
S
L

C
K
F

a

A
R
R
A
A

K
L
C
P
B
T

1

c
g
H
C
i
d
t

b
p
c
L
s
o
a
t
w
t
a
e
e
r

0
d

Journal of Alloys and Compounds 502 (2010) 211–214

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

ubsolidus phase relations and the crystallization region of LiNbO3 in the system
i2O–B2O3–Nb2O5

an Huang, Shichao Wang, Ning Ye ∗

ey Laboratory of Optoelectronic Materials Chemistry and Physics, Fujian Institute of Research on the Structure of Matter, Chinese Academy of Sciences,
uzhou, Fujian 350002, PR China

r t i c l e i n f o

rticle history:
eceived 10 February 2010
eceived in revised form 15 April 2010
ccepted 17 April 2010

a b s t r a c t

Subsolidus phase relations in ternary system Li2O–B2O3–Nb2O5 were determined and its phase diagram
was constructed with the aid of XRD analysis. Eleven three-phase regions were identified in the sub-
solid phase diagram while no ternary compound was found. Meanwhile, four pseudo-binary systems,
i.e., LiNbO3–LiB3O5, LiNbO3–Li2B4O7, LiNbO3–LiBO2, and LiNbO3–Li3B2O4.5, were investigated and partial
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phase diagrams were determined on the LiNbO3-rich side. Finally, the crystallization region of LiNbO3

was identified in the ternary phase diagram. LiNbO3 crystals can be grown by using a lithium borate as
the flux below 1100 ◦C.

© 2010 Elsevier B.V. All rights reserved.
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orate
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. Introduction

LiNbO3 (LN) is a typical non-stoichiometric material melting
ongruently with a composition of 48.6 mol% Li2O. It is usually
rown by the Czochralski method at this congruent point [1].
owever, due to Li deficiency, the LN crystals grown by the
ongruent-Czochralski method (CLN) turn out to possess non-

gnorable intrinsic defects, mainly NbLi and VLi. These intrinsic
efects impose serious influences on LN physical properties and
hus limit its technical applications.

Efforts have been directed to preparing stoichiometric LN (SLN)
y employing different methods including growth or post-growth
rocessing techniques in order to increase the Li/Nb ratio. It is diffi-
ult to grow a homogeneous bulk crystal from a Li-rich (55–60 mol%
i) melt by using the conventional Czochralski method due to the
egregation effect [2,3]. To circumvent this difficulty, a continu-
us charging Czochralski method has been proposed by Kan et
l. It was further modified by Kitamura et al. [4,5] that led to
he development of the double crucible Czochralski Method, by
hich a Ø 40 mm × (50–100) mm SLN with the lithium concentra-

ion 49.6–49.9 mol% has been successfully grown. Adding alkaline

dditives such as K2O or Cs2O into the melt were proved to be ben-
ficial for SLN crystallizing [6–12]. In addition, the vapor transport
quilibration technique has been developed to change the Li/Nb
atio, by which a near-stoichiometric LN (49.9 mol% Li) [13–16] can
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be obtained for thin crystal samples. Meanwhile, the flux method
was utilized to grow LN thick layers and small crystallites using
LiVO3 as the flux. The drawback of this solvent is that the V5+ ions
reside in the crystal and render it weakly green colored. Lithium
borate is widely employed as the flux due to its good dissolvabil-
ity, low melting temperature, and the benefit against transition
metal contamination. Detailed phase relations involving lithium
borate are usually required for crystallization. However, to date,
the phase relations of the ternary system Li2O–B2O3–Nb2O5 are
scarcely reported.

The binary system Li2O–B2O3 has been studied by many
groups and its phase diagram has been well constructed [17–22].
Several compounds, including congruently melting Li2O·B2O3,
Li2O·2B2O3, and incongruently melting 2Li2O·5B2O3, Li2O·3B2O3
and Li2O·4B2O3, have been identified and reported. In addition, the
lithium-rich region was investigated by Maraine-Giroux et al. [21]
and Bouaziz and Maraine [22]. The compounds Li3B2O4.5, Li4B2O5,
and Li3BO3 have been determined based on their work.

