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The current study introduces porous ceramic materials fabricated from cenospheres
through spark plasma sintering. The investigation delves into the impact of sintering tempera-
ture, mould diameter (20 and 30 mm), and cenosphere size on the resulting material properties.
Notably, sample shrinkage initiates at 900 °C and demonstrates an upward trend with tem-
perature escalation, while a larger mould diameter contributes to sample shrinkage. Elevated
sintering temperature leads to increased apparent density across various sample series, such
as CS 63—150 pm in a 20 mm mould (0.97 to 2.3 g/cm? at 1050-1300 °C), CS 150-250 um
in a 20 mm mould (0.93 to 1.96 g/cm? at 1050—1200 °C), and others in different mould sizes.
Total porosity decreases from 61.5 % to 3.9 % with a rising sintering temperature (1050 to
1250 °C), while open porosity starts decreasing at lower temperatures. Closed porosity peaks
in samples sintered at 1150 °C. Furthermore, an increase in sintering temperature from 1050
to 1300 °C boosts the compressive strength of CS 63—150 samples in a 20 mm mould from
11 MPa to 312 MPa. These findings align with the Rice model, illustrating an exponential
relationship between compressive strength, material porosity, and fully dense material com-
pressive strength.
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1. INTRODUCTION

In the contemporary industrial land-
scape, there is a pressing need to innovate
and produce lightweight and durable mate-
rials. This dual objective allows for creating
more structurally efficient objects, necessi-
tating reduced material usage and enabling
compact designs, thus leading to economic
benefits. In the context of vehicles, these
benefits bring about energy conservation
during their operation.

When developing a composite material,
it becomes feasible to combine the distinc-
tive properties of various materials into one
[1]. To guarantee a high level of strength in
the composite, it is important to incorporate
a material inherently to have high strength
[2], [3]. One of the promising components
of lightweight materials is cenospheres
(CS). These cenospheres are derived from
the residue generated by coal-burning ther-
mal power plants. A substantial quantity
of ash, comprising cenospheres, is formed
during coal combustion. The separation of
cenospheres from the ash contributes to a
reduction in waste produced by thermal
power stations. It offers an opportunity to
harness these unique ceramic particles for
composite material development.

Cenospheres, derived from coal com-
bustion residues, are available at a low cost
as a component of fly ash from coal-fired
power plants. They are characterised as
chemically inert [4] and resistant to high
temperatures, making them a successful
type of hollow ceramic microbead for use
as filler particles. These cenospheres have
proven suitability, even with high-tempera-
ture processes [5]. The apparent density of
cenospheres ranges from 0.4 to 0.8 g/cm’,
although depending on the definition, i.e.
whether cenospheres are described as par-
ticles with an apparent density below that
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of water or as hollow particles, the maxi-
mum density will approach that of an alloy,
i.e., about 2-2.6 g/cm? [6]. This happens
because gas bubble is trapped in the cen-
tre of the particles, despite higher density
of the material forming the cenosphere,
which has a composition similar to that of
flue gases, and also due to the fact that for
different particle sizes, the ratio of diam-
eter to wall thickness is constant at around
20-30 [7]. The diameter of the cenospheres
ranges from 5 um to over 600 um, although
most of the particles are between 20 um and
300 pm in diameter [8].

Employing the CS, it is possible to syn-
thesise lightweight composites called syn-
tactic foams (SF) with enhanced mechani-
cal properties and reduced weight [9]. SF
synthesis typically uses matrix materials
that are combined hollow spherical spheres
(or microspheres) like glass hollow micro-
baloons [10], ceramic hollow spheres [11]-
[13] or CS. Past decade CS was actively
studied for a new SF design [14], [15],
using various matrices: polymer [16]-
[18], ceramic [19], [20], glass [21], [22],
metals [23]-[25], natural ceramics (clay)
[26], [27], cement [28], [29], hybrid mate-
rials [30], [31] and natural source matrix
[10], [32]. However, a new version of SF,
a matrix-less SF, was introduced. In this
approach, CS was coated by metal using
physical vapour deposition [33] and sin-
tered by spark plasma sintering (SPS) to
obtain single-piece material [34].

