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1. Introduction

Laser opening (Ali et al., 1960; Maiman, 1960 ; Townes, 1960 ) and development of many
various types of lasers (Goodison, 2008; Injeyan & Goodno, 2011; Trager, 2007, Weber,
2001) stimulated their wide practical application (Rastogi & Asundi, 2011; Ready, 2001;
Ready, 1971; Webb & Jones, 2003; Weber, 1994). The basic properties distinguishing laser
radiation from radiation of wusual light sources are intensity, an orientation,
monochromaticity and coherence (Ready, 1971). The important role has both maximum
peak pulse power, and possibility to allocate energy in the set point of space. More
important characteristic, than the absolute value of peak power, is a power on an unit of
surface of target. The directivity, monochromaticity and coherence of laser beam allow to
focus laser light into a spot of very small size. Depending on intensity and duration of action
of laser radiation, the following stages of interaction of radiation with a treated material
distinguish: supply of laser radiation to a material, an absorption of a light flux and transfer
of its energy to a solid body, heating of a material without visible destruction, a melting of
material, evaporation and elimination (ablation) of products of destruction, electronic and
ionic emission from the surface, plasma formation, cooling of a material after the ending of
laser influence (Shishkovskii, 2009). Selective laser sintering (SLS) of powders is one of new
technologies of obtaining of superficial coverings from nano-structured materials (Deckard,
1988). This direction results to develop a concept model of prototypes (“Rapid
Prototyping”). This is method of formation of 3d-model level-by-level sintering of powder
materials (Gebhardt & Hancer, 2003). At first, main direction of works of SLS had practice
character: an obtaining of a material with specified properties, and with specified forms, etc.
At the same time, the high-speed heating inherent to laser influence in processes of SLS and
the technologies integrated with it, opens possibilities for investigation of features of
diffusion, kinetic, structurally-phase, rheological, and mechanical processes, in conditions
far from equilibrium and poorly studied. In the present work we will bring some results of
investigation of the reactionary and structural changes proceeding in pressings from
mixtures of a-Al,Os; and a-Cr,Os; powders at their superficial laser treatment. An important
moment here is that the processed system (pressings) also is under nonequilibrium
condition.
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Alumina (a-AlOs) has many industrial applications, including refractory bricks, electric
insulators, and protective coatings (Dorre & Hubner, 1984; Gebhardt & Hancer, 2003). So
alumina ceramics is used in nuclear power plants as a heat and an electric insulator in the
active zone, for IR windows or as armor for low threat applications where thinner tiles can
be used (Pampuch & Haberko, 1997; Shevchenko & Barinov, 1993; Tretyakov, 1987; Wefers
& Misra, 1987). Its properties can be changed significantly by the introduction of different
impurity centers. Among corundum-based ceramics, ruby, which is a solid solution of
chromium ions in the solid structure of covalent AlOs, is the most extensively used
material. Ruby single crystals are used as working elements of lasers. The compounds a-
AlOs; and a-CryO3 are isomorphous and their mutual solid solutions a-CrxAl,.xO3 form a
single phase with a corundum structure within the composition range 0 < x < 2. The method
of horizontal directed crystallization (HDC) is widely used in the synthesis of large
corundum (sapphire) and ruby monocrystals (Bagdasarov, 2004; Bagdasarov & Goryainov,
2001; Bagdasarov & Goryainov, 2007; Lukanina et al., 2006; Hurle,1994; Lyubo, 1975). The
HDS method consists in the following (Bagdasarov, 2004): a mixture in the form of a
powder, crystal breakage, or ceramic tablets is loaded into a boat-shaped container. By
moving this container through the heating zone, the mixture is melted, and then the melt is
crystallized in the cold zone. To obtain a strictly oriented monocrystals, a seeding agent is
placed in the top of boat, after which both the moment of crystallization and the shape of the
crystallization front in the process of monocrystal growth is monitored. The thermophysical
processes play a decisive role in the crystallization of high-quality monocrystals because they
are responsible for the generation of substantial internal mechanical stresses, porosity, and
high dislocation density (Bagdasarov & Goryainov, 2001; Bagdasarov & Goryainov, 2007;
Denisov et al., 2007; ; Dobrovinskaya et al., 2009; Lukanina et al., 2006; Malukov et al., 2008).

In recent years, along with traditional powder metallurgy methods for the synthesis of
corundum ceramics, SLS has been used (Liu et al., 2007; Shishkovskii, 2009; Shishkovsky et
al., 2007; Subramanian & Marcus, 1995; Subramanian et al., 1993; Xu et al., 2005), what
makes it possible to combine complete and partial melting in a single cycle. The next stage
of development of this technology is layer-by-layer SLS.

Results of investigations of the laser melted specimens (Ferkel et al., 1997; Majumdar et al.,
2004; Triantafyllidis et al., 2002; Triantafyllidis et al., 2004; Wang et al., 2004; Zum-Gahr et
al., 1995) show that laser scanning influences significantly the surface morphology,
microstructure, and phase components of laser-treated zones. Thus, the laser treatment of
the surfaces of ceramic samples, accompanied by its melting and resolidification, can be
successfully used to modify their surface properties. In this the processes proceeding during
laser treatment of powder mixtures of different compositions deserve particular attention.
So, the temperature conditions, fast melting - fast crystallization, produced during the
process is an interesting direction of preparing new ceramic materials (on the basis of mixes
of powders with various temperature properties) in which a controlled inhomogeneous
distribution of the impurities, the phases, etc. can be realized. In layer by layer SLS of
corundum, additives which play the role of binders of grains of the basic material in the
stage of powder pressing and sintering are introduced in ALLOs powder to provide the
required density and strength of the consolidated material (Bai & Li Y. 2009; Ferkel et al.,
1997; Shishkovskii, 2005; Shishkovsky et al., 2007; Subramanian & Marcus, 1995;
Subramanian et al., 1993). Among these methods are SLS of both a-Al;O3 (Da Shen et al.,
2007; Zhao et al., 2003) and a-AlOs-a-Cr2O; (Nubling & Harrington, 1997; Quispe Cancapa
et al., 2002; Yen, 1999).
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A large number of studies by different methods were performed on dilute both low-
chromium and high-chromium a-AlOj3 solid solutions (Carman & Kroenke 1968; de Biasi &
Rodrigues 1985; Galoisy & Calas 1993; Manenkov & Prokhorov, 1955; O'Reilly & Maciver,
1962; Statz et al, 1961; Stone & Vickerman 1971;). Gradual increases in the a and c
parameters of the hexagonal unit cell of the corundum structure with increasing chromium
concentration were noted (de Biasi & Rodrigues 1985). The fine structure of the electron
paramagnetic resonance (EPR) spectrum of the ion Cr3 in corundum crystal was
investigated (Manenkov & Prokhorov 1955). Four types of EPR spectra were observed in a-
CryAl>_Os polycrystalline specimens (Carman & Kroenke, 1968; Stone & Vickerman 1971).
This work is concerned with an experimental investigation of the surface solutionizing,
crystallization, microstructure, and properties induced by a laser beam in pressings of a-
Al,O3 + na-Cr,0O3 powders with using EPR spectroscopy, X-ray diffraction and electron
microscopy methods. In the methodical plan the work is constructed in the following way.
In the beginning of the work we will consider evolutionary processes in compacted a-Al;Os
+ a-Cr,O3 mixtures at one-pass laser treatment. Farther we will examine the layer by layer
laser sintering of AlbO3;-xCr;O3; powder mixture. After that the laser surface solutionizing
and crystallization in Al,O3-xCr203 pellets will be analyzed. And then will be discussed the
laser synthesis of crystalline ruby rods from Al,Os3- xCr,O3 ceramic rods.

