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Abstract

In this study, the e�ect of partial replacement of ZnO by Al2O3 on the crystallization behaviour and bending strength of a Li2O±
ZnO±SiO2 glass-ceramic was investigated using di�erential thermal analysis (DTA), X-ray di�raction (XRD), scanning electron

microscopy (SEM), and mechanical property. The crystallization sequence of the glasses was determined by XRD analysis of the
samples subjected to isothermal and nonisothermal heat treatments. All compositions showed volume crystallization with rather
®ne microstructures. The maximum bending strength was obtained for composition containing 4 wt.% Al2O3, above which a
marked decrease was determined. The changes in phase assemblage and microstructures depended on the alumina content and

applied heat treatments; these were correlated to the strength of the glass-ceramics. # 2001 Elsevier Science Ltd and Techna S.r.l.
All rights reserved.
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1. Introduction

Glass-ceramics derived from the Li2O±ZnO±SiO2

system may contain other oxides such as K2O, Na2O,
B2O3, and Al2O3. Minor constituents may have impor-
tant e�ects on glass forming ability of the batch, on its
crystallization behaviour, and on the tendency to phase
separation during casting or reheating of the glass. Also,
they may alter the type and amount of the phases crys-
tallized which in turn may change properties of the
product. P2O5 is a common and e�ective nucleating
agent for this system [1]. Stable and metastable phase
relations in the Li2O±ZnO±SiO2 system were examined
by West and Glasser [2,3]. Depending on the composition,
lithium disilicate, lithium metasilicate, lithium zinc silicate,
and silica can be present as being major phases in this
type of glass-ceramics. These phases are characterized
by their high or moderately high thermal expansion
coe�cients making the glass-ceramic suitable for seals.
Also, glass-ceramics containing lithium disilicate and
silica as being major phases possess high mechanical
strength. Crystallization behaviour and properties of the

Li2O±ZnO±SiO2 system, in particular containing low
ZnO contents, were studied by many authors [4±10].
The e�ect of alumina additions, however, were examined
for only a few complex compositions [11±13].
The purpose of this research was to investigate the

e�ect of Al2O3, substituted for ZnO up to 11 wt.%, on
the crystallization behaviour and bending strength of a
lithium zinc silicate glass-ceramic; the weight percentage
of other constituents was kept constant.

2. Experimental procedures

The e�ects of alumina substitutions were examined by
preparing glasses containing 0, 4, 6, 8, and 11 wt.%
Al2O3 (Table 1). 3 wt.% P2O5 was used as nucleating
agent for all compositions studied. In addition, for the
composition containing 11 wt.% Al2O3, the nucleating
e�ciency of P2O5 (A11P3 glass) was compared with that
of TiO2 at 3 and 5 wt.% (A11T3 and A11T5 glasses).
The resulting microstructures of these compositions were
also compared with those obtained without nucleating
agents (A11 glass). Merck quality Al2O3, ZnO, H2SiO3,
Li2CO3, P2O5, and TiO2 were used as raw materials. A
mechanical mixture of the starting materials, giving a
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100 g batch, was prereacted in a Pt crucible at about
950�C for 4 h and then melted at 1400 to 1450�C for 4 h.
To achieve a good homogenity, the melts were poured
into distilled water and after drying and grinding were
remelted. After repeating this procedure twice, the melts
were re®ned for 14±16 h and cast into preheated graphite
molds. Glass transition and crystallization temperatures
of the bulk glass samples (2.5±3 mm) were determined
by di�erential thermal analyses (DTA) with a heating
rate of 10�Cminÿ1 (Netzch, a-alumina reference material).
Crystallization heat treatments were planned according
to the DTA results. Crystalline phases developed during
isothermal or nonisothermal heating were determined
by X-ray di�raction (XRD) using a di�ractometer
(Philips PW1820) employing CoKa, for 2�=15±90�.
Samples subjected to isothermal treatments were
polished and then etching with 5% HF solution for 20±
30 s, coated with gold and examined by scanning electron
microscopy (Jeol JSM-330). Mechanical strength of the
samples was determined at room temperature by three
point bending test using an Instron testing machine
operating at a cross-head speed of 0.5 mm minÿ1. Four
specimens having 7 mm diameter and 60 mm length
were used for each strength determination.

3. Results and discussions

3.1. Glass formation ability of the batches, DTA and
XRD results

Homogeneous, transparent glasses were obtained
from all compositions studied without showing any
tendency to uncontrolled devitri®cation on cooling in
the preheated molds. Re®ning of the melts needed
higher temperatures and longer times as the alumina
content increased. This behaviour can be attributed to
the increase of the melt viscosity with increasing alumina
content. For a composition containing 11 wt.% Al2O3,
¯uidity and re®ning properties of the melt could be mark-
edly improved by using 5 wt.% TiO2. Because of its high
viscosity at 1450�C, bubble-free bending samples could not
be obtained from the composition A11 containing neither

P2O5 nor TiO2. Small samples prepared from this com-
position, however, were almost bubble free and were
used for microstructure examinations.
DTA results of the nucleated glasses are given in

