
Introduction

Oxyfluoride glass fibers doped with rare earth have

been developed for optical amplifiers and up-conversion

devices. A low phonon energy host is required to im-

prove luminescent efficiency of the rare earth ions. A

vitreous fluoride matrix is generally preferred over an

oxide one, due to both the lower phonon energy and the

higher rare earth solubility of the fluoride glass [1, 2].

However, the drawback of the fluoride glass is its poor

chemical and thermal stability. Transparent glass-ce-

ramics possess more attractive optical properties than

glass fibers and a simpler production process than sin-

gle-crystal optical fibers [3]. The aim of fluoride-oxide

association is to obtain materials with better optical

properties than oxide and improved thermal properties

compared to fluoride glasses. The nanocrystalline phase

can be produced in glassy samples under heat treatment

[4], and the crystal size and segregation conditions in-

fluence luminescent emission [3, 5]. Many researchers

have developed oxyfluoride glass-ceramics doped with

trivalent optical active elements [6–9]. The composition

of glass-ceramics, their crystalline dimensions and

phases and the dopant amount influence the properties

of the materials and determine their applications

[10–16]. Thus, to prepare glass-ceramics with the de-

sired microstructure and properties, knowledge of the

thermal behavior of the materials is of great significance

[17–20]. In this work, new glasses of the system

ZrO2–Pr2O3–ZrF4–BaF2 were prepared. The ternary vit-

reous domain of ZrF4–BaF2–PrF3 was previously deter-

mined [21], and vitreous samples could be obtained in

the range (50–78)ZrF4–(20–40)BaF2–(3–20)PrF3 in

mol%. In this work, oxides were added to this system,

replacing the PrF3 and part of ZrF4. The thermal stability

parameters were calculated from DSC curves. The crys-

tallization evolution as a function oxide content was

analyzed by XRD.

Experimental

Oxyfluoride glasses of the system

x(0.96ZrO2+0.04Pr2O3)–[100–(x+y)]ZrF4–yBaF2, (were

x=0–4 and y=27.5–43) in mol% were prepared. The flu-

oride raw materials were ZrF4 and

BaF2 – 99.9%-Fluortran Grade-BDH from Merck; the

oxides ZrO2 and Pr2O3 were also 99.9% from Merck.

The batches were melted in a platinum crucible at

850°C for 30 min in a dry box filled with nitrogen. To

determine the vitreous domain, the samples were pre-

pared by splat cooling. For the compositions with higher

glass forming ability, samples with dimensions of

10.0×15.0×3.0 mm were prepared. They were poured

into a brass mold and annealed for 30 min at Tg.

The glass transition onset temperature (Tg), the

crystallization onset temperature (Tx), and the crystalli-

zation peak temperature (Tp) were obtained from DSC

curves. The measurements were run in Shimadzu-50TA

equipment. The milled samples (5 mg), with particles

ranging between 420 and 590 �m, were placed in a plat-

inum crucible in a nitrogen flux of 100 mL min
–1

and

heated at the rate of 10°C min
–1
. For particles smaller

than 250 �m, superficial crystallization takes place, and

peak positions shift drastically in each experiment.

Meanwhile, for larger particles, bulk crystallization

dominates, and peak positions are not detectably af-

fected [22–25]. The thermal stability parameter

�T=Tx–Tg was also calculated.
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Samples containing 35 mol% of BaF2 and either

0, 2, 2.5, 3 or 4 mol% of oxides were heated for

60 min at Tp to investigate the crystalline phases pres-

ent. Diffraction X-ray was performed with a

Rigaku-Rotaflex RINT2000 – CuK� radiation, and

the patterns were analyzed using the ICSD (Inorganic

Crystal Structure Database).

Results and discussion

The samples of the system x(0.96ZrO2+0.04Pr2O3)–

[100–(x+y)]ZrF4–yBaF2, with x=0-4, in mol% were

prepared by splat cooling, and they were classified ac-

cording to the presence and intensity of crystalliza-

tion, Fig. 1. Samples vitrified in the range of

(56–73)ZrF4–(28–43)BaF2–(0–4)(ZrO2-Pr2O3) in

mol%.

Bulk samples of the system

x(0.96ZrO2–0.04Pr2O3)–(65–x)ZrF2–35BaF2, with

x=0–4 in mol% were also prepared. The samples with

35 mol% of BaF2 and 2 mol% of oxides vitrified more

easily. The vitreous samples, prepared by splat cool-

ing, were then analyzed by DSC, and these crystalli-

zation curves are presented in Fig. 2.

