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The phase diagram of strontium tetraborate SrB,O; — lead tetraborat PbB,O, system
was specified by means of improved DTA technique. Concentration dependence of phases
formation, trigonal B or orthorhombic o, by low-temperature crystallization of the glasses
(1-x)-SrB,O;—x-PbB,O; (0<x<1) was studied. Only the metastable trigonal phase f—Sr,_,Pb,B,0O,
for concentration x<0.2 is crystallized. The both high nonlinear phases of strontium-lead
tetraborates (d, (B—Sry gPby ,B40;) ~ dosr (PbB4O;)) are perspective for use as the non-
linear-optical crystals components of glfass-ceramic materials on the basis of strontium
tetraborate—lead tetraborate system.

IlyreM yJuydlleHHOH MeTOAUKHU AuU(QPepeHIualbHOT0 TeMIIepaTyPHOro aHajJl3a yTOUHeHAa
dasoBas puarpamMma cucreMbl Terpabopar crpornus SrB,O, — rerpabopar csurma PbB,O,.
Wsyuena KOHIEHTPAIIMOHHAS 3aBHCHUMOCThL 00pasoBaHusd (pas, TPUTOHAJIBHOM [3 MIM OPTOPOM-
Ouueckolli o B Ipollecce HU3KOTEMIIEPATYPHON KpHUCTAJIJU3AalUU CTeKoJ cocraBa (1-—
x)-SrB,0,—x-PbB,0O; (0<x<1). [Ina xornenTpanuit x<0,2 KPHCTaJIIH3yeTCA TOJBKO METACTa-
6unpHas rtpuronanpHas B-—Sr,_ Pb,B,O, dasa. O6e dasel Terpabopara CTPOHIMA—CBHHIA

obnazaior BbICOKON HenmHefHOCTBIO (d, (B—SrO.BPbO.ZB4O7)U~ dosr (PbB4O;)) un aBnsiorcs
MePCIeKTUBHBIMU [IJIsl WCIOJb30BaHUA B KaueCTBe HEJIUHENHO-ONTUUYECKUX KPUCTAJINYE-
CKUX KOMIIOHEHT CTEKJOKEePAMUUECKUX MaTePHUaJOB HAa OCHOBE CHUCTEMbI TeTpaGopaT CTPOH-
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nuA—TeTpadbopaT CBUHIA.

1. Introduction

Earlier it was shown that the crystals of
a  high-temperature phase strontium
tetraborate SrB,O,; (SBO) and the crystals
of lead tetraborate PbB,O; (PBO) are isos-
tructural, non centrosymmetrical crystals
and have attractive optical and nonlinear-
optical properties [1-6]. SrB,O; crystals be-
long to the orthorhombic space group
Pnm2,; and their unit cell parameters are
a=4.4255A; b=10.709 A; C=4.231 A,
and Z = 2 [1]. The SBO crystals can be
grown by Chokhral’ski (Cz) method [4, 7-
10] or by Kyropolus method [5]. One of the
most serious and common problem in borate
crystal growth is a high viscosity of melt
resulted in macroscopic opaque defects and
cloudy crystals [11]. Application of SBO has
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been investigated since 1985 [12]. Recently
SBO has attracted much attention as a non-
linear optical crystal with the following
benefits: a transparency down to 120 nm,
high nonlinear coefficients, the highest op-
tical damage threshold and an absence of
hygroscopicity [4, 9, 13]. Petrov et al. [13]
reported about the wavelength conversion of
femtosecond pulses by SHG down to 125 nm
using SBO. Komatsu et al. [14] and
A.1.Zaitsev et al. [15] demonstrated that
this crystal also had the highest SAW veloc-
ity among piezoelectric crystals.

Compound SrB,O5 lies in a glass-forming
range within the SrO-B,0; system and can
be simply obtained as a glass. The process
of glass crystallization occurs through com-
plex mechanisms with a possible formation
of other crystalline phases, in particular
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metastable phases. I1.G.Polyakova and
E.O.Litovchik [16] reported that at the tem-
peratures (670-700)°C for crystallization of
the glass composition SrO-2B,05; (SrB,O7) a
new phase — p—SrB,O,; appears. A new
phase is metastable and with the increase of
temperature up to 900 °C it transfers in
known orthorhombic phase — a—SrB,0;.
According to [17] low-temperature phase
strontium tetraborat has non centrosymmet-
ric structure (SG P3, a = 17.145(1) A;
c=4.2527(5) A; z = 9).

