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Sintering and crystallisation of a P,Os-added
LioO-Zr0O2-Si0O2 glass powder system
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Sintering and crystallisation of a 11.5 wt % Li,0, 22.8 wt % ZrO,, 65.7 wt % SiO; glass
powder with P,Ogs added were investigated. By means of thermal shrinkage measurements,
sintering was found to start at about 650°C and was completed in a very short temperature
interval (AT ~100°C) in less than 30 min. Crystallisation took place just after completion of
densification and was almost completed at about 900°C in 20 min. Secondary porosity
prevailed over the primary porosity during the crystallisation stage. The glass powder
compacts first crystallised into lithium metasilicate (Li,SiO3) and/or zircon (ZrSiO,) and
tridymite (SiO,) which transformed and/or grew into lithium disilicate (Li,Si,Os), zircon and
tridymite after the crystallisation process was essentially complete, so that, a crystallinity
degree between 52.4 +2.0 and 68.5 + 3.2 wt % was obtained. P,Os doping little affected the
densification. However, adding P,05 remarkably enhanced the zircon and tridymite
crystallisation while delaying the Li,SiO3 to Li,Si,Os transformation. The microstructure is
characterised by fine crystals uniformly distributed arbitrarily oriented throughout the
residual glass phase. © 2001 Kluwer Academic Publishers

1. Introduction glass powder doped with,Ps were investigated, by
Glass-ceramic materials are polycrystalline solids conmeans of differential thermal analysis (DTA), X-ray
taining a residual glassy phase, made by controlledliffraction at room (XRD) and at elevated temperatures
crystallisation of particular formulated glasses [1, 2] (HT-XRD), scanning electron microscopy (SEM) and
such that glass articles are obtained by the usual meatisermal shrinkage measurements.
of glass technology and their subsequent crystallisa-
tion. However, this technology requires heavy invest-
ment and can be justified only for large volume produc-
tion, while production of glass-ceramics by sintering2. Experimental procedure
of glass powders can be performed using the ordinarffhe nominal compositions of the glasses studied are
equipment of a ceramic factory and is especially suitshown in Table I. POs was added to a 11.5 wt%
able for the manufacture of small quantities of articlesLi,O, 22.8 wt% ZrQ, 65.7 wt% SiQ glass compo-
with complicated shapes [2]. This method of combin-sition. Well-mixed powders containing the appropri-
ing the powder particles to form a bulk material essen-ate amounts of LICOs, ZrSiOy, SiO, and NHH,PO,
tially follows the principles of conventional sintered were used as raw materials. Subsequently, the batches
ceramic technology. The difference lies in that startingwere placed in a Pt crucible and melted at 1%D@or
powder is a glass and the sintering and crystallisatior? h in a electrically heated furnace. The melts were
processes occur in the one firing cycle [3] since, thecast into deionized water to provide frits for milling.
nature of the particle surface results in a predominanc&hen, the glass frits were dried and dry-crushed in alu-
of surface crystallisation. In this case, small amountsnina ball-mills fa 2 h aswell as sieved to yield a
of P,Os typically within the limits of 0.5 to 3 wt % can powder particle size<45 um. The crushed glass pow-
aid control of the sintering/crystallisation behaviour asders were then milled for 48 h in aluminous porcelain
has been reported [4, 5]. The densified body can evemills containing alumina balls, ethanol and 1 wt % of
tually crystallise throughout, resulting in a fully dense, polyvinyl alcohol (PVA) as binder. The resulting slur-
sintered glass-ceramic. However, residual porosity willries were dried to a humidity content of about 5.5%
always be present and so high density sintered bodiesnd the average particle size was found to henRby
can be excluded. using a laser scattering particle size analyser (Model
Thus, in this work the sintering and crystallisation of Analysette 22, Fritsch). The glass powders were then
a 11.5 wt % LyO, 22.8 wt % ZrQ, 65.7 wt % SiQ  uniaxially pressed by means of an automatic hydraulic
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TABLE I Nominal compositions of glasses studied 3. Results and discussion
3.1. Sintering

