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vented. This can only be achieved through the complete
understanding of the physical and chemical transformations
PTR glass undergoes during photo-thermal processing.
A tentative description of the photo-induced, thermally
activated crystallization of this type of glass was proposed
60 years ago5: (i) photo-oxidation of Ce3+ and formation of
atomic silver during exposure to UV (Ag+ + Ce3+ + hm?
Ag0 + Ce4+), (ii) atomic silver clustering during a ﬁrst thermal treatment at 450°–500°C, and (iii) heterogeneous nucleation and growth of NaF nanocrystals on further heating.
However, recent studies demonstrated that bromine—which
does not appear in the above simpliﬁed mechanism—plays a
key role in the crystallization of NaF. Cardinal et al.6
reported X-ray diﬀraction peaks of NaBr in UV-exposed
PTR glass after 1 h isothermal treatment at temperatures
between 580° and 780°C. However, no explanation of the
role of bromine in the crystallization process was provided.
It was later shown that decreasing the bromine content in
the parent glass severely hindered NaF crystallization.7 This
was revealed by following the evolution of a diﬀerential scanning calorimetry (DSC) exothermic event, assigned as NaF
crystallization, for PTR glass samples with various bromine
contents. In the same study, optical spectroscopy indicated
that AgBr could be one of the phases formed during crystallization of PTR glass. This was further investigated in Reference [8], where it was shown that an absorption band at
~530 nm, possibly due to AgBr, appeared during cooling of
the UV-exposed PTR glass. In spite of the experimental
observation that Br is essential in the precipitation of crystalline NaF, the actual role of bromine in the crystallization
path of PTR glass, as well as the fundamental mechanism of
photo-induced crystallization, are still debatable. This is why
several recent studies were directed to the fundamental
understanding of NaF crystallization in PTR glass that has
not been exposed to UV, thus eliminating the photo-induced
aspect of the nucleation process. Throughout this text we
refer to the crystallization of the UV-unexposed glass as
thermal crystallization, realizing that crystallization of all
glasses is a thermally activated process and that the
diﬀerence between crystallization of UV-unexposed and UVexposed PTR glasses refers only to the intricate nucleation
mechanism. This should be considered though as a ﬁrst
approximation for photo-induced crystallization study.
Thermal crystallization (from now on referred as crystallization) of NaF in PTR glass was shown to change the composition of the residual glass as ﬂuorine and sodium go into
crystals, creating a marked diﬀusion zone around NaF crystals.9 The maximum amount of NaF that can crystallize at a
given temperature depends on both NaF solubility and its
original content in the parent glass. For a given (parent)
glass composition, the maximum volume fraction of crystallized NaF increases with decreasing the heat treatment temperature, due to a decrease in NaF solubility.10 Decreasing

Photo-thermo-refractive (PTR) glass is a Na2O–K2O–ZnO–
Al2O3–SiO2 silicate optical glass which also contains fluorine,
a small amount of bromine, and dopants that yield photo-sensitivity in the UV range. PTR glass undergoes crystallization of
NaF nanocrystals after UV-exposure followed by thermal
treatment, resulting in permanent refractive index change. In
this study, where we explore only the thermally activated transformations in the UV-unexposed glass, we show that bromine
decreases the solubility of NaF, i.e., increases the super-saturation of NaF thus increasing the thermodynamic driving force
for crystallization. This feature causes a decrease in the maximum volume fraction of crystallized NaF with decreasing
bromine content in the parent glass. The evolution of the glass
transition temperature, Tg, with increasing isothermal treatment time revealed a minimum resulted from interplay between
two concurring processes, liquid–liquid phase separation that
led to decrease in Tg, and Br-controlled NaF crystallization
that acted in the opposite direction. In glasses with lower
bromine content, fewer and larger crystals appeared and a
surface-initiated crystallization was dominant. A surface layer
of F-depleted glass imprinted residual macro-stresses, which
were not alleviated by annealing.

