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cal elements (DOE) are being fabricated in PTR glass using the
knowledge that different extents of crystalline phase precipitation
result in a difference between refractive indices in UV-exposed
and unexposed areas of the glass.4 DOE in PTR glass have numerous applications, such as narrow band spectral and angular
ﬁlters, laser beam deﬂectors, splitters, and attenuators.5
Liquid–liquid phase separation (LLPS) is a common phenomenon in multicomponent oxide glasses. Because metastable
LLPS in glass occurs at temperatures below the liquidus, even at
relatively high viscosities, the newly formed glassy phases
develop inhomogeneous structures consisting of either interconnected phases or isolated rounded regions embedded in a continuous matrix glass (the so-called droplet structure). The type
of micro- or nanostructure formed depends on the composition
of the original glass and temperature and dwell time of thermal
treatment. Keen interest in the problem of LLPS, emerged in the
1960 and 1970, resulted in multiple publications and a number
of monographs on the theme.6,7
In spite of the long history of investigation of PTR glass and
its notable optical applications, the problem of LLPS has never
been addressed in this glass, and therefore not yet considered in
the commonly accepted scheme of crystallization. On the other
hand, it has been shown that LLPS plays a very important role
on the dopant-assisted crystallization of photochromic glasses.8
Therefore, the present paper aims at addressing the problem of
LLPS in PTR glass.

Photo-thermo-refractive (PTR) glass is an optical Na–Al–Zn–
K–O–F–Br silicate glass doped with Ag, Ce, Sb, and Sn that
undergoes photo-thermo-induced volume crystallization of nanosized NaF responsible for localized refractive index changes.
PTR glass has found numerous commercial applications, but the
intricate mechanism of photo-thermo crystallization is far from
being understood. In this paper, we demonstrate that, additional
to crystalline phase precipitation, liquid–liquid phase separation
(LLPS), i.e. amorphous droplets embedded in the matrix glass,
appears concurrently over a wide range of temperatures. The
immiscibility temperature is 9251C. The droplet phase is richer
in SiO2, rendering the alkali-rich remaining matrix glass a lower
glass transition temperature and a higher electrical conductivity
than the original glass. The droplet’s surface does not catalyze
NaF nucleation. Although the effects of LLPS on optical properties of PTR glass are still to be explored, it could contribute to
unwanted scattering losses and/or uncontrolled refractive index
change. The substantial change in the original glass composition
resulting from LLPS should play an important role on NaF
crystallization kinetics, and therefore must be considered for an
overall understanding of the crystallization mechanism underpinning the refractive index change in PTR glass.

I. Introduction

P

HOTO-THERMO-REFRACTIVE

(PTR) glass is an optical Na2O–
Al2O3–ZnO–K2O silicate glass containing Br and F and
doped with Ce, Ag, Sb, and Sn. This glass is photosensitive in
the near-UV region and allows for producing a local refractive
index change after UV illumination and subsequent thermal
treatment above the glass transition temperature. To a ﬁrst
approximation, the primary photo-thermo-induced reactions
in PTR glass are1: (i) photo-oxidation of Ce31 and formation
of atomic silver during exposure to UV (Ag11Ce311hnAg01Ce41), (ii) atomic silver clustering during a ﬁrst thermal
treatment at 4501–5001C, and (iii) heterogeneous nucleation and
growth of NaF nanocrystals on further heating at a higher temperature. It has been shown that unexposed PTR glass also undergoes NaF crystallization (to a lesser degree),2 but Br-free glass
does not show signs of NaF volume crystallization.3 Therefore,
the actual mechanism of photo-thermo-induced crystallization is
more complex than the above described scheme. Despite the fact
that the detailed mechanism and kinetics of crystallization of
PTR glass are unknown, high-efﬁciency volume diffractive opti-