For samples containing 1 mol% of oxides, the

crystallization occurred at two distinct temperatures,

360 and 374°C. For samples containing 2 and 3 mol%

of oxides, there was a superposition of the two crys-

tallization peaks, while the samples with 4 mol% of

oxides showed only one peak at 376°C.

The inclusion of oxides and their covalent bonds

caused an increase in Tg, as seen in Fig. 3. This was

associated with increasing viscosity of the melted ma-

terial, a fact observed during sample preparation. The

temperatures Tx and Tp increased rapidly with increas-

ing oxide content up to the level of 2.0–2.5 mol% of

oxides. Beyond this content, Tp became practically

constant, while Tx presented a local minimum at

3 mol% of oxides, followed by an overall tendency to

increase, though at lower rate.

In the range of 0–2.5 mol% of oxides content,

the thermal stability parameter increased rapidly with

oxide addition, though there was a local minimum for

3 mol% of oxide, as seen in Fig. 4. The covalent

bonds associated with the oxide stabilize the glass

matrix. This fact agrees with the confusion principle

used for fluoride glasses: the greater the number of

chemical elements, the greater the glass stability

against devitrification, since varied elements induce

competition between the different crystalline phases

that can be formed [26, 27]. For samples up to

2.5 mol% of oxides, two crystallization peaks were

observed, and thermal stability tended to increase.

For 4 mol% of oxides, there was only one narrow

and intense crystallization peak, and thermal stability

no longer increased. This fact could be associated

with the oxide solubility limit to form glasses in the

fluoride matrix, and it could also be related to the in-

creasing rates of nucleation and crystal growth in the

melting. Samples with 4 mol% of oxides were very

difficult to prepare in a vitreous state, and no sample

could be obtained with higher oxides content.

MARQUESI et al.

Fig. 1 Vitreous diagram for samples of the system x(0.958

ZrO2+0.042Pr2O3)–[100–(x+y)]ZrF4–yBaF2, in mol%,

with x=0–4 mol%. � – glass; � – glass-ceramics, a is

the dark area of b

f l i i l f
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Figure 5 presents a typical XRD curve for the

sample containing 2 mol% of oxides, showing no

crystallization of the samples before heat treatment.

The other compositions, excepting the glasses con-

taining 4 mol% of oxides, presented similar XRD pat-

terns. The crystalline phases �-BaZr2F10

(file 000-39-1047), �-BaZr2F10 (files 000-38-0776

and 000-40-0987) and �-BaZrF6 (files 000-40-0985

and 000-40-0986) were identified (files of the ICSD)

in samples with 1–3 mol% of oxides and 35 mol% of

BaF2 and also for the reference sample with no oxide

and 34 mol% of BaF2. For the sample with 4 mol% of

oxides, only the �-BaZrF6 phase was present, Fig. 6,

as expected from the DSC curve which showed only

one crystallization peak. Thus, for the samples with

1–3 mol% of oxides, the phase BaZr2F10 crystallizes

at a lower temperature.

Our XRD results agreed with the results of other

authors. Namely, we found that in fluorozirconate

glasses, zirconium can coordinate as ZrF
5

–
and ZrF

6

2–
;

in association with BaF2, it can crystallize as BaZr2F10

and BaZrF6 [28–31].

Conclusions

Glass samples with new compositions of the system

ZrO2–Pr2O3–ZrF2–BaF2 were prepared. Glasses

formed in the range (56–73)ZrF4–(28-43)BaF2–(0–4)

(ZrO2–Pr2O3) in mol%, but glass forming ability de-

creased beyond 2 mol% of oxides. The best composi-

tion, according to both the criteria of glass forming

ability and higher thermal stability, was

2(0.92ZrO2+0.04Pr2O3)–63ZrF2–35BaF2, in mol%.

The thermal stability increased with oxides content up

to 2.5 mol% of oxides, though decreasing slightly for

3 mol% of oxides. Upon heating, the samples with up

to 3 mol% of oxides crystallized in the phases

�-BaZr2F10, �-BaZr2F10 at lower temperature, and

they crystallized as �-BaZrF6 at higher temperature.

Samples with 4 mol% of oxides were difficult to vit-

rify, and upon heating only the �-BaZrF6 phase crys-

tallized. No vitreous sample could be obtained for ox-

ide content above 4 mol%.
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