Spark plasma sintering stands out for its
ability to control microstructure and adapt
heating parameters through pulsed direct
current and pressure. In the case of conduc-
tive materials, the formation of inter-parti-
cle contacts includes local melting. When
employed as a furnace, SPS facilitates



high-rate heating for pre-consolidated spec-
imens. Additionally, the utilisation of space
holders in SPS allows for precise control
over the structure of pore walls. Like other
sintering techniques, SPS enables the cre-
ation of porous materials through methods

such as partial densification, sintering hol-
low or porous particles, utilising decompos-
ing pore formers, or employing space hold-
ers that are extracted during post-sintering

(Fig. 1) [35].

Fabrication of porous materials by SPS
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Fig. 1. Methods for creating porous materials using spark plasma sintering [35].

The spark plasma sintering method has
proven instrumental in producing advanced
ceramics such as nanostructural ceram-
ics, functionally graded materials (FGMs),
ceramic matrix composites, and nanocom-
posites. It proves to be an effective, non-
conventional sintering method, ensuring the
attainment of fully dense materials while
preserving nanostructure features [36],
[37]. SPS can achieve homogenous, highly
dense sintered compacts at faster rates
and lower temperatures, resulting in finer
microstructures than conventional sintering
methods [37]. Besides, SPS can be used to
produce compact samples with high poros-
ity (65-80 %), which is higher than using
traditional methods (porosity limit — 50 %)
for analogical materials [38], [39] and at the
same time it is possible to produce corro-
sion-resistant fibres [40] and demonstrate

notably low thermal diffusivity, making
them appealing for applications in thermal
management [41]. SPS of porous materials
is a rapidly advancing field, holding great
promise for developing energy-absorption
materials, bioimplants, high-temperature
filters, fuel cells, and thermoelectric materi-
als [35].

In the current study, we explore the CS
compaction and sintering without a matrix
to determine behaviour, distinguish the main
sintering stages, dependences and charac-
terise material properties. For the first time,
this study examines CS compaction behav-
iour in the SPS process. This study focuses
on designing and characterising matrix-less
SF foam containing CS only. The influence
of sintering temperature, mould diameter
(20 and 30 mm diameter), and the size of
cenospheres on the properties of sintered
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material is investigated. This primary data
are essential for designing lightweight and

2. EXPERIMENTAL

thermally stable (up to 1000 °C) composite
materials.

The sintering material used in the study
was the CS2 63-150 um and CS1 150-
250 um fractions produced by burning coal
from the Donetsk coal mine. The resulting
fly ash of CS1 and CS2 was floated in a
mixture of distilled water and ethanol, dried
at 105 °C for 12 h, heat treated at 1100 °C
for 30 min and fractionated into the above
fractions by sieving. In CS1 and CS2, 46 %

and 44 % of open volume fractions were
observed in the burials of the prepared
materials, respectively [8].

The chemical composition (Table 1) of
cenospheres is directly related to the inor-
ganic composition of the material burned,
as these particles can only be formed from
material left over from the combustion pro-
cess.

Table 1. Chemical Composition of Cenospheres [6], [42]-[52]

Si0, | AlO,, | FeO,, | CaO | KO, | MgO | TiO, | AtAbout,| PO5, | SO
W oo | 3212 [ 1382 [ I- 05- | 04- | 032- | 0.13-| 0.02- | 0.03- | 0.01-
m 70| 6464 | 407 | 1455 | 2449 | 44 36 | 179 | 11 0.89 | 12.03

The samples were sintered in SPS sin-
tering machine ‘Dr. Sinter SPS825°. The
machine is designed for sintering materials
at temperatures up to 2400 °C with a sin-
tering force of up to 250 kN. However, in
this study, cenospheres were sintered from
1050 °C to 1300 °C at a material sinter-
ing force of approximately 0.6 kN using
20 mm, 30 mm, and 50 mm dies. These set-
tings were chosen with the relative brittle-
ness of the material to be sintered, the ceno-
spheres, compared to homogeneous, dense
raw materials and the need to produce low-
density ceramics.

