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Volume Change of f-Spodumene s.s. Glass-Ceramics Due to Structural Relaxation
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The high-temperature dimensional stability of f-spodumene solid solution (s.s.) glass-ceramics with different
crystallinities was investigated. It was demonstrated that the glass-ceramics show volume change due to structur-
al relaxation in the residual glass phase regardless of crystallinity, even in the specimen with a high crystallinity of
90 vol%. The volume change process was expressed by the Kohlrausch-Williams-Watts (KWW) function. In
the specimens with lower crystallinity (52, 71 vol%), normal relaxation behavior like that of non-crystalline
glasses was observed, with activation energies of 599 and 414 kJ/mol, respectively. In contrast, the specimen
with a crystallinity of 90 vol% showed an anomalous relaxation behavior accompanied with a densification limit
and lower activation energy (250 kJ/mol). This anomalous behavior was attributed to the inner friction caused
by proximity of the crystal grains in the glass-ceramic, which may result in a blocking effect on the volume
shrinkage. We predicted the long-term dimensional stability of a precision glass-ceramic capillary for fiber-optic
devices, based on the relaxation data in the KWW function.
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1. Introduction

Li,0-Al,0;-SiO, (LAS) glass-ceramics including the S-
spodumene solid solution (s.s.): Li,0OAL,031Si0, (4<n<10)
glass-ceramics have a long history starting from the first
glass-ceramic invented by Stookey in 1959." Since then, the
LAS glass-ceramics have been extensively studied and applied
in many industrial fields as low-expansion heat-resistant
materials.?~% In addition to such traditional applications, the
LAS glass-ceramics are recently also being applied in the field
of information technology such as in fiber-optics and the flat-
panel displays.>®

High-temperature dimensional stability is one of the most
important properties of the LAS glass-ceramics in both tradi-
tional and modern applications. In general, we tend to think
that glass-ceramics are stable under temperatures below the
crystallization temperature. However, this is not the case when
their long-term dimensional stability is considered. In such
cases, the influence of the residual glass-phase on the stability
should be taken into account in addition to the thermal stabili-
ty of the crystalline phase. The residual glass-phase in glass-
ceramics usually has a different chemical composition from
that of the original glass before crystallization (precursor
glass), unless the composition of the precipitated crystal is
identical to that of the precursor glass. The dimensional stabil-
ity of non-crystalline glasses has been widely investigated in
correlation with the structural relaxation.”® In contrast,
there are few reports on the dimensional stability or structural
relaxation of glass-ceramics, because, so far, the influence of
the glass-phase on their properties has not been significantly
noted. As for the p-quartz s.s.: Li,0Al,0;1Si0, (2<n<10)
glass-ceramics which contain nanometer-scale crystal grains,
there are some reports describing that they show volume
changes at high temperature due to the structural relaxation in
the glass-phase.!®-'2 However, in the case of f-spodumene
s.s. glass-ceramics, which is another typical glass-ceramic in
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the LAS system, there are no detailed reports except for our
earlier work describing the volume shrinkage of the LAS glass-
ceramics at high temperatures.'” The crystal grain size of -
spodumene s.s. glass-ceramics, which is in the order of
micrometer, is so much larger than that of S-quartz s.s. glass-
ceramics that their relaxation behaviors might be very differ-
ent. B-spodumene s.s. glass-ceramics possess high-temperature
resistance and mechanical strength superior to those of S-
quartz s.s. glass-ceramics, and hence tend to be used under
severer conditions. Therefore, it is of significance to know the
long-term dimensional stability of f-spodumene s.s. glass-
ceramics at high temperature and predict their lifetime in
practical use. In this paper, details of the volume change be-
havior in S-spodumene s.s. glass-ceramics are described, based
on the experimental data for five types of B-spodumene s.s.
glass-ceramics with different crystallinity and crystal grain size
(Fig. 1). We also describe the long-term dimensional stability
of a precision glass-ceramic capillary for fiber-optic devices,
referring to the structural relaxation data.

