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Abstract

The effects of Eu,0; on liquid-liquid phase separation were studied in the RO-B,03;-Eu,0; (R represents Pb, Ba or
Sr) systems. The results from the in situ observation of the phase separation showed that, in every case, Eu,O; addition
increased the immiscibility temperatures and the effect was more pronounced as the RO content decreased. The Eu
distribution in the phase-separated microstructure was examined with an electron probe microanalyser (EPMA) and a
field emission scanning electron microscope (FE-SEM) with an energy dispersive X-ray spectrometer (EDS). It was
found that the Eu dissolved preferentially in the RO-rich phase droplets with a uniform distribution. A comprehensive
account for these effects of Eu,O; on both the immiscibility temperature and the microstructure was given by con-
sidering the RO-B,03;-Eu,0; ternary phase diagram. For the SrO-B,0;—Eu,0; system, the Eu,O3 concentration in the
droplets was measured with EDS analysis to be found adjustable by changing batch composition. © 2000 Elsevier
Science B.V. All rights reserved.

PACS: 81.05.Kf; 64.75.1g; 07.79.2v

1. Introduction to tens of micrometers in diameter dispersed in a

matrix. So far a number of studies have been

Liquid-liquid phase separation is a phenome-
non in which a uniform molten glass decomposes
into two liquid phases when heat-treated at a
temperature below an immiscibility boundary.
Alkaline earth borate glasses are typical examples
precipitating droplets of hundreds of nanometers
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conducted on the liquid-liquid phase separation in
alkaline earth borate systems and the PbO-B,O;
system in terms of microstructure [1], immiscibility
temperature [2-8], phase separation rate measured
by in situ observation under gravity [7,8] or micro
gravity [9], as well as calculations based on ther-
modynamic theories [10-13].

Liquid-liquid phase separation is potentially
applicable to produce glasses with new functions
as mentioned by Inoue et al. [14]. A microsphere
obtained from phase separation of glass can be
used as a micro lens or a micro optical glass
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resonator [15,16] by morphology-dependent
resonances. It is also possible to obtain crystal-
dispersed glasses by crystallizing precipitated
droplets. Elongation of droplets by pulling or
pressing glass makes the glasses optically aniso-
tropic [17]. Moreover, phase-separated glass con-
taining nano-size droplets may act as ‘laser paint’
which has a resonance effect resulting from strong
light scattering [18].

Also phase-separated droplets may be used as
micro containers to embed elements enabling
new properties and functions in glasses, because
two decomposed phases are different in their
solubility of a certain elements as well as in their
compositions. For example, the introduction of
rare earth eclements is used to give glasses
functions like fluorescence light emission. Such a
case was reported by Yao et al. on phase sep-
aration of sodaborosilicate glass containing Eu
where Eu was estimated to exist mainly in the
sodaborate-rich phase from its emission intensity
ratio [19].

In order to design such processes systemati-
cally, it is necessary to obtain knowledge on the
influence of rare earth dopants on phase sepa-
ration from the aspects of (a) the immiscibility
boundary and (b) the distribution of rare earth
elements in the whole microstructure and each
phase in products obtained. The immiscibility
boundary is essential for developing proper heat-
treatment schedules. The distribution of rare
earth elements is important for optical materials,
since luminescence emission properties of rare
earth elements are dependent on the surrounding
matrix.

In this study, we investigated how the addi-
tion of Eu,0;3 changed the liquid-liquid immis-
cibility  temperatures and modified the
microstructure of the PbO-B,0;, BaO-B,0O; and
SrO-B,0; systems, utilizing an in situ observa-
tion technique. The Eu element distribution in
the whole microstructure and in each phase after
proper heat-treatments was measured by an
electron probe microanalyser (EPMA) or a field
emission scanning electron microscope with an
energy dispersive X-ray spectrometer (FE-SEM/
EDS).

