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Lithium zinc silicate glasses are of interest for the preparation of moderately high thermal
expansion glass-ceramics which are suitable for sealing to a number of nickel-based
superalloys. The effect of composition, in particular the variation of nucleating species, on the
crystallization behaviour of a number of these glasses has been examined using differential
thermal analysis, X-ray diffraction, and electron microscopy. Various crystal phases have been
identified, including cristobalite, quartz, tridymite and 7, Li,ZnSiO,. In addition, most of the
glass-ceramics also contain an unidentified phase which may be related to the f-series of
lithium zinc silicates. Heat-treatment schedules have been derived on the basis of these results
in order to produce a number of glass-ceramic materials. The resultant thermal expansion
characteristics of the glass-ceramics have been monitored using dilatometry, and expansions
in the range *12.3t0 17.1 x 107°°C™" (20 to 460°C), have been obtained, depending on
the precise glass composition and heat-treatment schedule employed. In addition, the mech-
anical properties of a number of selected samples have been monitored, employing a biaxial

flexure technique.

1. Introduction

One of the most important applications of oxide glasses
has been as electrical insulating components for use in
a variety of electrical and electronic devices. Early
vacuum tubes relied heavily on the property of certain
glasses to bond well to metals, so forming strong
hermetic seals and, in addition, electrically isolating
the metallic components from one another (e.g. [1]).
Later, McMillan and coworkers [2-4] showed that
glass-ceramics could also be employed to produce
superior glass-ceramic-to-metal seals. Glass-ceramics
offer the advantages of glass-to-metal seals, in par-
ticular ease of fabrication, including relatively low
sealing temperatures, in addition to several other
important advantages. These include higher mechan-
ical strength and more refractory behaviour, relative
to their glassy counterparts, coupled with the ability
to tailor the thermal expansion characteristics to
match those of almost any metal or alloy. Despite
the versatility of glass-ceramics, however, wide scale
commercial exploitation has been relatively limited
(e.g. [5-12]). This is particularly true for ceramic-to-
metal seal applications, although there has been a
moderate increase in interest over the last few years
(e.g. [13-18)).

In the UK, a recent study required the development
of a glass-ceramic for sealing to nickei-based super-
alloys, and it was shown that materials from the Li,O-
7n0-Si0, system appeared particularly promising
[19]. Lithium zinc silicate glass-ceramics containing
high proportions of zinc oxide were first reported by
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McMillan and Partridge in 1963 [20], and further
work was published in the period up until 1967 3, 4,
21-26]. With a few notable exceptions, however, (e.g.
[27-29]) very little detailed work has since been
reported on this system, particularly in connection
with the development of suitable materials with prac-
tical applications.

In the present paper, we describe and discuss work
carried out on a number of Li,0-ZnO-SiO, materials
containing relatively high concentrations of ZnO. This
comprises a study of the crystallization behaviour of
selected glasses, including the influence of nucleating
species and concentration, and an assessment of the
thermal expansion characteristics and mechanical
properties of some of the resuitant glass-ceramics.

2. Experimental procedures

2.1. Preparation of glass samples

Glass batch materials were prepared, using the con-
stituents summarized in Table I, by tumbling the
appropriate powders, calculated to yield 500 g samples
of glass, for 1 h in polyethylene bottles. The batches
were then melted in air in a closed Pt-5% Rh crucible
at a maximum temperature of 1500°C for 3 to 5h.
Good homogeneity was achieved by quenching the
molten glass in de-ionized water, which produced
a granulated product, followed by remixing and
remelting of the product, this procedure being carried
out at least twice. Details of the glass compositions
prepared are given in Table II. These are nominal
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TABLE 1 Glass batch constituents

—_—

Li,0 —BDH, GPR Li,CO,
Na,0 —BDH, GPR anhydrous Na,CO,
K,O —BDH, AR K,CO;

ZnQ —BDH, AR ZnO

B,O; —M & B Laboratory Chemicals H;BO,, and/or
BDH, AR Na,B,0,. 10H,0

6. ALO, —BDH, AR ALO,

7. P,O; —BDH, AR anhydrous Na,HPOQ,, and/or BDH,
GPR Zn,(PO,),. 4H,0

8. MoO, —BDH, AR MoO,
9. CuO —Koch-Light, pure CuO

bR w1

10.  SiO; —Tilcon L30A low-iron silica sand

compositions; weight losses during melting were
generally less than 0.5 wt %.

