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Physicochemical properties of ZrF,—BaF,—-LnF;
glasses (Ln=Y or rare-earth elements)
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The influence of lanthanoid fluorides on physicochemical properties of fluorozirconate glasses
has been examined on 60ZrF,-30BaF,-10LnF; glasses (Ln =Y, La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Er, Tm, Yb or Lu). Physicochemical properties such as ion packing, hardness,
molecular refraction, thermal stability and fluoride-ion conduction have been evaluated on the
glasses by the density, refractive index, differential thermal analysis, thermomechanical
analysis, Vickers hardness and electrical conductivity measurements. The variation of these
properties with lanthanoid species and the relationships between them have been discussed
to characterize lanthanoid fluoride-containing fluorozirconate glasses.

1. Introduction

In fluorozirconate glasses, which were discovered by
Poulain et al. in 1975 [1], BaF, is considered to be the
best primary glass-modifier. One of the reasons is
considered to be because the size of the Ba?* jon is
appropriate to facilitate glass-formation by matching
the sizes of the Zr** and F~ ions. In fact, the glass-
forming ability in the binary ZrF,-BaF, system is not
high enough to yield glasses of practical sizes. Thus,
the preparation of ZrF,—BaF, glasses with a few
millimetres thickness is extremely difficult and is lim-
ited to a very narrow. composition region. As second-
ary glass-modifiers, therefore, one or more additional
fluorides are generally incorporated to obtain fluoro-
zirconate glasses of practical sizes. For example, YF;
and REF, (RE = rare-earth elements) are known to
be effective secondary glass-modifiers [2-5]. Con-
sequently, in the ZrF,—BaF,—(YF; or REF;) systems,
the glass-forming abilities are greatly improved to give
thick and bulky glasses over fairly wide composition
regions.

It is recognized that the lanthanoid contraction, the
size of the trivalent rare-earth ions, rggs+, changes
successively from 0.1172 nm in La** to 0.1001 nm in
Lu3* with a 0.001-0.002 nm decrease for every addi-
tional atomic number. If the glass-forming abilities in
fluorozirconate glass systems depend essentially on an
appropriate combination of the ionic sizes of glass-
constituents, it might be expected that glass-formation
in the ZrF,—BaF,-REF; system will vary appreciably
with the rare-earth species. In fact, the glass-forming
regions found for the ZrF,-BaF,-REF; (RE = La,
Nd or Gd) systems vary considerably [3-5].

Fluorozirconate glasses containing trivalent rare-
earth ions may be used as various photonics materials,
e.g. low transmission-loss optical fibres of glasses con-
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taining lanthanum or gadolinium (e.g. [6]), fibre lasers
of glasses containing neodymium, holmium or erbium
(e.g. [7]), upconversion devices of glasses containing
neodymium, holmium, erbium or thulium (e.g. [8]),
fibre amplifiers of glasses containing praseodymium
(e.g. [9]), etc. In developing these photonics-functional
fluorozirconate glasses, one important subject which
should be clarified is the influence of incorporated
rare-earth ions on the physicochemical properties of
the glasses. Recently, Uhlherr et al. have examined the
structure and stability of 60ZrF,-30BaF,  10REF,
glasses using a molecular dynamics computer simu-
lation technique [10]. Except for this, there has been
no systematic study on the physicochemical properties
of fluorozirconate glasses containing a series of rare-
earth elements.

In the present work, therefore, the characterization
of fluozirconate glasses containing a series of lan-
thanoid fluorides was performed on a composition
60ZrF,-30BaF, 10LnF; (Ln =Y or rare-earth ele-
ments). The physicochemical properties, such as ion
packing density, F-F mean distance, hardness, mo-
lecular refraction, thermal stability and fluoride ion
conduction of the glasses were evaluated from the
density, refractive index, differential thermal analysis
(DTA), thermomechanical analysis (TMA), Vickers
hardness and electrical conductivity measurements.
Then the correlation between these physicochemical
properties and the Ln species was examined.

2. Experimental procedure and results
2.1. Glass preparation

The composition of the prepared glasses was
60ZrF,-30BaF, 10LnF; (Ln =Y, La, Ce, Pr, Nd,
Sm, Fu, Gd, Tb, Dy, Er, Tm, Yb or Lu). Ultra-pure
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chemicals of the respective metal fluorides were em-
ployed as raw materials. About 4 g batches of the raw
materials, with the addition of about 1 g NH,F - HF,
were melted in platinum crucibles under an argon
atmosphere. The melts were kept at 850-900°C for
about 20 min and then quenched in flat-plate forms by
pressing them with two preheated brass plates. The
obtained glasses were annealed at the respective glass
transition temperatures determined by DTA analysis.

2.2. Density

The densities of 60ZrF,-30BaF,-10LnkF; glasses
were measured by the Archimedean method, using
CCl, as an immersion liquid. The obtained density
values are given in Table 1.

