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This paper deals with the compaction of ceramics based on lithium-silicate by spark plasma sintering (SPS). The initial
powder was prepared by calcination in a resistance furnace at a temperature of 1300°C with the ratio of Li/Si = 1. Compacting
by SPS was carried out at temperatures of 800 - 1000°C with a maximum pressure of 80 MPa. Samples with open porosity
of less than 1 % were prepared at the temperature of 1000°C. According to the quantitative Rietveld refinement of x-ray
diffraction data, the dominant phases in all samples were Li,Si,Os and Li,SiO;, together representing over 80 wt. % of the

sintered material.

INTRODUCTION

Due to its low thermal expansion, low density and
high strength, lithium-silicate ceramics are the object of
a still growing number of research works, e.g. [1-10].
Lithium-silicate ceramics have a promising application
potential mainly in D-T fusion reactors as a breeder
material for tritium production [3, 4]. Besides, it finds
use for electronic equipment [1] and in lithium batteries
[5, 6]. It was published that lithium ceramic exhibits a
very high absorption ability for carbon dioxide CO, at
higher temperatures [7]. Lithium silicate ceramics is
also widely used in dental applications [8]. There are
several types of lithium-silicate ceramics depending on
the initial ratio of Li/Si; at the ratio of 2 and sintering
temperatures of 800 - 900°C, it is possible to prepare
99 % pure Li,SiO,, and at the ratio of Li/Si = 4 and
temperature of 1230°C, Li,SiO, phase was prepared
[9]. Other kinds of lithium-containing ceramics based
on LiAlISiO,, LiAlSi,O4 (LAS) are distinguished by a
negative thermal expansion coefficient [10]. Sintering
methods such as field assisted sintering (FAST) [11, 12],
also known as spark plasma sintering (SPS) or pulsed
electric current sintering, as well as the methods of
inductive sintering [13], or reactive sintering [14], are
unconventional sintering techniques which may be used
to provide lithium-silicate ceramics. This paper reports
on the preparation via SPS of Li-Si ceramics composed
mainly of Li,SiO; and Li,Si,0s.

EXPERIMENTAL

The feedstock powder for SPS sample preparation
was made by reaction between SiO, and Li,CO; powders
(p-a., Lachema, Czech Republic) in an electric resistance
furnace. The two powders were mixed in a mass ratio
of 1/1 (Li/Si), heated in a corundum crucible to 1300°C
and kept at the processing temperature for 1 hour. After
cooling, the solidified ceramic cast was removed, broken
to pieces and ground in a ball-mill at 1100 rpm for
10 minutes (Retsch, Germany). A sieved powder fraction,
containing only grains smaller than 120 um, was used for
SPS sample preparation. The powder was compacted by
SPS using the SPS 10-4 system (Thermal Technology,
USA) with graphite tooling at 800, 900 and 1000°C.
Since softening of silicates at higher temperatures is a
common phenomenon, two heating steps were set up to
prevent tooling damage. First the heating speed was set
to 100°C-min™' and the pressure was increased with the
speed of 10 MPa-min™ to the resultant 80 MPa until the
temperature of 700°C was reached. Then, slow heating
at the rate of 20°C'min™' and simultaneous partial relief
(50 MPa'min™) to the final pressure of 5 MPa followed.
When the target temperature was reached, the sample
was held at the selected temperature for 10 min. Open
porosity of the prepared samples of cylindrical shape
with a diameter of 20 mm and a height of 3 - 5 mm was
measured by the Archimedes method. The microstructure
of the polished sections was observed using a scanning
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electron microscope EVO MA 15 (Carl Zeiss SMT,
Germany, SEM). Ground surfaces of sintered samples
were measured in standard Bragg-Brentano geometry
of D8 Discover powder X-ray diffractometer (Bruker,
Germany) with CuKa radiation and 1D detector. A
beam knife was placed above the surfaces in order
to minimize air scattering at lower incident angles.
Quantitative phase analysis was done via the Rietveld
method using phase entries from the Inorganic Crystal
Structure Database (ICSD) using TOPAS V5 (Coelho
Software). For 3-point bending, Instron 1362 (Instron,
UK) with 14.55 mm span of outer supports was used.
Beams with approximately 4 x 4 mm cross-section were
prepared with a precision saw and ground and chamfered
with P600 SiC paper in order to obtain a smooth surface
and planarity of the opposite sides. The samples were
loaded with a 0.2 mm-min™ loading rate until sudden
fracture occurred. The maximum load was used for the
evaluation of flexural strength according to the ASTM
C1161 standard.