2. Experimental procedure

2.1 Initial reactives

Commercially available a-Al;O3 and a-Cr;O3 (Reasol, Reactivo Analitico) with a particle size
of 40 nm and 1.8 nm, respectively, were used as starting materials. Powder mixtures of a-
AlLO; + na-CryOs; with n = 0.1 wt %, 0.5 wt %, 1.0 wt %, 3.0 wt %, 5.0 wt % and 10.0 wt % were

homogenized mixing in ball mill with a low rotation rate (around 50 rpm) during 30 min.

2.2 Preparation of samples for laser processing

On the base of these powder mixtures a series of cylindrical specimens (pellets and cores)
with a diameter 3 - 30 mm and a thick (length) of 3 to 15 mm were made by axial pressure, P
(to 5 MPa) or isostatical pressure (to 5 GPa). Also was using the extrusion technology for
obtaining of cylindrical specimens with a diameter 3 mm and a length of 10 to 15 mm with
their subsequent sintering at 1200 °C.

2.3 Laser processing

The laser processing of the samples was carried out with using a 10.6 pum CO; laser (CW-
CO; Spectra Physics 820, the output power was 130 W) and LTN-103 continuous-action
Nd3*:YAG laser (A = 1064 nm, maximum output power is ~ 200 W, Russia). Different
conditions of irradiation: the diameter of the laser spot (d), the scanning velocity (v), the
irradiation power (P) were used.

In case of trying out an experiment on horizontal directed crystallization (HDC) of ruby the
LTN-103 laser, d = 0.2 mm and d = 0.8 mm, v ~ 0.0094 mm/s 0.019, and 0.075 mm/s, P ~ 70
W were used. The laser irradiation was performed along long axes of the compacts prepared
by using extrusion technology and following thermal treatment at 1200 °C for 1 h. The
compacts have a diameter 3 mm and a length of 10 to 15 mm. Specimens were placed in
channels formed on surfaces of compacts made from the same mixture by one-pass
treatment with a laser beam. After irradiation, the specimens had the shape of rods with a
length of 5 to10 mm and a diameter of 1.5 to 2 mm.
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In more details conditions of laser treatment of specimens are given in the beginning of
paragraphs 3.1, 3.2,3.313.4.

2.4 Experimental methods

The initial samples and the laser-treated (LT) sample surface were characterized using
powder XRD (Siemens D-500) in CuK, radiation.

The method of Electron Paramagnetic Resonance (EPR; SE/X 2547-Radiopan; x-ray range; at
room temperature) spectroscopy was used to study the different paramagnetic centers (PC)
in LT-samples. EPR-recording was carried out through the whole volume of specimens.
EPR-measurements were also performed depending on the angle between the external
magnetic field and an LT-surface of a specimen. Also, single crystal of Cr doped a- Al;Os
was used in this studies.

Infra Red (IR) spectra were obtained with a Specord M80 spectrometer (Karl Zeiss, Germany).
An electron microscopy study was performed with a Superprobe-733 scanning electron
microscope (JEOL, Japan) and a SEM/FIB NOVA 200 system (Bruker, Gemany).

3. Experimental results and discussion

3.1 One-pass laser treatment of powder pellets of Al203- xCr203

Using the laser facility, one-pass treatment of the surface of a pellets prepared at 5 MPa were
performed at P = 60, 70, 160 and 190 W. The scanning velocity (v) of laser beam was 0.075,
0.15, 0.25, and 0.3 mm/s. The size of laser beam was d = 0.2 - 0.6 mm. In this case, concave
channels formed on the surface (Fig. 1a). On the surface, one can see arcs. Theirs formation
is a result of melting — cooling of corundum during transverse of the laser beam. On the
lateral walls of the channel, strips formed as a result of dissociation of AlO; (Fig. 1 b) are
seen. The depth of the channel, the thickness of the melting-recrystallized layer (h;), and
zone of sintering (h2) depends on irradiation parameters, namely, the irradiation power and
the traverse speed of the laser beam (Fig. 2) (Vlasova et al., in pres. accept.). In Fig. 3, the
growth of corundum crystallites from the bottom part of the track to its surface is shown.
The color of the superficial layer changes from pink to deep-brown depending on the a-
Cr;03 amount in the initial specimen. Also the color changes from superficial to a zone of
sintering and further up to initial colour of compacted mixture.

DIradiation direction

Fig. 1. Micrographs of channels formed in one-pass laser treatment of a compact at P = 160
W and v =1.25 mm/s. (a) cross section; (b) the top view.
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Fig. 2. Changes in the maximal thicknesses of the recrystallized layer (1) and sintered layer
(2) depending on the power (a) and the traverse speed (b) of the laser beam in one-pass
laser treatment. For (a) at v =0.15 mm/s. For (b) P =70 W.

