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This paper reviews glass formation, thermal stability, some physical properties and structure of glasses
based on the Bi-Sr-Ca-Cu-O (Bi-based) system. Especially, the effect of copper valence state on the thermal
stability and microstructure of the BisSroCaCusO, glass has been clarified. The Cu™/3Cu ratio in Bi-based
glasses is largely changed from 0.01 to 0.98 by adding glucose during melting or by annealing of powdered
glasses in oxygen at near the glass transition temperature. The thermal stability of the glasses with high
Cu™ contents is extremely high compared with that of the glasses with low Cu™ contents. The viscosity and
density of glasses decrease steeply with increasing Cu™/3Cu ratio, implying that the structure of Bi-based
glasses becomes loose with increasing Cu™t content. The phase separation is observed in the glasses with
high Cu™ contents, but no phase separation occurs in the glasses with high Cu®* contents. The correlation
between the phase separation and crystallization behaviors has been discussed.
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1. INTRODUCTION

Many compositions in the Bi-Sr-Ca-Cu-O system (Bi-based system) are glass-forming
through the quenching of melts, and glasses are converted into high-T'c superconductors after

proper annealing. 1)

This preparation technique, i.e., melt-quenching method or glass-ceramic
route, is very attractive for the fabrication of superconductors with desired forms such as fibers.
Many studies on superconducting properties of Bi-based glass-ceramics have been made so far.
In order to fabricate superconducting glass-ceramics with more excellent properties, an in-depth
understanding of the crystallization mechanism of Bi-based glasses will be necessary. It should
be pointed out that a large amount (70~80%) of copper ions in the Bi-based glasses prepared by
a conventional melt-quenching method exists as monovalent Cu” ions.)  On the other hand, it
is well known that the average copper valences in the Bi-based superconducting phases are over
2.0. It is, therefore, very important to clarify the effect of copper valence state in Bi-based
glasses on crystallization behaviors.®

Since Bi-based glasses are newcomers in the field of glass science and technology, the
structure and properties of glasses themselves are also of particular interest. Recently, the effect

of copper valence state on thermal stability and some properties such as viscosity and density in
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Bi-based glasses has been clarified.>”)  The data on the structure of Bi-based glasses seem to be
insufficient at this moment. But, very recently, phase separation behaviors in Bi-based glasses
have been reported.>’? 1In this paper, we review glass formation, thermal stability, some
physical properties and structure of Bi-based glasses. Especially, we focus our attention on the
effects of copper valence state on the thermal stability and microstructure of the BigSroCaCuO,
glass, which also will shed some important light on the fabricatior of high-performance high-Tc

superconducting glass-ceramics.

2. GLASS FORMATION REGION

The glass-forming region in the Bi-Sr-Ca-Cu-O system has been reported by several
groups.''®  The glass forming-region in the xBiOs/»~xSrO-zCa0-2Cu0O system (x=0.5~3,
3=0.5~2 and z=0.3~2) is shown in Fig. 1.'Y It can be seen that the BiO3/9-SrO-CaO-CuO
system has a strong tendency to form a glass and that the addition of BipOs3 is particularly
effective in facilitating glass formation. The ratio of SrO and GaO is also important. Miyaji ef

12 examined the glass forming regions of BiyO3-CaO-CuO and BiyOs-SrO-CuO by using a

al.
conventional melt-quenching method. They reported that glasses are more easily formed with
lower BigOs compositions in the BigO3-SrO-CuO system than in the BigO3-CaO-CuO system
and that the structure of SrO containing glasses is considerably different from that of CaO
containing glasses. Tohge e al.'® also examined the glass forming region in the pseudoternary
system BiOs/o-(SrO,Ca)1/9-CuO, Ca/SrO=1, by using a twin-roller rapid quenching method.
They reported that the amorphous samples were obtained in a relatively wide region. Since
monovalent copper ions coexist with divalent ones in the Bi-based glasses, the Cu™/ZCu ratio

should be specially considered for the investigation of the glass forming region. However, there
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Fig. 1. The glass-forming region of the xBiOs/-ySrO-zCa0-2CuO system
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has been no report on the effect of Cu*/3Cu ratio on the glass forming region in the Bi-based

glasses.