The phase relation of Li2O–Nb2O5 has also been extensively
investigated [23–28]. Five compounds, i.e., Li2Nb28O71, Li2Nb8O21,
LiNb3O8, LiNbO3, and Li3NbO4 have been identified [23]. Mean-
while, a solid-solution range extending from 44 mol% to 50.5 mol%
Li2O as well as a congruently melting composition at 48.5 mol% Li2O
in LiNbO3 has been found by Lerner et al. [24].
The phase relationship of B2O3–Nb2O5 had been reported by
Levin [29]; however, only compound Nb3BO9 has been found.

Two ternary compounds, i.e., Li6Nb4B6O22 and Li2Nb4B2O14,
have been reported in the study of the pseudo-binary system
LiBO2–Nb2O5 [30], and the unindexed X-ray powder diffraction

http://www.sciencedirect.com/science/journal/09258388
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Table 1
The results of subsolidus phase identifications in the Li2O–B2O3–Nb2O5 system.

Li2O (mol%) B2O3 (mol%) Nb2O5 (mol%) Condition Phase analysis Equivalent composition

0 25 75 800 ◦C, 72 h Nb3BO9 Nb3BO9

7 18 75 700 ◦C, 72 h LiNb3O8 + Nb3BO9

10 10 80 720 ◦C, 72 h LiNb3O8 + Nb3BO9 + Nb2O5

10 40 50 850 ◦C, 72 h LiNb3O8 + Nb3BO9

20 30 50 850 ◦C, 72 h LiNb3O8 + B2O3

25 25 50 700 ◦C, 72 h LiNb3O8 + LiB3O5 “Li2Nb4B2O14”
25 50 25 750 ◦C, 48 h LiNb3O8 + LiB3O5

26.7 56.7 16.6 750 ◦C, 48 h LiNb3O8 + LiB3O5 + Li2B4O7

28.5 71.5 0 650 ◦C, 72 h Li2B4O7 + LiB3O5

31.3 56.2 12.5 800 ◦C, 60 h LiNbO3 + LiNb3O8 + Li2B4O7 LN:LiB3O5 = 4:6
35.7 42.9 21.4 830 ◦C, 65 h LiNbO3 + Li2B4O7 + LiNb3O8 LN:LiB3O5 = 6:4
37.5 37.5 25 700 ◦C, 72 h LiNbO3 + Li2B4O7 + LiNb3O8 “Li6Nb4B6O22”
40 50 10 720 ◦C, 72 h LiNbO3 + Li2B4O7 + LiBO2

40.6 37.5 21.9 820 ◦C, 55 h LiNbO3 + Li2B4O7 LN:Li2B4O7 = 7:3
45.5 13.6 40.9 830 ◦C, 65 h LiNbO3 + Li2B4O7 + LiNb3O8 LN:LiB3O5 = 9:1
45.8 16.7 37.5 820 ◦C, 55 h LiNbO3 + Li2B4O7 LN:Li2B4O7 = 9:1
46.7 26.7 26.6 720 ◦C, 72 h LiNbO3 + Li2B4O7 + LiBO2

46.7 36.7 16.6 720 ◦C, 72 h LiNbO3 + Li2B4O7 + LiBO2

46.7 46.7 6.6 720 ◦C, 72 h LiNbO3 + Li2B4O7 + LiBO2

50 10 40 750 ◦C, 55 h LiNbO3 + LiBO2 LN:LiBO2 = 8:2
50 30 20 750 ◦C, 48 h LiNbO3 + LiBO2 LN:LiBO2 = 4:6
50 40 10 800 ◦C, 55 h LiNbO3 + LiBO2 LN:LiBO2 = 2:8
52.2 8.7 39.1 750 ◦C, 65 h LiNbO3 + Li3NbO4 + LiBO2 LN:Li3B2O4.5 = 9:1
55.2 20.7 24.1 750 ◦C, 65 h LiNbO3 + Li3NbO4 + LiBO2 LN:Li3B2O4.5 = 3:7
57.21 14.29 28.5 700 ◦C, 45 h LiNbO3 + Li3NbO4 + LiBO2

58.5 34.1 7.4 750 ◦C, 65 h LiNbO3 + Li3NbO4 + LiBO2 LN:Li3B2O4.5 = 7:3
63.3 23.3 13.4 650 ◦C, 48 h Li3NbO4 + LiBO2