IR absorption spectra of corundum for different layers of the material located under the
track illustrate the gradual weakening of the band at vo ~ 500 cm? as the distance to the
track decreases (Fig. 4, spectra 2-6). The weak intensity of band v; is characteristic for a
ruby. A spectrum obtained from the track is assigned to the IR spectrum of a-Al,Os (Vlasova
et al., 1972) (see Fig. 4, spectra 1, 2 and 6). For the superficial layer of track, the intensity of
the spectrum appears to be much weaker than for the subsurface layers. The weakening (see
Fig. 4 curve 1) is connected with the gradual defects accumulation and increasing
electroconductivity in the surface layer of the track.

Fig. 3. Micrographs of channels formed in one-pass treatment at P =70 W and v = 0.075
mm/s: (a)-(d) correspond to the direction of photographing from the bottom of the channel
to its surface.
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Fig. 4. IR absorption spectra of the superficial layer of a track (1) and in layers under the
superficial layer by 0.5 pm (2), 1.0 um (3) and 1.5 um (4). Comparison of spectra of
corundum (5) and ruby (6). The sample:KBr ratio is 1:150 for spectrum (1) and 1:300 for
spectra (2-6).

3.2 Layer by layer laser treatment of pellets of Al,Os- xCr203 (Vlasova et al., 2010)

An experiments on the layer-by-layer selective laser sintering (SLS) were carried out on
pellets obtained by axial pressing at P = 5 MPa. Used capacities of the LTN-103 laser were P
~ 90, 120, 160, and 190 W, v ~ 0.13 mm/s 0.13, 0.26, 0.4, 0.64, and 1.25 mm/s, d = 0.2 mm.
The system of vertical movement of a sample without changes in the size of the laser spot
enabled us to perform additional operations on the surface of compacts. At the beginning
the unitary treatment of surface of compact by laser beam was carried out. At multiple-run
treatment an originally formed concave track was filled up by the powder mixture. A
powder was consolidated and planed. After this procedure a filled channel was subjected to
irradiation. The procedure of filling of the channel by a powder mixture and its irradiations
again was repeated. The number of such backfills of channel and procedure of irradiation
was from 2 to 12. Gradually above the specimen surface a convex track appeared. The height
of backfill inside each series of experiments was constant. A series of experiments was
realized in which the height of backfills was different: hy = 125 pm, h, = 250 pm, h; = 350
pm, and hy = 500 pm.

As the layers build up, the thickness of the new-formed product (a-AlO;) gradually
increases (Fig. 5). This means that, in the chosen mode of treatment, not the whole volume of
the backfill is melted and recrystallized. Most pores and cracks are present between the
layers. The size and the number of pores increase as the traverse speed of the laser beam
rises. These data show that to obtain a low-porosity track material, it is necessary to reduce
substantially the traverse speed of the laser beam. As a result, a new-formed liquid phase
can fill cavities, pores, and cracks of the underlying layer. Note that, as a result of the
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dissociation and ablation of Al,O3 (Vlasova et al., 2010) the largest number of cavities and
channels form in the surface layers of tracks. As in a case of the one-layer tracks, with
decrease in v at a rather low power (P ~ 60-70 W), the thicknesses of the layers h; and h;
increase. At a low traverse speed of the laser beam, a multilayered building-up of corundum
(layer hy) is accompanied by a decrease in the thickness of the sintered layer (hy). It is likely
that cause of this effect is the high thermal conductivity of corundum.

X-Ray measurements and EPR investigation of spectrum of Cr3* in polycrystalline Al,O3
haven't revealed appreciable differences in different layers.

b 4
1200 ¥ 3
hy 1

hyT

2 s00r” 1 *

=
400 -
. 1 2 4
Number of layers

250 um

Fig. 5. Micrographs of channels formed in four-run treatment (a) and changes in the
maximal thicknesses of the recrystallized layer (1) and sintered layer (2) depending on the
number of backfills at (b). P=70W, v =0.075 mm/s. 1-4 correspond to the numbers of
layers.

3.3 Laser surface treatment of powder pellets of Al,03- xCr20; (Kakazey et al., 2009)
For irradiation of pellets obtained by hydrostatic pressure at 5 GPa, the CO»-laser with P =
130 W, d = 0.3 mm, v = 0.7 mm/s were used. Three laser scannings of the same trace were
performed in a spiral motion with a step of 0.25 mm beginning from the center of a pellet.
During one-pass laser treatment of dense pellets, concave tracks also forms on their surfaces.
However, in this case, the depth of tracks is much smaller than that in the case irradiation of
loose powder specimens. The thickness (h;) of the formed ruby layer is ~0.3 mm even under
high-power irradiation (160-190 W). The thickness of the sintering zone is comparable or
slightly larger than the thickness of the recrystallization zone. On a chip of a track (Fig. 6),
we can see that a sintering zone transforms into a recrystallization zone and that corundum
crystallites increase in size as the distance to the surface of the track decreases. On the
surface of the track, cracks, boundaries of crystallites, and striation, which appears due to
the ablation of the track material, are present. So, the growth of crystallites occurs from the
lower layers of pellets to the surface. Crystallites are initially directed perpendicularly to the
surface of the track. However, as the distance to the surface decreases, crystallites begin to
deviate from vertical to horizontal direction. They take the bent shape and an identical
orientation, i.e., texturing that is set by the traverse of the laser beam occurs.

For the given case it was possible to carry out the x-ray analysis of the irradiated tracks
without destroying specimen. The XRD pattern of the initial sample is shown in Fig. 7 (1).

www.intechopen.com



400 Advances in Ceramics - Synthesis and Characterization, Processing and Specific Applications

The positions and normalized intensities of their X-ray peaks are very close to those of X-ray
peaks for an ideal powder specimen consisting of the a-ALOs; and a-Cr;O3 (JCPDS-
International Centre for Diffraction Data, 1999) (see Table 1). The XRD patterns of superficial
layer of different LP-samples (with different contents a-Cr.Os) are shown in Fig. 7 (2-6). The
normalized intensities of the LT samples (see Fig. 7 and Table 1) show the presence of the
following preferred orientations of a-Al;Os crystallites: [1010] in an a-ALOs + 0.1% a-Cr,O3
sample; [116] in an a-Al,O3 + 0.5% a-Cr,O3 sample; [116] and [113] in an a-ALOs + 1.0% a-
Cry03 sample; [116] in an a-AlOs + 5.0% a-Cr,O3 sample; [116] and [012] in an a-Al,Os3 +
10.0% a-CrO3 sample. The normalized intensities of a-Cr;O3 in LT a-ALO3 + 10.0% a-Cr2Os
sample show (Fig. 7) that the [110]-preferred orientation of a-Cr.O; crystallites take place.