2. Experimental

The crystallization conditions and characteristics of the f-
spodumene s.s. glass-ceramics used in this study are summa-
rized in Table 1. The composition of specimen A is 73SiO,,
12A1,0;, 5Li,0, 2MgO, 2TiO,, 1Zr0O,, 2K,0, 3ZnO in molar
percent. This glass-ceramic is used in fiber optic devices as the
material for optical connecting components.”-'3 Specimen A
was prepared by crystallizing the precursor glass at 1190°C in
an electric furnace followed by quenching to ambient tempera-
ture on a stainless-steel plate. This thermal history is equiva-
lent to that in the actual production process of the glass-
ceramic products for fiber optic devices. The crystalline phase
consists of S-spodumene s.s. and small amount of gahnite
(ZnAl,0,). The crystallinity and crystal grain size of speci-
men A were 52 vol% and 0.8 um, respectively, which are also
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Specimen A

- - +

Crystal grain
(B-spodumene s.s.)

Glass-phase

Fig. 1.

Table 1. Crystallization Conditions and Characteristics of f-Spodu-
mene s.s. Glass-Ceramic Specimens
Specimen A B ¢
P Bl B2  Cl__C2

Crystallization temp. /°C 1190 1000 1180 1150 1180

Crystallization time /h 1 8 8 1 8
Cooling quench rate-cooling rate-cooling
Crystallinity /vol% 52 71 72 90 90
Grain size /pm 0.8 0.5 1.0 0.7 1.1

equivalent to those of the actual products. Specimen B has the
same chemical composition as specimen A, but was prepared
by a different crystallization process with rate cooling. The
crystallinity was approximately 70 vol% as shown in Table 1.
Specimen C contains 72Si0,, 14A1,03, 9Li,0, 2TiO,, 1ZrO,,
0.5P,0s, 0.5Ba0, 0.5Na,0, 0.5K,0. The crystalline phase was
B-spodumene s.s., and the crystallinity was 90 vol%. For
specimens B and C, two specimens with differnt grain size
were also prepared by changing the crystallization conditions.
They are expressed as specimens B-1, B-2 and C-1, C-2 as
shown in Table 1 and Fig. 1. The crystal species and crystal-
linity of specimens B-2 and C-2 were identical to those of
specimens B-1 and C-1, respectively.

To study the dimensional stability of the specimens, their
density changes during high-temperature treatment were
monitored. Specimens B and C were heat treated beforehand
at prescribed temperatures and quenched to room tempera-
ture, in order to confer a certain fictive temperature. The
pretreatment temperatures for specimens B and C were 900°C
and 1000°C, respectively. As for specimen A, the fictive tem-
perature was taken as 1190°C since it was prepared by quench-
ing from that temperature. In the dimensional stability test,
each specimen (25X24 x4 mm) was heat treated at constant
temperatures below the crystallization temperature in an
electric furnace, then quenched on a stainless steel plate to
room temperature. Density was measured by the Archimedes

Specimen B-1

Specimen C-1

rspvinie et SerTim 831821

SEM image of bulk structure of S-spodumene s.s. glass-ceramic specimens.

method with distilled water at ambient temperature. The den-
sity measurements were carried out four times in order to con-
firm the reproducibility of data. The experimental error range
(30) in the measurement was within 0.0004 g cm 3. The glass
transition point (7,) of the residual glass-phase in each glass-
ceramic was determined from thermal expansion curves. We
also simulated T, using an international glass database system
(INTERGLAD 6) ¥ based on the estimated glass-phase com-
position. Crystallinity and crystal grain size were determined
by scanning electron microscopy (SEM), with an image
analyzing system. Figure 1 shows the micrographs of bulk
structures of the specimens. Each specimen was subjected to
SEM observation after etching with 2 mass% HF aqueous
solution at 25°C for 2min. The reproducibility of the crystal-
linity and grain size was within +/—3 vol% and +/—0.05
um, respectively. An X-ray diffractometer (RINT2000/PC,
Rigaku) was used for the analysis of the crystalline phase. The
intensity of the diffraction lines from the (201) plane of f-
spodumene s.s. and (311) plane of gahnite was used to com-
pare the amount of precipitated crystals.