Table 2. As can be seen, the glass transition and the ®rst
crystallization temperature of the original alumina free
glass increase gradually with alumina additions. This
behaviour can be attributed to strengthening of the
bonds within the glass network upon replacement of
ZnO by Al2O3.
Crystallization sequence of the alumina free composi-

tion, A0, is quite simple, and consists of two steps; pre-
cipitation of a lithium zincsilicate phase in the early
stage of crystallization with a composition close to
Li3Zn0.5SiO4 (gII-LZS, JCPDS card no. 24-685), and the
crystallization of cristobalite at higher temperatures.
Thus, the ®rst and the second exothermic heat e�ects
represent these crystallization stages, respectively. For
the alumina-containing compositions, crystallization of
gII-LZS at the ®rst exothermic peak temperatures is
followed by that of a lithium aluminosilicatess (solid
solution) upon heating to the second peak temperatures
(Fig. 1). The composition of this solid solution changes
gradually from LixAlxSi3ÿxO6 (JCPDS card no. 31-707)
to LixAlxSi1ÿxO2 (virgilite, JCPDS card no. 40-73) as
the substituted alumina content is increased. For com-
position A4, the lithium aluminosilicatess transforms
®rstly to a b-quartzss, which has intensive XRD lines at
3.38, 4.33 and 1.85 AÊ , upon heating to the third peak
temperature. These d spacings are very close to 3.38,
4.34, 1.84 AÊ reported for ``impure silica'' (JCPDS card
no. 12-708) having a composition located at the silica
rich end of the SiO2±LiAlSiO4 join and can be compared
with the values 3.40, 4.34, 1.84 AÊ given for b-quartz
(JCPDS card no. 11-252). The b-quartzss, once formed,
persists as a metastable phase at temperatures between 850
and 920�C above which b-spodumene (b-Li2O.Al2O3.
4SiO2) begins to precipitate while a slight shift occurs in
the d spacings of the b-quartzss. For composition A6,
the lithium aluminosilicatess transforms to a mixture of
b-spodumeness and impure silica at the third peak

Table 1

Nominal compositions of the glasses (wt.%)

Glass code Li2O ZnO Al2O3 SiO2 P2O5 TiO2

A0 10 32 ± 55 3 ±

A4 10 28 4 55 3 ±

A6 10 26 6 55 3 ±

A8 10 24 8 55 3 ±

A11P3 10 21 11 55 3 ±

A11T3 10 21 11 55 ± 3

A11T5 9.79 20.56 10.77 53.86 ± 5

A11 10.31 21.65 11.34 56.70 ± ±

Table 2

DTA results for the nucleated glasses (�C)a

Glass code Tg Tp1 Tp2 Tp3

A0 500 647 891 ±

A4 502 653 791 848

A6 510 665 762 804

A8 513 674 757 791

A11P3 523 715 787 900

A11T3 521 705 868 ±

A11T5 530 640 750 823

A11 517 699 752 797

a Tg=glass transition temperature (dip point); Tp1, Tp2, Tp3=®rst,

second and third crystallization temperatures, respectively.
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temperature. As seen from Fig. 1b, the impure silica
formed goes into the b-spodumene structure upon heat-
ing above 900�C but begins to precipitate again as a
minor phase when the glass-ceramic was cooled at �1�C
minÿ1. For glasses containing 8 and 11 wt.% Al2O3, the
transformation of virgilite to b-spodumeness occurs at
the third peak temperature without precipitation of
silica. As seen from Table 2, A11T3 glass has two exo-
thermic peaks both in the as-cast and nucleated states,
the ®rst of which is due to the coprecipitation of gII-LZS
and virgilite while the second corresponds to the trans-
formation of virgilite to b-spodumeness. The gII-LZS
formed in all compositions in the early stages of
crystallization was found to transform to g0-Li2ZnSiO4

(g0-LZS) at higher temperatures and remained in this
form upon cooling to room temperature.

3.2. Microstructures and bending strengths

Volume crystallization with rather ®ne micro-
structures was observed for all compositions studied.
Examples of the SEM micrographs are given in Fig. 2.
XRD analysis of these samples showed that one of the
two microstructure constituents was g0-LZS for all
compositions, and the second was cristobalite for A0, b-
quartzss (impure silica) for A4, and b-spodumeness for
the other glass-ceramics. As can be seen from the
micrographs, the interconnected microstructure of A0
glass-ceramic is modi®ed and becomes relatively coarser
with alumina additions of above 4 wt.%, leading the
formation of b-spodumeness. On the other hand, close
similarities between the microstructure of nucleating
agent free A11 composition and those of A11P3,

Fig. 1. XRD powder patterns of glasses held at di�erent temperatures for 1 h: (a) A4, (b) A6, (c) A8, (d) A11P3.
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Fig. 2. Microstructures of glass-ceramics developed at conditions giving the highest bending strength: (a) A0, (b) A4, (c) A6, (d) A8, (e) A11T5,