2-Theta | (hkl) | d(nm) Itheor | lexp Lexp Lexp Lexp Lexp Lexp
Init. LT LT LT LT LT
10.0% | 0.1% | 0.5% | 1.0% 5.0% | 10.0%

25568 | (012) | 0.3479 683 370 20 130 999

35140 | (104) | 0.2552 999 840 <10 250 65

37763 | (110) | 0.2379 460 370 <10 220 250

43339 | (113) | 0.2085 961 999 40 550 220

46.183 | (202) | 0.1964 2.0 3.0 60 130

52533 | (024) | 0.1740 467 470 10 270

57482 | (116) | 0.1601 906 940 100 999 999 999 900

66493 | (214) | 0.1404 343 340 85 50

68.181 | (300) | 0.1374 521 550 340

76.854 | (1010) | 0.1239 145 180 999

Table 1. Diffraction data for a-Al,Os.

In the initial a-AlO; + na-Cr,O3 samples, only a weak broad EPR signal, which was due to
defect states of the a-Cr,Os phase, was registered at g ~ 1.9. In Fig. 8, the room-temperature
EPR spectra of laser-treated a-Al,O3 + na-Cr,Os samples are shown. Some singularities (I—
IV at g1~ 1.22, gu~ 147, gm ~ 3.38, and giv ~ 22) of different intensities and shape were
found in the EPR spectra.

The EPR spectra of Cr3* ions in the ALO; lattice may be described by the axial spin
Hamiltonian

H = gf3BS + D[Sf —%S(S + 1)} (1)

with parameters ¢ = 1.984 and D = 5.746 GHz (Manenkov & Prokhorov, 1955). In
polycrystalline samples the EPR spectrum represents a set of singularities (narrow signals)
which position is defined by expression
VoB.(0.9) = | (1B paer+ Y, (B 2a)] =0 )
omr 6 Ainza dg '
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where B, (6,¢) is angular dependence of fine structure EPR-lines in crystal, # and ¢ are

specify the spherical coordinates giving the relative orientation between direction of
magnetic field B and the crystal axes (Kliava, 1988). The EPR spectrum of Cr3+ (singularities
[—1III) in AL,O3 polycrystalline samples is well known (Carman & Kroenke, 1968; de Biasi &
Rodrigues, 1985; O'Reilly & Maciver, 1962; Stone & Vickerman, 1971). In order to identify
signal IV, we compared the EPR spectrum for polycrystalline samples with an angular
dependence of EPR curves of Cr3* in ruby crystals (Fig. 8). In Fig. 9, we show that
singularities I, II, III, and IV correspond to the EPR transitions (Cr3+:AlbO3) -3/2 < -1/2 (6 =
90°), -1/2 < +1/2 (0 =35°), +1/2 < +3/2 (0 =90°) and a forbidden transition (FT) (8 = 0 -
30°), respectively.

Fig. 6. Micrographs of the longitudinal section of channel. I - VI corresponds from the
surface of channel to the bottom.
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Fig. 7. X-ray diffraction patterns of a-Al,O3 + 1 a-Cr,O3 samples before and after LT:
1,n=10wt. %, initial; 2,7 =0.1%, LT; 3, n=05%,4,n=1.0%, LT;5,n=5.0%, LT; 6, n =
10.0%, LT. The arrow in 1 and 6 diffraction patterns indicates the (110) peak of a-Cr2Os.

1
L.-

Intensity (arb. un.)

Signal A

0 2000 400 6000
MMagnetic field ((+5)
Fig. 8. EPR spectra in a-AlbOs3 + na-Cr,Os laser treated samples. I - IV are designations of

singularities (see text). 2, samples with n = 0.1% after LT; 3, n =0.5%, 4, n =1.0%, LT; 5, n =
5.0%, LT; 6, n =10.0%, LT.
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In Fig. 10, dependences of the amplitudes of singularities II and III on the angle ¢ between
the external magnetic field and a perpendicular to the LT surface of a sample are presented.
A decrease in the amplitude of the EPR singularity II and an increase in the amplitude of the
EPR singularity III are observed as the angle ¢ increases from 0 to 90°. An increase in the
amplitude of the EPR singularity II and a decrease in the amplitude of the EPR singularity
III are observed as the angle ¢ increases from 90 to 180° (Fig. 10).

100
Ja
—~807 . £ 124112 :
; .
= il ' :
(= I ]
L i :
"B 40- L\l :
4 1 | FT i
41 | Lo
b ! L
- ] L1331 D
5 1 6=90 o
o A 111 I
= | IFT Meerld | el
£ | w=0-30 ==\
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l'_l'!
2
=
=
0 000 4000 6000

Magnetic field (Gs)

Fig. 9. The observed angular dependence of the EPR spectrum of Cr3* ions in a-AlOs single
crystal (a) and EPR spectrum in an a-Al;O3+0.1%a-Cr;O3 LT sample (b). [-1V are
designations of singularities.
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Fig. 10. Variations the I/Imax ratio for EPR-singularities Il and IIl in an LT a-Al,Os + 0.1% o-
Cr,O3 specimen as functions of the angle ¢ between the external magnetic field and the
perpendicular to the LT-sample surface.

At n >1 wt %, in the a-ALO; + na-Cr,O3 samples, decreases the amplitudes of singularities
I—1V, the appearance and an increase of a new signal A at g~ 1.98 are observed (Fig. 8). The
decreases of the amplitudes of the singularities I—IV is accompanied by increases peak-to-
peak line width and by the smearing of line. The width of signal A decreases with increasing
n (ABa is ~ 520 Gs for n = 1.0 wt %, ~ 380 Gs for n = 5.0 wt %, and ~ 320 Gs for n = 10.0 wt
%). The A signal intensity is nearly proportional to the a-Cr,Os; on the amount in the initial
samples.

