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Abstract: The present work is focused at studying the transformation patterns for the crystalline structure of phas-
es formed during the synthesis of polycrystalline lithium tri- and tetraborate. In the field of lithium triborate (LiB3Os)
and tetraborate (Li-B4O7) of the Li»O — B,O3 system, LiB3zOs and Li>BsO7 polycrystalline powders were synthesised.
In terms of precursors, lithium carbonate (Li.COs3) and boric acid (HsBOs) were selected. Two synthesis methods
were tested including precipitation from solution and solid-phase synthesis. As a result, the direct sintering of a me-
chanically-grinded stoichiometric precursor mixture is shown to be the optimal method for crystallising LiBzOs and
Li-B4O7. The crystallisation patterns of lithium borates were studied in a temperature range of 500-850 °C with
sampling carried out every 50 °C. Individual phase portraits were established presenting a set of process character-
istics depending on the level of substance particle organisation and subsolidus crystallisation from the initial reagent
mixture of lithium tri- and tetraborate at the phase, local and structural levels. In a lithium triborate stoichiometric
mixture, the maximum conversion of crystalline phases is observed in the region of 500—-600 °C, while, for lithium
tetraborate, the temperature maximum is in the range of 600—700 °C. The sequence of phase transformations re-
mains almost unchanged and occurs according to the following scheme: starting reagents > intermediate metasta-
ble phases > final borates. The local level of phase portraits characterises the interaction of coordination polyhedra
forming the crystal lattice of the studied phases. Solid-phase synthesis of crystalline LiBsOs from the Li,CO3; and
HsBO;3 takes place as a result of (BOs)3 — (B3O7)%> transition with the (BOs)® — (B4Oo)® scheme realised in obtain-
ing Li-B4O~. At the crystal structure level, such transitions correspond to transformations of the monoclinic lattice of
the Li,COs and HsBO; primary phases into the LiBsOs and Li.B4O7 rhombic and tetragonal structure, respectively.
In this case, an intermediate step of this transformation consists in formation of the LiBO- trigonal chain metaborate
and metastable Li;BgO13.
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Ocob6eHHOCTM CUHTEe3a TPU- N TeTpabopaTa nUTua
B cybconmaycHou obnactu

C.I'. MamoHTOBa, A.A. [lepruH, A.U1. HenomHawmx, E.B. KaHeBa

UHcTutyT reoxumnn um. A.lN. BuHorpagosa CO PAH, r. UpkyTck, Poccuinckas deaepaums