I.

Introduction

P

HOTO-THERMO-REFRACTIVE (PTR) glass is a photo-sensitive
Na2O–K2O–ZnO–Al2O3–SiO2 glass doped with cations
Ce, Ag, Sb, and Sn, and anions F and Br. This glass undergoes crystallization of less than 1 vol% NaF nanocrystals
after UV-exposure followed by thermal processing which
promotes permanent refractive index change.1,2 The fact
that after thermal processing the refractive index of the
UV-exposed regions of the glass diﬀers from that of the UVunexposed regions, allows PTR glass to serve as a medium
for highly eﬃcient volume holographic optical elements
(HOEs).3 Typical commercial applications are in: laser beam
combiners, deﬂectors, splitters, and attenuators; selectors of
transverse and longitudinal modes in laser resonators; and
narrow-band spectral ﬁlters.4 To achieve high eﬃciency,
HOEs must be highly transparent (losses < 103 cm1)
within the range of wavelengths of their application
(350–2700 nm). Thus, absorption and scattering must be pre-
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NaF dissolved in the residual glass due to NaF crystallization increases the glass transition temperature (Tg). In the
present study, crystallization of NaF in PTR glasses containing various bromine contents is studied along with the evolution of Tg measured by DSC. Complementary techniques
such as optical microscopy and X-ray diﬀraction are used to
correlate those ﬁndings with microstructural and phase
evolution.

II.

Experimental Procedure

The PTR glasses with composition (by synthesis) 15Na2O–
5ZnO–4Al 2 O 3 –70SiO 2 –5NaF–xKBr–0.01Ag 2 O–0.01CeO–
0.01SnO2–0.03Sb2O3 (mol%), x varied from 0 to 1 mol% with
0.25 mol% steps, were melted at 1460°C for 5 h, annealed at
460°C for 2 h, and cooled to room temperature at 0.1 K/min.
The glasses were not submitted to UV radiation exposure i.e.,
the glass samples are UV-unexposed. Further details on the
glass melting and homogeneity, as well as detailed procedure
for estimating the bromine content in the glass melts are
described in Reference [7]. Glass melts were denoted according
to the bromine content as Br0, Br25, Br50, Br75, and Br100
(Table I). Actual concentration of bromine was approximately
two times lower than that calculated as per synthesis, resulted
from the high volatility of Br-containing compounds, as investigated by SIMS in Reference [7]. Isothermal treatments at
600°C were carried out in a vertical electric box furnace.
Samples ~3 mm 9 3 mm 9 3 mm were dropped into the furnace previously stabilized at 600°C. After a given period of
time at this temperature, the samples were quenched in air to
room temperature. Estimated heating and cooling rates of
glass samples were ~500 K/min. A Netzsch 404 diﬀerential
scanning calorimeter (DSC) (Netzsch, Selb, Bavaria, Germany)
was used to record Tg of the samples before and after thermal
treatments. DSC curves were recorded from room temperature
to 650°C at 10 K/min. Samples were run in a platinum crucible
against an empty platinum crucible, used as reference.
The equilibrium volume fraction of the crystallized phase
(aeq) NaF was measured by quantitative X-ray diﬀraction
(XRD) analysis.11 XRD measurements were carried out on
powdered samples using a Siemens D5005 X-ray diﬀractometer (Siemens, Munich, Germany) operating at 40 mA and
40 kV. CuKa (1.5406 Å) was used as incident radiation to
scan samples from 36°  2h  41° at a scanning speed of
0.6°/min. The area S200 of the strongest NaF diﬀraction peak
(200) was measured for the ﬁve glasses heat-treated at 600°C
for 24 h. Areas were converted into aeq via a calibration plot
S200-a obtained for (0, 5, 10, and 15 vol% NaF) powder mixtures of untreated PTR glass with pure crystalline NaF, as
described in Reference [10]. The volume fraction of crystallized NaF was then recalculated into weight percent using
glass and crystal densities.
A Leica DMRX optical microscope (Leica, Wetzlar, Germany) coupled to a Leica DFC490 CCD camera was used in
both transmitted and reﬂected light modes. For reﬂected light
optical microscopy of thermally treated and cross-sectioned
samples, these were cut, mounted in Epoxy resin, ground,
and polished. Etching in a 2 vol% HF aqueous solution for
2 min enhanced the topographic contrast. For transmitted
light microscopy, samples of cubic (~3 mm 9 3 mm 9 3 mm)