The initial samples consist of mechanical mixtures of a-Alb,O; and a-Cr,O3 particles. The
melting point of Al;O3 is 2046 °C and the melting point of Cr,Os is 2334 °C. During high-
temperature laser treatment, the fully melting of the a-AlOs particles and partially melting
of the a-Cr;Oj3 particles occurs in the processed surface layer of sample (Fig. 6). The formed
Al,O3 melt covers a-Cr,O; particles. In this case, a-Cr,O; particles dissolve gradually in the
a-AlLOs; melt. However, as a result of the relatively short treatment, complete dissolution of
a-Cr,O3 particles does not occur in the Al,Os; melt (Fig. 7). At cooling, the directed
crystallization of the formed ceramic material takes place. In the wide class of ceramics, the
orientation of crystallites is not usually distributed randomly, as in the case of an ideal
powder sample. The observed differences in the preferred orientations of a-AlLOs;
crystallites in crystallized layers of different samples indicate some unsystematic character
of the preferred direction of crystallization. Though the [116] orientation, one of some
preferred orientations of crystallization, take place in LT a-Al,O3 samples with 0.5%, 1.0%,
5.0% and 10.0% a-Cr;Os. In such surface layer the undissolved a-Cr,Os particles also show
the preferred orientation. Preferred orientations in surface crystallized layers and particles
Cr20; in stiffening Al,O3 melt may be connected with the anisotropic shape of initial
particles a-AlO; and a-Cr0O:s.
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During LT, the whole sample is subjected to the temperature influence. Parameters of the
influence in different regions of the samples are determined by their geometry, thermal
conductivity, etc. Dissolution of Cr,O; particles in a-AlOs leads to appearance of the EPR
spectra of Cr3* centers in a-ALOs. Let us consider the formation of EPR spectra at a spatial
homogeneous concentration distribution of paramagnetic centers (PC) in samples.

3.3.1 EPR Spectra at a homogeneous distribution of impurities in samples

In general, at low impurities concentration (c < 0.05%), the shape and width of an individual
EPR signal are determined by relaxation parameters. In this case, I is proportional to the
amount of PC in the specimen, i.e., to c. At  higher  concentration,  dipole-dipole
broadening, which is proportional to the impurity content, manifests itself (Berger et al.,
1995; Kittel & Abrahams, 1953). By generalizing results of (Berger et al., 1995; Kittel &
Abrahams, 1953) for S = 3/2, we obtain

ABy; =8¢ (%) 3)

where d is the shortest distance between paramagnetic ions, c¢ is concentration in mole
percents. Note that ABys is about 1000 Gs at chromium concentration in the sample of 15 mol
%. In complex EPR spectra different lines may have different widths AB;,;, and their changes
with increasing AB4 require individual consideration. In groups of closely located lines (GL)
their overlapping occurs with increasing linewidth and a single signal (SS) forms. Note that the
signal assigned to the p; phase in (Carman & Kroenke, 1968; Stone & Vickerman 1971) is most
likely connected with the superposition of wider (than I—IV) curves in the central part of the
spectrum (see spectra 3 and 4 in Fig. 8 and curves for -1/2<>+1/2 and FT transitions in Fig. 9).
At ¢ > 15 mol %, we should expect the exchange-interaction-related phenomena, which lead
to the exchange narrowing of dipolar broadening (Barnes, 1974). Thus, signal A (Fig. 8) is a
typical EPR signal in highly concentrated a-Al,O3 + na-Cr,Os samples (fy phase (Carman &
Kroenke 1968; Stone & Vickerman 1971)). It is due to the development of dipole and
exchange (a mixture of ferromagnetic and antiferromagnetic) Cr3* — O — Cr3* interactions
(Stone & Vickerman 1971). And in a-CrO;, a final antiferromagnetic mechanism of
exchange interaction sets up.

From the performed analysis it follows that at a homogeneous distribution of the impurity,
as its content increases, the gradual transition from the spectrum of individual atoms to EPR
spectra of highly concentrated states occurs. The use of formula (2) and data of experimental
works (Carman & Kroenke, 1968; Knappwost & Gunsser, 1959; Poole & Itzel, 1964; Stone &
Vickerman 1971; Wenzel & Kim, 1965) makes it possible to construct a rough dependences
of changes in the linewidths of EPR signals in CrAl,«O3 samples at 0 < x < 2 (Fig. 11, the
solid curve for T ~ 400 K. For a-Cr,Os the Neel temperature is 307 K (McGuire et al., 1956).
The case the concentration range from 0 to ~ 3.5 wt % of Cr2O3 (zone A) is favorable for
precise recording the EPR spectra from individual PC. The case the concentration of PC range
from 3.5 wt % to 55.0 wt % (zone B) is unfavorable for precise recording EPR spectra due to
large widths of signals. The case the concentration of PC range from 55.0 wt % to 100.0 wt %
(zone C) is favorable for recording EPR spectra from exchange-related complexes.

3.3.2 EPR Spectra at an inhomogeneous distribution of impurities in specimens
The discrepancies between measured and calculated values for the linewidths or the
simultaneous existence of two or more EPR spectra, which are characteristic for different
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concentration states of impurities, indicate an inhomogeneous distribution of impurities in
the samples. Thus, the recording of two distinctly different EPR spectra, namely, from
individual Cr3* ions (signals I - IV) and the signal from highly concentrated states of Al..
«CrO; (signal A) (Fig. 8) shows the high degree of inhomogeneity of distribution of the
chromium in our samples. Note that, in most works on the EPR investigation of the a-Al;O3
+ na-CroO; samples with even a small value of n, a similar situation can be observed
(Carman & Kroenke, 1968; O'Reilly & Maciver, 1962). This indicates that the preparation of
o-Al.CryO3 samples with a homogeneous distribution of chromium impurities by solid-
state synthesis is an intricate problem.

. A 5 B s
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16007 1., KPR sigrale from individunl O foms  of difficult recording
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Fig. 11. The dependence of the EPR linewidth on the amount of a-Cr2O3 in a-CrAl2xO3
samples for T = 400 K (100wt % of a-CrO5 corresponds chromium concentration in the
sample of 40 mol %). The solid curves is a dependence of the linewidth for a homogeneous
distribution of a chromium impurity in the samples; (#) — experimental data of (Stone &
Vickerman 1971); () data of (de Biasi & Rodrigues 1985); (V) data of (Wertz & Bolton
1972); (A) data of (Kittel & Abrahams, 1953); (m) data of (Berger et al., 1995). A is the
concentration zone of precise recording of the EPR signals from individual Cr3* ions; B is the
concentration zone of difficult recording of EPR signals; C is the concentration zone of
recording of EPR signals from exchange (a mixture of ferromagnetic and antiferromagnetic)
Cr3* - O - Cr3* interactions.