2. Experimental
2.1. Preparation of the samples

The glasses of the systems PbO-B,O; with
Eu203, BaO—B203 with Eu203, and SI'O—B203
with or without Eu,0O; were prepared by a melt-
quench method. The batch compositions are listed
in Table 1. As for the systems BaO-B,0; and SrO-
B,0Os, in situ observation was possible in the
composition range on the B,Os-rich side of the
immiscibility dome. In the composition range on
the B,0;-poor side of the dome, the precipitation
of droplets was not observed but quick decom-
position into two layers occurred under gravity [9].
The batch for each glass was prepared as the
mixture of reagents weighed suitably for the
composition. The batch was melted in a Pt crucible
at a temperature higher than the immiscibility
temperature in an electric furnace and held at the
temperature for one or a half an hour to obtain a
homogeneous mixture. The melt was quenched to
a glassy frit by squeezing it between two carbon
blocks. The reagents we employed and the batch
melting conditions are listed on Table 2. Changes
in the compositions of 1BaO-99B,0; (mol%) and
5Ba0O-95B,0; (mol%) glasses during melting were
analysed with an inductively coupled plasma (ICP)
spectrometry technique by Inoue et al. [8] to be
found negligible for the following experiments.

2.2. In situ observation of the phase separation
process

Measurements of liquid-liquid immiscibility
boundaries of the systems with an in situ obser-
vation technique was made by Inoue et al. on the
systems PbO-B,0; [7] and BaO-B,0O; [8] without
Eu,0;. We employed the identical apparatus for
the in situ observations reported here in order to
follow the same procedures. About 0.4 g amount
of as-quenched glass was put in a 13 mmgy Pt pan
and set in the electric furnace for the in situ ob-
servation. The sample was initially heated up to a
temperature higher than the immiscibility tem-
perature, and held at the temperature for 3 min to
form a uniform melt. The melt was cooled down to
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Table 1
Batch compositions of the glass samples

Glass Base composition Eu,0; addition In situ obs. Eu analyses
mol% wt% mol% wt%

A 1.3PbO-98.7B,04 4.0PbO-96.0B,0; 0.084 0.40 O
B 3.4Pb0O-96.6B,0; 10PbO - 90B,0; 0.021 0.10 O

C 0.042 0.20 O

D 7.2Pb0O-92.8B,0; 20PbO - 80B,0; 0.023 0.10 O

E 0.046 0.20 O

F 12PbO - 88B,0; 30PbO - 70B,04 0.025 0.10 O

G 0.050 0.20 O

H 17PbO - 83B,05 40PbO - 60B,0; 0.027 0.10 O

I 0.055 0.20 O

J 1.0BaO-99.0B,0; 2.2Ba0-97.8B,0; 0.10 0.50 O

K 0.20 1.0 O

L 3.0Ba0O-97.0B,05 6.4Ba0-93.6B,05 0.10 0.50 O

M 0.20 1.0 O

N 0.50 2.5 O O
o 5.0Ba0O-95.0B,05 10BaO - 90B,0; 0.1 0.50 O

P 0.21 1.0 O

Q 0.50Sr0 - 99.50B,0; 0.74Sr0-99.26B,0; - - O

R 0.050 0.25 O O
S 1.0SrO-99.0B,04 1.58rO-98.5B,05 - - O

T 0.050 0.25 O O
U 1.58r0 - 98.5B,05 2.28r0-97.8B,0; - - O

v 0.050 0.25 O O
Y 2.0SrO-98.0B,0; 2.9Sr0-97.1B,0; - - O

X 0.050 0.25 O O
Y 2.55r0-97.5B,04 3.78r0-96.3B,0; - - o

z 0.050 0.25 O O

Table 2
Batch melting conditions

System Reagents Crucible Melting temperature (°C) Melting time (min)
PbO-B,0; PbO, H;BO; Pt 950 30
Ba07B203 BaCO;, H3B03 Pt 1200 60
SrO-B,0; SrCOs, H3BO; Pt 1350 60

the liquidus temperature at a rate of 2.5°C/min,
simultaneously being observed by a charge cou-
pled device (CCD) camera through a silica window
attached to the top of the furnace. The pictures
were recorded on videotape for later analyses.
Under the above conditions, the phase separa-
tion in the PbO-B,0; system is perceived as
darkening in the visual field due to the strong light
scattering by the droplets precipitated which are
too small to be identified separately. Inoue et al. [7]
determined the temperatures, 7} and 75, at which
the darkening began and completed, respectively,

as criteria for estimating the immiscibility tem-
perature. We also determined 7; and 75> of the
PbO-B,0O; system with Eu,0O; addition for com-
parison.