Table I.
Glass

Br0
Br25
Br50
Br75
Br100

2907

Eﬀect of Br on NaF Crystallization in PTR Glass

Bromine Content in Glasses by Synthesis
Bromine content (at.%)

0
0.08
0.17
0.25
0.34

shape were prepared to reveal details of volume and surfaceinitiated crystallization. In addition, polarized light was used
to highlight residual stresses due to compositional variations
in glass samples between the surface layer and the bulk (this
eﬀect is detailed in the Discussion section). For the crosspolarized transmitted light microscopy experiments, we
removed all compensators and set the analyzer at 90° and
the polarizer at 0°. Since all studied samples were observed
under the same conditions we could perform a comparative
analysis.

III.

Results

The glass transition temperature (Tg) as a function of heat
treatment time at 600°C, of glass samples with various bromine contents, is shown in Fig. 1. One can see that Tg of all
original glasses, from here onwards denoted Tg0, is similar
(within a ~5 K range), with no clear trend as for varying as
a function of Br content. For the Br100 glass, which has the
maximum bromine content (Table I), Tg swiftly shifted to
higher temperatures with increasing the heat treatment duration. NaF crystallization leads to depletion of the glassy
matrix in sodium and ﬂuorine, hence increasing Tg. Saturation of Tg at the level of Tg/s = 509°C is reached after ~2 h
heat treatment at 600°C, indicating that all NaF that could
crystallize at that temperature has precipitated and is in equilibrium with the Na and F ions that remain in solution,
according to the NaF solubility. It should be noted that the
kinetics of Tg change is dramatically diﬀerent in glasses with
decreased bromine content. The same heat treatment applied
to Br75 caused a ~10 K decrease of Tg within the ﬁrst 1 h of
heat treatment before starting a gradual rise, and ﬁnally
reaching its saturation value (Tg/s = 504°C) which is slightly
lower than that for Br100. Further decrease of the bromine
content in PTR glass, as from Br75 to Br50, led to a larger
decrease in Tg in the ﬁrst stages of thermal treatment before
the gradual climb toward Tg/s. Compared to Br75, the Br50
glass reached Tg/s earlier, but Tg/s for Br50 is even lower than
that for the untreated glass (Tg0). The same trend was
observed for Br25, where the time needed to reach Tg/s was
comparable to that for Br50, and Tg/s was lower than Tg0. In
the case of Br0 (i.e., the glass without bromine), Tg underwent the same drop of ~10 K observed for Br75, Br50, and
Br25. However, in the case of Br0, Tg did not recover from
its initial drop. The minimum in the dependence of Tg on
duration of thermal treatment was described in Reference
[10] as resulting from the interplay between concurrent
liquid–liquid phase separation (LLPS) and NaF crystallization. Absence of NaF crystallization in the Br0 glass eliminates this minimum, and leaves only the Tg drop followed by
a plateau. XRD trace for Br0 heat-treated at 600°C for 6 h
is shown in Fig. 2. No clearly deﬁned crystalline peaks are
present.
Decrease in Tg/s with decreasing the bromine content can
be better visualized in Fig. 1(f) where all curves are compared in the same Tg vs time plot. To have a better idea
about the eﬀect of bromine on NaF crystallization on the
basis of Tg change, the diﬀerence Tg/sTg0 was plotted
against the bromine content in Fig. 3. Positive values of
Tg/sTg0 mean that after the temperature drop, the Tg
change due to NaF crystallization reached a higher value of
Tg compared to the untreated glass (Tg0). The higher the
bromine content in PTR glass, the higher is Tg/sTg0. For
glasses with bromine content lower than 0.25 at.%, Tg/s was
below Tg0 since the eﬀect of LLPS was stronger than that of
NaF crystallization. Figure 4 shows aeq, the equilibrium volume fraction of crystallized NaF at T = 600°C, plotted as a
function of bromine content of the parent glasses. Correlation between the evolution of aeq and Tg/sTg0 with the bromine content can be observed by comparing Figs. 3 and 4.
This conﬁrms the crucial role of NaF crystallization in
increasing Tg of the glass. The solubility of NaF in wt% for
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Fig. 3. Dependence of diﬀerence between Tg/s and Tg0 on bromine
concentration in glasses.