II. Experimental Procedure
A PTR glass with composition 15Na2O–5ZnO–4Al2O3–70SiO2–
5NaF–1KBr–0.01Ag2O–0.01CeO–0.01SnO2–0.03Sb2O3 (mol%)
was prepared via melting at 14601C and annealing at 4601C for
1 h, followed by cooling to room temperature at 0.1 K/min. The
glass was not UV exposed. For isothermal treatments, glass
samples not larger than 3  3  3 mm3 aged at room temperature were dropped into a box furnace stabilized previously at
certain temperatures ranging from 5201 to 9301C. After a given
period of time, samples were quenched to room temperature in
air, or more severely, in a mixture of ice and water. In both
cases, the cooling rates of the quenching experiments are
estimated to exceed 500 K/min. X-ray diffraction (XRD) measurements were carried out on powdered samples using a
Siemens D5005 (Siemens, Munich, Germany) XRD operating
at 40 mA and 40 kV. CuKa (1.5406 Å) was used as the incident
radiation to scan samples from 201r2yr601 at a scanning
speed of 0.61/min. To investigate the microstructure of the samples after heat treatments, a combination of chemical etching
and optical microscopy and scanning electron microscopy
(SEM) was used. From chipped glass resulting from sample
cracking during quenching in the water–ice mix, ﬂat chips were
selected for etching with hydroﬂuoric acid (HF). The etched
chips were placed on to a glass slide for optical microscopy. A
Leica DMRX optical microscope coupled with a Leica (Leica,
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Wetzlar, Germany) DFC490 CCD camera was used in the reﬂected light mode. A Philips (Philips, Amsterdam, the Netherlands) XL30 TMP SEM was used for secondary electron (SE)
imaging of etched samples. Sample preparation for SEM was
very similar to that for optical microscopy, but involved additional steps such as ﬁxing on an aluminum stub using doublesided carbon tape, and coating with a thin layer of gold. A Netzsch 404 differential scanning calorimeter (DSC) (Netzsch, Selb/
Bavaria, Germany) was used to measure the Tg of original as
well as heat-treated glass samples, which were run in a platinum
crucible at 10 K/min from room temperature until 6501C.
The chemical compositions of glassy phases resulted from
LLPS differ from that of a parent glass. To probe such a compositional change, electrical conductivity measurements
using impedance spectroscopy were carried out in both liquidphase-separated and untreated (original) glass samples, which
were ground and polished. Platinum-sputtered electrodes were
deposited on both parallel faces. Measurements were conducted,
on heating, at temperatures between 2501 and 4701C in a box
furnace, using a Solartron 1260 impedance analyzer (Solartron
Instruments, Hampshire, U.K.). Alternating current at a variable frequency range from 1 Hz to 10 MHz was used. Impedance data represented in the complex plane plot produce a
semicircle followed by a spike due to electrode polarization,
characteristic of ionic conduction.9 Resistance (R) can be measured at a given temperature by taking the intercept of the semicircle with the real part of the impedance axis, at low
frequencies. Electrical conductivity (s) is then calculated as
s¼

L
RS

(1)

where L is the sample’s thickness, and S is the electrode’s area.

III. Results
(1) XRD and SEM
An XRD trace of PTR glass heat treated at 7601C for 15 min is
shown in Fig. 1(a). This temperature was chosen because,
according to Fokin et al.10 the PTR glass melt is undersaturated in NaF at temperatures above 7451C, and therefore,
NaF crystals cannot form at such temperatures. This is conﬁrmed by the absence of crystalline NaF peaks in the XRD
spectrum. However, it is clear from Fig. 1(b) that the glass
develops distinctive opalescence after such heat treatment. The
SEM/SE images shown in Figs. 2(a)–(b) are for the same sample
(heat treated at 7601C for 15 min), but after etching of a fractured surface. A droplet-like structure, similar to that ﬁrst reported by Souza et al.11 in PTR glass, is evident. Because XRD
shows no crystalline peaks (Fig. 1(a)) apart from a very small
bump at B42.51 2y likely to be due to negligible volume fraction
of residual NaBr,11 one can infer that the original glass has separated into two distinct glassy phases—droplets and continuous
matrix glass. It is worth pointing out that no structure was revealed in the untreated glass (i.e., from the initial melting and
annealing) after etching with HF and optical and SEM analysis.
Such kind of droplet-like structure is typical in cases where
the relative volume of one of the coexisting amorphous phases
is o25%.6 The volume fraction of the droplet phase decreases
dramatically as it becomes less numerous after further heat
treatment at 9101C for 30 min (Fig. 2(c)). A similar structure
forms if a sample of original glass is heat treated directly at
9101C for 30 min (Fig. 2(e)). This fact gives indirect evidence
that the microstructure shown in Figs. 2(c) and (e) indeed corresponds to an equilibrium between the two coexisting glassy
phases, and that the glass does not show thermal memory regarding LLPS. The droplet structure completely disappears at
9301C (Fig. 2(d)) in the case of preliminary induced LLPS, and
does not form if the original glass is directly dropped into the
furnace at 9301C (Fig. 2(f)). Thus, one can conclude that the

Fig. 1. (a) XRD trace of photo-thermo-refractive glass heat treated at
7601C for 15 min. Smoothing of raw data is represented by a solid line.
(b) Photograph of the glass after the same thermal treatment showing
clear evidence of opalescence.

binodal temperature for the PTR glass of studied composition
lies between 9101 and 9301C.