The samples were prepared for sinter-
ing in the SPS machine by lining a 20.7 mm
graphite die with 0.35 mm graphite paper,
inserting a 20x30 mm bottom plunger and
lining its surface in contact with the mate-
rial to be sintered with 0.35 mm graphite
paper, rubbing in 7 grams of 63—150 pm
cenospheres, compacting the material to be
sintered by gently shaking the die, placing a
cylindrical 0.35 mm thick graphite paper on
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top of the sample to be sintered and insert-
ing the upper graphite plunger into the die.
The outside of the die was covered with a
4.5 mm thick carbon fibre thermal insu-
lating material and secured with a carbon
fibre cord. The prepared die was placed in
the vacuum chamber of the SPS machine
with three cylindrical graphite discs of the
appropriate size on each side between the
plungers of the die and the electrodes of the
SPS machine, with 0.35 mm thick graphite
paper between the largest of these discs and
the electrodes of the machine. The die was
placed in a position where the axis of the
pyrometer used to measure the temperature
coincided with the temperature observation
bore so that the temperature was closer to
the material to be sintered than to the sur-
face of the die.

The die was inserted into the SPS
machine, electrodes adjusted, and clamp-
ing force applied (0.6 kN). This pressure,
equivalent to 1.9 MPa on a 20 mm die, com-
pressed the sample for 10 minutes. Shrink-



age was measured and held for 20 minutes
under reduced atmospheric pressure (6 Pa)
until vacuum-related shrinkage ceased.
SPS sintering used consistent temperature
rise programs, gradually reaching sinter-
ing temperature to prevent overheating
and sample heterogeneity. Post-sintering,
vacuum cooling for 20 minutes ensued until

the sample hit around 300 °C. Opening the
vacuum chamber accelerated cooling, and
10 minutes later, the sample was extracted.
A similar tailored process was applied to
samples with diverse cenosphere sizes and
die dimensions, adjusting plunger size and
material amount accordingly.

2.1. Determination of the Quantity of Collapsed Cenospheres

Cenosphere collapse during sample
compression and vacuuming in the SPS
machine was assessed experimentally. The
process involved weighing the material in a
mould using an Acculab VIC-612 balance.
The material was then placed in a container,
covered with deionized water (at least 5 cm
thick), mixed, and left to settle for an hour.
Floating particles were removed, water
was decanted, and the sinking material was
transferred to a smaller container. After dry-
ing, the mass of collapsed cenospheres was
determined.

The apparent density of the sintered
samples was determined according to For-
mula 2.3 using an Acculab VIC-612 bal-
ance to determine the weight of the sample.

2
Papparent = %’ (1)

where

d — diameter of the sintered sample;
h — height of the sintered sample;
m — mass of the sintered sample.

To assess open porosity, post-sintering
materials were sanded to remove graphite
paper, dried at 70 °C for four hours, and
weighed using an AND GR-200 analyti-
cal balance. Boiling in distilled water for
four hours saturated open pores. Weight in
the water-immersed state was determined
using an AD-1653 kit after surface dry-
ing. Open porosity, closed porosity, and
the ratio of open and closed pore volumes
to aluminosilicate volume were calculated.
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Compressive strength was measured with a
Toni Technik ToniNORM model 2020 tes-
ter, applying progressively increasing force
until a 1.2 % force drop indicated specimen
collapse.

XRD analysis employed a Rigaku
Ultima+ with a copper cathode X-ray tube
(40 kV voltage, 5 mA current). Diffraction
images were taken between 5 and 80 © 26
at a 4 °/min scan rate. MDI Jade 9 software
and electronic ICDD databases PDF-4+
2023 and PDF-4 Organics were used for
phase analysis. Diffraction image prepara-
tion in Origin 2023b included noise reduc-
tion using an FFT filter with a 5 data point
window.