RESULTS

Densification behaviour

The records of densification by SPS are given in
Figures 1 and 2. The graphs show the movement of the
upper punch position under the influence of applied
pressure, temperature and process time. As an illustra-
tion, the sintering schedules are given here for tem-
peratures of 800 and 1000°C (Figure 1 and 2) at which
the differences in the sintering processes are clearly
apparent.

It can be seen in the graphs in Figure 1 that an al-
most linear reduction of the sample height occurs in
the graphite crucible with increasing temperature and
pressure. After attaining the temperature of 700°C, the
pressure starts to decrease. Along with the simultaneous
gradual increase in temperature, the punch position is
again extending up to the preset temperature of 800°C.
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Figure 1. Record of process parameters used for sintering the
powder of lithium ceramics at 800°C (SPS).

At approximately 720°C, the target pressure of 5 MPa
is reached and then a slow linear displacement of the
punch position occurs which reflects their dilatation
during heating. There was a very small difference in
the nature of the sintering process for 800 and 900°C.
However for the samples sintered at 1000°C the graphs
in Figure 2 document that at about 930°C softening
occurs. Consequently, intense sintering is observed and
a significantly lower porosity is obtained for these sin-
tering parameters. The open porosity values in Table 1
clearly show that while the sample sintered at 1000°C
has ~1 % porosity, the sintering at the two lower tempe-
ratures results in comparatively high porosities exceeding
22 % and 16 % for 800 and 900°C, respectively.

Table 1. Open porosity in dependence of the sintering tem-
perature.

Temperature of sintering Open porosity
4 (%)
800°C 22.4
900°C 16.5
1000°C 0.9

Microstructure

Figure 3 shows that the milled powder prepared
by calcining of SiO, and Li,CO; at 1300°C for 1 h is
composed of sharp-edged elongated particles. Significant
differences in porosity of the sintered samples are also
apparent on the microstructure shown in Figures 4-6.
Whereas sintering at 800°C produced material with
poorly bonded particles and high porosity level, sintering
at 1000°C, taking advantage of softening mechanism in
the Li-Simaterial, leads to a more compact microstructure
and better bonding between the individual particles.

Figure 5 shows that during sintering at 900°C
individual particles start to connect diffusively and,
thus, better particle bonding in comparison to 800°C is
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Figure 2. Record of process parameters used for sintering the
powder of lithium ceramics at 1000°C (SPS).
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Figure 5. Microstructure of the cross-section of lithium cera-
mics prepared by SPS at 900°C (SEM-BSE).
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obtained. Since the compactness of the obtained mate-
rials has to be considered from the viewpoint of phase
miscibility, quantitative phase analysis was also carried
out.

Quantitative phase analysis

All the analyzed samples, including the initial
powder, are composed dominantly of orthorhombic
lithium silicon oxides, namely Li,Si,05 (Ccc2 space
group) and Li,SiO; (Cmc21 space group) that form in
each case together more than 80 wt. % of the sample
mass, with Li,Si,05 being more abundant. There is an
evolution of the quantities of these two dominant phases
as revealed in Table 2, but it is not dramatic and these
two starting phases have been to a large extent preserved
during SPS.

In diffractograms of powder and sample sintered
at 800°C were found two modifications of alpha-quartz
structure caused by different microstructure aspects.
Firstly, very broad reflections correspond to particles
with small coherently diffracting domains (CDD) i.e. low

Figure 6. Microstructure of the cross-section of lithium cera-
mics prepared by SPS at 1000°C (SEM-BSE).