On the other hand, in the BaO-B,0; and SrO—
B,O; systems, the precipitation of individual
droplets is detectable under the above conditions.
Inoue et al. [8] determined the temperature 7}, at
which the onset precipitation was first detected
within the visual field. We followed the same
procedure for the systems with Eu,O; addition for
comparison.
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In these procedures, the immiscibility tempera-
ture are estimated only from the darkening tem-
perature (7i, T») or the onset precipitation
temperature (7;,) during cooling which is suscep-
tible to an error from undercooling. For the PbO-
B,0; system, Inoue et al. [7] reported that the
immiscibility temperatures reported by other re-
searchers [3,10,11] were in between 7; and 7>,
which indicates that the error could be negligible.
For the system BaO-B,0;, the comparison be-
tween the result from these procedures and that
from the temperature gradient furnace method [3],
which enables the measurement in equilibrium,
was discussed [8]. The error decreased with the
decreasing BaO content; it was about 50°C for
the 5BaO-95B,0; (mol%) and negligible for the
composition with BaO less than 3 mol%. With
respect to the system SrO-B,O; system, since 7,
had not been measured with the procedures yet,
its correspondence with the immiscibility temper-
atures reported by other researchers [4-6] was
verified prior to the measurement of 7, of the
Eu,0;-doped SrO-B,0; system.

2.3. Eu element-analyses of the phase separation
Structure

Samples were prepared by cooling the melt to
room temperature at a rate of 2.5°C/min. The
heat-treatment grew droplets large enough for
EPMA and FE-SEM/EDS analyses of both the
droplets and the matrix.

The phase-separated samples were crushed, and
randomly selected pieces were fixed on the holders
and coated with Au 200 A in thickness by sput-
tering. The Eu distribution in the whole micro-
structure and in each phase was obtained with
EPMA for the PbO-B,05;-Eu,0; system and FE-
SEM/EDS for the BaO-B,O;-Eu,03; and SrO-
B,05;-Eu,0; systems.

The Eu,0; concentration in the droplets was
estimated by EDS analysis for the SrO-B,O;-
Eu,0; system. Prior to measurements, standard
samples with different Eu,O; contents were pre-
pared to construct a standard calibration function
correlating the specific X-ray (Eu La) signal in-
tensity and the Eu,0; content. The base compo-
sition of the standard samples were equivalent to

the SrO-rich side end member compositions,
22Sr0O - 78B,0; (mol%) which was almost the same
as compositions of the obtained phase-separated
droplets. The detected Eu La signal intensity in the
droplets was converted into the Eu,O; concentra-
tion based on the calibration function given by the
above measurements on standard samples.

3. Results and discussion

3.1. Effect of Eu,O; on the immiscibility tempera-
tures

The temperatures 77 and 7, of the Eu,Os-doped
PbO-B,0O; system and 7, of the Eu,O;-doped
BaO-B,0; and SrO-B,0; systems were measured.
In Figs. 1, 2 and 4, the data are superimposed on
the RO-B,0; binary phase diagrams as a function
of a RO content to visualize the effect of Eu,0;
addition.