Pe3rome: Llenbio pabombl 5i8715710Ck UccriedogaHUe 3aKOHOMepHocmel rnpeobpasosaHusi Kpucmasiudyeckou
cmpykmypbl ha3, 06pasyrowuxcs 8 npoyecce cuHme3sa rnosuKpucmanniudeckux mpu- u mempabopama su-
mus. B obnacmu cywecmeogaHusi mpubopama numus (LiBsOs) u mempabopama numusi (LizB4O7) cucmembi
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Li»O — B203 cuHme3uposaHbl nonukpucmarnnudeckue rnopowku LiBsOs u Li:B4O7. B kayuecmee ucxodHbix pe-
akmuegos ebibpaHbl kapboHam numus (LioCO3s) u 6opHas kucrioma (HzBOs). OnpobosaHsl 8a criocoba CUH-
me3sa: ocaxdeHue u3 pacmeopa u meepdoghasHbili cuHmes. [lokazaHO, YmMO onmumaribHbIM 8apuaHmMom
kpucmannusayuu LiB3Os u Li,B.sO; sensemcs HenocpedcmeeHHOe CrieKkaHue MexaHU4ecKu U3MeslbYeHHOU
cmexuomempu4yeckol cMecu UCX00HbIx sewecms. Crieyughuka Kpucmarsnnudayuu 6opamos numus uccredo-
gasiacb 8 memriepamypHoM uHmepsasie om 500 0o 850 °C. [Npoboombop npoeodusicsi Yepes kaxobie 50 °C.
YcmaHoeneHbl YacmHble ¢ha3o8blie Mopmpemhbi, Mo eCmb COBOKYNHOCMb XapakmepucmuK rpoyecca 8 3agu-
cuMocmu om ypoB8HSI op2aHu3ayuu Yacmuy, seujecmea, cybconudycHol Kpucmasniudayuu u3 Ucxo0HoU cMme-
cu peazeHmos mpu- u mempabopama fumusi Ha ¢a3o080M, JTOKaslbHOM U CMPYKMyPHOM ypoeHsix. Ha ¢a3o-
80M ypOBHe 8 cMecu co cmexuomempuel mpubopama fumus MakcuMyM rpeobpasoeaHusi Kpucmarsniude-
cKkux ¢has Habmodaemcs 8 obnacmu 500—600 °C, 49 mempabopama numusi memrnepamypHbil Makcumym
Haxodumcs e Ouana3oHe 600700 °C. NocnedosamenbHOCMb ¢ha308bix rpeobpasosaHuli Nnpu 3mMomM ocma-
emcsi Ipakmu4YecKu Heu3MeHHOU U rMpoucxooum o cxeme: UCXOOHbIE 8ewiecmeaa — NpoMeXymoyHble Mema-
cmaburbHble ¢hasbl — KOHeYHble 6opambi. JlokanbHbIlU yposeHb (ha3o8bix Nopmpemos xapakmepusyem e3a-
umodelicmgue KOOPOUHaUUOHHbIX M0U30p08, 0bpa3yrowiux KpucmarsniudyecKkyo pewemky uccriedo8aHHbIX
as: meepdogpasHbili cuHme3 kpucmarnnudyeckoeo LiB3Os u3 ucxolHbix Li,COs u H3BOs npoucxodum 3a
cyem nepexoda (BOs)* — (BsO7)>, a npu nonyyeHuu Li:B4sO7 peanusyemcsi cxema (BOs)® — (B4Og)®. Ha
ypOBHE Kpucmasnu4eckoli CmpyKmypbl makuMm repexodam coomeemcmeyom rnpeobpa3oeaHusi MOHOK/IUH-
Holi pewemku nepsuyHbix ¢had Li,CO3 u H3BO3 8 pombuyeckyro u mempaeoHanbHyro cmpykmypy LiB3Os u
Li-B4O7 coomeemcmeeHHO. [pomexxymoyHoU cmyrneHbio makozo rpeobpa3osaHusi A6e/gtomcs mpuaoHalsib-
HbIl uernoyey4Hbili memabopam LiBO, u memacmaburnbHbil Li:BgO1s.

Knro4deenbie cnoea: cuHmes bopamos, mpubopam numus, mempabopam numus, cucmema Li,O — B2Os3,
meepdoghasHbIl cuHMe3, ¢ha308bil nopmpem Kpucmarnnusayuu

BnazodapHocmu: [IpusedeHHbie 8 pabome OaHHble nosnydYeHbl Ha obopydoeaHuu LIKIM «H3omonHo-
2eoxumuyeckux uccredosaruli» MMHecmumyma z2eoxumuu um. A.l1. Bunoepadosa CO PAH. UccrnedosaHue
rpoeedeHo 8 paMKax 8bIMOSTHEHUS 20CydapcmeeHHO20 3adaHusi no npoekmy 1X.25.3.2. «Kpucmannudeckue
U amopabHble hyHKUUOHalbHbIE Mamepuarbl ¢ po2Ho3upyeMbiMu ceoticmeamuy (0350-2019-0002).

Uugpopmayuss o cmamee: [Jama nocmynneHus agaycm 2019 e.; dama npuHamus K nedamu 25 cpespars
2020 e.; dama oHnalH-pa3meuweHus 31 mapma 2020 e.