Molten glass was subsequently cast into preheated
(to 450° C) graphite moulds of 38 mm internal diameter
to give solid cylinders of glass approximately 80 mm in
height. These cylinders were immediately annealed for
1h, and then furnace-cooled at ~0.5°Cmin~' to
room temperature. The annealing temperature for
each glass composition employed was based on prior
knowledge of the glass transition temperature, 7,, as
determined by differential thermal analysis employing
a Stanton Redcroft DTA Model 674, operating at a
heating rate of 10°Cmin~'. Samples of glass rod 6 or
8 mm in diameter were also prepared by casting into
suitable graphite moulds, annealing subsequently
being carried out as described above.

Samples of glass rods about 6 mm in diameter of
compositions B and C were also provided by Sandia
National Laboratories, Alberquerque, USA (SNLA).
These glasses were prepared by melting at a lower
temperature (1275° C) whilst stirring the melt in order
to achieve good homogeneity. Batches of glasses B
and C prepared in our own laboratory and at SNLA
were subsequently chemically analysed for com-
parison. These analysed compositions are given in
Table III, and are seen to compare very favourably,
despite the different preparation techniques.

2.2. Conversion of glass to glass-ceramic

The glass cylinders were cut into suitably sized samples
using a diamond wheel, and cleaned in order to
remove all surface contaminants which may give rise
to preferential surface crystallization during heat-
treatment. The following cleaning procedure was
adopted. The samples were first rinsed in acetone; they
were then ultrasonically cleaned in dichloroethane,

followed by further uttrasonic cleaning in isopropanol;
finally, they were dried under an infrared lamp.
Samples were then heat-treated under a variety of
conditions, employing a Wentgate Model 0810 vacuum
furnace, modified to operate under a positive pressure
of argon. For most of the work, a simulated sealing
cycle was performed in addition to nucleation and
crystallization heat-treatment cycles, as depicted in
Fig. 1.

2.3. Measurement of thermal properties

The thermal properties of the glasses, in the form of
as-quenched powder, were monitored using the
Stanton Redcroft Differential Thermal Analyser. The
DTA was calibrated over a range of temperatures and
heating rates using standard materials (K,SO, and
Ag,S0,). It was noted that heating rate, T, corrections
only became significant for 7 > 15°C min~'. All
work was therefore confined to T < 15°Cmin~"',
with the majority of work being performed at a stan-
dard heating rate of 10°Cmin~"'.

A preliminary assessment of the efficiency of a given
nucleating agent or additive was made using the
method of Thakur and Thiagarajan [30], in which the
variation in peak crystallization temperature with
particle size is monitored. Two size fractions were
used in the present work, a fine sample 0 to 212 ym in
size, and a coarse sample 600 to 1000 yum. Optimum
nucleating temperatures were also measured using the
method of Marotta et al. {31-34]. In this technique,
the optimum nucleation temperature is found by
plotting the difference in peak crystallization tempera-
ture between as-quenched and nucleated glass samples
against the temperature of nucleation. The method
offers a very simple and relatively quick way of finding
optimum nucleation temperatures for different glasses,
involving the use of DTA only. In the present work, a
standard glass particle size of 600 to 1000 um was
employed, and samples were nucleated in situ in the
DTA for 1h in the temperature range 400 to 620°C.
Peak crystallization temperatures were then monitored
by heating the samples through the crystallization
range at 10°Cmin~'. Optimum nucleating times
were assessed by holding at the optimum nucleating
temperature, as determined by the above method, for
various periods of time, the procedure again being
carried out in the DTA.

Apparent activation energies for crystallization
were determined following the modified Kissinger
method, as described by Matusita ef a/. [35-37]. This
technique makes use of the relationship

In(T"/T}) = —(mE/RT,) + constant (1)

TABLE II Nominal compositions of glasses employed in present work (mol %)

Glass Li,0 Na,O K,0 ZnQ B0, AlLO, MoO, CuQ P,0; Si0,
code

A 18.19 4.87 — 18.11 4.34 — — -~ — 54.54
B 18.01 4.82 - 17.93 4.29 - — — 1.01 53.94
C 17.96 4.80 - 17.87 4.28 - — - . 1.31 53.78
D 17.89 4,79 — 17.81 4.26 — — — 1.65 53.60
E 17.75 4.75 - 17.67 422 - - 1.14 1.32 53.15
F 17.91 1.47 1.61 17.82 4.26 0.60 — — 1.33 55.00
G 18.01 4.82 — 17.93 4.29 — 1.00 - — 53.95
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Figure 1 Representative sealing and heat-treatment cycles.

where 7}, is the crystallization peak temperature, E the
activation energy, R the gas constant and » and m are
numerical factors which depend on the crystallization
mechanism.