3. Results

Figure 2 shows density changes in specimens A, B-1 and C-1
during the dimension stability tests. The observed density
changes were confirmed to be due to the shrinkage of speci-
mens, because the mass of each specimen was maintained con-
stant throughout the experiments. The density changes of
specimen C-1 for opposite direction of temperature shift was
indicated in Fig. 3. The figure shows that the density change
occurs reversibly. The reversibility of density change was
observed in all other specimens as well. Furthermore, no speci-
men showed alterations in the characteristics of the crystalline
phase, such as crystal species, crystallinity and lattice spacing,
before and after the heat treatment. These results mean that
the observed volume changes are due to the structural relaxa-
tion in the residual glass phase. The solid lines in Figs. 2 and 3
indicate fitting curves obtained from a relaxation function, the
Kohlrausch-Williams-Watts (KWW) function, expressed by
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Fig. 2. Density changes in f-spodumene s.s. glass-ceramics during heat-treatment. Each dot represents average value of four measurements.

Bars express typical error range (3¢) of the measurement.
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Fig. 3. Density change in specimen C-1 for both directions of tem-
perature shift. Each dot represents average value of four measure-
ments. Bar expresses typical error range (3¢) of the measurement.

¢ (t)=[p(t) —pel/lpo—p.I=exp [— (t/D)F]. (1)

Here, ¢ represents the duration of heat-treatment, p, and p.

the initial and equilibrium densities, 7 the relaxation time, and
B a coefficient related to the number of relaxation modes (0 <
B<1). All experimental data were well approximated by the
KWW function as shown in Figs. 2 and 3. The values of p.,
7 and f are indicated in each figure. The specimens with modi-
fied crystal grain size (specimens B-2 and C-2) also showed
similar density changes that can be again expressed by the
KWW function. As described above, it was confirmed that the
volume of the S-spodumene s.s. glass-ceramics used in this
study changes reversibly depending on the fictive temperature
of the residual glass-phase, even in the specimen with a high
crystallinity of 90 vol%.

4. Discussion
4.1 Viscosity of residual glass-phase
It is necessary to know the viscosity of the residual glass-
phase of specimens in order to discuss their relaxation behav-
ior. Table 2 shows T, and estimated compositions of the resid-
ual glass-phase. The simulated values of T, are also indicated
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Table 2. Estimated Composition and Glass Transition Point of
Residual Glass-Phase

Specimen A Specimen B Specimen C

Si0, /mol% 79 83 56
ALO, 12 9 30
Li,O 2
Na,O 3
K,0 6 8 4
MgO 1
BaO 7
Total 100 100 100
Tg (measured)/°C 650 789 no data
Tg (simulated)/°C 615 785 818

besides the experimental values. The simulation of T, was
carried out by regression analysis using a glass database!¥
based on the estimated composition of the glass-phase. Since
the crystal species and crystallinity in specimen B-2 are identi-
cal to those of specimen B-1, the composition of their residual
glass-phase should be the same. This is the case in specimens
C-1 and C-2 as well. For the estimation of the glass phase
compositions in specimens B and C, we assumed that all
amounts of Li,O, MgO and P,Ojs crystallize as f-spodumene
s.s. with the following molar composition: (Li, ,,Mg,O)
Al,O3xAIPO,(n —2x)SiO,. Here, w is the ratio of the number
of Mg atoms to that of Li atoms in the precursor glass, and x
the molar ratio of PO, s to (Li, ,,Mg,O). Here, the value of
n was set to be 7, the average value in its possible range (4 <n
<10). ZrO, and ZnO were assumed to precipitate as ZrTiO,
and ZnAl,O,, respectively, and the excessive amount of TiO,
was considered to crystallize as TiAl,Os. ZrTiO4 and TiALOs
act as the nuclei of f-spodumene s.s. For specimen A, the cal-
culation was carried out assuming that the amount of precipi-
tated S-spodumene s.s. is 0.7 times that in specimen B, based
on the results of XRD and SEM analysis. As shown in the
table, in specimens A and B, the calculated T, was in substan-
tial agreement with the experimental values. This suggests that
the estimation of the glass-phase composition was satisfactory
performed. For specimen C, the experimental value of T,
could not be obtained because the glass-phase fraction was too
small to be detected. We use the simulated value instead in the
following discussion.

