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Kinet ics of phase Separat ion in a 6.5 N a 2 0  33.5 B 2 O 3 60 S i 0 2 g l a s s

Alexander FlügeP) and Christian Rüssel

Otto-Schott-Institut für Glaschemie, Friedrich-Schiller-Universität, Jena (Germany)

Industrially melted glasses with the composition (in mol%) 6.5 Na20 -33.5 B2O3 60 Si02 were thermally treated at temperatures
in the ränge of 660 to 750 °C. This resuhed in phase separaüon, i.e. in the formation of a silica- and a sodium borate-rich phase
with an interconnected microstructure. Both, the volume content of the borate-rich phase and the mean structure thiekness (the
correlation length) increased with time as well as with temperature. The volume content approached to a limiting value at constant
temperature. The correladon length increased with time according to a power law (  t^'""). By contrast to previous studies, η was
in the ränge of  1 to 1.2 within the temperature ränge and time scale studied. The correlation lengths were much larger (up to 12 pm)
and the viscosities much lower than in most previous studies. The kinetic law was explained as controlled by visous flow.

Kinetik der Phasenseparation in einem 6.5 NagO  33.5 B2O3 60 SiOg Glas

Industriell erschmolzene Gläser der Zusammensetzung (in Mol-%) 6.5 Na20 -33.5 B2O3 60 Si02 wurden i m Bereich von 660 bis
750 C getempert. Hierdurch trat Phasentrennung ein, d.h. die B i ldung einer Silicat- und einer natr iumborat-reichen Phase m i t
Durchdringungsstruktur. Der Volumenanteil der boratreichen Phase sowie die Korrelationslänge (die mittlere Strukturbreite) nah
men mit der Temperatur und der Zeit zu. Der Volumenanteil strebte hierbei bei konstanter Temperatur einem Grenzwert zu, während
die Korrelationslänge entsprechend t^'^ anstieg. Im Gegensatz zu früheren Untersuchungen nahm η im hier untersuchten Tempera-
tur- und Zeitbereich Werte zwischen 1 und 1.2 an. Die Korreladonslängen waren hierbei viel größer (bis zu 12 pm) und die Viskositä-
ten viel niedriger als in den meisten früheren Untersuchungen. Das kinetische Verhalten wurde durch viskoses Fließen erklärt.

1 . Introduction
Sihea-rich porous glasses have many applications in
chemical technology. A m o n g these, Separation tech-
niques, enzyme immobilization and the use as catalyst
suppor t [1 to 4] should be ment ioned. Porous glasses
with pore diameters in the nm ränge usually are pre-
pared by leaching  a phase-separated borosilicate glass.
The boron-r ich phase is chemically dissolved and a silica
skeleton remains [5 to 7]. Α prerequisite for this pro
cedure is that dur ing phase Separation, an intercon-
nected microstructure is formed.

Above the critical temperature,  T^r, the glass is
homogeneous , below this temperature it tends to phase
Separation. The thicknesses of the phase-separated struc-
ture (and hence the pore diameter of the silica skeleton
after leaching) are a function of the subsequent temper-
ing process and the chemical composi t ion of the initial
glass. In numerous papers [8 to 15], the effect of these
Parameters upon the phase Separation and also on the
coarsening kineües has been reported. Here, especially
the initial or medium stage of coarsening has been stud-
ied. According to numerous theoretical investigations
the t ranspor t necessary is mainly achieved by diffusion
[16 to 19].
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Po rous glasses, p repa red from p h a s e - s e p a r a t e d
glasses, usually possess pore d iameters in t h e r ä n g e of
some n m u p to 1 pm. If larger po re d i ame te r s a re re
quested, then p o r o u s glasses are usually o b t a i n e d by
convent iona l s intering techniques o r salt s in ter ing tech-
niques [20 to 23]. In the m o s t kinetic s tudies [8 t o 10
a n d 12 to 15], coarsening of the s t ruc ture is r e p o r t e d t o
be p r o p o r t i o n a l to t^'^. Us ing these techniques , it is n o t
possible to ob ta in po re d iameters of some μ m wi th in a 
suitable per iod of t ime. In this paper, expe r imen t s a re
descr ibed in which the coarsening of the s t ruc tu re is a p -
proximately p ropo r t i ona l to  t a n d the p r e p a r a t i o n of
large p o r e d iamete rs is enabled.