The temperatures 7; and 75 of the Eu,O;-doped
PbO-B,O; system are plotted with open markers
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Fig. 1. Immiscibility temperatures of the PbO-B,0O; system
with or without Eu,O; addition. Square markers indicate 7}
and circle markers indicate 75. Solid line shows the immiscibility
boundary of the PbO-B,0; system estimated from the Macedo
and Simmons theory [10,11]. Broken lines are drawn as guides
to the eye.
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Fig. 2. Immiscibility temperatures of the BaO-B,0; system
with or without Eu,O; addition. Single letters denote samples in
Table 1. Lines are drawn as guides to the eye.

and error bars in Fig. 1. 7} and 7, measured on the
samples without Eu, O3 addition by Inoue et al. [7]
are also indicated by filled markers along with the
immiscibility boundary estimated from the theory
of Macedo and Simmons [10,11]. 7} increased by
about 50°C for Sample C by Eu,0O; addition. The
Ty and T, of Samples H and I are comparable to
those of the Eu,O;-free samples.

With introduction of Eu,0; to the BaO-B,0;
system, 7, increased by about 200°C where the
BaO content was 2 mol %, as shown in Fig. 2. For
the samples with more than 6 mol % BaO content,
however, the Eu introduction had little effect on T},.

The Tps of Eu,Os-free SrO-B,0; samples (Q, S,
U, W, Y) in this study are plotted as filled markers
and error bars in Fig. 3, while immiscibility tem-
peratures reported by other researchers [4-6] are
plotted as open markers. The obtained data were
comparable to the other researchers’ data, which
implies that an error from undercooling could be
negligible. Fig. 4 shows T,s measured on the
Eu,0;-doped samples (R, T, V, X, Z) together
with those for the Eu,O;-free samples. For Sample
R, T, increased by 200°C. The difference between
T,s of Eu,0;-free and Eu,0s-doped samples de-
creased with the increasing SrO content, and be-
came zero at 2.5 mol% SrO content.

In any system we investigated, the addition of
Eu,0;5 caused the immiscibility temperatures to
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Fig. 3. Immiscibility temperatures of the SrO-B,0; system.
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Fig. 4. Immiscibility temperatures of the SrO-B,0; system
with or without Eu,O; addition. Line is drawn as a guide to the
eye.

rise significantly on the B,Os-rich side of the im-
miscibility domes by larger amount than the pos-
sible error from undercooling. In Figs. 1, 2 and 4,
the data on the Eu,0s3-doped samples are plotted
on corresponding RO-B,0; binary phase dia-
grams, despite their being ternary systems. To
make things clearer for discussion, we have to
consider ternary phase diagrams instead.

Fig. 5 shows schematically a ternary phase di-
agram of the RO-B,03;-Eu,0; system with typical
schematic results of the experiment. The data from
the samples with a constant Eu,O3 content should
be plotted on the Eu,Os-constant planes as
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Fig. 5. Schematic ternary phase diagram of the RO-B,0;—
Eu,0; system.

denoted by the Eu,O; content in Fig. 5. The planes
correspond to the phase diagrams of the pseudo-
binary B,0; xEu,0;-BaO-yB,0; - x'Eu,03 sys-
tem that both members contain Eu,0s;. In the
plane, the immiscibility temperature is extrapo-
lated to a certain non-zero temperature at the
B,0;5 - xEu,05 end. The theory of Macedo and
Simmons [10,11], which has successfully extended
the concept of the binary regular mixing to that of
the mixing of two stoichiometric oxides for the
borate and silicate systems, requires that both ends
should reach 0 K at end member compositions for
the pseudo-binary phase separations. Thus the
extrapolated non-zero temperatures suggest that,
at least, the ternary system does not separate into
B203 'XEU203 and BaO~szO3 'X,EU203 phases.
From another point of view, it is also considered
that the extrapolated non-zero temperature cor-
responds to a certain immiscibility temperature of
the Eu,0;-B,0; binary system. The concept of
extrapolating immiscibility temperatures of a ter-
nary system to the including binary system is
general as is employed by Crichton et al. [6]. Fig. 6
shows the phase separation diagram of the Eu,Os;—
B,0; binary system reproduced from the literature
[20]. The diagram implies the presence of a two-
liquid immiscibility dome though its boundary has
not been determined yet. Therefore, it was con-
sidered that the immiscibility temperatures of the
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Fig. 6. Phase equilibrium diagram of the Eu,0;-B,0; system
reproduced from the literature [19].