(2) Optical Microscopy
Despite the fact that optical microscopy cannot fully resolve the
actual shape and size of the droplet-like structure, optical
micrographs presented in Fig. 3 clearly reveal the systematic decrease in the number of droplets as the temperature is increased.
While the droplet structure can still be observed after heat treating at 9201C, a heat treatment at 9281C does not lead to droplet
formation. Moreover, the LLPS structure preliminary induced at
7601C disappears at 9281C. Hence, we expect that the binodal
temperature is about 9251C. It should be recalled that all samples
in Figs. 2 and 3 were quenched in a water–ice mix. This procedure led to signiﬁcant cracking. Because small pieces of broken
glass with irregular shapes were used for optical microscopy,
only some regions of such specimens are in focus in Fig. 3.
(3) Electrical Conductivity
The electrical conductivity of an alkali silicate glass depends on
the concentration of charge carriers. In PTR glass, the main
charge carrier is Na1, because the concentrations of F, K1,
and Br are signiﬁcantly smaller than that of sodium. The electrical conductivity of untreated PTR glass, and that of samples
heat treated at 7601C for 15 min, are shown in Fig. 4 as a function of temperature. For a given temperature in the range of
2501–4501C, the glass heat treated at 7601C for 15 min shows
higher electrical conductivity than the untreated glass. Although
the observed difference in electrical conductivity is small, it was
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Fig. 2. SEM/SE images of photo-thermo-refractive glass heat treated at different temperatures for different periods (T, 1C/t, min), quenched to room
temperature, and etched in hydroﬂuoric acid. (a) 7601C/15 min; (b) 7601C/15 min; (c) 7601C/15 min19101C/30 min; (d) 7601C/15 min19301C/30 min;
(e) 9101C/30 min; and (f) 9301C/30 min.

conﬁrmed by three series of measurements, each one performed
during a different heating cycle. The straight lines correspond to
the linear regression of the collected experimental data, with
correlation coefﬁcients better than 0.997 and standard error
lower than 5%. The activation energy for conduction is the
same, within the experimental error, for both untreated
(0.8370.01 eV) and heat treated (0.8270.01 eV) glass samples.

IV. Discussion
Heat treatments at temperatures higher than 7601C and lower
than 9251C were shown to result in the separation of initially
homogeneous parent PTR glass into two glassy phases. The
droplet-like structure is typical of liquid immiscibility within the
metastable region between the spinodal and binodal. Because
the main components of PTR glass are Na2O (15 mol%) and
SiO2 (70 mol%), enrichment of the matrix glass by sodium and
ﬂuorine can be expected due to formation of the droplet phase
enriched by silicon oxide, as documented in the literature for the
Na2O–SiO2 system.6,12 Because we used etched fractured surfaces to look at the morphology of the samples with LLPS, the
more HF-resistant, SiO2-rich droplet phase was mostly pulled

out of the microscopy specimen’s surface, leaving traceable
droplet-like cavities. It is well known that SiO2 decreases the
etching rate of the glass.13 Chemical gradient at the interface
between droplet and matrix, such as the expected (local) increase
in Na, add up to the complexity of the microstructural observation and may boost droplet removal by weakening the
mechanical coupling at the interface. Moreover, even during
the fracturing of the sample, some droplets, having physical–
mechanical properties different from the matrix glass, can be
pulled out to relieve residual stresses. These difﬁculties hindered
direct chemical analysis of the droplet with respect to matrix
phase, and propped our efforts to investigate the LLPS using a
nonconventional approach.
If the minor components are neglected from the original glass
composition, a rough approximation in terms of sodium and
silicon oxides is 17.6 mol% Na2O and 82.4 mol% SiO2, which
lies within the ﬁeld of LLPS for the Na2O–SiO2 system.12
Because the main ionic conductors are Na1 and F (but the
concentration of ﬂuorine is signiﬁcantly smaller than that of
sodium), the conductivity of the matrix glass is expected to be
higher than that of the original, homogeneous glass. Indeed,
Fig. 4 demonstrates a weak, but statistically well-deﬁned
increase in the conductivity of the glass after heat treatment at
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Fig. 4. Electrical conductivity as a function of temperature of photothermo-refractive glass untreated and heat treated at 7601C/15 min.