0 ◦C, 4
0 ◦C, 7
0 ◦C, 7
0 ◦C, 4
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The experiments were conducted over the composition range
from 1:3 to 3:1 in the Li2O–B2O3 system. All compounds reported in
the literature except for Li4B10O17 have been observed in our exper-
iments through XRD analysis. Li4B10O17 transformed to LiB3O5 and
64.6 29.2 6.2 65
69 21 10 65
75 20 5 65
80 15 5 60

ata of these two compounds have also been reported by the same
uthors. However, to the best of our knowledge, no phase relations
f the compositions that extend over the entire Li2O–B2O3–Nb2O5
ernary region have been reported. In this work, we report a study
f subsolidus phase relations in ternary system Li2O–B2O3–Nb2O5,
nd meanwhile, the crystallizations region for LN growth has also
een identified.

. Experimental procedures

A series of Li2CO3–Nb2O5–B2O3 samples with different ingredient compositions
ere prepared via solid-state reaction in air by using the mixtures of analytical

rade Li2CO3, Nb2O5 and B2O3 as raw materials. The total weight of each mixture
as about 2 g. The samples were ground in an agate mortar and heated in alumina

rucibles below 850 ◦C in a muffle furnace for different heat treatments accordingly
pon different compositions as listed in Table 1. The heating temperatures in the
i-rich region were usually lower. The samples were then cooled to room temper-
ture with a rate of 20 K/h. Phase identification of the samples was carried out on
PANalytical X’Pert Prodiffractometer with CuK� radiation (45 kV × 40 mA) using

ontinuous mode at a rate of 2� = 5◦/min. The process was repeated several times
ntil the X-ray pattern of a specimen showed no further change upon successive
eat treatments.

The partial phase diagrams of pseudo-binary system LN–LiB3O5, LN–Li2B4O7,
N–LiBO2, and LN–Li3B2O4.5 were constructed based on the differential thermal
nalysis data collected from a NETZSCH DTA 404PC apparatus in platinum crucibles
ith a heating rate of 10 K/min. The measurements were performed in a nitrogen

tmosphere in the temperature range of 20–1150 ◦C with �-Al2O3 as the reference.
here were two endothermal peaks on each heating curve. The onset temperature
f the first endothermal peak was determined as the eutectic temperature, while
he end temperature of the second one was determined as the liquid-solid coexis-
ence temperature. All borates and LN used in the differential thermal analysis were
repared prior to measurements through solid-state reactions.

Spontaneous nucleation method was employed to determine the crystallization
ondition of LN crystals. The solutions were prepared in the Pt crucibles (diameter
0 mm, height 30 mm) by melting the mixtures of the starting compounds in appro-

riate ratios according to the compositions of the flux systems. The total amount
f each melt varied between 5 g and 10 g, depending on the melt composition. A
tarting mixture was heated in the center of a vertical furnace equipped with an
bservation window at the top, until the melt became transparent and clear. Then
t was held for 10 h at a temperature 20–50 ◦C higher than this observed saturation
emperature, which was measured on the surface of the melt. The homogenized
8 h Li3NbO4 + Li3B2O4.5

2 h Li3NbO4 + Li4B2O5

2 h Li3NbO4 + Li3BO3

8 h Li3NbO4 + Li3BO3

solution was subsequently cooled in steps of 10 ◦C after every 6 h until the crys-
tals appeared in the melt. Thereafter, the whole melt was cooled down at a rate of
5 ◦C/h until sufficient amount crystals for further tests emerged. Finally, the melt
was cooled in the air, and the crystals were isolated and identified using powder
X-ray analysis.

3. Results and discussion

3.1. Subsolidus phase relationship of the system
Li2O–B2O3–Nb2O5

3.1.1. Binary systems
Fig. 1. Subsolidus phase relationships of the system Li2O–B2O3–Nb2O5.
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the left side, Li3NbO4 on the upper side, and LiNb3O8 on the bot-
tom side. The LN crystallization isotherms within the monophase
region, as shown in Fig. 3, were estimated at an interval of 40 ◦C
from 950 ◦C to 1110 ◦C based on the data from the psuedo-binary
ig. 2. Pseudo-binary diagrams (T-X, constant-pressure) of LN–LiB3O5 (a),

N–Li2B4O7 (b), LN–LiBO2 (c), LN–Li3B2O4.5 (d).

i2B4O7 when the samples were slowly cooled down to room tem-
erature, which is in agreement with the phase relations reported

n Ref. [20]. All the compounds in binary system B2O3–Nb2O5 and
i2O–Nb2O5 (Nb2O5:Li2O < 3) were also found and confirmed by

RD analysis.