3. THERMAL PROPERTY IN BisSr:CaCuO. GLASS

The glass formation of the sample with the composition of the low-Tc phase BipSryCaCuyO, has

) For example, Yoshimura et al.'® prepared 20 ym

been reported by several research groups.'
thick BipSroCaCugO, amorphous films by using twin-roller rapid quenching. Zheng and
Mackenzie'? prepared 1 mm thick BigSrsCazCusO, glasses by using a conventional melt-
quenching method. A differential thermal analysis (DTA) curve for the BigSroCaCu0O, glass
prepared by using a conventional melt-quenching method is shown in Fig. 2.8 This glass was
melted using a Pt crucible. The values of glass transition, Tg, and crystallization temperatures,

Tx, are 435°C and 486°C respectively.

Bi2Sr2CaCu20x

486°C

|
883°C

Endo. ¢— —» FExo.

200 400 600 800 1000
Temperature (°C)

Fig. 2. DTA curve for the melt-quenched sample of BisSrsCaCuyQ..
Heating rate was 10 K/min.

23)

Recently, Sato e al.” succeeded in preparing the BigSroCaCu,Q, glasses with various
Cu™/3Cu ratios ranging from about 0.8 to 0.98 by adding glucose during glass melting and
examined the effect of Cu™ /ZCu ratio on the thermal stability. In their experiment, the glasses
were prepared as follows ; commercial powders of high-purity BiysO3, SrCO3, CaCOj3 and CuO
were mixed and calcined at 820°C for 10h in air. Glucose was added to calcined powders and
mixed in methanol. The glucose addition was 0~2.5wt% of batch weight. The mixture was
melted in an alumina crucible at 1,300°C for 10 min in an electric furnace. The melts were
poured onto an iron plate and pressed quickly to a thickness of 1.5 mm. Figure 3 shows the
fractions of Cu* in the glass analyzed by a cerate titration method. The estimated values from
thermogravimetry (TG) curves are also shown. It can be seen that the Cu™/3Cu ratio
increases with increasing glucose content. An equilibrium temperature of 2CuO and CuyO is
about 1,025°C in air, meaning that the Cu”/3Cu ratio in the Bi-based glasses is affected by
melting and quenching conditions. That is, many Cu ions in the melt of BisSroCaCu,O,

composition at 1,300°C would exist as Cu* ions. Zheng et al.* prepared the BisSrsCazCusO;
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Fig. 4. DTA curves for the bulk BisSroCaCuO,
glasses with different Cu”/5Cu ratios at
temperature >400°C' (a) and blown up
near T, (b).> Heating rate was 10
K/min.

glasses with different Cu™/3Cu ratios (0.66~0.85) by changing melting temperature. It is
clear from Fig. 3 that the addition of glucose being a reducing agent accelerates the
transformation of Ga®" ions into Cu™ ions in the melt of Bi-Sr-Ca-Cu-O system and is effective
in controlling the coppef valence in Bi-based glasses.

The DTA curves in air for the bulk BisSroCaCusO, glasses with the different Cut/3Cu
ratios are shown in Fig. 4(a) and (b). Itis clear that the patterns are strongly dependent on the
Cu*/3Cu ratio. Itis noted that the onset temperature of the first crystallization peak shifts to
higher temperature and the peak intensity decreases rapidly with increasing Cu™/3Cu ratio.
The values of glass transition, Tg, crystallization onset, Tx,n, and peak, Tx,, temperatures are
shown in Fig. 5 as a function of Cu™/ZCu ratio. The value of Tg tends to decrease slightly with
increasing Cu™ /3ZCu ratio. On the other hand, the values of Txo, and Tx, for the glasses with
up to Cut/3Cu=0.85 are almost the same, but those for the glass with Cu*/3Cu=0.98 are
high compared with other glasses. In the glass with Cut/3Cu=0.98, the difference between
Txon and Tg, AT=Tx,,-Tg, was 70°C. Itindicates that the thermal stability of Bi;SrsCaCusO,
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glass is improved by increasiﬁg Cu™/ZCuratio. Indeed, in the sample with Cu™ /ZCu=0.98, a
perfect glass is obtained without any press (rapid quenching) but just pumping up (slow
quenching) into silica glass tubes with 3mm diameter.