model Na2O–SiO2 system mentioned above. The approximation
used for explaining the electrical conductivity data, on the basis
of increase in the sodium content in the matrix glass upon LLPS
to be playing a major role, can be further supported by the fact
that the conductivity of sodium silicate glasses is largely
unchanged by the addition of ﬂuorine.15
The difference in composition between the matrix glass after
liquid-phase-separation and the original glass, inferred by
impedance spectroscopy measurement, is corroborated by a
corresponding change in the glass transition temperature.
Figure 6 presents DSC traces for original (untreated) and heattreated glass samples. The value of Tg measured for the liquidphase-separated glass is lower than that for the original glass.
This result gives an additional evidence for the fact that the matrix glass contains less SiO2 than the original glass, which is also
in good agreement with conductivity results shown above. The
kinetic aspect of LLPS can be inferred from the Tg  t curve for
PTR glass heat treated at 6501C in Fokin et al.,10 where it is
shown that an initial drop in Tg due to LLPS is the dominant
transformation before the vigorous increase in Tg due to NaF
crystallization (i.e., as the matrix glass becomes poorer in Na).
It is interesting to compare the temperature of binodal
(immiscibility temperature), estimated in the present work,
with that for Na2O–SiO2 glasses in connection with the inﬂuence of ﬂuorine on the LLPS in binary alkali silicate glasses.
Fig. 3. Optical micrographs of photo-thermo-refractive glass heat treated at different temperatures for different periods (T, 1C/t, min),
quenched to room temperature, and etched in hydroﬂuoric acid.
(a) 8101C/30 min; (b) 8901C/30 min; (c) 9001C/30 min; (d) 9101C/30
min; (e) 9201C/30 min; (f) 9281C/30 min; (g) 7601C/15 min; (h) and
7601C/15 min19281C/30 min.

7601C for 15 min (i.e., glass sample with LLPS). This result
corroborates the expected enrichment of the matrix glass by
charge carriers. The volume fraction of the droplet phase formed
in such sample is about 7 vol% (see Fig. 2(a)), which may be
slightly overestimated had some over-etching occurred. Supposing that the droplet composition is close to SiO2, one could
expect that the Na2O content in the matrix phase exceeds that of
the original glass by no more than B8 mol%. According to
Fig. 5, which shows the conductivity of sodium silicate glass at
650 K versus SiO2 content,14 such evolution of glass composition (within the compositional range detailed by the double
ended arrow in Fig. 5) cannot cause a strong variation of electrical conductivity. Although the above estimate is rough, it
gives a reasonable idea on the extent of conductivity increase
expected due to LLPS. The conductivity increase observed in
PTR glass after LLPS was about 30% (Fig. 4), in line with the

Fig. 5. Electrical conductivity as a function of SiO2 content for Na2O–
SiO2 glasses14. The expected change in composition of photo-thermorefractive glass due to liquid–liquid phase separation is represented by a
double-ended arrow.
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Fig. 6. DSC traces of photo-thermo-refractive glass untreated and heat
treated at 7601C/15 min.

In spite of the complex composition of PTR glass, we will discuss the properties of a hypothetical glass with a composition
reduced to the two main components. Such an approximation
allows us to plot the temperature of the binodal (Tbin) together
with data from Markis et al.16 for glass compositions
83SiO2  (17x)Na2O  xNaF versus x (see Fig. 7). Although
the reduced PTR glass composition (i.e., that which takes into
account only Na2O and SiO2) is only an approximation, our
experimental data ﬁts the increase of immiscibility temperature
with the increasing NaF content.
Up to this point, we have considered the temperature range
where only LLPS occurs, i.e. above Tds 5 7451C. Here, Tds (‘‘dissolution temperature’’) is the temperature where the melt is saturated in NaF.10 This means that at temperatures above Tds, no
NaF crystals are expected as the melt becomes under-saturated
in NaF. Below Tds, NaF crystallization occurs along with LLPS.
Then, the question about the effect of liquid immiscibility on
NaF crystallization in PTR glass becomes relevant. LLPS can
induce crystallization through a change of glass composition17–19
or via development of an interface between the liquid phases.
The evolution of Tg of the matrix glass sheds some light on the
kinetics of LLPS and crystallization processes, because the LLPS
leads to a decrease of Tg (see e.g., Fig. 6), whereas the crystalline