RO-B,0;-Eu,0; ternary system with a smaller
RO content were controlled by the immiscibility
temperature of the Eu,O;-B,0O; binary system,
resulting in the increase of the immiscibility tem-
peratures by Eu,0; addition in the B,Os-rich side
of the miscibility gap. On the contrary, in the
compositions where the RO content is relatively
higher than the Eu,0; content, the character of the
phase separation in the RO-B,0Oj; binary system is
dominant, resulting in a negligible effect of Eu,O;
addition.

3.2. Eu distribution in the liquid-liquid phase
separation microstructure and the textures

Fig. 7 shows EPMA micrographs of Sample A.
The back-scattered electron (BSE) image (a)
shows the phase separation droplets which have
grown up to about 20 pm in diameter by the
heat-treatment. The Pb La image (b) and the Eu
Lo image (c) of the same view are showing the
shapes of phase separation droplets, which indi-
cates that the droplets are rich in PbO and con-
tain more Eu than the matrix. Fig. 8 shows a
typical result of scanning the Pb Lo and Eu La
intensities across a phase-separated droplet.
Considering the signal noise level, the Pb and Eu
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Fig. 7. Phase-separated microstructure observed with EPMA:
(a) BSE image; (b) and (c) Pb Lo and Eu Lo intensity maps,
respectively, in the same view as (a).

distribution in the droplet is almost flat which
indicates that micro segregation of Eu was not
caused on this scale.

Characteristic X-ray Intensity (a.u.)

Position (xm)

Fig. 8. Line scan analysis of Pb Lo and Eu Lo intensity across a
phase-separated droplet of the PbO-B,0O; system.

Fig. 9(a) shows the fracture surface of an
Eu,05-doped phase separation texture of Sample
N observed with FE-SEM. The picture shows that
the B,O3; matrix has a porous texture while the
droplets are dense, which implies that the droplets
have better chemical durability than the matrix.
Therefore, the use of droplets extracted from the
microstructure is possible for applications such as
micro lenses and optical resonators. No subse-
quent phase separation or crystallization was de-
tected inside the droplet at a resolution of 1.6 nm.
Fig. 9(b) and Fig. 9(c) show the characteristic
X-ray intensity maps of Ba La and Eu La, re-
spectively, detected with EDS area analyses on the
same view. As is shown in Fig. 10, the same ob-
servation made on the SrO-B,0O;-Eu,0; system
(Sample R) gave results similar to those of the
BaO-B,0;-Eu,0; system. In both cases, the Eu
Lo signal intensity is high in the phase-separated
droplet.

In any RO-B,0O; (R respects Pb, Ba or Sr)
system, it was found that the Eu containing RO-
B,0; glasses separated completely into two phases;
an almost pure B,O; phase and a homogeneous
RO-rich phase with Eu dissolved preferentially.
This result supports the suggestion that the ternary
system does not separate into B,O; xEu,03 and
BaO- yB,0; - x'Eu,0; phases as was considered in
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Fig. 9. (a) Fracture surface of an Eu,O;-doped phase-separated
microstructure for Sample N observed with FE-SEM; (b) and
(c) Ba Lz and Eu Lo intensity maps, respectively, in the same
view as (a).

Fig. 10. (a) Phase-separated microstructure of the SrO-B,0O;
system with Eu,O; additions (Sample R) observed with FE-
SEM; (b) and (c) Sr Lo and Eu La intensity maps, respectively,
in the same view as (a).
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the previous section. From another point of view,
the behavior of Eu during the phase separation
can be accounted for as follows: B,O; is the
common end member to the phase separation of
the RO-B,0; binary system and that of the
Eu,0;-B,0; binary system. Regarding the phase
separation of the RO-B,0;-Eu,0; ternary system
as the conjugation of the phase separations of the
two binary systems, it is natural for the ternary
system to separate into the B,O; phase and the
other. It is clear that a pure B,O; phase without
Eu,0; exists at least.