Figure 6 shows the DTA curves for the powdered glasses with different Cu™/ZCu ratios.
The value of Tg for the powdered glass is higher than that for the bulk glass with the same
Cu"/3Cu ratio, and the value of Txon is lower. The first exothermic peak due to the
crystallization for powdered glasses is very broad. Figure 7 shows the TG curves for the bulk
and powdered samples of the glass with Cu™*/3Cu=0.98, together with the DTA curves. In the
powdered sample, an increase in the weight occurs rapidly at above 300°C and a gradual decrease
is observed above 650°C. In the bulk sample, an increase in the weight is very small below
650°C and a rapid increase occurs at 700°C. The maximum increase is observed at around
850°C. The increase in the weight for the powdered sample occurs rapidly at temperature below
Tx, indicating that in the powdered sample with large surface area the oxidation of Cu™ to Cu®*
is accelerated. This oxidation would be a cause of the decrease in crystallization temperature for
the powdered glasses. These results clearly indicate that the thermal stability of the Bi-based
glasses in which Cuu ions exist almost completely as Cu™ ions is much higher than that of glasses
in which a large amount of Cu®* ions are included. ~Since the initial crystalliné phase appearing
during heating of the BisSryCaCugO; glass is the BigSroCuO; phase in which Cu ions exist almost

52429 the presence of Cu™ ions would decrease the rate of the

completely as Cu®" ions,
crystallization of glasses.
Although the role of Cu™ ion in the glass structure is not clear, it is expected that Cu™ ions
play an important rolein the glass structure and that the structure of BisSroCaCusO, glass variés
with copper valence state in glass. Nakagawa et al.®® investigated a local structure around Cu

atoms in the BigSreCaCuyO; glass by the EXAFS analysis and proposed that some fraction of Cu
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Fig. 7. TG and DTA curves for the bulk and powders of the BisSroCaCu,O,
glasses with Cu*/3Cu=0.98."

ions exists as Cut surrounded by two oxygen. Recently, Sato et al.” found that the viscosity and
density of BipSryCaCu,O; glass decrease rapidly with increasing Cu™/3Cu ratio and proposed
that the structure of Bi-based glasses becomes loose with increasing Cu™/3Cu ratio.

It is worth to remind the effect of copper valence state on the structure and properties of
copper aluminosilicate glasses. It is well recognized that Cu™ ions play an important role in the

31-34) j ., low thermal expansions and low

unique properties of copper aluminosilicate glasses,
viscosities. Makishima et al.>® proposed that copper aluminosilicate glasses have low values of
packing densities of atoms, and the low thermal expansion may correlate with an open structure.
Kamiya et al.>* investigated a local structure around Cu atoms in copper aluminosilicate glasses
by the EXAFS analysis and reported that the Cu™ ion in copper aluminosilicate glasses is
coordinated to two OXygens through covalent Cu*-O bonds. They suggested that the Cu*-0O
bond in copper aluminosilicate glasses is covalent as in CuyO and CuAlOs crystals, since Cu™-O
distance in the copper aluminosilicate glasses is 0.190 nm, which is relatively small compared to
the sum of the Pauling’s ionic radii of Cu™, 0.096 nm, and O®~, 0.140 nm. Nakagawa et al.>”
reported that the average Cu-O distance in the BisSroCaCugO);, glass is 0.189 nm. These studies
support the suggestion that the structure of Bi-based glass varies significantly with the Cu"/3Cu
ratio and the Cut-O bond in the BisSrsCaCusO, glass is also covalent. The increase in the
covalency of Cu ™ -O bonds would be a significant reason for the improvement of thermal stability
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for the Bi-based glasses with high Cu*/3Cu ratios.

