure 5d), the inhomogeneity
of distribution of the newly formed compounds and Al O, is observed.
This is the result of the crystallization behavior of the heterophase
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Figure 1: Simplified scheme of irradiation of compacted mixtures (a); overlay
“of” zones heating and cooling in traversing the laser beam (b, c), top view of
the track (b), side view of the track (c), and electron micrograph of the cross-
section of the track formed after laser treatment of compacted mixture No. 4.
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Figure 2: Fragments of X-ray diffraction patterns of tracks. (a) in tracks No. 1
and No. 3; (b) in tracks No. 2 and No. 4. (e) a-ALO,; (B) B-ALTiO,; (v) Y,Ti,O
(x) Y,ALO
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Figure 3: Change in the intensity of X-ray diffraction lines in tracks obtained
under irradiation of compacted mixtures with different contents of components.
(1) a-ALO, (d =0.2084 nm); (2) Y, Ti,0, (d = 0.1779 nm); (3) Y,ALO,, (d = 0.2682
nm).

3 5712

Phase Number of Cz03 | TC for [hkI]
mol. %
thetrack 104 110 113 024 116 |214 300 1010
No. 1 635 032 054 07 12 08 1.1 094 3.4
OALO: No. 2 674 1048 0.67 0.66/09 125112 11 2.3

No. 3 77.7 0.68 149 0.8 0.6 1.25/0.97 0.81 21
No. 4 846 0.42 0.1 0.78 16 |0.62 31 03 1.9
Number of Croz. | TC for [hi]

mol. %

thetrack 331 440 444 800 622
v Tio. No.1 270 048 0.66 1.74|1.53 0.85
2277

No.2 191 082 066 0.66 2.06 0.93

No. 3 16.5 0.59 0.68 0.13 1.05 1.32
No. 4 9.0 0.58 0.64 1.34 1.23 1.01

Number of|C,,,, TC for [hki]

the track 'mol. %521 640 840 842
YALO N1 63.5 |0.8 0.32 13.23 0.32
FETIN2 67.4 0.7 1.06 1.3 1.4

N3 77.7 0.64 1.23 10.93/1.43

N 4 846 0.56 15 1075 1.5

Table 2: Values of the texture coefficients in tracks.

material, which is characterized by the substantial difference between
the melting points of the phases present in it.

As the AL O, content in the mixture increases (mixture No. 3), the
surface of the track changes substantially. The macro and micro texture
are less pronounced (Figure 6a). Corundum crystallites and thin
interlayers between them form a “reticular” structure on the surface of
the track (Figure 6a, 6b). As is seen in Figure 6d, a part of interlayers
consist of regions of different color (gray and light-gray). This means
that they have a complex phase composition. Taking into account
the X-ray diffraction data, we can state that they containY,Ti,0, and
Y,ALO,,. This is substantiated by the EPMA data. In a fracture of a
specimen (Figure 7a), between large crystallites containing Al and
O (Figure 7b), fine grains containing Al, O, Ti, and Y are present.
With decrease in the distance to the surface, the interlayers between
corundum grains become thinner (Figure 6¢).

The morphology of the surface of tracks, No. 2 and No. 4, is similar
to that for specimen No. 3 (Figure 8a, 8b and Figure 9b). On the rough
surface of the tracks, arc-shaped “beads” are observed (Figure 8c and
Figure 9b, 9¢c). They consist of aggregates of particles (Figure 9d) and
the material crystallized in the form of tourniquets/lamellas (Figure
9¢). The EPMA data indicate that Al and O dominate in aggregates
of particles (domains) and that Al, O, Ti, and Y dominate in lamellas

(Figure 9¢, 9d and Figure 10). The inhomogeneity of distribution of the
elements in the direction from the surface of the track to the sintering
zone (Figure 9e, 9f and Figure 11 a,11b) also reveals the predominance
of Aland O on the surface of the track. Correspondingly, with decrease
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Figure 4: Dependence of the texture coefficient on the Al,O,content (a) and
Y,0,content (b) in theinitial mixtures. (a): (1) Al,O, at 1010°C; (2) Y,Al,O,, at
840°C. (b): Y,Ti,0, at 800°C.
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Figure 5: Electron micrographs of the surface of track No. 1 (a, b); diagonal
section of the track (c); cross-section of the track (d); contents of elements at
different places of the track (e). 1, 2, 3, and 4 correspond to places 1, 2, 3, and
4 in Figure 5b. In Figure 5 (c) and (d) secondary-electron images are shown.
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Figure 6: Electron micrographs of the surface of track No. 3 (a, b) and its cross-
section (c, d).In Fig. 6b, 6¢, 6d, secondary-electron images are shown.

Figure 7: Electron micrographs of a fracture of track No. 3 (a) and the contents
of elements at different places of the track (b). 1, 2, and 3 in (b) correspond to
places 1, 2, and 3 in Figure 7a.