2 . Experimental Procedure
Glasses wi th the m o l % basic compos i t ion of 6.5 N a 2 0
33.5 B2O3 60 S i02 were used. They were indus t r ia l ly
mel ted by Jena Glas Inc. in a 35 1 ba tch . T h e glasses
were t empered in the t empera tu re ränge of 660 to 750 C
using an electric furnace. Soak ing t imes were u p t o
128 h, the cool ing rates supplied were in t he r ä n g e of 10
to 150 K/h . T h e micros t ruc ture was charac te r ized us ing
scanning electron microscopy ( S E M ) (Car l Zeiss Jena
D S M 940A) or t ransmiss ion electron mic roscopy ( T E M )
(Hi tachi 8100H) of replicas. T h e p r e p a r a t i o n p r o c e d u r e
of the replicas has al ready been descr ibed [24] in deta i l .
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Figure 1. TEM micrograph of the glass sample as industrially
melted (bar  500 nm).

500 nm

Figure 2. SEM micrograph of a glass sample tempered at 640 °C
for 16 h and subsequently cooled applying a cooling rate of
150 K/h.

T h e mieros t rue tures formed were quanti tat ively ana-
lyzed using Zeiss Opt imas . F r ae tu r ed as well as ground
a n d pol ished samples were used. Viseosities were meas-
u red using a beam-bend ing viseometer (Bahr VIS 401 of
Bahr, Hü l lhor s t (Germany) ) .

3. Results
Figure  1 shows a T E M mie rograph of the glass sample
as ob ta ined from indust r ia l p roduc t ion . T h e glass is al
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Figure 3. SEM micrograph of a glass sample tempered at 700 °C
for 16 h and subsequently cooled applying a cooling rate of
10 K/h.

Figure 4. The relative volume of the borate-rich phase as a func-
don of time and temperature. Curve 1: 720 °C, curve 2: 700 °C,
curve 3: 680 °C and curve 4: 660°C. The lines drawn were fitted
to equation (2).

ready phase-separated. The thiekness of the structures is
a round 300 nm. The phase marked by a black dot is the
Si02 - r ich phase. Figure  2 shows an S E M micrograph of
a sample, tempered at 640 °C for 16 h. The cooling rate
was 150 K/h. The thiekness of the structures is some-
what larger than that shown in figure 1. In figure 3, the
S E M micrograph of a sample tempered at 700 °C for
16 h and subsequently tempered supplying a cooling rate
of 10 K/h is shown. The structure is notably coarser than
the structures shown in figures  1 and 2. Similar S E M
micrographs were also obtained using a large variety of
soaking temperatures and soaking times. The miero-
struetures were quantitatively analyzed with respect to
the relative volume and the structure thicknesses of the
phases formed.
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Figure 5. Mean thicknesses of the sihca- (s,) and the borate-
rich ( ^b ) phase as a function of time. Curve 1: borate-rich phase

= 720 °C), curve 2: sihea-rich phase  720 °C), curve 3:
sihca-rich phase (1^ 680 °C), and curve 4: borate-rich phase
{ϋ= 680 °C).
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Figure 6. Correlation length at 16 h, as a function of the
temperature. Solid line: ^ ^ ^  exp (-E/R T)  + Sq, with Α =
1.37  m, ^  315 kJ/mol, ^ 0 3 10 ^ m.
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Figure 7. Correlation length, as a function of time. Curve 1:
720°C, curve 2: 700°C, curve 3: 680°C, and curve 4: 660°C.
The lines were fitted to equation (3).
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Figure 8. Viscosity of the glass as a function of temperature.
Curve 1: untreated sample, curve 2: sample tempered at 680 C
for 128 h, curve 3: curve 1, fitted with VFT equation in the
temperature ränge of 550 to 600 C.