In this method, In (T7/77) is plotted against 1/T,,
and E is found from the slope of the resulting graph.
The method requires a prior knowledge of the crystal-
lization mechanism in order to assign the appropriate
values to # and m. For example, for n = m = 1,
surface crystallization would normally predominate,
whilst for n = m = 3, three-dimensional bulk crys-
tallization from a constant number of nuclei predomi-
nates [35-37]. In the present work, samples were
nucleated for 2 h at the optimum nucleation tempera-
ture, and values of n = m = 3 were used. Apparent
activation energies for crystallization were also found
for some of the samples which had not been subjected
to a separate nucleation stage. In these cases, values of
n'= 4 and m = 3 were employed, corresponding to
bulk crystallization from an increasing number of
nuclei, N, i.e. N oc 1/T.

2.4. Thermal expansion characteristics

The thermal expansion characteristics of the materials
in the form of rod 6 or § mm in diameter were moni-
tored at a heating rate of 5°Cmin~' using a dila-
tometer supplied by Ceramic Developments (Mid-
lands) Ltd. This was of the single push-rod variety
employing a linear variable differential transformer,
LVDT, and with an operating capability in air from
ambient to 1000°C.

2.5. X-ray diffraction

As-cast and heat treated samples were examined using

TABLE III Chemically analysed glass compositions (mol %)

Glass code  Li,0O Na,0 ZnO B,0, P,0, Si0O,

B-UK 18.74 4381 18.67  3.51 0.92 53.35
B-US 18.03  4.73 19.49  3.01 0.84 53.89
C-UK 18.11 4.85 18.91 3.54 1.27 53.33
C-US 18.07  4.65 19.17  3.02 1.10 54.01

UK glasses prepared by present authors.
US glasses prepared at SNLA.
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a Philips PW1710 diffractometer employing Cu Ko
radiation from 260 = 5 to 100°.

2.6. Microstructure

Microstructures were examined by optical and scan-
ning electron microscopy (SEM), after polishing
samples and then etching for a few seconds in an
aqueous solution of 0.5% HF + 0.5% H,SO,. SEM
samples were coated with Au-Pd alloy prior to exam-
ination.

2.7. Mechanical properties

Disc samples of about 1.4 mm in thickness were cut
from the as-cast and heat-treated materials using a
diamond wheel. The discs were given no further treat-
ment, the cutting process yielding a standard abrasion
treatment. Samples were then tested in biaxial flexure,
using a loading rate of 0.75 mmmin ', The piston-on-
three-ball method was employed in which a glass or
glass-ceramic sample in the form of a thin disc is
supported on three equi-spaced ball bearings situated
on a circle of diameter d, and a piston is used to
transmit load to the central region of the disc [38-41].
In the present work, 38mm diameter discs were
tested using a piston diameter of 2.4mm, and for
d = 25.4mm. This method, which offers the advan-
tage that the fracture stress is independent of the
condition of the edges of the sample, requires a
knowledge of Poisson’s ratio for the material tested; a
standard value of 0.24 was taken for 2all the materials
investigated in this work.

3. Results

3.1. Thermal properties of glasses

3.1.1. Differential thermal analysis

investigations

The thermal properties of the glasses, designated
compositions A to G, are given in Table IV. The
composition which contains no specific nucleating
agent (A) exhibits only a broad, diffuse crystallization
exotherm. On the other hand, compositions that
contain P,O; (B to D), exhibit two well resolved
crystallization peaks, the separation between the
peaks and the sharpness of the peaks increasing as the



concentration of P,Os increases; the increase in peak
separation is a result of the first crystallization peak
being shifted to lower temperatures, there being no
significant change in the temperature of the second
peak. The composition which contains ALO; in
addition to P,Os (F) exhibits not only a shift to lower
temperatures of the first crystallization peak, but also
a shift in the second peak to a higher temperature. The
glass which contains 1.00 mol % MoO; as nucleating
agent (G) also exhibits two crystallization peaks with
similar peak temperatures to those obtained with
1.31 mol % P,O;. All the glasses show well defined 7,s
and melting ranges. Representative DTA traces are
shown in Fig. 2.