Magnetic fractions of CS 63—-150 pm
and CS 150-250 um particles were isolated
from the sinterable material. A 30 g layer
of the material was spread on paper, and a
cylindrical neodymium magnet was moved
near the surface. Adhering particles were
periodically removed and transferred to a
separate container. Fractions were weighed,
and the magnetic fraction percentage was
calculated using a formula below.

— Mmag
Wmag =

2

B
Mmag tMnonmag

where
mm, — mass of the magnetic fraction of the
cenospheres;
— mass of the non-magnetic fraction
nonmag
of cenospheres.



3. RESULTS AND DISCUSSION

3.1. Particle Destruction before the

Shrinkage results indicate significant
pre-sintering shrinkage in the samples during
compression force and vacuum application
in the SPS chamber. Approximately 9.7 %
and 24.5 % of the initial height of the sample
in the die occurred at the time of compres-
sion force and vacuum generation, respec-
tively. This initial shrinkage is attributed to
cenosphere collapse, validated by the flota-
tion of non-sintered cenospheres in water
after force and vacuum application, reveal-
ing 21 % and 20 % of collapsed cenospheres,

3.2. Sample Shrinkage during the S

SPS Process

respectively, based on the initial material
mass. In a 50 mm die with lower compres-
sion force, pressing-induced shrinkage was
0.88 mm, and vacuuming caused no further
shrinkage, reducing broken cenospheres to
3 %. The reduced pressure in a larger die
likely contributed to this outcome. Testing
150— 250 um cenospheres in a 20 mm die
showed more significant destruction, with
23 % being destroyed after force application
and an additional 37 % after vacuuming, sur-
passing the smaller particle fraction.

PS Process

Figure 2 illustrates that with increasing sintering at lower temperatures, with the
sintering temperature, the sample height  apparent density approaching that of unsin-

decreases, indicating enhanced particle

tered particles. Contrary to expectations,

compaction and softening. This results in attempting to sinter at 1000 °C did not yield
reduced open and closed porosity, facilitat- cohesive material, as evident in Figs. 3 and
ing more material shrinkage. The data show 4, where shrinkage started at 900 °C. How-
a trend of reaching a specific shrinkage ever, temperature rise reveals a notable dif-
value at higher temperatures, sharply drop- ference between measured and sample tem-
ping to zero. This suggests less effective  perature due to die thermal inertia.
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Fig. 2. Shrinkage of CS 63—150 um samples sintered in a 20 mm die

during the SPS process as a

function of sintering temperature.
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Fig. 3. Sintering process data for CS 63—-150 pm
sample sintered at 1050 °C.

Examining the sintering data in
Figs. 3 and 4 reveals that at lower tempera-
tures, the process halts before complete
sample shrinkage, indicating incomplete
particle sintering. Conversely, at higher
temperatures, shrinkage stops shortly after
reaching the sintering temperature due to
cenosphere softening, expediting equilib-
rium attainment at the same compression
force. Comparing shrinkage at different
stages of sample formation exposes pecu-
liarities. Figure 5 indicates that samples
from the 150-250 um cenosphere fraction
exhibit less shrinkage during the SPS pro-
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Fig. 4. Sintering process data for CS 63—-150 pm
sample sintered at 1300 °C.

cess, a distinction diminishing with rising
sintering temperature. Thicker walls of
these particles potentially explain this vari-
ance. However, as temperature increases,
softening diminishes the impact of thicker
walls on mechanical strength. Specimens
sintered in 30 mm dies experience reduced
shrinkage during pressing and vacuuming
due to lower surface pressure from their
larger diameter. Yet, their sintering shrink-
age is notably higher, likely due to particle
breakage or deformation at elevated tem-
peratures, in contrast to samples in 50 mm
dies with even lower pressure.