The crystal of lead tetraborate PbB,O- is
isostructural to the high-temperature phase
of strontium tetraborate (the Pnm2; space
group and PBO has unit cell parameters
a=4.4255A; b=10.709 A; C=4.231 A;
and Z = 2) [1]. The crystal PbB,O; has at-
tractive physical properties [5], however in
the presence of high nonlinearity (d,g
(PbB4O7) = (3-4) d, (KDP)), but small
birefringence, the pflase matching is not
satisfied as well as for SBO crystal [4]. In
paper [18] stimulated Raman‘s scattering in
PbB4O; crystal was investigated, cascade
generation ¥ - y(2 and applicability of
PbB4O; crystal for nonlinear optics is
shown.

Therefore, investigations of SrB,O,—
PbB4O; system in a view of crystallization
of nonlinear optical phases and their prop-
erties are urgent. The phase diagram of
strontium tetraborate SrB,O; — lead
tetraborate PbB,O; system was studied in
[19]. In this paper the possibility of solid
solutions formation in all range of concen-
trations of compounds is shown, the depend-
ence of parameters of a crystalline lattice
upon concentration of a solid solution is
studied. However, experimental results for
concentrations of SrB,O; more than
50 mol.% do not match theoretically calcu-
lated curve of solidus.

In the present paper formation of non-
linear optical phases at the process of re-
crystallization glasses in strontium tetrabo-

rate — lead tetraborate system was investi-
gated. It was shown that the nonlinear
optical phases of strontium — lead tetrabo-

rates crystals can be used to form glass-ce-
ramic materials on the basis of this borates
system. Comparison of nonlinearities of
glass-ceramic materials is represented.

2. Experimental

Compositions for glasses were made from
SrCO; (high pure grade 99.9 %), PbCO;3
(analytical grade 98.5 %) and H3;BO5 (high
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pure grade 99.9 %). They were taken in
corresponding quantities with the excess of
the boric acid of 2 mol.% . The composition
was prepared by solid-state reaction in the
air, melting and then heating up to the tem-
perature of 1030-1050 °C. The melt was
mixed by platinum stirring rod. The melt
was poured out on a metal plate and rapidly
cooled. For reduction of mechanical tension
after hardening the glass was annealed at
temperature 350-450 °C during 4-5 h.

Differential thermal analysis (DTA) was
made on an equipment made in laboratory.
The peculiar of DTA equipment is the
quartz channel for introduction of the
micro seed in a studied sample. It is possi-
ble to achieve true relation of concentra-
tions in a solid state only by quasi-station-
ary crystallization homogenized flux of the
given concentration. Considering tendency
of system for supercooling, there is the
method to satisfy this condition by intro-
ducing SrB,O; microcrystal into the sample
at temperatures below, but near to the ex-
pected temperature of liquidus and crystal-
lization of sample at low-speed cooling. It
can be considered that the sample concen-
tration change practically does not occur,
because the weight of the melt during DTA
was 100-150 mg, and a weight of a micro-
crystal strontium tetraborate moved by us
through the quartz channel was 1-2 mg.
The rate of temperature change during the
record of DTA curves was 38 °C/min.

The polished glasses plates of 1.5 mm
thickness of various composition in SrB,O,—
PbB,O; system were made for examination
of the phase formation process at thermal
treatment.

Crystalline phases were determined by
X-ray phase analysis method on DRON-1
UM system.

Nonlinear optical properties of crystal-
lized glasses were studied by Kurtz test pro-
cedure for powder samples, laser LTI-401
was used (YAG:Nd laser parameters of radia-
tion: wavelength — 1.064 pum; pulse dura-
tion — 16 nS; pulse frequency — 6 Hz; an
average energy radiation — 60 mdJ). Radia-
tion of the second harmonic was separated
by the light filter SZS-21 and registered by
photomultiplier FEU-106.

3. Results and discussion

3.1 Phase diagram of SrB,0,—PbB,O;,
system. The studied phase diagram of
SrB,0,—PbB,O; system is show on Fig. 1.
The results of Mikhael et al. [19] present by

continuous circles — e.
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Fig. 1. Phase diagram of the strontium tetrabo-
rate SrB,O; — lead tetraborate PbB,O; sys-
tem: a — experimental data and a theoretical
curve agree to work [19]; b — experimental
data of present work; — experimental data
of present workfor homogenized glass with-
out seed crystal introduction

The temperatures of liquidus, solidus
and crystallization temperature of the
glasses of compositions (1—x)-SrB,0;—
x-PbB4O; (0<x<1 — the molar part lead
tetraborate in the glass) were determined by
means of DTA method. It can been seen
from Fig. 1 that the determined tempera-
tures of solidus and liquidus for the compo-
sitions with concentration of x<0.5 are
above values of the data from paper [19]
(these points are presented as continuous
triangles — N) and well agree with the soli-
dus curve.