4.2 Effect of structure on volume change

Figure 4 shows the Arrhenius plots of the relaxation time.
The relaxation temperature markedly varied depending on the
specimen. The temperature at a certain relaxation time (for
instance, In 7=2) decreased in the order of specimen A <B
< C. In specimens B and C, no effect of crystal grain size on
the relaxation time was observed, as shown in the figure. The
order of relaxation temperature agrees with that of T, listed in
Table 2, indicating that the volume relaxation rate depends on
T, of the residual glass-phase. However, when we compare the
relaxation time at T, of the glass-phase, by extrapolating the
Arrhenius plot, considerable discrepancy is found among the
specimens, as shown in Table 3. In the case of non-crystalline
glasses, it is known that the relaxation time at T, can be ap-
proximated by In 7= —2, as shown in the table.!” Among the
glass-ceramics used in this study, specimen B showed a closer
relaxation time to those of non-crystalline glasses. The reason
for the faster relaxation in specimen A than in specimen B can
be attributed to its high fictive temperature (1190°C) and the
resulting open structure of the glass-phase. In contrast, the
relaxation time of specimen C was more than 30 times greater
than those of non-crystalline glasses. This suggests that speci-
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Fig. 4. Arrhenius plots of the relaxation time in f-spodumene s.s.

glass-ceramics. Lines are drawn by the least squares method.

Table 3. Structural Relaxation Time at Glass Transition Point in
Non-Crystalline Glasses and f-Spodumene s.s. Glass-Ceramics

Non-crystalline glasses * B-spodumen s.s. glass-ceramics

. borosilicate  window
silica glass A B C

glass * glass

Tg /°C 1152 486 524 650 789 818**
t/h 0.089 0.117 0.111 0.005 0.497 3.669

Int /h -2.4

* from Scherer [15]

* 8i0,: 64.4, B,04: 22.3, ALO;: 3.5, Na,0: 3.0, K,0: 5.5 (in mass%).

® $i0,: 72.0, Ca0: 6.7, MgO: 3.9, Al,Ox: 1.7, Na,O: 14.3, K,0: 1.3 (in mass%).
** estimated value

-2.1 -2.2 -5.3 -0.7 1.3

men C involves some effect that makes the volume change
slower.

Figure 5 shows the relationship between equilibrium density
and temperature in specimens A, B and C. In a few cases, the
density did not equilibrated within a practical observation
time. In such cases, the equilibrium density was simulated
based on the KWW function. In specimens A and B, as shown
in the figure, the equilibrium density increased linearly with
decreasing temperature in the temperature range below 7T, of
the glass-phase. This linear relation corresponds to the ther-
mal expansion curve of the glass-phase below T,. However, in
the case of specimen C, a distinctive phenomenon was ob-
served, in short, the equilibrium density was constant at tem-
peratures below 850°C regardless of temperature and the
crystal grain size. This means that the volume shrinkage of
specimen C reached a “densification limit” when the fictive
temperature of the glass-phase decreased to a certain criterion.
This phenomenon can be attributed to the proximity of crystal
grains due to the highly crystallized structure (Fig. 1, crystal-
linity: 90 vol%); namely, the crystal grains with increased
proximity block the volume shrinkage of the glass-ceramic.
Since such a densification limit was not observed in specimen
A or B with similar grain sizes, it is clear that the grain size
itself is not responsible for this phenomenon, but the proximi-
ty of crystal grains is. It is inferred from these results that the
cause of the slower relaxation in specimen C is inner friction
resulting from the proximity of crystal grains, which may
decrease the rate of shrinkage. The activation energy of
volume relaxation in specimens A and B were 599 and 414 kJ/
mol, respectively, which are in fair agreement with those of
non-crystalline silicate glasses.”"'¢ However, the activation
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Fig. 6. Appearance of the glass-ceramic ferrule for optical fiber con-
nectors.

energy of specimen C was much smaller (250 kJ/mol) than
these values. This is also attributed to the friction between
crystal grains, which may decrease temperature dependence of
the rate of volume shrinkage. As described above, the volume
change of f-spodumene s.s. glass-ceramics at high tempera-
tures depends upon not only the viscosity of the glass-phase
but also the crystalline-phase structure.