Nucleating efficiencies, as determined by the varia-
tion in peak temperature between coarse and fine
samples of glass powder, are summarized in Table V.
The data for finding the optimum nucleating tempera-
ture of a given glass, in which the difference in peak
temperature between as-quenched and nucleated
glasses 1s plotted against the nucleating temperature
employed, are shown in Fig. 3a and the data for
finding the optimum time are shown in Fig. 3b. A
typical DTA trace which illustrates the shift in crystal-
lization peaks effected by nucleation is shown in
Fig. 4. Activation energies for crystallization, as
determined by DTA, are given in Table VI . A
representative plot of In 7°/T> against 1/T, for sample
B is shown in Fig. 5.

3.1.2. Thermal expansion characteristics

The thermal expansion of the lithium zinc silicate
glasses studied is approximately 9.0 x 107¢°C~' (20
to 460°C), irrespective of the precise composition.
The expansion behaviour noted (Fig. 6) is similar to
that which is observed for many inorganic glasses.
Very characteristic expansion behaviour is found for
the glass-ceramics, as also illustrated in Fig 6. A
region of moderate expansion is noted between
ambient and about 150° C. This is followed by a rapid
increase in expansion over the range =~ 150 to 240°C
followed by a second region of moderate expansion
behaviour up to about 520° C. A very high expansion
regime is then encountered up to the maximum
temperature investigated (x~650°C). The values
of expansion noted for the glass-ceramics are very
dependent on the composition and heat-treatment
schedule, as summarized in Fig. 7.

TABLE 1V Thermal prope‘rties of glasses
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Figure 2 Typical DTA traces of as-quenched lithium zinc silicate
glasses.

Fig. 7 shows the expansion coefficients of the glass-
ceramics as a function of the (1h) crystallization
temperature for the temperature regime 20 to 460° C.
In Fig. 7a, data for composition B are given for
samples which have been heated to 950° C for Smin
(representing the sealing condition, see Fig. 1), followed

Glass code T, T T2 T, Tiq
e (9] O : O e

A 455 + 1 720 - 821 + 13 987 + 6
B 459 + 4 702 + 8 743 + 7 852 £+ 16 937 £ 3
C 459 + 3 650 £ 9 737 £ 5 845 + 9 926 + 6
D 464 + 3 610 £ 5 744 + 6 820 + 8 948 + 10
E 459 £+ 1 646 + 2 730 + 4 828 + 14 933 + 5
F 472 £ 5 628 + 6 777 + 6 861 + 11 . 961 + 2
G 460 + 1 660 + 1 749 + 1 843 + 6 966 + 2

T, glass transition temperature

T, temperature corresponding to first crystallization peak
T, temperature corresponding to second crystallization peak
T, temperature corresponding to start of melting (see Fig. 2)
T, liquidus temperature (end of melting)
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Figure 3 (a) Variation in peak temperature between as-quenched and nucleated glass (composition B) with temperature of nucleation —
samples nucleated in situ in the DTA for 1h. (b) Variation in peak temperature of as-quenched and nucleated glass (composition B) with
time of nucleation at 465°C.

TABLE V Effect of small concentrations of additives on nucleating efficiency

Glass code Additive Nucleation treatment AT, AT,

(mol %) (8] (8]
A none none 62 -
B 1.01 P,Oq none 23 6
B 1.01 P,Oq 2h at 465°C 0 0
C .31 P,O4 none 0 1
D 1.65 P,Oq none 0 9
E 1.31 P,Os; + 1.14 CuO none 3 8
F 1.31 P,O5 + 0.60 AlL,O, none 0 1

+ K,O substitution
G 1.00 MoO, none 12 42
G 1.00 MoO, 2h at 465°C 16 37
TABLE VI Activation energies for crystallization
‘Glass code Nucleation Activation energy (+ 10kJmol™")
treatment
First crystallization peak Second crystallization peak

B none 273 361
B 2h at 465°C 256 280
C none 306 384
C 2h at 465°C 290 320
D 2h at 465°C 312 343
F 2h at 465°C 344 323
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TABLE VII Summary of X-ray diffraction data