4. PHYSICAL PROPERTY OF Bi,Sr2CaCuzO, GLASS

The effect of Cu™/ZCu ratio on the density of the BipSroCaCuyO; glass is shown in Fig. 8 as
a function of Cu’/3Cu ratio. The density decreases almost linearly with increasing Cu™
content. The large decreases imply that the structure of glasses changes with the Cu™ content.
If one assumes that the structures of the glasses such as BiQSrQCaCu+1,50u2+0‘407,2 and
BiQSrZCaCu+1.90u2+0,107‘05 are the same and the difference in the density arises only from -
oxygen content, the density change with the Cu™ /3Cu ratio is expected as shown by a dotted line
in Fig. 8. It is known that the oxygen coordination numbers of Cu ions in CupO and CuO
crystals are two and four, respectively and the densities of CusO and CuO crystals are 6.04 and
6.31 g/cm®, respectively. If the oxygen coordination numbers of Cu ions in Bi-based glasses are
similar to those in the crystals, i.e. two for Cu™ ions and four or five for Cu®* ions, a large

decrease in the density would be expected, as is the case shown in Fig. 8.
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Fig. 8. Values of the density for the BisSryCaCuxQO, glasses with different
Cut/3Cu ratios.”
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The viscous flow behaviors were also reported.7) " The Arrhenius plots of the viscosity of the
glasses with different Gu™ /ZCu ratios are shown in Fig. 9. It is seen that the viscosity in the
temperature range of 431 and 467°C obeys the Arrhenius law. The isoviscous temperatures of
these glasses decrease with increasing Cu’ content. The activation energies, Ea, for viscous
flow estimated from the data in Figs. 9 are shown in Fig. 10 as a function of Cu*/3Cu ratio.
The value of Ea decreases rapidly with increasing Cu™ content from 987 to 637 kJ/mol. These
values for the BigSrsCaCuyO, glasses are similar to the values of 800~980k]J/mol for
Bi.SrCaCuy0O, glasses (x=1.5 and 2.7) reported by Tatsumisago et al.®  The results shown in
Figs. 9 and 10 indicate that the viscosity of Bi-based glasses is very sensitive to the copper valence
state. In other words, the decrease of Ea for the viscous flow indicates that the size of flow unit
decreases with increasing Cu™ content or the amount of free volume increases. It is clear that
the dependence of the copper valence state on the viscosity shown in Figs. 9 and 10 is very similar
to that on the density shown in Fig. 8, suggesting again that the structure of Bi-based glasses

becomes loose with increasing Cu™ content.
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Fig. 10. Values of the activation energy, E,, for Fig. 11. Values of the thermal expansion
viscous flow estimated from Arrhenius coefficient, @, for the BisSrsCaCuoO,
plot (Fig. 9) for the BipSroCaCusO, " glasses with different Cu® / 3Cu ratios.”
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The thermal expansion coefficients for the BiySroCaCuyO, glasses are shown in Fig. 11 as a
function of Cu¥/5Cu ratio. The values obtained are about 120X10~7 K~! and insensitive to
the Cu™ content. It is well known that the thermal expansion coefficient of ordinary oxide
glasses containing copper ions such as CugO-A1203-4Si02 depends strongly on the Cu™/3Cu
ratio.®®  For Bi-based glasses with low Cu™ contents such as Cu™/ZCu<0.5, if possible, some

change in the thermal expansion coefficient might be observed.

5. OXIDATION OF Cu' IONS IN BiySr:CaCus0, GLASS

The preparation and investigation of the Bi-based glasses with high Cu®** contenis are very
important. However, the Bi-based glasses with high Cu®* contents can not be prepared by
using a conventional melt-quenching method. Very recently, Sato et al.!? succeeded in
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Fig. 12. XRD powder patterns at room temperature for the BigSroCaCu0O,
samples annealed at near the glass transition temperature (390, 430,
450°C) for 72h in oxygen.'”

preparing the BigSryCaCusO, glass powders with low Cu™ contents, i.e. Cu¥/3Cu=0.01~0.8,

by oxidizing of Cu™ to Cu®*

through the annealing in oxygen at near the glass transition
temperature without causing any crystallization. In their experiment, the bulk glass was first
ground, and then the glass powders with diameters less than 37 um were oxidized.