(f) A11T3, (g) A11P3, (h) A11 (540�C/1 h+875�C/3 h).
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A11T3, and A11T5 makes it di�cult to decide wheather
the nucleating agents used or a possible homogeneous
nucleation plays predominant role on the micro-
structures developed. The high viscosity of A11 glass
can also hinder excess grain growth.
The bending strengths of the annealed glasses and

their glass-ceramics are given in Table 3 together with
the applied heat treatments and the resultant crystalline
phases. Bending strength of the original alumina free
glass seems not to be a�ected markedly by alumina
additions. As seen from Table 3, the strength of A0
glass-ceramic is lower than that of its glass by a factor
of �2. Glass-ceramics having lithium zinc silicate and
cristobalite phases can be expected normally to have
higher strength than those of determined. Microcracks
observed at the LZS-glass grain boundaries before the
precipitation of cristobalite suggests that the high thermal
stresses induced by the mismatch in the thermal expansion
coe�cient between the high expansion LZS and that of
Li+ and Zn2+ depleted glass may be responsible for the
low strength. A4 glass-ceramic, on the other hand, showed
the highest strength among the compositions studied
when it was crystallized at 875�C for 3 h resulting in
crystallization of g0-LZS and impure silica. Its strength was
reduced from 290 to 232MPa when the crystallization tem-
perature was increased to 900�C causing b-spodumeness to
precipitate as a minor phase. A marked decrease in the
strength occurred when the amount of alumina content
exceeded 4 wt.%. The maximum strengths that could be
achieved for compositions A6, A8, and A11T5 were
175, 166, and 170MPa, respectively. An important factor

that can be responsible for the decrease in the strength is
the coexistence of low and high expansion phases in
these glass-ceramics (and also in A4 glass-ceramic crys-
tallized at 900�C). Thermal expansion coe�cient of pure
b-spodumene (1:1:4) is 9�10ÿ7, while those of 1:1:6,
1:1:8 and 1:1:10 solid solutions are lower: 5�10ÿ7, 3�10ÿ7,
and 5�10ÿ7 Cÿ1, respectively [1]. The directional
expansion coe�cient of g0-LZS, on the other hand, is
160�10ÿ7, 110�10ÿ7, 180�10ÿ7�Cÿ1 (25±1030�C) for
the axes a, b, and c, respectively [3]. High internal
stresses caused by these mismatches in the thermal
expansion coe�cients can be expected to reduce the
strength of the glass-ceramics. In addition, relatively
coarsening of the microstructure with increasing alumina
content, and the formation of b-spodumeness instead of
impure silica, which has a lower strength than that of
the latter, can have an additional e�ect on the weakening
of the glass-ceramics. Further decrease in the strengths
of A11P3 and A11T3 compositions may be due to the
possible presence of micron-sized gas voids formed in
the glass melts which have lower ¯uidity than A11T5.

4. Conclusions

With the partial replacement of ZnO by Al2O3 up to
11 wt.%, it is possible to obtain glass forming melts
having satisfactory ¯uidty at temperatures between 1350
and 1450�C from which glass-ceramics showing volume
crystallization with fairly ®ne microstructures can be
produced. 3 wt.% P2O5 for compositions containing up

Table 3

Bending strength of glasses and glass-ceramics

Glass code Applied heat treatments (�C/h) Crystallized phasesa Bending strength (MPa)

Glass Glass-ceramic

A0 500/1 Amorphous 137�6
520/1+800/2+920/1 g0-LZS+cr 70�8
520/1+670/2+850/2 g0-LZS+cr 88�5
520/1+920/3 g0-LZS+cr 55�7

A4 500/1 Amorphous 123�4
520/1+875/3 g0-LZS+b-Qss 290�4
520/1+840/2+900/1 g0-LZS+b-Qss+b-sposs 232�9

A6 510/1 Amorphous 135�6
530/1+840/2+900/1 g0-LZS+b-Qss+b-sposs 175�10

A8 510/1 Amorphous 124�5
530/1+825/3 g0-LZS+b-sposs 166�9

A11T5 530/1 Amorphous 145�2
550/1+860/3 g0-LZS+b-sposs 170�7

A11T3 520/1 Amorphous 138�8
540/1+875/3 g0-LZS+b-sposs 119�9

A11P3 520/1 Amorphous 134�6
540/1+875/3 g0-LZS+b-sposs 128�7

a g0-LZS, g0-Li2ZnSiO4; cr, cristobalite; b-Qss, b-quartzss; b-sposs, b-spodumeness.
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to 8 wt.% Al2O3, or 5 wt.% TiO2 for composition con-
taining 11 wt.%Al2O3 was found to have suitable ¯uxing
and nucleating e�ects. For the applications where high
strength is required, glass-ceramic containing 4 wt.%
Al2O3 seems to be a suitable material having a bending
strength of 290 MPa. Glass-ceramics having alumina
content in the range of 6 to 11 wt.%, on the other hand,
have lower bending strengths (166 to 175 MPa), but can
be expected to have higher thermal shock resistance and
higher chemical stability because of the presence of b-
spodumene phase having these properties.
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