Ans yumupoeaHu.s1: MamoHTtoBa C.IM., depruH A A., HenomHawmx A.N., KaHeea E.B. OcobeHHoCTM cuHTE3a
Tpu- n TeTpabopata nutua B cybconuaycHown obnactu. M3eecmus 8y3os. lNpuknadHas xumusi u 6UOMeXxHo-
nozus. 2020. T. 10. N 1. C. 6-13. https://doi.org/10.21285/2227-2925-2020-10-1-6-13

INTRODUCTION

The Li2O — B203 system plays an important
role in glass manufacturing technology. The com-
pounds formed in this system are characterised by
a number of unique properties [1, 2]. In particular,
lithium triborate (LiB3Os) is a highly in-demand ma-
terial used to create effective nonlinear media for
converting laser radiation. Lithium tetraborate
(LizB4O7) presents a promising material for non-
linear detectors [3, 4]. It should be noted that the
vast majority of experimental studies of this system
were initially devoted to the production of single
crystals [5]. However, the emphasis later shifted to
the study of lithium-borate glasses. Recent publi-
cations confirm that lithium borate-based glasses
doped with rare-earth elements — including prase-
odymium [6], samarium [7, 8], dysprosium [9], eu-
ropium [10], as well as their combinations [11] —
are among the most advanced thermoluminescent
and scintillation materials. In connection with the
manifestation of these properties, the topology and
structure of lithium borates are of particular inter-
est [12].

One the one hand, an important advantage of

glassy matrices consists in the relative simplicity of
the technology for their derviation. On the other
hand, the synthesis of these materials is hampered
due to the complex nature of the phase transfor-
mations accompanying their crystallisation. Taking
all the above into consideration, a need arises for
the construction of an accurate phase diagram of
the Li2O — B203 system and ternary systems con-
stituting it. Such studies, which were begun in the
1950s [13, 14], are still ongoing [15-17]. However,
a full thermodynamic description of the Li2O — B203
system is yet to be completed, including in the
crystallisation region for the otherwise well-
described compounds lithium triborate and lithium
tetraborate.

As is known, the basic stage of thermodynam-
ic research involves a consideration of the nature
of phase formation during the interaction of system
components. A mixture of lithium carbonate and
boric acid is acknowledged to be the highest-
yielding precursor for the synthesis of lithium bo-
rates in the Li2O — B203s system [18]. Therefore, the
present work was mainly focused on the synthesis
of the most monophasic material of a given stoi-
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chiometry for obtaining glass with the required
properties.

EXPERIMENTAL PART

Li2COs and HsBOs of extra pure grade were
used following complete desiccation at 100 °C.
Phase interactions were studied in the temperature
range of 300—850 °C.

Two methods for preparing the initial mixture
for the synthesis of lithium borates were tested:
precipitation of components from solution and sol-
id-phase sintering of the mechanically agitated dry
reagents. The criteria for determining these meth-
ods included their rapidity and the absence of im-
purities in the system.

For the precipitation of target compounds
from the liquid phase, a saturated solution of boric
acid in distilled water was prepared. Then it was
heated to 60 °C and a calculated stoichiometric
amount of lithium carbonate was added according
to the reactions:

Li2CO3 + 6 H3BO3 — 2LiB30Os + CO2 + 9H20;
Li2CO3 + 4 H3BO3 — Li2B4sO7 + CO2 + 6H20

The completion of the reaction was monitored
by the cessation of gas emission. The solution was
evaporated followed by the drying of precipitate at
100 °C and a sampling for analysis. For subse-
guent solid-phase sintering, the dried precipitate
was powdered in a porcelain mortar and trans-
ferred to alundum crucibles.

The preparation of the mixture for solid-phase
synthesis and sintering included:

a) grinding of the starting reagents;

b) taking sample weights corresponding to
stoichiometry of the target phases;

¢) mixing to obtain visual uniformity.

The resulting batch was also placed in cruci-
bles.

The solid-phase synthesis of the target phas-
es was carried out in air according to the technique
for obtaining lithium triborate presented in [18]. In
order to remove water, the mixture was heated
from room temperature to 300 °C at a rate of 4
°C/min and left for 1 h. Then, after removing the
crucibles from the furnace, the mixtures were re-
mixed and heated at the same rate in the range of
400-850 °C (for LiB3Os, the maximum temperature
was 800 °C). For every 50 °C step, curing and
sampling from each crucible was carried out for an
hour followed by further heating.