Glass Constituents (wt %) Vi fl d inates f h terials [7
Compositions 11.5 Li0-22.8Zr-65.7SIQ P>0s ISCous Tlow dominates for amorp O.US m.a eI’IE?.S [ ]’

such that a small and a narrow particle-size distribu-
GCzZ 100.0 - tion is fundamental for obtaining a high sintered den-
GCZP15 98.5 15 sity [8]. However, during sintering there is competition
GCZP30 97.0 3.0

between sintering and crystallisation and it is gener-
ally considered [9] that a high final density can only be
achieved if sintering proceeds almost to completion be-
fore the crystallisation starts and causes the viscosity of
press at 40 MPa (green density about 1.45 g¥9nn  the material to increase to such an extent that continued
a 13 mm diameter steel mold and the resulting greewlensification via viscous flow becomes impossible. In
samples were prefiredifd h at 500C to burn off the  fact, densification can be limited to the crystallisation
binder. A decrease in green densit§% was observed stage since secondary porosity usually appears, espe-
after binder burnout. The temperature for the bindercially when the crystallinity and size of crystals in-
burnout was determined by thermogravimetric analysigreases, according to the studies of Rabinovich [10]
(TGA-Model STA 409, Netzsch) in alumina (100 mg regarding to coordierite glass-ceramics produced by
samples) crucibles at a heating rate of@Gnin~1in  sintering.

air. After binder burnout samples were isothermally sin-  The thermal linear shrinkage curves of the stud-
tered in a laboratory electric furnac&%°C) in air for  ied glasses obtained by hot stage microscope mea-
appropriate time intervals (30-120 min)Tat=800°C, = surements are shown in Fig. 1. From the figure it
850°C and 900C. After completion of sintering, sam- can be seen that densification starts for all the glass
ples were air-quenched to room temperature. No cracksompositions at about 650 and is completed in a
were visually observed. Linear shrinkage’s of each samvery short temperature intervah{T ~ 100°C) and it

ple and glass composition at each temperature and time constant, up to about 850. However, it increases
were measured. Green and sintered samples were meslightly from GCZ to GCZP15 glass compositions re-
sured dimensionally with a screw micrometer. Ther-spectively. Between 850 and 9%D a slight increase
mal shrinkage’s were also measured by means of i volume is observed since crystallisation starts very
hot stage microscope-HSM (trade name MISURA) atsoon after the completion of sintering. Above 960
10°C min~tin air. In this case, the apparatus consisteda new and strong increase in volume caused by the
of a horizontal tube furnace with specimen carriage, yrowth and/or melting of the crystalline phases take
light source to illuminate the field of view fully and place. In fact, as shown in Fig. 2 which refers to
uniformly, an electronic video camera and a speciaDTA curves of the glass powders, the same effects
optical lens designed to obtain maximum resolutionas mentioned above can be observed: endothermal in-
(10 wm). Drop profile (dimensional changes) and im- flections at about 59&, 602C and 614C related to
ages can be printed out when the HSM analysis havehe glass transition, exothermal peaks having maxima
been completed by a special computer programme. Thgt about 865C, 865C and 851C which are corre-
temperature is read with 4@ resolution and measured lated with the crystallisation processes and endother-
by means of a Pt/Pt-Rh thermo-element placed directlynal effects having maxima at about 982 967C and
under the sample and digitalized. The crystallisatior959 C related to the melting of crystalline phases for
temperatures of the glass powders were measured hle GCZ, GCZP15 and GCZP30 glass compositions
differential thermal analysis (DTA) in air at a heating respectively.

rate of 10C min~! using about 30 mg of powdered
samples. A DSC Model 404 high-temperature Netzsch
thermoanalyzer was used with an empty Pt crucible as 5

reference material. To investigate the amorphous nature [0 Gez
of the as-quenched glasses and the crystalline phase | _ === — - —-GCZP15
01 ——GCZP30

of the sintered samples, powdered samples were anal_
ysed with a Philips PW 3710 computer-assisted X-ray £
(Cu K @) powder diffractometer (XRD). X-ray diffrac-
tion at elevated temperatures (HT-XRD) was also em-
ployed. The crystallinity of the sintered and crystallised
samples was also determined by applying the Chung’s
method [6] usingx-Al,O3 as reference material. The -15 1 !
densities for the green and sintered samples were meé&~ 3 -
sured by the Archimedes principle with mercury im-  -20{
mersion at 20C. Sintered samples were cut and their
cross sections were mounted in epoxy resin, then the 5
surfaces were ground smooth, polished witlrt alu- 400 600 800 1000 4200
mina paste and etched (2% HF, 25 s). Subsequently, al
the samples were coated with a thin Pd-Au film for scan-
ning electron microscopy (SEM) observations (Modelrigyre 1 Thermal linear shrinkage of the glass powders studied,
Philips XL-40). compacted at 40 MPa (heating rate €anin—1).
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The effect of sintering time and temperature on —e—800°C —o—850°C —+900°C
the densification of the studied glasses are shown in 280"
Figs 3-5. The green densﬂy is about 1.45 g?/c(lh_e 2650 1
lower end of the ordinate axis) and the examination of s~
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T : Figure 5 Sintered density of glass powder compacts (GCZP30) versus
% time for sintering temperatures of 8aD, 850 C and 900C.
\