Glass code Heat-treatment schedule Crystal phases identified
Temp (°C) / time (min)
B as-cast Amorphous
B 950/5 + 465/60 + 700/60 a-crist + unknown LZS
B 950/5 + 465/60 + 750/60 a-crist + unknown LZS
B 950/5 + 465/60 + 800/60 a-crist + quartz + unknown LZS
B 950/5 + 465/60 + 850/60 a-crist + tridymite? + unknown LZS
B 950/5 + 465/60 + 850/60* Tridymite + 3, LZS
C as-cast Amorphous
C 950/5 + 465/60 + 700/60 o-crist + quartz + unknown LZS
C 950/5 + 465/60 + 700607 a-crist + unknown LZS
C 950/5 + 465/60 + 7507601 a-crist 4+ unknown LZS
C 950/5 + 465/60 + 8007607 a-crist + tridymite + unknown LZS
C 950/5 + 465/60 + 850/60 a-crist + quartz + unknown LZS
C 950/5 + 465/60 + 8507601 a-crist + tridymite + unknown LZS
C 465/60 + 650/60% Amorphous + a-crist + unknown LZS
C 465/60 + 700/60* a-crist + unknown LZS
C 465/60 + 800/60* o-crist + quartz + unknown LZS
Samples as-treated thermal expansion bars, except T = surface-ground bars, * = sectioned cylinders. crist = cristobalite LZS = lithium
zinc silicate

by nucleation at 465 or 585° C (which correspond to
regimes of high nucleation rate — see Fig. 3 and
discussion). Similar data for composition C are given
in Fig. 7b. Also included in Fig. 7b are data for glasses
that have not been subjected to a separate sealing
cycle; these materials have been given a standard
nucleation and crystallization heat-treatment only.
The thermal expansion of these materials is less than
that of the corresponding glasses that have been
subjected to a separate sealing cycle. For both these
compositions, thermal expansion generally decreases
with increasing crystallization temperature.

3.2. Crystalline phases present
As-cast glasses were fully X-ray amorphous, as were
glasses which had undergone nucleation for 1h at
465°C. Heat-treatment of glasses at > 650°C pro-
duced characteristic X-ray peaks which increased
in intensity with increasing temperature and time.
Some typical X-ray diffraction data are shown in
Fig. 8. A number of crystalline phases were iden-
tified, including cristobalite, quartz, tridymite and 7,
Li,ZnSiO,, as summarized in Table VII. In general,
however, the peak positions and corresponding d-
spacings of the major phase could not be identified
positively with any of the known lithium zinc silicate
or related compounds, although they were apparently
most closely related to the f-lithium zinc silicate series.
Also, as noted in Table V1I, differences were found
between samples that had been surface ground prior
to X-ray examination, and samples that had had no
prior surface treatment, suggesting some surface crys-
tallization effects.

3.3. Microstructures

The microstructures of a number of the glass-ceramics
are shown in Figs 9 and 10. Fig. 9 shows glass samples
that have been nucleated only, at 465 and 585°C,
respectively. Fig. 10 shows samples that have also
been subjected to a crystallization stage.

3.4. Mechanical properties
Results for the biaxial flexure strength of some of the

materials are summarized in Table VIII and Fig. 11.
The strongest material studied was composition D,
crystallized at a temperature of 750°C, which exhi-
bited a stength of 139 + 4 MPa.

4. Discussion
The thermal properties of the lithium zinc silicate
glasses studied in the present investigation are charac-

terized by two well defined DTA crystallization

702°¢

1 743°¢

650°C

730°¢C

Differential Temperature (Arbitrary scale)

i - 1 |
500 600 700 800
Temperature (°C)

Figure 4 DTA traces of (a} as-quenched and (b) nucleated glass (1 h
at 465° C) composition B, illustrating the shift in peak temperatures
effected by nucleation.
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exotherms, as illustrated in Fig. 2. Of particular
interest is the influence of P,O; on the crystallization
behaviour of these glasses. The addition of P,O;
reduces the temperature of the first crystallization
peak as the concentration of P,O; increases from 1.01
to 1.65mol %, as shown graphically in Fig. 12. There
is no significant change in the second crystallization
peak over this temperature range.