It is possible to explain the difference of
our experimental results in comparison with
the results of [19] by higher melting tem-
perature strontium tetraborate (101515 °C,
[20]), and also by difference of the proce-
dure of the phase diagram investigation. In
the work [19] initial compositions for DTA
were obtained by solid-state reaction and
had the fixed concentration. In our opinion,
it became the reason of falsification of the
differential temperature curve and got the
error of measured temperatures of solidus
for compositions (1-x)-SrB,O;—x-PbB,O,
(x<0.5). We made testing measures in
which homogenized glasses of concentration
(1-x)-SrB4O;—x-PbB,O; (x = 0.2; 0.3) were
used as samples (temperatures of solidus
and liquidus in figure are presented by a
continuous quadrate — M). DTA has sown
error of measured temperatures of solidus,
that agree with the results of [19]. It is
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Fig. 2. Crystallization  temperature  of
glasses of the SrB,0,-PbB,O, system.

difficult to register temperatures of solidus
for compositions (1-x)-SrB,O;—x-PbB,O,
(0<x<1) for the cigar-shaped diagram. This
is connected with a small value of differen-
tial temperature of the sample and tempera-
ture of junction control thermocouple. It
was not possible to define reliably the tem-
peratures of solidus of compositions
(1-x)-SrB4,O;—x-PbB,O; (x = 0.3; 0.4) de-
spite of accuracy of measuring.

Thus, investigation of the phase diagram
of S§rB,0,—PbB,O; system has confirmed an
opportunity of formation of the solid solu-
tions Sry_,Pb,B4O; in full range of concen-
trations (0<x<1), and an opportunity of the
crystallization of the glass ceramic struc-
ture of a various concentration composition.

3.2. Nonlinear optical phases in SrB,0,—
PbB,O, system. One-stage isothermal crys-
tallization annealing of the glasses plats
at certain specified temperatures T, was
carried out. The results are presented on
Fig. 2.

As it was suggested, process of crystal-
lization began from the unelaborated sur-
face of butt-end glasses plats, (Fig. 3) and
was gradually extended in the central areas.
The crystallization was not continuous but
extended wavy, forming crystallization
blocks. Depending on the glass composition
the influence of extracting heat of crystal-
lization at annealing had wvarious charac-
ters. Increase of density was taken place
during crystallization of pure strontium
tetraborate, interblock surface indentation
and volumetric hollows were formed.
Spreading of crystalline phase from periph-
ery to the central areas, softening of the
glass and its extrusion with the subsequent
formation of crystallization humps and inte-
rior gas hollows were observed for the
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Fig. 3. glass

Crystallization of the
(0.8-8rB,0,—0.2-PbB,0O;) an initial stage in
isothermal conditions.

glasses with
0.2.PbB4O;.

Crystal phases were detected by an X-ray
phase analysis method. On the surface and
on perimeter of the plates the tracks of the
orthorhombic phases o—-Sr,_,Pb,B,O; were
revealed. It is possible to remove «-phase
completely by polishing the surface of the
plates. Thereafter volume of the sample con-
tains only a crystal phase p-Sr,_Pb,B,0,.
The crystallization blocks have size 1-—
3 mm, they are homogeneous and semi-
transparent. The thermal treatment of the
crystallized glasses of the composition (1—
x)-SrB,0;—x-PbB,O; (x#<0.2) at temperatures
900-920°C ensure complete transition of p-—
sry_,Pb,B,O in o-Sr,,Pb,B,O; phase. The
hard, opaque, homogeneous ceramics are
formed.

In volume of the crystallized glass sample
of the composition 0.7-SrB,0;-0.3-PbB,O; is
found out as «-phase Sry_,Pb,B,O; as
B-phase Sr,_,Pb,B,O; of crystalline. In crys-
tallized glass of the composition
0.6-5rB,0,-0.4-PbB,O; only traces of
B-phase Sr,_,Pb,B,O- are found, and at fur-
ther raising of concentration of lead
tetraborat in the glasses up to 50 % and
more B—Sr,_,Pb,B,O- is not found, there is
only the orthorhombic crystal phase
(X_Sr1_XPbXB4O7.