Fig. 1. Dependence of Tg of the glasses with diﬀerent bromine
content on isothermal treatment duration at 600°C. Scales of vertical
axes are diﬀerent.

Fig. 4. Dependence of NaF crystalline fraction in saturation, and
of solubility of NaF at T = 600°C, on bromine concentration.

Fig. 2. XRD trace of the Br0 glass heat-treated at 600°C for 6 h.
Smoothing of raw data is represented by a solid line.

T = 600°C was calculated from the equilibrium fraction of
NaF crystals, aeq, in the following way:
vNaF ¼

CNaF 100  100aeq

100  aeq


(1)

Dependence of NaF solubility at T = 600°C on the bromine content in the parent glass is shown in Fig. 4. One can
see dramatic drop of solubility for glasses with bromine
concentration exceeding 0.2 at.% (by synthesis).
The microstructural variation while increasing the bromine
content in PTR glass thermally treated at 600°C for 24 h
revealed by reﬂected light optical microscopy is shown in

Fig. 5. NaF crystals in the Br100 glass are more numerous
and smaller than those in glasses with lower bromine content. With a decrease in the bromine content, the decrease in
crystallized fraction of NaF (aeq) (as shown in Fig. 4) is
accompanied by a decrease in crystal number density. The
fewer crystals (with decreasing the bromine content) are
progressively larger, with a distinct dendritic morphology.
For Br100, average crystal size is ~2 lm, whereas for Br75 it
is ~30 lm, and for Br50 it is ~75 lm. For the Br50 glass
[Fig. 5(c)], only the black areas of the dendrite shown are in
focus with the surface of the polished and etched sample. In
this case, and also for Br25 and Br0, the glass samples are
fairly transparent to visible light. Crystals are not visible in
cross-sectioned/polished samples of Br0 (as anticipated by
XRD, Fig. 2), although very few, large crystals were
observed in Br25 (more likely to be visible in transmitted
light mode). A detailed area of cross-sectioned sample from
Br75, polished and etched with HF, is shown in Fig. 5(f),
where dendrites can be clearly seen surrounded by a ﬁner
structure [boxed in Fig. 5(f)]. Such ﬁne structure was
reported in References [9–10] as droplets of a liquid–liquid
phase separated glass. It is worth mentioning that such ﬁne
structure is also present in Br100, but the scale of size of the
amorphous droplets is very similar to that of the NaF crystals, thus it is diﬃcult to visualize each of them separately.
With decreasing bromine content and NaF crystallization,
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(c)

(e)

(f)
Fig. 6. Transmitted light (a, c–d) and reﬂected light (b) optical
micrographs of glass samples with various bromine contents: Br100
(a), Br50 (b–c), and Br25 (d); heat-treated at 600°C for 24 h.
Samples of cubic (~3 mm 9 3 mm 9 3 mm) shape were crosssectioned to reveal both volume and surface crystallization. The Br50
glass in (c) had only one of its faces removed, and a top-view of the
opposite virgin face is shown in focus.