’ Figure 12 shows X-ray powder diffraction patterns at room temperature for the samples
annealed at 390, 430 and 450°C for 72 h in oxygen. In the as-quenched glass, a large halo is
observed at around 26=30° and a small one is also observed at around 26=20°. The value of
the half width of the large halo is about 5.5°. In the powdered samples annealed at 390°C and
430°C, a large halo is also observed and any sharp diffraction peak can not be seen. The values
of the half width of these large halos are almost the same as that of as-quenched glass. An
annealing at 450°C leads to the appearance of the peaks due to the precipitation of a crystalline
phase. This phase is assigned to the BisSroCuO, phase. These results indicate that the glassy
state is kept in the powdered glasses annealed at 430°C for 72 h in oxygen but a crystallization
occurs at annealing of about 450°C.

The values of the Cu*/3Cu ratio analyzed by a cerate titration for the powdered glasses
annealed at 430°C are shown in Fig. 13 as a function of annealing time. A decrease in the
Cu*t/3Cu ratio occurs rapidly within a short annealing time below 4h. This result indicates
that the Cu™ ions in the powdered glasses are easily oxidized through the annealing at 430°C
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Fig. 13. Plotsof Cu™/3Cu ratio against anriealing time for the BisSroCaCuoO,
samples obtained by annealing at 430°C.'”

without causing any crystallization, i.e. with keeping the amorphous state.

The DTA curves in oxygen for the powdered glasses annealed at 430°C: for various periods in
oxygen are shown Fig. 14. The exothermic peaks due to the crystallization are observed in all
glasses. In the as-quenched glass, two exothermic peaks are observed at around 460 and 500°C.
In the annealed samples, the intensity of the exothermic peak at around 460°C decreases with
increasing annealing time and such a peak is not observed in the glass annealed for 180 min. On
the other hand, the intensity of the exothermic peak at around 500°C increases with increasing
annealing time. Figure 15 shows the expanded DTA curves at near the glass transition for the

Intensity (a.u.)

430°C, 180min /
430°C, 60min /

430°C, 30min

™~
\

As-quench

/ / /

400 450 500 550 600
* Temperature (°C)

Fig. 14. DTA curves for the BisSroCaCuy0, samples annealed at 430°C for
various periods in oxygen.w) Heating rate was 10 K/min.
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Fig. 15. Expanded DTA curves at near glass transition for the samples
obtained by anmealing at 430°C.”

powdered glasses annealed at 430°C. The endothermic peak due to the glass transition is clearly
observed in all glasses. This result also indicates that the glassy state is kept in the powdered
glasses annealed at 430°C in oxygen. The values of Tg and Tx for the powdered glasses

obtained by annealing in oxygen are given in Fig. 16 as a function of Cu™/3Cu ratio. It is seen

o

- 70 |~
500 Txz
60

520

Oago |
2,480 o Txt 50 | peak 2
2 ~_ e =
g4e0 ® S a0f
5 -
§ 440 |- r Of ~
[ Tq 3
I 20 - peak 1
420 -
10
400 1 1 \ 1 ) 0 [ ) 1 1 1 .
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Cu*/xCu Cu*/xCu
Fig. 16. Values of glass transition, Tg, Fig. 17. Intensities of the exothermic peaks
crystallization onset, Tx, tempera- measured by DSC as a function of
tures as a function of Cu™t/XCu ratio Cu™/3Cu ratio for the BipSroCaCusO,
for the BisSroCaCupO, samples ob- samples obtained by annealing at near
tained by annealing at near the glass the glass transition.'®

transition.'®
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that the values of Tg or Tx for the glasses with Cu’/3Cu< 0.3 are much higher than those for the
glasses with Cu™/3Cu>0.3. The highest values of glass transition and crystallization
temperatures are 474°C and 513°C, respectively. In Bi-based glasses, these are the highest
values of all data reported so far.