30mm 63-150 |

20mm63-150 [N
20mm 150-250 |
20mm63-150 N

50mm 63-150 [N

3omm 63-150 |

20mm 63-150

1150 1200 1250 1300

W Decrease in clamping

Fig. 5. Shrinkage of specimens after squeezing, vacuum and SPS processes, depending on sintering
temperature, material used and die diameter.
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3.3. The Apparent Density of the Resulting Materials

Figure 6 illustrates an increase in the
apparent density of sintered cenosphere
samples with higher sintering temperatures.
However, this relationship is non-linear
within the data range. At 1050 °C, com-
plete sintering between particles is inad-
equate, while at 1300 °C, particles soften
and compress. Extending the temperature
range for sintering could reveal a trend
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Fig. 6. The apparent density of CS 63— 150 um
samples sintered in a 20 mm die as a function of
sintering temperature.

In the temperature range of 1100 °C to
1250 °C, a distinct linear increase in density
with sintering temperature is evident, depicted
in Fig. 7 with R2 =0.99. The linear regression
analysis yields the function p=0.0082xT-7.89.
This implies that, within these sintering con-
ditions, predicting the apparent density of
resulting materials is reliable based on the
known sintering temperature.

However, when considering the entire
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towards the density of the material in the
cenosphere burial at lower temperatures
and the proper density of the material form-
ing the cenosphere at higher temperatures.
Despite achieving an R2 value of 0.989, a
third-order polynomial in non-linear regres-
sion analysis may not yield an appropriate
function for predicting the data due to these
complexities.
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Fig. 7. The apparent density of sintered CS 63—
150 pm samples versus sintering temperature from
1100 °C to 1250 °C.

set of samples and individual batches, there
is no linear relationship between sample
shrinkage and apparent density, contrary
to expectations from the apparent density
formula. Consequently, estimating this rela-
tionship is challenging, but a more feasible
approach involves establishing the connec-
tion between the measured apparent density
and the predicted apparent density derived
from observed sample shrinkage.

2 2,5

Estimated apparent density, g/cm?

® 20mm 63-150 ]

20mm

150-250 30mm 63-150

50mm 63-150 = = =« predicted

Fig. 8. Relationship between predicted and observed apparent density of samples.
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Figure 8 reveals an approximately lin-
ear relationship between predicted and
determined apparent densities. This sug-
gests that knowing the sample shrinkage
at all process stages, its initial mass and
height, and the internal diameter of the die
allows predicting the apparent density of a
sintered sample. The data also indicate min-

imal mass loss during sintering. However,
increased scatter in the higher predicted
apparent densities results from errors in
determining apparent densities, attributed
to reduced sample volume and slight mate-
rial bleed between the die and its plunger at
elevated sintering temperatures.

3.4. Porosity of the Resulting Materials

The open porosity of the samples,
depicted in Fig. 9, diminishes with rising
sintering temperature, resulting in samples
displaying open porosity ranging from
0.28 % to 43 %. This relationship is non-
linear, with the most pronounced decrease
occurring between 1100 °C and 1150 °C.
This likely happens because cenosphere
particles become soft, allowing for slight
deformation and more efficient packing,
thereby reducing inter-ionospheric space
and closing some open pores. The slow-
down in open porosity decrease at higher
sintering temperatures is attributed to the
increasing difficulty in denser particle pack-
ing.

Figure 9 shows that the closed poros-
ity of the sintered materials peaks between
1100 °C and 1200 °C. This is explained

60%
50%
% 40%
30%
20
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Open poro
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X

]

1150 1250

Sintering temperature, °C

Fig. 9. Open porosity of sintered
CS 63—150 um samples as a function
of sintering temperature.
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by the significant difference in the rate of
closed and open pore volume reduction in
this temperature range (see Fig. 10). The
closed pore volume reduction rate is high-
est between 1150 °C and 1250 °C, in con-
trast to 1100 °C and 1150 °C for open pores.
This suggests the possibility of producing
cenospheric ceramics with a specific open-
to-closed pore volume ratio if required.
The total porosity of the sintered sam-
ples diminishes with increasing sintering
temperature, displaying a strongly linear
decrease between 1100 °C and 1250 °C,
consistent with the expected trend from
apparent density changes with sintering
temperature. This alignment supports the
reliability of the porosity determination,
indicating the absence of gross errors.
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Fig. 10. Closed porosity of sintered
CS 63—150 um samples as a function
of sintering temperature.
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3.5. Morphology of the Resulting Materials