Figure 4 shows the relative volume (in %) of the bo
rate-rich phase, K B , as a function of the soaking time for
soaking temperatures of 660, 680, 700 and 720 C. The
cooling rate supplied was kept cons tant (150 K/h) . The
volume content at cons tant soaking temperature in
creases with the soaking t ime supplied. Fur the rmore , an
increase in the volume content is also observed with in
creasing soaking temperature. Anneal ing of the glass for
16 h at temperatures of 740 and 750 °C resulted in
values of 0.63±0.06 and 0.86±0.09, respectively. In figure
5, m e a n thicknesses of the silica- {s^ and the borate-rich
{s^ structures are shown for the temperatures of 680 and
720 C as a function of soaking time. They increased
with bo th increasing temperature and time. The mean
thiekness of the borate-r ich phase was larger than that
of the silica-rich phase after soaking at 720 °C for soak-
ing t imes larger than 10 h. By contrast , after soaking at
680 C, the mean thiekness of the borate-rich phase was
smaller than that of the silica-rich one. In figure 6, the
correlat ion length, s, as defined by equat ion (1) is shown

as a funct ion of the soaking tempera ture . T h e cor re -
lat ion length, s, is equa l to the m e a n th iekness of the
bora te - a n d the silica-rich s t ructure [15].

(1 )

with F S  relative volume of the silica-rich phase , a n d
F B  relative vo lume of the boron- r ich phase . B o t h
soak ing t ime (16 h) a n d cool ing rate (150 K /h ) were
kept cons tan t .

F igure 7 shows the correlat ion length, s, as a func-
t ion of the soaking t ime for soaking t empera tu res of 660,
680, 700 a n d 720 C. T h e coohng rate was kep t c o n s t a n t
(150 K/h) . In figure 8, the viscosity of the init ial glass
sample a n d of a glass sample thermal ly p re t r ea t ed at
680 °C for 128 h is shown. T h e viscosity of t he heat -
t reated sample (curve 2) is by a r o u n d the factor of two
smaller t h a n tha t of the unt rea ted sample (curve 1).
Curve 2 obviously does no t foUow the Vogel-Fulcher-
T a m m a n n ( V F T ) equa t ion .
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Figure 9. Arrhenius' plot of the rate constant  k (see equation (2)).

4 . Discussion
T h e initial glass as ob ta ined from the industr ia l proeess
is a l ready phase-separa ted; the vo lume fraetion of the
bora te- r ieh phase, Fb, is 0.20. D u r i n g a n n e a h n g at tem-
pera tures in the ränge of 600 to 740 C, Fb, inereases.
A s s u m i n g first order kineties to be responsible for the
change in Fb, the following equa t ion can be formulated:

VM  (V^.(t 0)  Fb(/  o o ) )

• exp (k- t) + V^(t  co) 
(2)

wi th Fb(i  oo)  the equi l ibr ium value of Fb, and
Fb(i  0)  initial value (  0.20), a n d k  rate eonstant ,
which depends on tempera ture . T h e lines d rawn in figure
4 are according to equa t ion (2) a n d were fitted to the
exper imental data . Bo th , Fb(/  oo ) aud  k a re a fimction
of the tempera ture . F igure 9 shows a p lo t of In (-k) ver-
sus the reciprocal tempera ture . Wi th in the limits of error
( ± 1 0 % ) , the  k values ob ta ined can be described by an
Ar rhen ius type equat ion . T h e act ivat ion energy, E^, is
277 kJ  mo\-\ 

T h e t ime required to reach a Fb value at tr ibuted to
99 % of the equ ihbr ium value is 30, 70, 145 and 263 h 
at t empera tures of 720, 700, 680 a n d 660 C, respectively
T h e glass sample used for v iscometry in figure 8, curve
2, was previously t empered at 680 C for 128 h. Thus, Fb
should differ from the equi l ibr ium value by no more
t h a n 1.5 % a n d can be considered as approximately con-
s tan t dur ing the t ime of measu remen t . T h e volume frac-
t ion Fb occurr ing in this glass shou ld therefore be larger
t h a n tha t of the un t rea ted sample (see curve 1). The vis
cosity of the un t rea ted sample c a n n o t be described by
V F T equa t ion in the whole t empera tu re ränge. Fit t ing
of viscosities a t t r ibuted to t empera tu res in the ränge of
550 to 600 C to the V F T equa t ion resulted in lg η {η in
P a s)  6.62 + 806 KI(T  665 K ) . This is illustrated by
the do t t ed line in figure 8 (curve 3), which deviates no
tably from the measured values at h igher temperatures.
T h e s-shape of curve 1 is caused by a proeeeding phase
Separation. D u r i n g heat ing, at t empera tu res > 6 0 0 ° C , Fb

increases with the temperature and hence curve 1 ap
proaches to that of the tempered sample (curve 2). U p
to 680 C, however, the deviation is still noticeable and
hence equil ibrium is not reached.