The intensities of the exothermic peaks due to the crystallization for the BisSroCaCunO,
powdered glasses, which were measured by a differential scanning calorimetry (DSC), are shown
in Fig. 17 as a function of Cu™*/3Cu ratio. The intensity of the first exothermic peak, DH,
decreases gradually and that of the second crystallization peak increases with decreasing
Cu"/3Curatio. Particularly, in the glasses with Cu’/3Cu< 0.2, a rapid increase is observed.
These results shown in Figs. 16 and 17 also indicate that the structure of the BisSroCaCuyO;, glass
is largely affected by the Cu'/3Cu ratio and particularly changes drastically at around
Cut/3Cu=0.2.

6. MICROSTRUCTURE OF Bi-BASED GLASSES

The microstructure of Bi-based glasses using transmission electron microscopy (TEM) has
been reported by several researchers. Kim et al.®) and Aruchamy® reported that the phase
separation occurs in the BigSroCaCupO, glass and the BijggPbo32Sr1.75Ca3CusO, glass.
However, the chemical compositions of those phases and the origin of the phase separation have
not been clarified yet. Kasuga et al.>”) reported that the addition of AlyOs to a BiSrCaCusOx .
melt enhances a dropelet-like phase separation.

The TEM micrograph of the as-quenched BiySryCaCuyO, glass (Cut/3Cu=0.81) is shown
in Fig. 18. The electron diffraction pattern, which is inserted in the figure, is a typical
amorphous ring. The microstructure shown in Fig. 18 has a characteristic of liquid-liquid phase

separation, demonstrating that the as-quenched glass is phase separated. The feature size found

Fig. 18: TEM bright-field image from the as-quenched BisSroCaCu,O; glass.
Insert is an electron diffraction pattern.'”
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ezl
Fig. 19. TEM bright-field image from the BizSroCaCu20O, specimen annealed
at 430°C for 72h in oxygen. Insert is an electron diffraction

pattern.'”

in this sample is in the range of 4~10 nm. Similar microstructures were observed for some other
Bi-based glasses.®® Figure 19 shows the TEM micrograph of the BiySryCaCuyO, glass
(Cut/3Cu=0.01) annealed at 430°C for 72 h in oxygen. Any fine structure composed of clear
different contrasts is not seen.  This result suggests that the phase separation in the as-quenched
glass disappears due to the annealing in oxygen. In other words, the phase separation behaviors
of Bi-based glasses depend largely on the copper valence state. Itis considered that the presence
of Cu” ion in the BiySroCaCuyO, glass is a key factor for the phase separation. That is, it is
considered that one of the phases observed in the as-quenched glass contains most of Cu™ ions.
In the DTA curve of the as-quenched BisSroCaCusO, glass powders shown in Fig. 14, two
exothermic peaks were observed and the intensity of lower exothermic peak decreased with
decreasing Cu*/3Cu ratio. On the other hand, the intensity of the second peak increased with
decreasing Cu™/3Cu ratio. These crystallization behaviors might be closely related to the
phase separation behaviors. That is, the glasses with a phase separation have two crystal-
lization peaks and the glasses with no phase separation have only one crystallization peak.

As shown in Fig. 16, a rapid increase in Tg was observed at around Cu” /3Cu=0.3. It is
known that some glasses in which a phase separation occurs have two glass transition
temperatures.%) However, two glass transition temperatures are not observed in the
BiySryCaCusO, glass, as shown in Fig. 15. In the glasses with Cu'/3Cu=0.3, the glass
transition and lower crystallization temperatures are observed at about 420°C and 460°C,
respectively. On the other hand, the glasses with Cu™/3Cu=0.01, in which a phase separation
is not observed, exhibited a glass transition at about 470°C. From these results, it would be
expected that although the as-quenched glass separates into two glass phases having Tg of about
420°C and 470°C, an endothermic peak due to the higher glass transition is overlapped by the
lower crystallization peak and would not be observed in a DTA curve.
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