Figure 8: Electron micrographs of the surface of track No. 2 (a, b) at different
magnifications and its cross-section (c). The arrow in Figure 8c indicates the
direction to the surface of the track. In Figure 8c secondary-electron image is
shown.

in the distance to the surface of the track, AL O, grains increase in size,
and the thickness of the interlayers between them decreases (Figure
8d). With increase in the distance from the surface of the track (to the
sintering zone), the thickness of interlayers between AL O, crystallites
increases, and, along with Aland O, in the interlayers, Ti and Y are
clearly identified (Figure 9f and 11). On the surface of the tracks,

“lamellas” which have the form of rapidly cooled melt, form (Figure
9e).

AFM data

The AFM investigation enabled us to detect the micro and nano
texture of the surface of tracks. For instance, domains (aggregates of
domains) of different size rise above the surface of the track (Figure
12a). Each domain element, in turn, consists of microparticles, which
form chains of different length (Figure 12b). The size of nano particles
in domains is about 14 nm. The surface above which domains rise is
also the crystallized material composed of particles with a size of about
7 to 50 nm. They form structures of different directivity, namely, arcs
and chains of different height and width (Figures 12a,12d).

According to the SEM and EPMA data, domains on AFM images
can be assigned to AL,O,. As a rule, elements that correspond to the
formation of ternary compounds are recorded between arcs and
in lamellas. For this reason, arc-shaped aggregates of particles and
lamellas on AFM images can be considered as places of localization of
Y,Ti,0,and Y,AL O ,. In Figure 9¢, done can see places of superposition

Figure 9: Electron micrographs of the surface of track No. 4 (a, b, c, d), on
the boundary of a fracture (e), and on the fracture of the track (f). In Figure 9f
secondary-electron image is shown.

Figure 10: Contents of elements at different places of the surface of track No.
4. (a) 1-7 correspond to places 1-7 in Figure 9c, 9d.
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Figure 11: Contents of elements at different places of track No. 4. (a) 1 and 2
correspond to places 1 and 2 in Figure 9e; (b) 1-8 correspond to places 1-8
in Figure 9f.

1.00 1.00
um um

Figure 12: AFM images of different places of the surface of track No. 4 (a).
Zone of localization of domains (b). Zone between domains and arcs (c, d).

of layers with different degrees of texturing and different directions of
texturing. This effect is due to the movement of the melt in traversing
the laser beam.

Discussion

In choosing the composition of x mol.% Al,O,-y mol.% TiO,, x
mol% AL,O,-y mol.% Y,0,, or x mol% TiO,-y mol% Y,O, binary
powder mixture and heat treatment conditions, it is rather easy to
predict the phase composition of compounds that precipitate from
the cooled eutectic melt [15]. However, in view of the complexity of
homogenization of powder mixtures and the heterogeneity of the

temperature distribution in compacts in the irradiation zone, for
x mol.% AlL,O,-y mol.% TiO,-z mol.% Y,O, ternary mixtures, the
phase formation process must have a complex character, and the
track material must consist of a set of local phases that form in local
temperature zones.

In analyzing the obtained results, the following facts attracted our
attention. In tracks, ALLO, and Y,T1,0,are dominant among crystalline
phases. Yttrium titanate forms even in the case where the contents of
TiO,and Y,0, in the mixtures are insignificant. As the AL O, content
in the mixtures increases, the crystallization of corundum dominates,
and the formation of Y,ALLO,, and AL TiO, is suppressed in the tracks
(Figure 3). This enables us to assume that the eutectic melt is enriched
in TiO, and Y,0,, which provides more favorable conditions for the
formation of Y,Ti,0..

In the direction from the sintering zone to the surface of the track
(in the vertical direction), the microstructure of the track changes
through stages of formation of individual eutectic zones (Figure 5d)
to the matrix structure (see Figure 8d), in which the content of the
main Y,Ti,O, phase gradually decreases, and Al,O, becomes the main
phase (Figs 5¢, 6d, 8d). In this direction, the growth of corundum
grains and a decrease in the thickness of inter layers between them
occur. As a result, the total content of the Y,Ti,0, and Y3A15O12 in the
surface layer of the track decreases. For this reason, the intensity of the
lines of the indicated phases in the X-ray diffraction patterns decreases
substantially (Figure 3).

The traversing of the laser beam over the surface of the compact
initiates not only high-temperature melting of the surface layer of
the compact, but also its rapid cooling. As the heating zone shifts,
the partial overlap of layers and the motion of the viscous material
take place (Figure 9b, 9¢c, 9e), namely, a new portion of the melt is
ejected onto the cooled melt in the horizontal direction (Figure 1b,1c).
This leads to both the formation of “combs” on corundum domains
extending above the surface and the “corrugating” effect of cooling and
solidifying eutectic melt of different of viscosity (Figure 9e, Figure 12a,
and Figure 1b, ¢).