3.3.3 Diffusion processes in a-Al.O; + ha-Cr203 during laser treatment

The process of dissolution of the a-Cr,O; particles in the Al,O3 melt is diffusion of surface
chromium atoms in the volume of the melt. As result, the chromium diffusion profile (i.e., a
smooth curve of the concentration c vs. distance, r) around undissolved a-Cr,Os particles are
formed
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r

C, =Cgerfc Nl 4)
where D is the diffusion coefficient, t is the heat treatment time (Akulova, 1986). From this
expression it follows that the impurities are inhomogeneously distributed in the sample.
Thus, each registered EPR spectrum of such a sample is a superposition of signals from Cr3+
ions located in different concentration states of the sample (from 0 to 100 wt % of Cr;0O3).
From this standpoint, the manifestation of one or another features of the spectra (e.g., the
presence or the absence of singularities I—IV and a signal A) reflects a certain statistics of
the Cr3 concentration distribution in the sample. To determine the statistics, not only
individual singularities, but the whole spectrum must be processed. Note that in the
formation of narrow singularities, the zones of the sample with a low local content of the
impurity play the main role. The zones with ¢ 1.0 mol % play particular role in this respect.
In the case when diffusion profiles of the nearest a-Cr,Os particles are not overlapped, the
shape of the spectra is independent of their amount () in the samples, and the spectrum
intensity is proportional to 7.
A change in the shape of the EPR spectrum with increasing n (Fig. 8) indicates the
overlapping of the chromium diffusion zones of the nearest a-Cr,Os particles. In Fig. 12, a
scheme of overlapping of the diffusion profiles about the nearest a-CrO; particles
depending on their on the amount (i.e., on the change in the distance ! between them) in the
samples is shown. From Fig. 12, it is seen that the decrease in | is accompanied by a
decreasing in the volume of the low-concentration zones A in the samples. The volume of
the high-concentration zones C located near a-Cr,Os particles is nearly proportional to the
amount of these particles in the specimen.
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Fig. 12. Scheme of overlapping of concentration diffusion profiles between the nearest a-
Cr,03 particles depending on the distance between them: a — the interparticle distance is 2]y
(in arb. un.); b — the interparticle distance is Ip (in arb. un.). A is the concentration zone of
precise recording of the EPR signals from individual Cr3+ ions; B is the concentration zone of
difficult recording of the EPR signals; C is the concentration zone of recording of the EPR
signals from exchange (a mixture of ferromagnetic and antiferromagnetic) Cr3+ - O - Cr3*
interactions.
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These analyses explain the nature of changes in the observed EPR spectra. At small values of
n (insignificant overlapping of diffusion zones), the low-concentration regions (c ~ 0.5 mol
%) occupy the maximal volume of the specimen. Though the total content of the impurity in
these zones is insignificant, due to small widths of curves, we observe clear intensive
singularities, on the background of which a weak and wide signal from high-concentration
regions is poorly distinguishable. As n increase, the diffusion zones of the nearest particles
begin to overlap. It favors a decrease in the volume of low-concentration zone. The
amplitudes of singularities I - IV decrease, and the amplitude of the signal A continues to
increase proportionally to 7.

Angular dependences of the amplitudes of singularities II and III (Fig. 10) confirm the
textured character of the samples after the laser beam surface treatment (Kakazey et al.,
2002). However, relatively small changes in the amplitudes of these signals (for ¢ = 0 and
90°, they range from ~ 15 % to ~ 20 %) indicate that the Cr3* ions located both in the strongly
textured surface layer and in the part of the sample which is not textured take part in the
formation of these singularities. This part includes regions of the sample adjacent to the
surface layer. The temperature of these regions was lower than the melting point of Al,Os,
but it was sufficient to cause the local sintering and different types of diffusion processes.
Obtained results show that the melting of the surface layers of pressed a-Al,O3 + no-Cr,O3
samples take place during the performed laser treatment. In such a layer the Al,O; melt
covers the a-Cr,O; particles. The a-Cr,O; particles dissolve gradually in Al,O3 with the
formation of a number of a-CrxAl,«Os mutual solid solutions throughout the composition
range from x = 0 to x = 2. Complete dissolution of a-Cr,O; in Al,O; does not occur. During
cooling of the sample the crystallization of the a-AlOs layer take place. The crystallized
layer show preferred orientation, which is different in different samples. In the surface layer
the undissolved a-Cr,Os particles also acquire preferred orientation, the direction of which
does not coincide with the direction of the preferred crystallization of a-AlLOs. Dissolution
of Cry,O3 particles in a-AlbO; leads to appearance of the EPR spectra of Cr3* centers in a-
AlOs. Analysis of changes of width singularities and the shape of the EPR spectra with an
increasing of content of paramagnetic centers shows that the distribution of chromium
impurities in a-Al,O3 is determined by the diffusion laws. This distribution is
inhomogeneous and depends on the amount of a-Cr,O;3 particles in the samples.

The observed EPR spectra reflect the statistics of the inhomogeneous concentration
distribution of the Cr impurity in the samples. To determine the statistics of the
concentration distribution of the impurity in the sample on the basis of EPR data, a
computer analysis of the whole spectrum, rather than an analysis of individual singularities,
must be performed.

3.4 Laser synthesis of crystalline Al,03:Cr** rods (Vlasova, Kakazey, et al., 2010)

It is necessary to expect that the decreasing of laser beam surface scanning velocity lead to
the increasing of the heat energy absorbed by molten layer and the increasing of it width
and depth at cross section (Rastogi & Asundi, 2011; Ready, 2001; Shishkovskii, 2009; Weber,
1994). Thus conditions of crystallization of a melt improves. In turn, it supposes the
possibility of use of a superficial laser fusion for obtaining crystalline samples from
polycrystalline objects (from pressings, ceramics and others).

Cylindrical ceramic specimens were irradiated with an LTN-103 continuous-action
Nd3*:'YAG facility (Russia) using a wave length A = 1064 pm. The diameter of the laser spot
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was 0.2 mm. The power (P) of irradiation was 70 W. The laser beam was traversed over the
surface of the specimens at a traverse rate of a coordinate table (v) of 0.0094, 0.019, and 0.075
mm/s. The irradiation of specimens was performed along their long axes. Specimens were
placed in channels formed on surfaces of compacts made from the same mixture by one-
pass treatment with a laser beam. After irradiation, the specimens had the shape of rods
with a length of 5 to10 mm and a diameter of 1.5 to 2 mm. In Fig. 13, an irradiated specimen
removed from a track is shown.