Table 2. Results of quantitative Rietveld refinement of samp-
les sintered at 800, 900 and 1000°C (the estimated error is
5 rel. %).

powder 800°C  900°C  1000°C
Li,SiO, 41 40 33 33
Li,Si,0; 48 49 57 55
Quartz 3.6 3.0 2.8 0.9
Quartz low CDD 2.8 2.3 - -
B-spodumene 4.6 5.5 7.7 6.2
virgilite - - - 4.2
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Figure 7. Comparison of powder XRD patterns with phase
identification; the range was selected in order to adequate indi-
cate the presence of the minor phase reflections.
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crystallites size of alpha-quartz denoted as “quartz low
CDD”. Secondly, higher crystallites size of other alpha-
Quartz structure particles produced sharp reflections.
Therefore, fitting procedure included two phases of one
crystallographic structure with slightly different lattice
parameters.

The main differences are in the presence of minor
phases as depicted in Figure 7. Most prominently, we
observe lower intensity of quartz reflections, i.e. (010)
and (101) with triangles above in Figure 7, in the
1000°C sample and the occurrence of new reflections
which belong to a LAS phase called virgilite [15]. Thus,
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Figure 8. Results of quantitative Rietveld refinements.

we assume that virgilite was created by reaction of
silicon ions from quartz with the lithium rich phases.
Nevertheless, virgilite is not the only lithium aluminium
silicate in the material, since the very powder included
so-called B-spodumene LiAl(SiO;), or high temperature
LAS phase. Its presence remains rather stable, about
5 wt. %, except for the 900°C sample, which has about
8 wt. % of B-spodumene. The reason of the existence
of LAS is most probably the annealing of the starting
powder in the corundum crucible. The results of
Rietveld refinement are shown in Figure 8 and reflect a
fairly good agreement between the measured data (blue
points) and the obtained fits (red patterns).

Three-point flexural strength

For all tested samples, brittle behavior was obser-
ved. Average values of 3-point bending results are
represented in the graph in Figure 9. It shows a clearly
evident influence of the sintering temperature on the
flexural strength. A flexural strength of 20.9 MPa is
attained for samples sintered at 800°C. After sintering
at 900°C, diffusion bonds by necks occur, which is
evident from the microstructure observation and also
from the higher strength of 69.2 MPa, which is achieved
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Figure 9. Results of three-point bending strength tests of
samples sintered at 800, 900 and 1000°C, respectively.

for these samples. Porosity decreased down to 0.9 %
for the sintering temperature of 1000°C and significant
diffusion occurred, resulting in the creation of a compact
microstructure with a resultant strength of 154.1 MPa,
which is almost 8 times higher than for sample sintered
at 800°C.

CONCLUSION

In this paper, samples of lithium-silica ceramics
were prepared by the Spark Plasma Sintering method.
Using a suitably selected program, compacting even
above the softening temperature was carried out. The
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porosity of the prepared samples is greatly dependent on
the sintering temperature. The values of open porosity are
22.4 % for the temperature of 800°C, 16.5 % for 900°C
and a sample with open porosity of 0.9 % was prepared
at the temperature of 1000°C for 10 min with pressure of
5 MPa. Necks, which are indicative of diffusion processes
during sintering, were observed in the microstructure at
the temperature of 900°C. The sintering process did not
lead to pronounced changes in the phase composition
with orthorhombic Li,Si,05 and Li,SiO;, forming over
80 wt. % in all cases. The main evolution of phases
included silica and LAS phases, with virgilite created
in the sample sintered at the highest temperature. The
influence of increasing sintering temperatures is evident
for three-point bending (flexural) strength. A strength of
20.9 MPa was attained for samples sintered at 800°C,
69.2 MPa for samples sintered at 900°C and 154.1 MPa
for samples sintered at 1000°C.
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