The optical microscopy image in Fig. 13,
depicting a CS sample sintered at 1050 °C,
reveals that most cenospheres at this tem-
perature remained intact, indicating that
the softening point was not reached. Fusion
bridges between some cenospheres were
observed, but their quantity was visually
minimal, contributing to the lower mechan-
ical strength compared to samples sintered
at higher temperatures. At this magnifica-
tion, no notable structural difference was
observed between edge and centre regions,

Fig. 13. Optical microscopy image of CS 63—-150 um
sample SPS-886 sintered at 1050 °C, perpendicular to

the squeeze axis.

In the sample sintered at 1200°C (Fig. 14),
cenosphere deformation indicates soft melt-
ing during sintering, contributing to the for-
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suggesting a uniform temperature and com-
pressive force gradient during sintering,
similar to sample SPS-944. Some unde-
stroyed cenospheres exhibit translucent
bubbles, likely resulting from epoxy partial
penetration during sample impregnation,
indicating holes in these particles. These
holes could stem from cenospheres being
too small for water filling during flotation,
cracks in walls during pressing or vacuum-
ing, or internal stresses during sample cool-
ing post-sintering.

Fig. 14. Optical microscopy image of CS
63—150pm sample SPS-944 sintered at 1200 °C,
perpendicular to the squeeze axis.

mation of compacted regions. Some hollow
particles softened enough for the applied
compressive force to flatten them, creating



dense material regions. This aligns with the
high shrinkage during sintering, increasing
with temperature. Magnetic cenospheres,
appearing darker in the images, melted and
formed higher magnetite content regions in
the fused material. Apart from undestroyed
cenospheres, numerous plhenospheres are
present. Their outer walls melted, but the
inner particles largely retained their shape,
distinguishing them from the bulk material.

The sample sintered at 1250 °C (Fig. 15)
exhibits few closed pores, mainly formed by
deformed particles within cenospheres and
plhenospheres, resembling the sample sin-
tered at 1200 °C. In Fig. 16, a dense 100 pm
thick alloy material layer forms at the die-
material interface near the plungers but it is
not observed at greater distances. Deeper

s

regions within the material exhibit better
sintering, likely due to preferential current
flow channels formed during the process.
Figure 17 highlights significantly poorer
sintering in the sample centre, where the
material remains slightly red, indicating
potential temperature non-uniformity. This
may result from the low electrical and
thermal conductivity of the particle, caus-
ing outer heating. Addressing this could
involve extending the sample curing time
for complete heating. However, if incom-
plete sintering in the sample centre is due
to uneven force distribution during SPS,
solutions may require increased squeezing
force, intensifying shrinkage and apparent
density, or a reduction in the h/d ratio, limit-
ing material thickness.

Fig. 15. Optical microscopy image of CS 63— 150 um  Fig. 16. Optical microscopy image of a 50 mm die
sample SPS-948 sintered at 1250 °C, perpendicular to

the squeeze axis.

sintered CS 63—150 pm sample SPS-951 at 1050
°C, parallel to the die axis, close to the material-die
boundary.

Fig. 17. Optical microscopy image of a 50 mm die sintered CS 63—150 pm sample SPS-951 at 1050 °C,
parallel to the press axis at the centre of the specimen.
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3.6. Compressive Strength of the Resulting Materials

All specimens tested exhibit brittle-
ness, which is characterised by spontane-
ous collapse without significant formation
of large cracks or deformation. However,
at the highest temperatures, small ceramic
pieces detached in some cases due to insuf-
ficient sample homogeneity or non-uniform
contact surfaces with the testing apparatus.
In Fig. 18, compressive strength of the sam-
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Fig. 18. Compressive strength of sintered
cenospheric specimens as a function of sintering
temperature.
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ples increases at higher sintering tempera-
tures. This is likely attributed to enhanced
binding between cenospheric particles,
particularly noticeable at lower sintering
temperatures where particle binding is rela-
tively weak. Additionally, the correlation
between density and mechanical strength
in high-porosity materials contributes to the
observed effect.
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Fig. 20. Dependence of compressive strength on total porosity of sintered samples.