2.3. Refractive index

Refractive index measurements were made with an
Abbe refractometer. The results are also given in
Table L

2.4. Thermal characteristics
Glass-transition temperatures, crystallization temper-
atures and liquidus temperatures were determined by
DTA experiments using a-Al,O; as the standard. On
the other hand, thermal expansion coefficients were
determined by TMA experiments using an SiQ, glass
as the standard. Both measurements were performed
at a rising temperature rate of 10 K min~* under an
argon atmosphere.

The respective values obtained may be found in
Table 1.

2.5. Vickers hardness

Vickers hardness measurements were carried out
using a Vickers hardness tester under a 1 kgmm ~2
load and a 15 s loading time. The obtained hardness
values are given in Table L.

2.6. Electrical conductivity

The experiment was carried out using an a.c. method
with an LCZ meter. The measured frequency and
temperature ranges were from 30-5x10° Hz and
from 120-260°C, respectively. The measurements
were performed under an argon atmosphere using a
three-probe technique with sputtered gold electrodes.
Electrical conductivity values were obtained by com-
plex impedance plots of the a.c. data.

The results are given in Table L

3. Discussion

As mentioned in Section 1, Uhlherr et al. performed
a molecular dynamics computer simulation study
on 60ZrF,-30BaF, - 10REF,; glasses (RE = rare-
earth elements) and discussed the structure and stabil-
ity of the glasses [10]. This glass composition is the
same as that studied in the present work. Therefore,
before discussing the present results, their findings are
summarized here.

The most striking change in structure observed for
the 60ZrF,-30BaF, - 10REF; glasses is the F~ co-
ordination environment around RE3**. The F~ co-
ordination number decreases from about 9in La3* to
about 8.3 in Lu®*, leading an increase in the F~
coordination number around F~ from about 9.3 for
the lanthanum glass to about 9.6 for the lutetium
glass. On the other hand, the F~ coordination envir-
onments around Zr** and Ba®?* show no remarkable
changes. In spite of the considerable change in glass
structure with rare-earth species, all the glasses exhibit
almost the same stabilities.

3.1. lon packing density, F~-F mean

distance and Vickers hardness
For the 60ZrF,-30BaF, 10LnF; (Ln =Y or rare-
earth elements) glasses, the molecular volumes were
obtained from the respective density values, and then
the ion packing densities and F-F mean distances
were calculated. In the calculation, ionic radii of Zr*™*

TABLE I Physicochemical properties of 60ZrF,-30BaF, - 10LnF; glasses (Ln = Y or rare-earth elements)

Ln  rpgse+ d Np T, T, T,

g < o
(nm) (gem™?) 0 Q) (O

(1077 cm™Y)

H, log[6,00°c(Scm™Y)] AE (kJmol™?) log[o,(Scm™Y)]

Lu  0.1001 4.845 1521 319 370 536 173

Yb 01008  4.827 1.523 319 381 531 169
Tm 01020 4.784 1.524 319 384 541 166
Er 0.1033  4.797 1.525 321 392 544 178
Y 0.1040  4.559 1.519 314 397 539 168
Dy 01052 4744 1.524 317 401 539 160
Tb 01063  4.750 1.524 316 395 541 174
Gd 01078 4735 1.523 319 394 532 172
Eu 01087 4717 1.530 312 392 535 188
Sm  0.1098  4.689 1.524 312 391 526 186
Nd 01123  4.674 1.528 317 395 528 170

Pr 0.1130  4.665 1.529 315 392 523 173
Ce 01150 4661 1.527 313 389 522 193
La 01172  4.643 1.526 316 392 528 183

236  — 546 721 2.50
235 —5.53 72.6 249
245 - 548 73.4 2.62
241 551 73.0 2.55
236 —542 72.8 2.62
231 —543 72.6 2.59
239 —545 73.0 2.61
229 —532 71.5 2.57
228 537 73.0 2.69
229 —532 72.0 2.63
236 —5.33 719 2.61
227 —5.28 70.8 2.54
220 —5.20 70.9 2.63
221 =520 70.0 2.53

Notes: d, density at 25°C; np, refractive index at 25°C; T,, glass transition temperature; T,, crystallization temperature; 7, liquidus
temperature; o, linear thermal expansion coefficient; H,, Vickers hardness; log 6,444, electrical conductivity at 200 °C; AE, activation energy

for conduction; logo,, pre-exponential term.
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(0.084 nm), Ba?™ (0.142 nm), F~ (0.133 nm) and Ln>*
(values given in Table I) were employed. The ion
packing density and F—F mean distance values ob-
tained are plotted against the ionic radii of Ln** in
Figs 1 and 2, respectively. It can be seen from the
figures that, with increasing ionic radius of Ln®"*, the
ion packing density decreases from 63% to 62% and
the F-F mean distance increases from 0.2635 nm to
0.2655 nm. These facts indicate that the structure of
60ZrF .- 30BaF, - 10LnF, glasses becomes more open
with larger Ln®* ions, though the magnitude of the
decrease is very slight.

It is notable that the ion packing density values of
62%-63% in the present glasses are appreciably high,
compared with those in other glasses, e.g. an SiO,
glass (51%), a 70Si0, -23Na, O - 7MgO glass (54%)
and a BeF, glass (50%). This coincides with the
general understanding that fluorozirconate glasses are
composed of denser packing of the glass constituent
ions due to both high fluoride-ion coordination num-
bers around the metal ions and the highly ionic bond
character.