4.3 Simulation of long-term dimensional stability

Although the volume change of the f-spodumene s.s. glass-
ceramics is influenced by their crystalline-phase structure, its
time-dependent behavior can be well approximated by the
KWW function. Therefore, it is possible to predict the long-
term dimensional stability of the glass-ceramic using the
KWW function. In the following, we discuss the diameter
change of a precision glass-ceramic capillary used for the fer-
rules of optical fiber connectors (Fig. 6),%-7-1 which has
the same chemical composition and bulk structure as specimen
A. The fictive temperature of the glass-ceramic capillary is
considered to be identical to that of specimen A because of
their equivalent thermal history. For low-loss optical connec-
tion, the accuracy of the ferrule diameter must be within a
range of +/—0.5um even if the ferrule is exposed to high
temperatures.?” 22 We simulated the diameter change of a
glass-ceramic ferrule with a diameter of 1.25 mm, based on the
relaxation data for specimen A. The diameter change can be
calculated from the initial density py, equilibrium density p.,
relaxation time 7 and the constant f# in the KWW function.
Now, p, is known, and 7 can be determined from the Ar-
rhenius plot at arbitrary temperature. It is known that £ con-
verges on 0.4 to 0.6 near the glass transition point.?® This was
confirmed in this study as well; therefore, we set the value of
to be 0.5. For p., a linear relation p.= —7.4x 1073 T+2.5523
(T: temperature in centigrade), is derived from Fig. 5 for

Table 4. Factors in the KWW Function Used in Calculation of Di-
ameter Change in the Glass-Ceramic Ferrule

Temp. /°C py /g em™ p. /g em” t/h B
450 2.5075 2.5190 173x 10° 0.5
500 2.5075 2.5153 273x10° 0.5
550 2.5075 2.5109 103.1 0.5
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Fig. 7. Diameter change in the glass-ceramic ferrule at high tempera-
tures.

specimen A, so that we can determine the value of p. using this
relation. The values of these terms used for the calculation are
listed in Table 4 for three different temperatures. Figure 7
shows the simulation results of the diameter change of the
glass-ceramic ferrule exposed to high temperatures. At 550°C,
the diameter shrinks by 0.5 um after 100 h, and then it
becomes constant because the relaxation reaches equilibrium.
However, at 500°C, although the initial volume change is
slower than that at 550°C, the diameter continuously decreases
and the amount of shrinkage reaches more than 1.2 um, be-
cause the relaxation does not reach equilibrium within the
calculation period. At 450°C, the shrinkage remains within 0.4
um even after 1000000 h (more than 100 years) because of
a very slow relaxation. These data indicate that the dimen-
sional change depends on both the relaxation rate and the
difference between the actual temperature and the fictive tem-
perature of the glass-ceramic. Since the allowed accuracy for
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the ferrule diameter is +/—0.5 um, we can say that the glass-
ceramic ferrule has a sufficient dimensional stability at tem-
peratures below 450°C for sufficiently long periods of time. If
the glass-ceramic ferrule has a lower fictive temperature, the
rate of diameter change will be slower.

5. Conclusion

The high-temperature dimensional stability of f-spodumene
s.s. glass-ceramics was investigated. We demonstrated that
the glass-ceramics show reversible volume change due to the
structural relaxation in the residual glass-phase, even in a
highly crystallized specimen (crystallinity: 90 vol%). The
relaxation behavior in the specimens with lower crystallinity
(<70vol%) was similar to that of non-crystalline glasses,
while it is distinct in the highly crystallized specimen, that is, it
showed a densification limit and lower activation energy.
These phenomena were attributed to a blocking effect due to
the proximity of the precipitated crystal grains. The volume
change process in all specimens was well expressed by the
KWW function regardless of the crystallinity. We predicted
long-term dimensional change of a glass-ceramic ferrule for
optical fiber connectors, on the basis of relaxation data ob-
tained from the KWW function. This study will be valuable
for understanding high-temperature stability of the f-spodu-
mene S.S. glass-ceramics.
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