The mean thicknesses of the borate , S\y, as weh as of
the silica-rich structure, s^, increase with bo th time and
temperature. At 720 C, Fb has reached the 99 % equilib
r ium value after a round 30 h. The thiekness of the bo
rate phase is approximately equal to that of the silica
phase u p to a t ime of 18 h; at longer times, ^b is larger
than s^. The ratio s j s ^ at 32 h is equal to that at 64 h,
due to a constant volume content Fb as shown in figure
4. After tempering at 680 C, the mean thiekness of the
borate-r ich phase is smaher than that of the silica-rich
phase. The ratio s^/s^ increases with time. This is in
agreement with figure 5 where a 99 % equil ibrium value
of Fb is reached at 145 h.

The correlation length according to equat ion (1) in
creases with increasing time as shown in figure 7. The
lines drawn in this figure correspond to the following
equat ion:

^ ^ 0 + ^   i^^" (3)

with ^ 0  initial value (t  0), k'  rate constant , η =
temperature-dependent constant . The cons tant η was in
the ränge of 1±0.05 to 1.2±0.05 for all temperatures
studied.

The increase in Fb with increasing anneal ing tem
perature is in agreement with the phase diagram. With
increasing temperature, the sodium borate content of the
silica-rich phase increases. Since this phase possesses a 
far larger viscosity than the borate-rich phase, it deter-
mines the macroscopie viscosity of the samples. This ex
plains the behavior shown in figure 8. The untreated
sample according to figure 4 shows Fu  0.2 and hence
corresponds to an annealing temperature < 6 0 0 ° C . It
shows a higher viscosity than the sample annealed at
680 °C.

This is caused by the smaller sodium bora te eontent
in the silica-rich phase of the untreated sample. At tem
peratures > 6 0 0 C , the viscosity observed deviates from
V F T equat ion, because at these temperatures, Fb in
creases and hence the sodium borate diffuses into the
silica-rich phase. The higher sodium borate content
causes a decrease in viscosity. The changes in Fb with
temperature are also observed in figure 5. The mean
thiekness of the borate-rich phase is larger than that of
the silica-rich phase after anneal ing at 720 C due to a 
Fb value > 0 . 5 . The opposi te case is observed after an
nealing at 680 °C according to a Fb value of 0.41 ±0.04.

The correlation length, s , increases with time at con-
s tant anneal ing temperature. Kinetic laws of phase Sep-
arat ion have intensively been studied in the case of the
growth of preeipitated droplets. According to [18], d rop-
let nucleation is controlled by a diffusional flux to the
surface of the droplets, while in a second stage, droplet
growth is controlled by the reduction of the total interfa
cial energy. In bo th cases, a power law has been pro-
posed (see e.g. [18]):
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s-{T, t)-s^-{T) Dt (4)

where iX) is the initial size at i  0, and  D the dif-
fusion coefficient.

Whereas in the early stage, according to [8, 10 and
18], η is equal to 2, in the second stage, which can be
described by the theory of Lifshitz, Slyozov and Wagner,
η is equal to 3. In our case, however, a nearly linear
increase in the correlation length with t ime is observed.
The exponents η (see equaüons (3) and (4)) are in the
ränge of 1 to 1.2. The only t ranspor t mechanism en
abling the growth of isolated particles (at small preeipi-
tated volume fractions) is diffusion. According to equa-
t ion (4), after sufficiently long time, the correlation
length/increase with:

ds 1 

dt η
(5)

The experiments described in this paper were carried out
at comparably low viscosities (< 10^ Pa s); the corre-
ladon lengths obtained were up to 12 pm. Here, another
t ranspor t mechanism has to be taken into account: the
viscous flow. This is of increasing impor tance if the cor-
relation length is large, because in this case, according
to equat ion (5), the growth of the structural units by
diffusion {n  3) approaches to zero. Hence, the effect of
viscous flow on the growth rate increases with increasing
correlation length and decreasing viscosity, i.e. increas-
ing temperature. In principle, the rate-limiting process
changes from diffusion to viscous flow if a certain corre-
lation length is exceeded.