The Ln®* dependence of Vickers hardness is shown
in Fig. 3. The Vickers hardness value decreases with
increasing ionic radius of Ln®*, in accord with the
Ln3" dependence observed for ion packing density.
Because no substantial changes in glass structure with
the Ln3* species are anticipated for the present glas-
ses, the observed Ln3* dependence may be explained
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Figure 1 Packing densities of 60ZrF,-30BaF,-10LnF; glasses
(Ln = Y or rare-earth elements).
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Figure 2 F-F mean distances in 60ZrF,-30BaF, - 10LnF; glasses
(Ln = Y or rare-earth elements).
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both by a decrease in the Ln**—F ~ bond strength and
by a more open structure in glasses containing Ln®*
of larger ionic radii.

3.2. Molecular refraction

The molecular refraction, R, of 60ZrF,-30BaF,-
10LnF; glasses was calculated from the measured
refractive index and density values according to the
Lorentz—Lorenz equation, R = [(n* — 1)/(n* + 2)]V
where V is the molecular volume.

As can be seen from Fig. 4, R increases almost
linearly with increasing ionic radius of Ln**. This
may be due to an increase in the ionic refraction of
Ln®* with increasing ionic radius of Ln3*.

3.3. Thermal stability

One method of evaluating thermal stabilities of glasses
is the Hruby criterion in which thermal stability is
expressed by the formula (7, — TYAT, — To) [11].
The thermal stabilities of 60ZrF,-30BaF,-10LnkF;,
glasses were evaluated using this criterion. Fig. 5
shows the dependence of thermal stability on the
Ln3* species, indicating that the thermal stability
increases from about 0.3 to about 0.6 with increasing
ionic radius of Ln3*. Low thermal stabilities of glasses
containing the Lu®*, Yb3*, Tm>* and Er** ions may
be attributable to both the low crystallization temper-
atures and the high liquidus temperatures.
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Figure 3 Vickers hardness of 60ZrF,-30BaF,-10LnF; glasses
(Ln = Y or rare-earth elements).
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Figure 4 Molecular refraction of 60ZrF,-30BaF, - 10LnF, glasses
(Ln = Y or rare-earth elements).
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Figure 5 Thermal stability of 60ZrF,-30BaF,-10LnF; glasses
(Ln = Y or rare-earth elements) represented by the Hruby criterion.
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Figure 6 Electrical conductivities, activation energies for conduc-
tion and pre-exponential terms of 60ZrF, - 30BaF, - 10LnF; glasses
(Ln =Y or rare-earth elements).

3.4. Fluoride ion conduction
As is well known, the electrical conductivities of
fluorozirconate glasses arise from fluoride-ion
conduction, except for those of lithium fluoride-con-
taining glasses which have mixed fluoride-ion and
lithium-ion conduction [12]. Thus, the present electri-
cal conductivity values are equivalent to the fluoride-
ton conductivity values.

All the temperature dependences of electrical con-
ductivities observed for 60ZrF,-30BaF,-10LnF,

glasses could be represented by an Arrhenius-type

equation, log 6 = log oy, — AE/2.303RT. Fig. 6 shows
logo at 200°C, logo, and — AE/2.303RT values
which are plotted against the ionic radius of Ln*.
In this figure the — AE/2.303RT value is adopted
instead of AE, and also logo,40c, logo, and
— AE/2.303RT values are plotted on the ordinates
with the same scale in order to facilitate comparison.

It can be seen from Fig. 6 that the log o,¢4°¢ and
— AE/2.303RT values increase almost linearly with
increasing ionic radius of Ln3*, while log 6, changes
little with the Ln3* species. These facts indicate the
following points: the fluoride ion conductivity is inde-
pendent of the pre-exponential term and is determined
by the activation energy term. Because an increase in
— AE/2.303RT corresponds to a decrease in AE, the
activation energy for fluoride-ion conduction de-
creases with increasing ionic radius of Ln3*. This
decrease in AE is deduced to be due partly to a
decrease in the Ln®*~F~ bond strength with increas-
ing ionic radius of Ln3*.

4. Conclusion

The influence of lanthanoid ions on physicochemical
properties of fluorozirconate glasses containing a
seriecs of lanthanoid fluorides was examined on
60ZrF, - 30BaF, - 10LnF; glasses (Ln = Y, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb or Lu). The
examined physicochemical properties were ion pack-
ing density, F—F mean distance, hardness, molecular
refraction, thermal stability, thermal expansion coeffi-
cient and fluoride ion conductivity. All the properties
changed remarkably with the Ln species. The F-F
mean distance, molecular refraction, thermal stability,
thermal expansion coefficient and fluoride-ion con-
ductivity values increased with increasing ionic radius
of Ln®*". On the other hand, the ion packing density,
and Vickers hardness values decreased with increasing
ionic radius of Ln®*. It is concluded that the main
factors governing such Ln** dependences are the
ionic radius of Ln®* and the ionic bond strength
between Ln3*-F~.
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