Fig. 13. View of a specimen after laser irradiation at P = 70 W and v = 0.0094 mm/s.

After one-pass laser treatment, on the cross-section of a rod, several zones are distinguished.
On the irradiated surface of the specimen, large pores and cracks form. On the opposite side
of the specimen, much smaller pores are present. The central part of the rod (in the radial
direction from the irradiated surface) is most homogeneous (Fig. 14). In the lower part of
the specimen, the formation of necks between particles takes place (see Figs. 15 a, a'), which
is characteristic of the process of sintering of powders. In Fig. 15 a, this sintering zone is
marked by S. The core (central part) of the specimen consists of polycrystals of different size
(Fig. 15 b). More homogeneous zones are dark (see Fig. 15 b, b' ). They can be considered
monocrystalline regions. In Fig. 15 b', one of such regions is marked by M. On the surface of
the specimen, including a part of the lateral surface, fracture along grain boundaries (Fig. 15
c) and reprecipitation of vapor-gas products inside pores (Fig. 15 c') are observed. The rough
assessment of the thickness of the melting-recrystallization zone of corundum (h;) and the
thickness of the sintering zone (hz) shows that h; increases substantially as the traverse rate
of the laser beam decreases (Fig. 16).

The fracture (cleavage) of the specimens occurs along grain boundaries of ruby (in the
sintering zone) and along boundaries of microcrystallites (in the recrystallization zone) (Fig.
17). Crystallites have a lamellar (tabular) shape. The size of crystallites in the lower part of the
specimen ranges from ~10 to ~30 um. In the central part of the specimen, the size of crystallites
ranges from ~25 to ~40 um. In the surface layer, their size increases to about 35-53 um.

In the initial nonirradiated AlbO3;-Cr2Os specimens, only a weak broad EPR signal, which
was due to defective states of the a-Cr.O; phase, was registered at g ~ 1.9. After laser
treatment, EPR signals of both typical isotropic polycrystalline singularities (I—-IV at H; =
5337 Gs, Hi = 4505 Gs, Hm = 1909 Gs, and Hiv = 340 Gs) of different intensities and sets of
EPR signals with a strong angular dependence were registered (Fig. 18 b).
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Fig. 14. Micrographs of cross-sections of specimens after laser treatment. P=70 W. (a) v =
0.0094 mm/s; (b) v = 0.075 mm/s.

Analysis of the EPR spectrum of Cr3+ (singularities I—III) in Al,O3 polycrystalline samples
we have made in part 3.3 (see also (Carman & Kroenke, 1968; de Biasi & Rodrigues 1985;
O'Reilly & Maciver, 1962; Stone & Vickerman, 1971). Figures 9 and 18 a shows that
singularity I corresponds to the transition -3/2 < -1/2 of ions Cr3*in AlO3 (6 = 90°, where 0
is the angle between crystal axes c and the direction of the magnetic field). Singularity II
corresponds to the transition -1/2 < +1/2 (6 =35°). Singularity III corresponds to the +1/2
<> +3/2 transition (0 = 90°). Singularity IV is a forbidden transition (FT) (6 = 0 - 30°).

The observation of the strong angular dependence of the set of EPR signals (Figs. 18 b, 3)
implies that, under laser treatment, the formation of several Cr3*:Al;O; monocrystals in
samples take place. The width of these lines ranges from ~40 to ~50 Gs. The angular
dependences of the EPR signals agree well with the positions of singularities I -IV (see Fig.
18b, 19), which indicates that anisotropic EPR signals correspond to AlOs3:Cr3* crystals
oriented differently in the specimen.

In general, the angular dependence of the EPR spectrum of the crystal is dependent on the
crystal orientation. In Fig. 18a, such a dependence for the case where the crystal axis c is
perpendicular to axis of rotation (y = 90° and angle 0 are between 0 and 180°) is shown. In
the case where y # 90°, during crystal rotation in the magnetic field, the angle 6 is larger
than 90° - y and smaller than 90° + y. The character of the angular dependence of the EPR
spectrum of Cr3* in Al,Os for y = 75° y = 60° and y = 45° are shown in Fig. 20.

From the performed analysis it follows that, independently of the orientation of crystalline
formations in the specimen, the angular dependences of all EPR lines of the fine structure
pass through the central part of the spectrum (Hm < H < Hy). Note that, in this part of the
spectrum, the superposition of the EPR lines of different formations (crystals) complicates
their rigorous identification. In the region Hiv < H < Hyy, the transitions-3/2 «<»-1/2, +1/2 <
+3/2 (0 =90°) and a forbidden transition (FT) show an angular dependence. In the region H
> Hi, only the transitions +1/2 < +3/2 show an angular dependence. Thus, the lines of the
last transitions can serve as a probe of the number of monocrystalline formations and their
approximate orientation in the sample.
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Fig. 15. Micrographs of cross-sections of specimens after laser treatment at P =70 W and v =
0.075 mm/s. (a, a") the lower surface of the rod ; (b, b’) the middle part of rod; (c, ¢’) the
upper surface of the rod. S designates the sintering zone and M designates the
monocrystalline zone.
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Fig. 18. Angular dependences of the EPR spectrum of Cr3+:Al,Os in: a) monocrystal, y = 90°
b) laser-synthesized rod. The axis of rod was inclined at an angle of 90° to the axis of
rotation. 1, 1' corresponds to the -3/2 < -1/2 transition; 2, 2' corresponds to the -1/2 < +1/2
transition; 3, 3' corresponds to the +1/2 « +3/2 transition; 4, 4' correspond to the forbidden
transition; I, II, II, and IV are singularities of transitions 1, 2, 3, and 4, respectively, in the
polycrystalline part of the specimen. Signals 1,2,3and4and1',2"',3"and 4 ' correspond to
large crystallites of different orientations in the rod.