Microstructure of the samples was stud-
ied with an optical microscope. Sizes of the
formed microcrystals are in a range of 1—
8 um, crystals are isomerous, they have no
prevailing orientation that is confirmed by
the results of X-ray study.

Comparison of the nonlinear optical
properties has been made by Kurtz-Perry
method because crystallized samples have
microcrystalline structure without any pri-

composition 0.8.SrB,O,—
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Fig. 4. Relative intensity of the second har-
monic generation of YAG:Nd laser radiation
by the glass ceramic samples.

mary orientation of the crystals [21]. The
samples were irradiated by YAG:Nd laser
(A =1.064 pm), pumping radiation was fil-
tered by filter SZS-21 and the radiation of
the second harmonic was detected by a
photomultiplier FEU-106. Rotation of the
sample about an axis of the incident radia-
tion does not change intensity of the second
harmonic that also confirms equally prob-
able orientation of microcrystal in crystal-
lized glasses. The results of the test are
represented on Fig. 4.

p—Phase SrB,O; possesses high nonlinear-
ity and as well as a—SrB,O; it is interesting
for making nonlinear optical glass-ceramic
materials (nonlinearity of phases comparable
with those for KTP, BBO). Nonlinearity of
OL_Sr1_XPbXB4O7 and B—SI’1_XPbXB4O7 decreases
with an increase of lead tetraborate concen-
tration in the system.

4. Conclusions

The investigation of the phase diagram of
strontium tetraborate = SrB,O;-lead tetrabo-
rate PbB,O; system confirmed the main role
of DTA method to obtain reliable results. A
good agreement with liquidus phase curve is
achieved. It was confirmed that strontium
tetraborate SrB,O;—tetraborate lead PbB,O,
form solid solutions for any concentration.

Crystallization of two crystalline non-
linear-optical phases in the system of stron-
tium tetraborate SrB,O,—lead tetraborate
PbB,O; takes place at crystallization of the
glasses. The low-temperature p—Sr,_,Pb,B,O,
trigonal phase is detected at low concentra-
tions of PbB4O; (x<0.3). It transforms to
orthorhombic o-Sr,_,Pb,B,O; phase in the
case of increase of annealing temperature.
Only crystallization of orthorhombic
o—8r,_Pb,B4O; phases is taken place for
concentrations PbB,O; (x>0.3).
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High nonlinearity of both phases of
strontium—lead tetraborates makes it possi-
ble to use them as nonlinear optical crystals
components of glass-ceramic materials on
the basis of the glass-forming strontium
tetraborate — lead tetraborate system.
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Heniniino ontuuni ¢asu y cucremi terpadopar
CTPOHIIiIO-TEeTPAdOPAT CBUHIIIO

10.C.Oceneduwur, A.J.Ilpoceipnin, B.IO.JIyyenko

3a I0IIOMOroi0 IIOKPAIleHOl MeTOAUKM Au(pepeHIiajlbHOr0 TEMIIePATYPHOTO aHAII3y yTOU-
HeHO (hasoBY Aiarpamy cucreMu TeTpaGopar crpoHmio SrB,O;—rerpabopar csummio PbB,O,.
BuBueHo KOHIEHTpAIlifiHy 3aJle}KHiCTb YTBOpPeHHA (has, TpuroHaabHol [3 abo opropombiuHOl
oy mpomeci HuspKoTeMmepaTypHoi Kpucramisamii ckna ckmaxy (1-x)-SrB,O;—x-PbB,O,
(0<x<1). Ous xoumenrpaniii x<0,2 kpucranidyerbca Jsuinre meractabiJibHA TPUTOHAIBHA
p-Sr,_,Pb,B,O; dasa. O6uxsi (asu TerpabopaTy CTPOHIIIO—CBHHII0 XaPAKTEPU3YIOTHCA BHU-
COKOIO He.}IiHifIHiCTIO.(deff.(BjSFO‘8Pb0,284O7) ~ deff (PbB4O7)) ie NepPCIeKTUBHUMU ISl BU-
KODUCTaHHSA B fKOCTi HeJIHIHO-ONTUYHUX KPUCTAJIYHNX KOMIIOHEHT CKJIOKepaMiuHuX Ma-
TepiasiB Ha OCHOBi cucTeMu TeTpabopaT CTPOHIII0—TeTPabopaT CBUHILIO.
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