X-ray diffraction analysis of the samples was
carried out using a Bruker D8 Advance diffractometer
(CuK,-radiation, scintillation detector, Goebel mirror,
A20 =0.02 step mode). Data processing was
performed using the DIFFRACPs software package.
XRD reflections were identified using the PDF-2
powder diffractometry database (ICDD, 2007) and
EVA software (Bruker, 2007).
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RESULTS AND DISCUSSION

The main objective of this study consisted in
obtaining monophasic lithium tri- and tetraborate
for subsequent manufacture of glass products.

In the field of LiB3Os and Li2B4O7, the studies
of several authors were combined for the Li2O—
B203 phase diagram (Fig. 1). The basis formed by
the well-known study [14] was supplemented by
data presented in [15-17] and reduced to a single
expression of component concentrations in weight
percent. The melting points of lithium borates were
taken into account according to the results given in
[16] and interpreted by the authors on the basis of
the Raman spectra. According to these data,
LiB3sOs and Li2B4sO7 melts at 857 and 927 °C, re-
spectively. Therefore, the coefficient of solid-phase
synthesis (K = Tsynth/ Tmelt) in present experiments
was: K(LiB3Os) = 0.93, K(Li-B4O7) = 0.92.
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Fig. 1. State diagram of the system Li2O — B203
in the region of existence of LiB3zOs and Li2B4+O~
(according to [13-17])

Puc. 1. lJuaepamma cocmosiHusi cucmembi Li2O — B203
8 obnacmu cywiecmeosaHusi LiB3Os u Li2B4O7
(no GaHHbIM [13-17])

X-ray diffraction analysis demonstrated the
sequence and nature of phase transformations to
be almost identical during phase crystallisation
from stoichiometric mixtures of both lithium tri-
and tetraborate. In addition, no differences in the
phase formation pattern were detected during
solid-phase synthesis using both mechanical agi-
tation and chemical precipitation sample prepara-
tion methods. Nevertheless, the crystallisation of
each compound under consideration is character-
ised by its own specifics. Let us consider these in
more detail.

As a result of the chemical interaction of lith-
ium carbonate with boric acid in an aqueous solu-
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tion, mixtures of lithium borates with different compo-
nent ratios were formed. According to the X-ray dif-
fraction data, crystalline lithium tri- and tetraborate
were present in the evaporated precipitate. However,
further extraction and purification of the target com-
pounds from the solution was a rather laborious pro-
cess. In order to purify the phases by means their
further crystallisation, the obtained precipitates were
subjected to further solid-phase sintering.

A characteristic difference in the formation of
lithium triborate compared with the tetraborate con-
sists in the lower temperature region of the phase
transformations resulting in target phase. The diffrac-
tion patterns of the stages in the solid-state synthesis
illustrate the temperature ranges of the main phase
transformations in the system. Thus, the maximum
conversion of crystalline phases was recorded in the
ranges of 500—600 and 600—700 °C in a lithium tribo-
rate (Fig. 2) and tetraborate (Fig. 3) mixtures, respec-
tively. In both cases, a significant increase is ob-
served in the amount of the target phase against the
background of a sharp decrease in the proportion of
the amorphous phase and intermediate compounds.
It is noteworthy that Li2B4O7, presented in a small
guantity even in the final product of synthesis, com-
prised an essential component for the synthesis of
lithium triborate.
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Fig. 2. Diffraction patterns of the main stages of lithium
triborate solid-phase synthesis at the temperature, °C: 300 (a),
500 (b), 600 (c), 700 (d), 750 (e), 800 (f); 1 — Li(OH)2BsO7;
2 — Li2COs; 3 — H3BOs; 4 — LiBO2'8H20; 5 — LiB(OH)4;
6 — B20; 7 — LiBO2; 8 — Li2B4O7, 9 — LiB3Os, 10 — Li2BgO13;
11 - LisB7012