The decrease in the texture coefficient of a-AlL O, with increasing
aluminum oxide content in the mixtures and its transformation into
the main phase (Table 2) can be explained by the conflict of growth
of corundum crystals in a certain predominant direction during rapid
solidification of the melt. Analogous conditions are realized for the
texturing of Y,ALO,, and Y,Ti,O,. For these phases, the texture was
found to be more pronounced in the case where Y,Ti,0. is the matrix
phase, i.e., at a small ot-AIZO3 content.

Since the main newly formed compounds belong to phases of

surface of channel

T<1280°C
a-, B-Al, Ti, O, ALO, +TiO,

TiO,+ Y,ALO,, — Y,Ti,0, + AlLO,

T>1500°C
Y,0,+ Ti0,— Y,Ti,0,

ALO,+Y,0, —Y,Al,O,,
Al,0,+TiO, — B - ALTi,0,

upper part of zona of sintering
A0, EEEEE Y,Ti,0, T Y,AILO,
I ALTILOf

Figure 13: Simplified scheme of localization of phases in the irradiation zone
and reactions accompanying their formation.
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binary systems, the characteristic features of their formation under the
conditions of heterogeneity of the mixtures and a temperature gradient
in the vertical and radial directions should be noted. The compounds
Y,Ti,0,,Y,ALO,,,and B-AlL TiO_ must form at contact points of particles
and aggregates of the corresponding oxides at the corresponding local
concentration ratios of the components in a certain temperature zone.
The upper limiting temperature of existence ranges from 1820 to
1700°C for -Al, TiO, at different concentrations and is equal to 1820°C
for Y,ALO,,. The lower limiting temperature of their synthesis ranges
from ~1280 to ~1350°C [18-22]. These conditions are satisfied in the
low-temperature irradiation zone, i.e. the sintering zone.

For the formation of Y,Ti,0, in the contact zone of Y,0,and TiO,
particles, higher temperatures (7>1500°C) and larger treatment times
(several hours) are required [23,24]. Only at high heating temperatures,
the time of formation of yttrium titanate can be decreased. The
temperatures obtained on the surface of compacts correspond to these
conditions.

According to the Al O,-TiO, constitution diagram, at high
temperatures (in the surface layer of the track), a-Al TiO, must form.
Under conditions of rapid cooling, at T<1280°C, it must decompose
into a-Al,O,and TiO, (rutile) (eutectoid decomposition) [25]. In this
case, the surface layer must be enriched in aluminum oxide, and the
freed titanium oxide can take part in the formation of Y,Ti O, as a
result of the interaction of TiO, with both Y,0, and Y,ALLO,, [26]. This
is why, in the X-ray diffraction patterns, rutile lines are absent.

In cooling the melt, Y, Ti,0,and Y,AlL O , crystallize at temperatures
lower than the crystallization temperature of Al,O,. In this case, in the
surface layer, conditions of emergence of a-Al,O, nuclei, their growth,
and displacement of the Y,Ti,0.+Y,AL,O , melt into volume layers
of the track dominate. For this reason, predominantly Al and O are
detected in the surface layer, and the contents of Y and Ti increase in
volume layers (Figure 5c, Figure 9f, and Figure 11b). We believe that
this mechanism of displacement of the melt by growing corundum
crystals eventually leads to the transformation of the leading main
phases.

In the intermediate temperature zone, local eutectics gradually
transform into a homogenized eutectic (towards the surface). However,
it can be assumed that, due to the displacement of the heating zone and
further rapid cooling, eutectic melts have no time to be homogenized
(Figure 6d).

Thus, in the laser irradiation zone, tracks with a gradually varying
phase composition form. Their composition is determined by not only
the temperature gradient and heterogeneity of the mixture, but also
a series of reactions that proceed in the high-temperature region and
under conditions of rapid heating and cooling. In Figure 13a simplified
scheme of the structure of a track is shown.

Conclusions

The performed investigations have shown that, in the zone of
laser treatment, phase formation processes characteristic for different
temperature zones, proceed:

o In the low-temperature heating zone adjacent to the sintering
region, eutectic melts forming the contact regions of particles and
aggregates of binary mixtures due to the heterogeneity of mixtures
and the presence of a temperature gradient in the axial direction

o In the high-temperature heating regions, the formation of the
TiO,-Y,0, eutectic is intensified

o In passing from the low-temperature heating zone, in which the

Y,Ti,0O, phase is matrix, to the high-temperature heating zone, its
content decreases, and a-Al, O, becomes the matrix phase

» The absence of ALTiO, in the ceramic tracks can be associated
with its decomposition into Al,O, and TiO, under the conditions
of rapid cooling

o 'The absence of TiO, in the ceramic tracks is explained by its
participation in the formation of Y, Ti,0,

o The directed motion of the eutectic melt on the surface of the tracks
influences the texturing of the surfaces of the tracks

o Thedegree of texturingof a-Al,O,, Y, T1,0,,and Y,AL O, crystallites
in the tracks depends on the volume ratio of the matrix phase and
secondary phases.
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