The Gibson-Ashby model for predict-
ing the properties of lath-type and porous
materials, which is reducible to a power
function, does not allow for a conclu-
sive correlation between the compressive
strength results obtained for the specimens,
giving R? =0.93. An additional problem is
the lack of reliable data on which to base
the compressive strength and density of a
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fully compacted, sintered cenospheric sam-
ple. This means that the model cannot be
used in this case. The model put forward by
Rice gives a visually and mathematically
better agreement with R> =0.94. In addition,
this model also gives a reliable value for the
compressive strength of a dense material
o, =411.1 MPa since, as mentioned above,
these values are not known.



3.7. Composition of the Crystalline Phases

of the Starting Materials and Samples

Figure 21 indicates no significant phase
composition differences between the unsin-
tered material and the sample sintered at
1050 °C. Mullite and an X-ray amorphous
phase, likely originating from the amor-
phous part of the cenospheres predomi-
nantly composed of SiO2, are the main
components in the range of 18°-27° 20.
The sample sintered at 1300 °C introduces
an additional phase consistent with cris-
tobalite, possibly formed from the partial
melting and subsequent crystallization

of amorphous cenosphere regions due to
slower cooling. Despite confirming the
presence of a magnetic phase in some sin-
terable particles through interaction with
an external magnetic field, this crystalline
phase is not observed in the XRD results,
possibly due to its relatively low content.
Weak interaction of the sintered samples
with an external magnetic field suggests
either retention of some magnetic phase
during the SPS process or the generation of
another magnetic phase.

X - Mullite Al2.2804.86Si0.72 COD-9010159
® - Quartz low SiO; COD-1011159

4
i O - Cristobalite high SiO> COD-1010944
1.

Intensity, a.u.
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Fig. 21. 1050 °C (1), 1100 °C (2), 1150 °C (3), 1200 °C (4), 1250 °C (5) un 1300 °C (6) XRD results of
samples sintered in a 20 mm die at 2 min.

4. CONCLUSIONS

The sample shrinkage before the begin-
ning of the sintering process decreases with
increasing mould diameter, which is caused
by decreasing breaking of cenospheres,
which can be explained by decreased pres-
sure on the material.
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The sample shrinkage during the sinter-
ing process began at 900 °C, which shows
that using the SPS method, the sintering of
cenosphere particles starts between 900 and
1000 °C. Shrinkage of samples during sin-
tering increases with increasing temperature



and decreases with increasing mould diam-
eter.

Increasing sample sintering temperature
increases the apparent density of all sample
series — CS 63—-150um in 20 mm mould
from 0.97 to 2.3 g/cm? at 1050-1300 °C,
in 30 mm mould from 0.81 to 1.87g/cm® at
1050-1200 °C, in 50 mm mould from 0.54
to 0.75g/cm? at 1050-1150 °C, while CS
150-250 pm in 20 mm mould from 0.93 to
1.96g/cm’ at 1050— 1200 °C.

Total porosity decreases from 61.5 % to
3.9 %, increasing the sintering temperature
from 1050 to 1250 °C, while open poros-
ity starts to decrease at lower temperatures,
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closed porosity becomes the highest in sam-
ples sintered at 1150 °C.

Increasing the sintering temperature
from 1050 to 1300 °C, the compressive
strength of CS 63—-150 samples made in
20 mm mould increases from 11 MPa to
312 MPa. These results correlate with the
Rice model, which describes exponential
compressive strength dependence on mate-
rial porosity and completely dense material
compressive strength.

The XRD pattern of a sample sintered at
1300 °C temperature reveals a phase not in
the unsintered material — cristobalite.
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