Fig. 7. Plot of the temperature of binodal (Tbin) for glass compositions
83SiO2  (17x)Na2O  xNaF,16 and for a hypothetical fraction of
82SiO2  (18x)Na2O  xNaF in photo-thermo-refractive glass as a function of NaF content (CNaF).
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phase precipitation leads to an increase of Tg (due to formation
of NaF crystals and consequent depletion of Na and F in the
melt). As was shown in Fokin et al.,10 due to the interplay
between these two effects, Tg was shown to pass through a minimum (as shown by systematic Tg measurements of the samples
quenched from various times during an isothermal treatment). A
decrease of Tg at the ﬁrst stages of heat treatment allows one to
suppose that the kinetics of LLPS is faster than the overall crystallization kinetics, and because the time corresponding to the
minimum of Tg is shorter, the higher the heat-treatment temperature, the difference between the kinetics of the two processes
increases with the decreasing temperature.
The liquid–liquid phase-separated structure was also detected
by SEM at lower temperatures, for instance at T 5 5201C.
Figure 8(a) shows the cross section of a sample heat treated at
5201C for 100 h, etched with a 2% HF solution for 1 min. Unlike the samples shown in Figs. 2 and 3, this sample was
quenched in air. Because the crystals (some of them arrowed
in Fig. 8(a)) have different orientations and not very clear regular morphologies, it is difﬁcult to separate the crystals from the
glassy droplet phase with similar sizes. Quantitative X-ray analysis was used in Fokin et al.10 to estimate the volume fraction of
crystalline NaF, which corresponds to only B2.1 vol% in the
case of the sample shown in Fig. 8(a). The XRD trace for this
same sample is shown in Fig. 8(b), where the crystalline peaks
correspond to NaF. Here, it should be noted that the volume
fraction measured corresponds to the equilibrium volume of
crystalline (NaF) phase at T 5 5201C. Thus, it is clear that NaF
crystals cannot account for all the microstructural features
revealed in Fig. 8(a), because they occupy much more than
2.1 vol%, and even if one takes into account the possible effect
of over-etching20,21 of the neighboring glass. One more remark

Fig. 8. SEM/SE image (a) and XRD trace (b) of photo-thermo-refractive glass heat treated at 5201C for 100 h. (b) Smoothing of raw data is
represented by a solid line.
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should be made regarding the microstructure shown in Fig. 8(a).
NaF crystals, having the same size scale of the (amorphous)
droplet phase, precipitate in the continuous matrix glass. However, nucleation of NaF crystals does not depend on the droplet
phase, i.e. the droplet’s surface does not catalyze NaF nucleation. This ﬁnding corroborates the earlier proposal of Zanotto
and colleagues.17–19 The matrix glass after LLPS has higher Na
and F contents than the original PTR glass. Hence, we can suppose that super-saturation of the matrix glass in NaF is higher
than that of the original glass. This means that LLPS might
enhance NaF crystallization kinetics.
In the present study, we demonstrated that liquid immiscibility, typical for the metastable ﬁeld, with a droplet structure
appears in PTR glass over a wide range of temperatures.
Although its effect on optical properties of PTR glass-based
DOEs is still to be explored, one can expect that LLPS could
contribute to scattering losses and/or refractive index changes.
New compositions may be devised speciﬁcally to change the
miscibility gap of this multicomponent sodium silicate system,
so that optical properties can be tailored. Moreover, NaF nucleation kinetics is expected to vary if the glass composition is
changed, as discussed above. This can be achieved not only via
changing the glass batch composition but also via adjusting the
extent of liquid immiscibility produced through controlled thermal-treatment parameters.

V. Conclusions
LLPS with a droplet structure was shown in PTR glass heat
treated over a wide range of temperatures. The continuous
matrix glass after LLPS has lower SiO2 content than the droplet phase, as revealed by its higher electrical conductivity, and
lower Tg compared with the original glass. The liquid immiscibility observed in PTR glass is in line with that in a model
Na2O–SiO2 system, but phase separation was reinforced by ﬂuorine. The droplet’s surface does not catalyze NaF nucleation.
This ﬁnding corroborates earlier proposed models. The currently accepted crystallization mechanism in PTR glass requires
further study taking into account LLPS, as well as its implications in optical properties.
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