The simple DTA test for monitoring nucleation
efficiency of a given nucleating agent measures the

TABLE VIII Biaxial flexure strength of glass-ceramics (For
glasses nucleated for 1h at 465°C and crystallized at different
temperatures)

Glass code  Temperature of crystallization ~ Flexure strength
0 (MPa)
C glass 91 + I1
C 700 138 + 12
C 750 110 + 13
D glass 102 + 10
D 650 92 &+ 15
D 700 126 + 8
D 750 139 £ 4
D 800 133+ 6
E glass 79 +£ 10
E 700 136 + 5
E 750 106 + 8
E 800 113 + 13
F glass 85 + 14
F 650 8l + 11
F 750 137 £ 2
F 800 118 + 8
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variation in peak temperature with sample particle
size. Because the smaller particle size has a larger
surface area, the effect of surface crystallization will
predominate over bulk crystallization if a nucleating
agent is employed that is not very efficient. When an
effective nucleating agent is employed, however, there
should be little variation in crystallization temperature
with particle size. In the present work, the results
suggest that the higher concentrations of P,0; act
more effectively at promoting bulk crystallization, as
summarized in Table V. If, however, the glasses are
subjected to a separate nucleation heat-treatment
stage prior to crystallization, the lower concentration
of P,O; (1.01 mol %) also becomes extremely effec-
tive, as summarized in Table V, and illustrated in
Fig. 4, which shows DTA traces for as-quenched and
nucleated glasses. This result throws doubt on the
simple test for assessing the nucleating efficiency,
unless a separate nucleation stage is carried out either
before or during the test.

In addition to the simple test for monitoring nuclea-
tion efficiency using coarse and fine samples of glass,
it is also possible to measure the apparent activation
energy for crystallization, from which an assessment
of the nucleating efficiency can be made. In the present
work the Kissinger equation, as modified by Matusita
and coworkers [35-37] to take into acccount the crys-
tallization mechanism, was used in this determination.
These results, determined for prenucleated samples
and summarized in Table VI, show that the lower
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Figure 6 Dilatometer traces for (a) glass and (b and c) glass-ceramics of composition B. Glass-ceramics prepared by nucleating for 1h at
465° C followed by crystallization for L h at, (b) 700°C, and (c) 850°C.
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Figure 7 Thermal expansion of glass-ceramics as a function of heat-treatment parameters (20 to 460° C). (a) Composition B. (b) Composition
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3899



2.51

20

{a)

o
O

2.5 ‘
|

-—
wn

{b)

Counts (102)
O _
N
——

NN
[O V) |

-
wm

1.0

(d)
2.0
1.5
1.0
0.5 h
20 30 40 50 60 70
26 (deg)

Figure 8 Typical X-ray diffraction traces for lithium zinc silicate glass-ceramic (composition B), crystallized at different temperatures. (a)
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concentration of P,O; gives lower values for the
activation energy. This is further evidence in support
of our claim that the simple nucleating efficiency test
cannot be relied upon to give consistent results, unless
the samples are nucleated beforehand.

The optimum nucleating temperatures of the
present glasses were determined by the method of
Marotta et al. [31-34], who have shown that the
temperatures determined by their method agree very
closely, for a number of glasses, with the optimum
temperatures found using more conventional, but
more laborious, microscopic techniques. In the
present work, we have found an optimum temperature
of about 460° C for glass B (Fig. 3a), and ~470°C
for compositions C and D. These results compare
extremely favourably with the results of Fairweather
et al. [28] who employed a direct microscopic technique
for determining the nucleation behaviour of a high-
ZnO lithium zinc silicate glass. Reference to Fig. 3a of
the present work suggests, however, that there is a
second higher temperature regime for which high
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nucleation rates are also obtained (although not as
efficient as the lower temperature regime). We postu-
late that the lower temperature nucleating regime is
due to the effect of submicroscopic amorphous phase
separation of the glass, whilst the second higher
temperature regime is due to the formation of small
crystalline nuclei. This is partly supported by micro-
scopic and X-ray evidence. Samples nucleated at
465°C are X-ray amorphous and no detail can be
resolved by SEM (Fig. 9a). On the other hand, samples
nucleated at 585° C show some crystallinity as resolved
by X-ray diffraction, and are composed of relatively
small (<1 um) particles randomly distributed in a
glassy matrix (Fig. 9b). Further work is in progress
using transmission electron microscopy in an attempt
to resolve the structure of the samples that have been
nucleated at 465°C.