Fig. 5. Reﬂected light optical micrographs of glass samples with
diﬀerent bromine contents: Br100 (a), Br75 (b, f), Br50 (c), Br25 (d),
and Br0 (e); heat-treated at 600°C for 24 h.

the LLPS structure gradually disappears until nothing can
be seen for Br0, at least under the resolution limit of the
optical microscope. LLPS can become ﬁner as a result of
compositional changes in the glass, which may happen in the
present case. Moreover, the Tg drop was observed even for
the samples where droplets are not clearly seen, indicating
the occurrence of LLPS. Therefore, the supposed disappearance of ﬁne (LLPS) structure could be rather a change in the
size and morphology of the structure to be less discernible by
optical microscopy.
The eﬀect of bromine content in the parent glass on the
microstructure of the glass thermally treated at 600°C for
24 h, revealed by transmitted light optical microscopy, is
shown in Fig. 6. For each glass, cubic (~3 mm 9
3 mm 9 3 mm) samples with ﬂat surfaces were heat-treated
at 600°C for 24 h. Those samples were cross-sectioned parallel to one of the faces (ﬁnal thickness ~1.5 mm) and polished
(on both sides) for optical microscopy observation. The
Br100 glass is opaque to the transmitted (visible) light used,
as shown in Fig. 6(a), due to the large number density of
(~2 lm) NaF crystals. However, a ~40 lm thick surface layer
appeared (arrowed). Such layer is transparent, and encapsulates the entire (~3 mm 9 3 mm 9 3 mm) cube. According
to previous studies9,12 some ﬂuorine escapes during the
course of a heat treatment. In the present case, depletion in
ﬂuorine prevented NaF crystallization, forming a non-crystallized cap over the glass sample. A similar picture was
found for the Br75 glass (not shown here), with a surface
layer depleted of NaF crystals.
For the Br50 glass, a diﬀerent phenomenon has occurred.
The lower bromine content compared to that for the Br100
glass decreased the crystallization level of NaF. Fewer crys-

tals appeared, as discussed for Fig. 5. Those crystals are
rather large and have a dendritic morphology. It is interesting to note, though, that most crystals in Br50 are located
near the cube’s faces. Such crystallization has initiated near
the surface of the cube, and progressed (~200 lm) through
the bulk. Since Fig. 6(b) gives a misleading idea about the
concentration of branches initiated near the faces of the
cube, which appears to be very high by looking at the edges
of the sample, a top-view perspective of the surface layer of
crystallized NaF is shown in Fig. 6(c). The idea was to
remove, for instance, the top surface layer of the cube so that
one could see through the bulk of the glass until the bottom
layer of the cube. By focusing on the opposite (virgin) face
of the sample, it becomes clear that branches of NaF do not
form a continuous layer. This might be due to the competition for Na and F ions from the glass, particularly the scarce
ﬂuorine, in good agreement with the concept of diﬀusion
zones in this system.9 In the Br25 glass, crystals were fewer
and larger than in Br50 [Fig. 6(d)]. A very large crystal with
a vermicular morphology appeared in the volume of the cube
[shown out of focus in Fig. 6(d)]. A crystallized layer also
appeared, but thinner than that in the Br50 glass. Crystals
were not observed in the volume of the Br0 glass, and crystallization near the surface of the glass cube was negligible.

IV.