400 500 600 200 800 900 1000 the flgurgs show that the sintered density for all the
glasses increases as the temperature decreases from
900°C to 800C and rapidly becomes almost constant
Figure 2 DTA curves of the glass powders studied (heating rate &S the heating time increases. This indicates that most

Temperature (°C)

10° min—1). of the densification takes place in a very narrow range
of heating time &30 min) in good agreement with the
2 850 [ —e—800°C —o—850°C___——900°C | thermal linear shrinkage measurements. The decrease
of the sintered density as the temperature increases is
2650 1+ q related to the crystallisation processes which will be
<v’E‘ indicated and discussed later. In addition, the sintering
G 2450 T ! temperature did not have a strong effect on the sintered
2 density in the sintering time intervals studied.
2 2250
@ 2.050 + 3.2. Crystallisation
B Figs 6-8 show the XRD patterns related to the as-
2 1.850 guenched glasses and those sintered at@0850C
2 and 900C for 60 min respectively for each glass com-
1680 1 position. From Fig. 6 which is related to the glass com-
1,450 : } : position GCZ it can be seen that the reflections asso-
0 30 60 90 120 ciated with the sample sintered at 8@0for 60 min

(Fig. 6b) were assigned to the crystalline phases of
lithium metasilicate (LiSiOg), file JCPDS A 29-828.
Figure 3 Sintered density of glass powder compacts (GCZ) versus timeOn the other hand, in the samples sintered at'850
for sintering temperatures of 800, 850°C and 900C. (Fig. 6¢) and 900C (Fig. 6d) for 60 min respec-
tively, the reflections related to the crystalline phase of
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Time (min) Figure 6 Powder XRD patterns of samples (GCZ): (a) as-quenched
glass; (b) sintered at 80Q for 60 min, (c) sintered at 85C€ for 60 min

Figure 4 Sintered density of glass powder compacts (GCZP15) versusand (d) sintered at 90C for 60 min. A - Li2SiOz; B - Li»S;05; @ -
time for sintering temperatures of 8D, 850°'C and 900C. ZrSiOy4 and* - tridymite.
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Figure 7 Powder XRD patterns of samples (GCZP15): (a) as-quenchedigure 9 Powder XRD at 900C after (a) 5 min; (b) 10 min; (c) 20 min;
glass; (b) sintered at 80Q for 60 min, (c) sintered at 85C for 60 min (d) 40 min and (e) 60 min (heating rate 2@min~1). m- Li»S,0s; ® -
and (d) sintered at 90C for 60 min. A - Li>SiOz; B - LioS;0s5; @ - ZrSiO, and* - tridymite.

ZrSiO4 and* - tridymite.

phases were formed at 8@ (Fig. 8b). Tridymite was
formed in high amounts initially, decreasing later with
an increasing sintering temperature.

From these results, it can be seen, that doping of
3wt % of B.Os lowered the crystallisation temperature
from 865 C to 85T C according to DTA curves, favour-
ing and accelerating the formation of zircon. Note that,
also in this case, the XRD patterns regarding to the
as-quenched glasses GCZP15 (Fig. 7a) and GCZP30
(Fig. 8a) demonstrate their amorphous nature.
o . . Considering that the crystallisation is almost com-
10 20 30 40 50 60 pleted at 900C, as shown above, and to verify the time

THO THETA (degree) effect on the crystallisation, the glass powders were
subjected to X-ray diffraction at elevated temperatures

Figure 8 Powder XRD patterns of samples (GCZP30): (a) as-quenche .
glass; (b) sintered at 890G for 60 min, (c) sintered at 85C for 60 min d(HT- XRD)' Inthis case, the glass powders were heated