The microstructures of some samples that have
been subjected to nucleation and crystallization stages
are shown in Fig. 10. These show that the grain size of
the materials increases with increasing crystallization



Figure 9 Microstructures of nucleated glasses. (a) Composition C,
nucleated at 465°C. (b) Composition C, nucleated at 585°C.

temperature, and this is probably the reason why
the mechanical strength of the materials begins
to decrease when crystallization is carried out at
temperatures greater than 750°C (Table VIII and
Fig. 11). The fall in strength from that of the base glass
when crystallized at 650°C (Table VIII) is most
probably associated with the presence of high internal
stresses set up as a result of differences in thermal
expansion between the crystalline particles and the
glassy matrix. The strength of the materials increases
between 650 and 750 ° C as the proportion of residual
glassy phase decreases; the strongest glass-ceramics
exhibit strengths of between about 36 to 52% greater
than that of the base glasses.

The X-ray diffraction data for the present materials
are very complex, as summarized in Fig. 8§ and
Table VII. Cristobalite, quartz and tridymite have
been positively identified in some samples, and
y Li,ZnSiO, has been identified in a sectioned bulk
sample of glass B crystallized at 850°C. In general,
however, the peak positions and associated d-spacings
of the major crystalline phase do not coincide precisely
with any of the reported lithium zinc silicate or related
phases; they are apparently most closely related to the
B-lithium zinc silicate series. It should be noted, how-
ever, that only very limited work has been carried out
on the ternary Li,0-ZnO-SiO, system [29, 42-44],
and it is far from clear what effect other additions, e.g.
B,0;, P,0O;, Na,0, K,0 or AL,O,, will have on the
diffraction pattern.

Figure 10 Microstructures of lithium zinc silicate glass-ceramic
(composition D) nucleated at 465°C, and crystallized at different
temperatures (a) 700°C, (b) 750°C, (c) 800°C.

Reference to the thermal expansion data for com-
positions B and C (Fig. 7) shows that, in general,
the expansion decreases with increasing crystallization
temperature in the range 640 to 900° C. This is believed
to be due, at least in part, to the replacement of
cristobalite by lower expansion quartz and/or tridymite
at the higher temperatures. Typical dilatometer traces
for the glass-ceramics (Fig. 6) indicate a very pro-
nounced and characteristic a-f cristobalite phase
inversion centred around 200°C. This inflection
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Figure 11 Biaxial flexure strength as a function of crystallization
temperature for glass-ceramic of composition D.

becomes less pronounced at higher crystallization
temperatures, supporting the view that cristobalite is
being replaced by a lower expansion phase. The higher
temperature inflection, centred around 520°C is
believed to be due either quartz or to a phase change
within the major phase which, as already discussed, is
most probably some lithium zinc silicate modification.
It is noteworthy that the overall expansion of glass B
is lower than that of glass C, which has the higher
concentration of P,O;. Also shown in Fig. 7b are some
results for glass C which has been nucleated and crys-
tallized, but has not been subjected to a sealing cycle
of 950°C for 5min (see Fig. 1). The expansions
obtained without a simulated sealing cycle are signifi-
cantly different to those obtained when a sealing cycle
is included. This is a very important result. It illustra-
tes clearly the importance, when designing a glass-
ceramic material for sealing applications, of employ-

750

700 -~

650 -

600 -

Crystallization temperature (°C)
G

550

I L I

ing a full simulated sealing cycle to monitor the
change in expansion with heat-treatment parameters.

Work is now continuing employing both high tem-
perature X-ray diffraction techniques and transmis-
sion electron microscopy, in an attempt to elucidate in
more detail the microstructures and crystal phases
formed in this family of lithium zinc silicate glass-
ceramic materials. The results of this investigation will
be reported at a later date.

5. Conclusions
The conclusions are as follows.

(1) The lithium zinc silicate compositions employed
in the present work can be used to prepare moderately
high thermal expansion glass-ceramic materials —
expansions are in the range of about 12.3 to 17.1 x
107°C~' (20 to 460°C).

(2) In order to tailor the expansion of these glass-
ceramics for sealing applications, it is essential that
data are obtained employing a full simulated sealing
cycle. ,

(3) Nucleation and crystallization studies show that
the simple nucleating efficiency test, which employs
glass powder of coarse and fine particle sizes, can give
misleading results unless a separate nucleation stage is
carried out either before or during the test.

(4) For the present systems, P,O; is an effective
nucleating agent. The optimum concentration is about
1.01 mol %, and the optimum nucleation temperature
is about 465° C.

(5) Very complex X-ray diffraction spectra are
obtained for the present materials. Cristobalite,
quartz and tridymite have been positively identified in
some samples. The remaining spectra do not in
general coincide precisely with any reported lithium
zinc silicate or related phases, although they show
some similarity to the f-lithium zinc silicate series.
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