Discussion

Increase in Tg of studied glasses with an increase in the heat
treatment time at 600°C was shown to be faster for Br100
than for melts containing lower bromine content. The low
solubility of NaF for that melt increased the super-saturation
leading to marked nucleation of NaF crystals, as shown by
optical microscopy (Fig. 5), since super-saturation determines
the thermodynamic driving force for crystallization. In
particular, crystal nucleation depends exponentially on the
thermodynamic driving force, and hence on super-saturation.13 The simultaneous growth of a large number of crystals allowed for swift depletion of ﬂuorine from the glass,
yielding fast increase of Tg. The level of saturation of Tg
attained by the Br100 glass is only slightly higher than that
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for Br75. Nevertheless, this diﬀerence results in a strong
decrease in the number of NaF crystals in the Br75 glass,
while the average crystal size was increased. The variation of
Tg reﬂects compositional change of the residual glass caused
by crystallization of NaF. When Tg reaches a constant value,
the residual glass comes to equilibrium with the crystalline
phase, i.e., the liquid is saturated with NaF. A lower solubility corresponds to a higher maximum value of Tg (after heat
treatment), and hence higher equilibrium volume fraction of
the crystalline phase. Thus, since the NaF content is the
same in all glasses, one can conclude that the solubility of
NaF in the Br75 glass is higher than that in the Br100 glass.
The level of Tg/s in Tg vs time plots progressively drops
with decrease in bromine content in the parent glass due to a
decrease of equilibrium fraction of NaF aeq (Figs. 3–4).
Moreover, within the compositional interval ~0.17–0.25 at.%
of bromine a sharp drop in solubility of NaF occurs, resulting in sharp increase of super-saturation of NaF. This ﬁnding is corroborated by the dramatic increase in crystal
number density with increasing bromine content (Figs. 5 and
6). Diﬀerent from the nucleation rate, the crystal growth rate
depends on the thermodynamic driving force in a weaker
manner.13 The eﬀect of the increase of residual glass viscosity
during NaF crystallization on the kinetics of the overall crystallization should be also taken into account. The higher the
bromine content the lower the amount of NaF dissolved in
the residual glass, and the higher the viscosity. Also, despite
the decrease in the equilibrium fraction of crystallized NaF
(aeq) with decreasing the bromine content, the average crystal
size increases due to strong decrease in the crystal number
density. It should also be recalled that some NaBr is crystallized along with NaF,6–9 thus decreasing the bromine content
in the residual glass and increasing the solubility of NaF.
This is thought to be a small eﬀect as the crystallized NaBr
content is minor. Thus, it is clear that the eﬀect of bromine
on the crystallization of NaF in PTR glass encompasses a
wide range of inter-related processes. However, the equilibrium fraction of crystalline NaF depends only on the NaF
content in the parent glass and its solubility, which strongly
increases with decrease in the bromine content.
Along with crystallization of NaF, PTR glasses develop
LLPS.14 This experimental fact is not surprising since the
main components of these glasses are sodium and silicon
oxides. Liquid–liquid phase separated PTR glass has a droplet structure. Since the droplets are rich in silica, the resulting
glass matrix becomes progressively richer in modiﬁer cations,
weakening the glass network and yielding a lower Tg. As
opposed to LLPS, concurrent crystallization of NaF removes
Na and F from the glass matrix and hence increases Tg. The
interplay between LLPS and crystallization processes can
result in a minimum on the Tg vs time plot (Fig. 3). As the
crystallization process is suppressed by decreasing the
bromine content, the corresponding increase of the Tg is
weakened, the minimum becomes weaker and is transformed
into a drop of Tg followed by a plateau, where the crystallization process becomes negligible i.e., only the eﬀect of LLPS
is visible. However, while LLPS was observed by microcopy
in glasses with high bromine content, no similar LLPS
structure was observed for the Br0 glass after the same heat
treatment. The LLPS structure in Br0 is possibly much ﬁner
and not readily visible by the methods employed in this
study. It is also known that ﬂuorine strongly aﬀects the LLPS
in sodium silicate glasses.15 It means that bromine may aﬀect
the LLPS process via change of aeq and hence of ﬂuorine
content in residual glass. Appearance of LLPS in glasses with
low bromine concentration requires additional study.
It is clear that thermal treatment of a glass which contains
volatile components such as bromine and ﬂuorine causes
depletion of those components in the surface layers of the
glass sample. The formation of two neighboring glasses (i.e.,
the bulk glass enfolded by the modiﬁed glassy envelope) with
diﬀerent physical properties (e.g., coeﬃcient of thermal