In [17], coarsening of an interconnected phases pos-
sessing a volume content of approximately 50 % was re
garded. The growth law derived (see equat ion (6)) pre-
dicts a linear increase of the correlation length with üme.

s = σ ί/η . (6)

For temperatures close to the critical temperature,  T^r,
the surface tension, σ, for the liquid/liquid phase bound-
ary can be estimated by equat ion (7) [17]:

σ = C (1  T/n,y-^' (7)

with C  0.1 N / m .

The viscosity, η, is shown in figure (8) as a function
of temperature. For a temperature of 660 C, η is
1.5  10^ Pa s (see curve 1), viscosities for higher tempera-
tures were extrapolated from curve 2. Table 1 (column 2)
summarizes values for the viscosities at 660, 680, 700 and
720 C as well as surface tensions, σ (column 3), calculated
using equat ion 7 for the respective temperatures. Values
for σ/η (see equat ion (6)) are summarized in column 4,
while correlation lengths calculated using equat ion (6) for
an arbi t rary time of 64 h are given in co lumn 5. In column
6, the at tr ibuted experimental values from figure 7 are
given. Al though extrapolat ion of the viscosities can only
be a crude estimation, because at higher temperatures the
chemical composi t ions of the silica-rich phase change and
the real viscosity should be lower than that extrapolated

Table 1. Surface tensions, σ, calculated using equation (7), vis-
cosities, η, estimated from figure 8, correlation lengths, 5 t h , theo-
retically calculated by equation (6), as well as experimental cor-
relation lengths,  s (from figure 7) (both for 64 h).

# i n C σϊη N/m in Pa s σ/η in m/s in pm s in pm

660 5.3 10 -3 1.4-109 3.8-10-^2 0.9 1.2
680 4.0 10 -3 2.3·108 1.7·10-ιι 3.9 2.8
700 2.7 10 -3 8.1 10^ 3.3· 1 0 - 11 7.6 5.8
720 1.6 10 -3 2.8· 10^ 5.7· 1 0 - 11 13 12

from curve 2, the theoretically calculated cor re la t ion
lengths are wi thin the factor of 1.4 in ag reement wi th the
exper imenta l ones. Even the var ia t ions wi th t e m p e r a t u r e s
are approximate ly the same as those obse rved in the
exper iment . W i t h regard to the c rude a p p r o x i m a t i o n s
made , this agreement is surprisingly good .

In previous studies on the kinetics of p h a s e Separ-
at ion in glass, p redominan t ly the initial a n d m e d i u m
stages of coarsening were s tudied [8 to 10 a n d 12 t o 16].
He re the corre la t ion lengths were r epor t ed to increase
wi th t^^^ or t^^^. A s far as the a u t h o r s know, u p t o n o w
only in [11] a l inear increase of the cor re la t ion leng th
wi th t ime has already been repor ted for a n ino rgan ic
glass. Besides glass, also ma n y organic Systems t end to
phase Separation. In cont ras t to glass, in o rgan ic Sys
tems, the rate cons t an t (see equa t ion (6)) is m u c h higher,
because σ/η for glass is exceptionally low. Hence , it is n o t
surpr is ing tha t in organic Systems, coa r sen ing kinet ics
accord ing to equa t ion (6) have been r epor t ed for several
Systems [25 a n d 26]. T h e coarsening kinet ics a cco rd ing
to equa t ion (6) enable the p repa ra t ion of phase - sepa -
ra ted glasses of large correlat ion lengths.

5. Conclusions
With in the t empera tu re ränge and t ime scale s tud ied , the
thicknesses of the phase-separa ted s t ruc tures increased
linearly with time. T h e s t ructure thicknesses observed
were u p to 12 pm. In cont ras t to the m e d i u m stage of
coarsening , where s t ructure thicknesses increase wi th
t^'^ in the final coarsening stage, diffusion is n o longer
the ra te -de termining step a n d coarsening is achieved by
viscous flow. T h e n the s t ructure thiekness increases p r o
por t iona l to t. S t ruc ture thicknesses calcula ted theore t i -
cally are in agreement with those exper imenta l ly o b
served. T h e p repa ra t ion of large phase - sepa ra ted s t ruc-
tures is enabled.
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