3.3. Eu concentration in the phase separation
droplets

In the previous section it was shown that the Eu
element dissolved preferentially in the droplets
after the cooling heat-treatment to room temper-
ature. In this section, we will discuss the concen-
tration of Eu in the droplets and its controllability.

Fig. 11 shows a typical linear correlation be-
tween the Eu La signal intensity and the Eu,0;
content by batch in the SrO-rich end member
composition. By using the calibration function, it
is possible to estimate the net Eu,O; content in the
phase separation droplets.

Fig. 12 shows the Eu,0; content by analysis in
droplets after the heat-treatment of the samples R,
T, V, X and Z as a function of a SrO content by

1
0.20 -

0.15 =

0.10 -

0.05 -

Eu La signal intensity (@.u.)

0.00+ T T T T T T

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Eu, O, content by batch (mol %)

Fig. 11. Calibration function line for the Eu,O; content
analysis.

1 1 1 1 1 1 |

4
M Eu content by analysis
—— Eu content by calculation

Eu,O, content in droplets (mol %)
N
1

SrO content by batch (mol %)

Fig. 12. Dependence of Eu,0; content in droplets by analysis
on the SrO content by batch in the SrO-B,0; system with 0.05
mol% Eu,0; addition. The solid line corresponds to the y = 1/x
function.

batch. Although the Eu,0; content by batch of
each sample was fixed at 0.05 mol%, the Eu,O;
content by analysis in droplets varied dependent
on the SrO content by batch. The Eu,O3 content in
the droplets decreased with the increasing SrO
content by batch.

This tendency appears to be related to the fact
that the molar ratio of two phases after completion
of phase separation is determined by the batch
composition. The solid line in Fig. 12 shows the
ideal Eu,O; content in droplets calculated from
the molar ratio of two phases on the assumption
that the entire Eu,O; dissolved equally in each
SrO-rich droplet. In this case, the sample compo-
sitions prepared may be described as xSrO-
(100 — x)B,0; - 0.05Eu,05 (mol%). Assuming the
base composition of SrO-rich phase was SrO-
4B,0;, the molar ratio of SrO-rich droplets to
matrix would be x(SrO-4B,03)-0.05Eu,0; to
((100 — x) — 4x)B,0;. Scaling the Eu,O; content
so that the sum of the base composition of the
droplets should be 100, the net Eu,O; concentra-
tion is given by

100 1

The data reproduced well the calculated curve
y = 1/x, indicating that the assumption was ap-
propriate for each sample. As a result, it was found
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that the Eu,O; content in the droplets as a product
was controllable by the batch composition under
our conditions of continuous cooling.

In this study, it was found that liquid-liquid
phase separation in the RO-B,0j; system is a good
candidate for designing and producing glasses
dispersed with Eu-enriched droplets and Eu-con-
taining micro spheres.

4. Conclusion

The immiscibility temperatures were measured
for the PbO-B,0;, BaO-B,0O; and SrO-B,O;
systems with Eu,O; addition. It was found that the
immiscibility temperature was increased by the
addition of Eu,0; in each case. The effect was more
pronounced as the RO content decreased, which
indicated that the nature of phase separation in the
Eu,05-B,0; system became relatively dominant.

The Eu distribution map was obtained in the
RO-B,0;-Eu,0; phase-separated microstructure
and in each phase by EPMA or FE-SEM/EDS
analysis. The RO-rich droplets were enriched in Eu
with a homogeneous distribution, while the matrix
was almost pure B,O; phase. This result was
consistent with the result that the shape of the
immiscibility temperature curve suggested that the
ternary system dose not separate into B,O;-
xEu,0; and BaO - yB,0; - x'Eu,O; phases.

For the SrO-B,0;-Eu,O; system, the net
Eu,0; concentration in droplets after heat-treat-
ment was measured by EDS analysis. It was found
that the Eu,O; concentration in the droplets was
controllable by changing the batch composition,
indicating that the entire Eu,O; dissolved equally
in each RO-rich droplet.
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