INTENSITY

and (d) sintered at 90C for 60 min. A - Li»SiOz; M - Li»S05; ® - up to 900C at a heatin_g rate of 16@ min~* and then
ZrSiOy and* - tridymite. XRD patterns of the isothermally powdered samples

were recorded at 5, 10, 20, 40 and 60 min respectively
s shown in Fig. 9 related to the glass composition
CZasanexample. According to the HT-XRD patterns
30-767, zircon (2rSiQ), file JCPDS f 6-266 and of Fig. 9, a detectgble amount of t.he same crystallln_e
tridymite (Si0y), files JCPDS 112-708, 14-260, evoly-  PNases observed in the XRD of Figs 6d, 7d and 8d is

ing. However, the reflections associated with the X—ra)f ormed. Itappears that the cr ysta_llhsanor_w processes are
almost completed after 20 min (Fig. 9c) since for higher

pattern of the sintered sample at 9Q0increased in tallisation ti h K diffraction intensiti
intensity, indicating that the crystallisation processesCrys aliisation imes the peak difiraction intensities are
almost the same.

are almost completed, according to the DTA curve.
The XRD pattern shown in Fig. 6a regarding to the
as-quenched glass, demonstrates its amorphous nattBe3. Sintering and crystallisation relation

since itis characteristic of the glassy state. These resulSEM observations on etched surfaces of partially and
were also obtained in previous work of ours [11] for thefully sintered powder compacts provide a good insight
same glass system but for a different composition. Fig. Thto the processes accuring during densification and
shows the XRD patterns of glass composition GCZP15crystallisation. Consequently, Fig. 10a and b regard-
Inthis case, the crystalline phases developed during thiag glass composition GCZ show the microstructures
heat-treatments of sintering are the same that those af samples heated at 84D and 850C for 60 min re-
glass composition GCZ at 900, except that they were spectively. Fig. 10a shows that almost all of the fine
formed very soon at 80C (Fig. 7b) and increased in scale porosity is eliminated in 60 min at 8@) so that
intensity as the temperature was increased. Meanwhiléhe pore size and the pore fraction represent the degree
tridymite was seen to increases with respect to the glassf densification. In fact, according to Figs 1 and 3, at
composition GCZ and by increasing the sintering tem-800°C densification is already completed and it is the
perature up to 85 (Fig. 7c¢). At 900C (Fig. 7d) the maximum. This is also valid for glass compositions
tridymite amounts was decreased. This decrease can ®&CZP15 and GCZP30. However, there is clear evi-
associated with the mechanism of lithium disilicate anddence of crystallisation which appears to have nucleated
zircon formation as was suggested in an our previousit the boundaries of the original glass powder patrticles,
work [11]. On the other hand, the XRD patterns relatedn agreement with the XRD of the Fig. 6b. As evidenced
to the glass composition GCZP30 (Fig. 8) show thatin Fig. 10b showing the sample sintered for 60 min at
except for the lithium disilicate all the other crystalline 850°C, although the crystalline phases, mainly zircon

lithium metasilicate disappeared, the crystalline phase
of lithium disilicate (L,Si»Os), files JCPDS h24-651,
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Figure 10 SEM micrographs of glass powder compacts (GCZ) sintered r -r
at (a) 800C and (b) 850C for 60 min, respectively. .
L

and lithium disilicate have been formed, the crystalli- ﬁ
sation process is not finished, since some regions con
taining original glass powder particles (glassy phase)

are visible, confirming the XRD pattern of Fig. 6¢ and _

also those of Figs 7c and 8c. In the samples sintere iy
for 60 min at 900C (Fig. 11a—c) no isolated regions .
containing glassy phases are observed, which indicate

that the crystallisation process is almost finished, int. =
agreement with the XRD patterns of Figs 6d, 7d and *‘ﬂ?