Puc. 2. [lJubpakmozpammbl OCHOBHbIX 3Mmariog
meepdogha3Hoeo cuHmesa mpubopama numusi npu
memnepamype, °C: 300 (a), 500 (b), 600 (c), 700 (d),
750 (e), 800 (f); 1 — Li(OH)2BsO7; 2 — Li2COs; 3 — H3sBOs;
4 — LiBO2'8H20;5 — LiB(OH)4; 6 — B20; 7 — LiBO2;
8 — Li2B40O7, 9 — LiB3Os, 10 — Li2BgO13; 11 — LizsB7012
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Fig. 3. Diffraction patterns of the main stages of
lithium tetraborate solid-phase synthesis

at the temperature, °C: 300 (a), 500 (b), 600 (c),

700 (d), 750 (e), 800 (f);

1 — Li(OH)2BsO7; 2 — Li2COs; 3 — H3BOs;
4 — LiBO2'8H20; 5 — LiB(OH)4; 6 — B20;

7 — LiBO2; 8 — Li2B4O7; 9 — LiB30s; 10 — Li2BgO13;

11 - LisB7012

Puc. 3. [Jucbpakmoepammbl OCHOBHbIX 3mMaros
meepdoghazHozo cuHmesa mempabopama numusi
npu memnepamype, °C: 300 (a), 500 (b), 600 (c),
700 (d), 750 (e), 800 (f);
1 - Li(OH)2Bs07; 2 — Li2COs; 3 — H3BOs;
4 — LiBO2'8H20; 5 — LiB(OH)s; 6 — B20;
7 — LiBO2; 8 — Li2B4O7; 9 — LiB30s; 10 — Li2BgO13;
11 — LisB7012

Using the terminology for ranking the organisa-
tion levels of the particles making up the substance
[19] of the studied part of the Li2O — B203s system, the
local phase portrait of the crystal structure transfor-
mation is as follows. The monoclinic lattice of the
primary phases, represented by the remains of hy-
drated Li(OH)2BsO7 and the initial Li2COs, is convert-
ed into the rhombic and tetragonal lithium tri- and
tetraborate structures, respectively. The intermediate
stage of this transformation appears as both the
LizBsO13, detected in a minimal amount only at a
temperature of 650 °C in the form of a monoclinic
and rhombic variation, and the trigonal chain metabo-
rate LiBO2 accompanying the crystallisation in terms
of LiB3Os and Li2B4O7 in the high-temperature range
of 700-750 °C.

Taking into account the detailed description of
the lithium borate structures provided in [20] and as-
suming the crystallographic polyhedron to be the unit
of transformation at the structural level, the local
phase portrait of the subsolidus crystallisation of lithi-
um triborate and tetraborate was established to con-
sist in the (BOs)*> — ( B3O7)> and (BO3z)* — (B4O9)®
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transitions, respectively. On this basis, the pres-
ence of lithium metaborate can be assumed to
be an intermediate step facilitating the transition
from the monoclinic island structure of the start-
ing materials (lithium carbonate and boric acid)
to the more complex lithium tri- and tetraborate
structures, respectively.

CONCLUSIONS

1. The mechanical grinding of Li2COs and
HsBOs precursor stoichiometric mixtures fol-
lowed by sintering was experimentally estab-
lished to represent an efficient method for the
synthesis of lithium tri- and tetraborate. The pre-
cipitation of batch components from solution
provided no significant improvement in the re-
sults of the experiment.

2. The synthesis of crystalline lithium bo-
rates in the subsolidus region is characterised
by a set of individual phase portraits. At the

phase level, a higher temperature region of the
maximum in phase transformation is observed
for Li2B4O7 compared to LiB3Os (600-700 °C and
500-600 °C, respectively) with a practically un-
changed se-quence of phase transformations
according to the scheme: starting materials —
intermediate metastable phases — final borates.
At the local level, the interaction of coordination
polyhedra of the starting Li2COs with H3sBOs is
followed by the formation of either LiB3zOs or
Li2B4O7 due to the (BOs3)* — ( BsO7)> and
(BO3)3 — (B409)8- transitions, respectively. At
the structural level, the occurring transfor-
mations are characterised by the transition of
the monoclinic lattice of the Li2COs and H3BOs
primary phases into the LiB3Os and Li2B4O7
rhombic and tetragonal structures, respectively.
In this case, the stage of lithium metaborate
formation appears to be a prior condition for the
crystallisation of more complex structures.
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