The performed analysis of the angular dependences (Figs. 18b, 19) shows that about 7
monocrystalline formations of nearly equal sizes (~0.3 mm) are present in the investigated
specimen. These monocrystals have an arbitrary orientation. None of the axes of crystals
coincides with the direction of the axis of synthesis of the rod. At the same time, the
intensities of singularities I - IV show anisotropy, which is typical of textured
polycrystalline specimens. Unfortunately, by virtue of the fact that these signals are
overlapped with the signals from monocrystalline formations, precise measurements of
angular amplitude changes are complicated. According to our rough assessments, the plane
of texturing of the polycrystalline part of the specimen is inclined by an angle of ~20 to ~30°
to the axis of the investigated rod.
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axis of rod coincides with axis of rotation. Others symbols are as in Fig. 18.

Thus, the results obtained by the EPR method show that, during the laser treatment of a-
Al)O3-Cr;03 rods, a number of processes are realized. These are: the formation of the solid
solution AlO;:Cr;O3 (the synthesis of ruby), the formation of textured polycrystalline
regions in the specimen (the plane of texturing is inclined by an angle of about 20-30° to the
axis of the rod), and the formation of ruby monocrystals in the rod. The direction of the axes
c of these crystals is arbitrary.

The performed investigations showed that, in the chosen irradiation mode of the 97 wt. %
ALO; + 3 wt. % Cr;O3 mixture, polycrystalline ruby with monocrystalline inclusions of
different size was synthesized. This means that, in the narrow irradiation zone, synthesis of
ruby, which includes the penetration of Cr3* ions into the corundum lattice, is realized. In
this context, we can speak about selective laser synthesis of ruby.

The polycrystalline part consists of differently directed crystallites, which are
predominantly concentrated in the sintering zone and partially in the melting zone.
Monocrystals form in the melting zone of corundum. Since the growth conditions of
monocrystals depend on thermophysical processes (on the ramification of the heat flow in
the vertical and horizontal direction) (Bagdasarov, 2004; Bagdasarov & Goryainov, 2001;
Bagdasarov & Goryainov, 2007; Lukanina et al., 2006), in the melting-recrystallization zone,
the size of crystallites increases as the distance from the irradiated surface decreases.
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Fig. 20. Angular dependences of EPR spectrum of Cr3* in a crystalline Al,O3 specimen for
different values of y.

As in the case of HDC of ruby monocrystals, for horizontally directed laser synthesis of
ruby, there exists a strong dependence of the sizes of the melting-recrystallization zone and
sintering zone on the traverse rate of the beam at the chosen power of beam. This is due to
the distribution of temperature from the surface to the bulk of the specimen (a temperature
gradient). From Fig. 16 it follows that the traverse rate of the beam must be much less than
0.0094 mm/s. Judging from traditional HDS of corundum monocrystals (Bagdasarov &
Goryainov, 2001; Lukanina et al., 2006), v must approach the value of about 0.0027 to 0.0022
mm/s.

The presence of a large number of pores of various size in the lower part of the rod (see Figs.
14, 15a, a ') is caused by a number of factors, namely, the incompleteness of the sintering
process and shrinkage (Vedula et al., 2001) and the absence of the sufficient amount of a
corundum melt. With increase in the amount of the melt, the porosity substantially
decreases (see Figs. 14, 15b, b'). However a part of intergranular voids are encapsulated.
Under complete melting of the material, these microvoids cause the blistering of the melt
and remain in the volume of the material during its crystallization (Dobrovinskaya et al.,
2009; Malukov et al., 2008). The formation of large pores and damages in the upper part of
the rod (on an irradiation surface) is predominantly caused by the development of high-
temperature processes of dissociation of AlLO; (Ristic et al., 2009; Pankratz, 1982). The
reprecipitation of vaporous products in pores (see Fig. 15 ¢, ¢ ") is a confirmation of the
given assumption. Nucleation of cracks in the volume and on the lateral surfaces of the rod
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(see Figs. 15¢, 17) is a direct consequence of the development of thermal stresses and the
plastic deformation, which arise as the front of crystallization moves (Denisov et al., 2007;
Ivanovic et al., 2003; Lebedev et al., 2008; Samsonov, 1973).

Note that the commonly used sintering temperature of corundum powders ranges from
1700 to 1750°C (Ivanovic et al., 2003). The melting point and sublimation point of Al,O; are
2046 and 2980°C, respectively (Pankratz, 1982 ; Samsonov, 1973). Consequently, on the
irradiated surface, a temperature of about 3000°C develops, and the average temperatures in
the melting-recrystallization zone and in the sintering zone are about 2000 and 1700°C. In
each zone, temperature decreases with distance from the irradiated surface.

4. Conclusion

Depending on intensity of an irradiation and velocity of removing of a laser beam on a
surface of pressings from powder mixtures Al;O;:Cr,0O3 a number of physical and chemical
processes is passing (Weber, 1994 proceeds; Ready, 2001; Rastogi and Asundi, 2011;
Shishkovskii, 2009)., defined by non-uniform character of distribution of temperature on
volume of the sample. In a superficial layer the temperature reaches the maximum value ~
3000 °C. This initiates not only evaporation of material but also its dissociation. As a result,
in a superficial zone of specimens a layer of ALO; with high deficiency is formed. This layer
has a raised electrocoductivity. In a fusion zone dissolution Cr;O3 in Al,Os, formation of
solid solution Cr3 *: ALO; takes place. The new result is that during process of cooling-
crystallization in this layer a textured packing from crystalline particles is forming. This is
typical for all processed surfaces. The direction of texturing has casual character. Most
likely, texturing is set by crystallization conditions in an irradiation starting point.
Supervision in some samples of several directions of texturing is connected with
heterogeneity of packing of particles in pressings. The sintering zone is set by temperature
range: Tmet + ~2/3 Tmer. Owing to it it isn't homogeneous neither on structure, nor on
properties. In this zone formation of non-uniform solid solution Cr3+: Al,O3 is observed. In
layers close to a fusion zone more dense packing of particles of a powder, than in the layers
adjoining to non-sintered part of pressings is marked.

Decreasing of velocity of scanning of a laser beam on a surface of polycrystalline specimen
leads to an increase of sizes of zone of a heating-melting. This allows to spend out a laser
fusion in region 10 times more the size of a spot of an irradiation. After treatment in such
regime of Al,O3-CrO; specimens the formation of several large crystallites of a ruby was
observed. These results show possibility of laser synthesis of crystals of a ruby with the
considerable big sizes.
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