8d. On the other hand, by comparing the micrographsFr- "
related to samples sintered at 860and 900C with X h
those sintered at 80Q, in this case, represented by 'Iw :
Fig. 10a, it can be seen that secondary porosity appear (c) _.:l-.
and is higher when the crystallisation is completed. In -
this case, the number and size of the secondary poregjure 11 SEM micrographs of glass powder compacts sintered at
are affected by the amount of crystals and not by theif00°C for 60 min. (a) GCZ, (b) GCZP15 and (c) GCZP30.

size, since for samples sintered at 90@or 30 min and

120 min (Fig. 12a and b) related to the glass composital growth and also by their melting according to DTA
tion GCZ there is no clear evidence of crystal growthcurves. Fig. 12c shows the morphology of the crys-
and the porosity representing the densification is aboutls of a sample (GCZ) sintered at 980for 30 min
the same over time as was shown in Figs 3-5. This eviwhere crystal growth can be evidenced by compar-
dence well explains the decrease of the sintered densiipg with Fig. 12a. Although the crystallisation process
with the increases of temperature. The decrease of deihras been already completed at 90G&fter 60 min, the

sification above 95 (Fig. 1) can be associated with microstructure consists of fine crystals distributed uni-
an increase of the secondary porosity caused by crysermly and arbitrarily throughout a residual glass phase.

L £ & Sum |
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additional data we can make some considerations to ex-
plain the densification behaviour during crystallisation.
The slight but higher degree of densification of glass
composition GCZP15 with respect to the other ones,
according to Fig. 1, can be attributed to th€OB ad-
dition effects on crystallisation. According to the XRD
and micrographs of the;Ps glasses, zircon seens to be
the favoured crystalline phase. In fact, incorporation of
1 mol % ROs in Li0. 2SiG glass affect the viscosity
by only a small amount compared with the large effect
on nucleation rate [3, 12]. This indicates that the main
effect of BROs is to reduce the free energy for nucleation
(AG*) rather than the free energy for diffusioAGp).
In this work the BOs amount effectively incorporated
was 0.63 and 1.25 mol % respectively. Considering the
factthat zircon was the preferential crystallised phase in
the ROs glasses, we can assume that the incorporated
P,Os in the GCZP15 glass was not enough to produce
a high volume fraction of crystals. This allows us to de-
duce that zircon crystals were grown from a low number
of nuclei throughout a higher amount of residual glass
phase, which leads to higher densification by viscous
flow. These considerations also can be used to justify
the higher densification of GCZP30 glass with respect
to GCZ glass, since in this case, it seems by compar-
ing micrographs of Fig. 11a, b and c that the volume
fraction of crystals is higher in the glass composition
GCZ and lower in the glass composition GCZP15 and
GCZP30 in agreement with the crystallinity data. This
happens because lithium disilicate crystallisation also
competes with zircon crystallisation.

4. Conclusions

Lithium disilicate-zircon-based glass-ceramics con-
taining 0.63 and 1.25 mol % o£Ps were produced by
sintering and crystallisation of a suitable glass powder
in the Li,O-Zr0O,-SiO, system having a base compo-
sition of 11.5 wt % L0, 22.8 wt % ZrQ, 65.7 wt %
SiO,.

Sintering was found to start at about 6&0and
was completed in a very short temperature interval
(AT ~100°C) and a heating time lower than 30 min.
Crystallisation took place just after densification and
was almost completed at about 9Qfor a heating time
of about 20 min. A decrease in the sintered density as
a consequence of secondary porosity which can be ex-
plained by considering both the viscosity and the crys-
tallisation tendency of the parent glasses, was detected
and evidenced during crystallisation stage. On heat-
ing, the glass powder compacts first crystallised into
lithium metasilicate (LiSiOs) and/or zircon (ZrSiQ)
and tridymite (SiQ) which transformed and/or growth
Figure 12 SEM micrographs of glass powder compacts (GCZ) sinteredinto lithium disilicate (L Si>Os), zircon and tridymite
at(a) 900C for 30 min, (b) 900C for 120 minand (c) 95 for30 min.  after the crystallisation process was essentially com-

plete. BOs doping little affected the densification of
The crystal sizes of glass composition GCZP15 seem$1.5 wt % LpO, 22.8 wt % ZrQ, 65.7 wt % SiQ
to be higher and of a lower number. In fact, the crys-glass powder. However, adding®; remarkably en-
tallinity of samples sintered at 900 for 60 min was hanced zircon and tridymite crystallisation while de-
foundtobe 6&+3.2,563+25and524+2.0wt% laying the lithium metasilicate and lithium disilicate
for the glass compositions GCZ, GCZP15 andtransformations. The microstructure in general consists
GCZP30 respectively. So, the degree of crystallinityof fine crystals uniformly distributed and arbitrarily ori-
is higher for glass compositions GCZ and GCZP15ented throughout the residual glassy phase as well as a
and lower for glass composition GCZP30. With thesesecondary porosity over the primary porosity.
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