.1.2. Ternary system
The phase identification (via XRD) results are summarized

n Table 1, and the subsolidus phase relationships were estab-
ompounds 502 (2010) 211–214 213

lished as shown in Fig. 1. Eleven three-phase regions were
identified in the ternary system, however, no ternary compound
was observed in current XRD analysis, which is similar to those
in the Li2O–B2O3–Ta2O5 system [31]. The ternary compound
Li6Nb4B6O22 and Li2Nb4B2O14 reported in Ref. [30] were not found
in this study. In order to verify the formation of these two ternary
compounds, the solid-state reactions at these compositions were
carried out. However, the XRD analysis results revealed that all
the reaction products were a mixture of binary compounds as
listed in Table 1. Li2Nb4B2O14 was actually the mixture of LiNb3O8
and LiB3O5 located at a two-phase boundary, while Li6Nb4B6O22
was the mixture of LN, Li2B4O7 and LiNb3O8 located in a three-
phase region. Moreover, the differential thermal analysis results
also contradicted with the congruent melting behaviors of these
two compositions as proposed in Ref. [30]. Only lithium niobate
crystals could be obtained from the melts of these two compositions
by using spontaneous nucleation method.

3.2. Pseudo-binary phase diagrams

The system LN–LiB3O5, LN–Li2B4O7, LN–LiBO2, and
LN–Li3B2O4.5 were investigated by means of XRD and DTA
methods. Partial phase diagrams were constructed on the LN-rich
side for these four pseudo-binary systems (Fig. 2). Due to the
complicated phase relations in Li2O–B2O3 system, the pseudo-
binary diagrams at borate-rich sides were not completely resolved.
However, as shown in Fig. 2, lithium borates exhibit remarkable
solubility in LN at the temperatures below 1100 ◦C, and thus are
suitable for crystal growth by flux method.

3.3. Crystallization zone of lithium niobate in the
Li2O–B2O3–Nb2O5

To better define the crystallization region of LN crystals,
spontaneous nucleation method was employed to determine the
monophase crystallization boundaries in the Li2O–B2O3–Nb2O5
system. The concentration region of LN crystallization is compara-
tively wide as shown in Fig. 3, enclosed by lithium borate phase on
Fig. 3. The ternary Li2O–B2O3–Nb2O5 system. Hatched area is the LN crystallization
field.
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Table 2
Selected sample compositions for LN crystallization as well as corresponding phase
identifications in the Li2O–B2O3–Nb2O5 system.

Li2O (mol%) B2O3 (mol%) Nb2O5 (mol%) Phase of initial crystallization

30 50 20 LiNb3O8

31.2 56.3 12.5 LN
35 40 25 LN
35 35 30 LiNb3O8

36.3 54.65 8.95 LN
37.3 50.9 11.8 LN
39 33 28 LN
40 40.3 19.7 LN
40.6 37.4 22 LN
50 37.5 12.5 LN
50 20 30 LN
54 15.8 30.2 LN
56.2 25 18.8 LN
58 32 10 LN
62.5 17.5 20 LN
65 15 20 Li3NbO4
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hase diagrams combined with those from spontaneous nucleation
xperiments. The selected sample compositions for LN crystalliza-
ion as well as corresponding phase identifications are listed in
able 2.

. Conclusions

The subsolidus phase relations of the ternary system
i2O–B2O3–Nb2O5 were determined and the phase diagram
as constructed by means of solid-state reaction and XRD analy-

is. There are eleven three-phase regions existing in the subsolidus
hase diagram and no ternary compound was found in the
resent work. The pseudo-binary system LN–LiB3O5, LN–Li2B4O7,
N–LiBO2, and LN–Li3B2O4.5 were investigated and partial phase

iagrams were constructed on the LN-rich side. A wide crystal-

ization region of LN was defined in the ternary phase diagram.
ithium borates with the compositions between 2Li2O·B2O3 and
i2O·3B2O3 can be suitable fluxes for growing LN crystals below
100 ◦C.
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