expansion and viscosity) generates stresses on cooling to
room temperature. The F-depleted glassy envelope is expected
to have a lower coeﬃcient of thermal expansion than that of
the bulk glass. The thermal expansion mismatch between the
two glass phases after freezing (i.e., below Tg) should be
small, since their compositional diﬀerence is also small. It is
also worth noting that part of the ﬂuorine and a small fraction of the sodium turn into crystals upon heat treatment.
The F-depleted glassy envelope has higher Tg and viscosity,
and thus reaches the glass transition stage earlier than the
bulk glass (on cooling). Consequently, the liquid bulk glass
pulls the solid glassy envelope into tension during cooling,
giving rise to residual stresses. To qualitatively reveal residual
stresses, a cube from the Br50 glass was heat-treated at 600°C
for 5 min, and quenched (in air) to room temperature. As
shown in Fig. 7(a), residual stresses are revealed by crosspolarized transmitted light microscopy (regions near the edges
of the cube, like the ones arrowed). In this case, no (or only
negligible) crystallization took place, and the stresses were
formed on quenching the glass due to the gradient of cooling
rate between the bulk and the surface of the sample. The
same sample heat-treated at 600°C for 5 min and quenched
to room temperature was also annealed, in a second heat
treatment, by cooling to room temperature from ~470°C at
1 K/min. As one can observe in Fig. 7(b), the stress-induced
birefringence contrast is largely unnoticeable, giving evidence
of stress relief.
On the other hand, heat-treating another cubic sample
of the same Br50 glass at 600°C for 24 h yields NaF
crystallization predominantly near the surface of sample
[Figs. 6(b)–(c)], which changes the glass chemistry in that
region. Under a quenching regime, stress-induced birefringence is clearly shown in Fig. 7(c). However, annealing the
sample does not release the stresses as in the case of the
sample initially heat-treated for 5 min [Figs. 6(a)–(b)]. This
is shown in Fig. 7(d), where the birefringence pattern is
identical to that of the same sample, but quenched [not
annealed, Fig. 7(c)]. In this sample, the presence of two
diﬀerent glasses (i.e., the partially crystallized bulk glass
and the modiﬁed glassy surface layer, or “envelope”) produced residual stresses which could not be alleviated by
annealing. Such stresses are permanently imprinted in the
glass cube of heat-treated Br50.

(a)

(c)

(b)

(d)

Fig. 7. Transmitted light optical micrographs of Br50 (0.17 at.%
bromine) samples of cubic (~3 mm 9 3 mm 9 3 mm) shape. (a)
600°C for 5 min. (b) the same sample after annealing. (c) 600°C for
24 h. (d) the same sample after annealing. Cross-polarized contrast.
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V.

Conclusions

Bromine decreases the solubility of NaF in PTR glass, thus
increasing the thermodynamic driving force for crystallization of NaF by increasing its super-saturation. This
phenomenon limits the maximum volume fraction of crystallized NaF with decreasing the bromine content in the
original glass. The glasses with lower bromine content
reveal, after proper heat treatment, fewer crystals of a
larger size, and dominant surface-initiated crystallization.
Isothermal treatment of PTR glass at 600°C causes liquid–
liquid phase separation with silica-enriched droplets, which
decreases Tg because of increasing concentration of sodium
and ﬂuorine in the bulk glass. Conversely, NaF crystallization increases Tg because of decreasing the concentration of
sodium and ﬂuorine in bulk glass. The evolution of Tg as a
function of isothermal treatment time revealed a minimum
resulting from interplay between these two concurring processes. A surface layer of F-depleted glass results in residual
stresses caused by the coeﬃcient of thermal expansion
mismatch between this layer and bulk glass. These stresses
cannot be alleviated by annealing. The present results on
the UV-unexposed glass should also be valid for the
UV-exposed glass, but the kinetics of the transformations
may be faster in the latter case due to the photo-induced
process.
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