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Abstract

The present work developed a methodology for synthesising single-crystal nanopowder based on an ordered
phase with LaLuOs perovskite type structure. The LaLuO3:Yb** nanopowder, doped with 2 mol% Yb**, was
synthesised by wet-chemical method from precursor nitrate solution and thermal treated to form pure
perovskite phase. The synthesized nanopowder was comprehensively studied using IR spectroscopy, X-ray
diffraction, scanning electron microscopy and adsorption-structural methods. The results of the X-ray
diffraction analysis indicate that the synthesized powder is single-phase, with all the formed diffraction peaks
corresponding to the ordered structure of the LaLuOs; perovskite type. The unit cell parameters of the
LaLuOs:Yb** (2 mol%) phase are: a = 0.6023 nm, b = 0.8385 nm, ¢ = 0.5822 nm and V = 0.294 nm®
whereas the average crystallite size is 51.2 nm. The nanopowder was consolidated using the spark plasma
sintering (SPS) technique at 1380 °C and 50 MPa with dwell of 15 min, resulting in a fully dense ceramic
material of 8.16 g/cm? (i.e. 99.54% theoretical density).
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I. Introduction electrolytes for electrochemical devices, such as solid
L oxide fuel cells (SOFCs), electrolysers, sensors,

The accelerated advancement of scientific and  Lyqrogen separation membranes and electrochemical
technological pursuits necessitates the conception of catalytic reactors [10-12] due to their high ionic
novel materials that exhibit enhanced characteristics. conductivity and low activation energy. Additionally
Materlal_s originating from oxide compouno_ls, s_uch as LaLuOs based materials are being considered as
perovskite (ABOs), have attrac_:ted supstantlal_lnterest replacements for silica (x = 3.9) as the primary gate
from researchers due to their readily manipulable  gjglectric owing to their high  value (above 40) [13].
physical and chemical properties, a property that can  Athough a considerable number of publications have
be_ effectively famhtated_t_hrough the process of doping addressed the study of the materials with the ABOs
with rare earth and transition elements [1,2]. perovskite structure, information pertaining to the
Compounds that contains two different rare ea_rth phase, synthesis and sintering of LalLuOs; based
elements (LnLn'Os) in their structure were first  \aterjals” for laser applications remain limited,
mentioned in the 1960s [3,4]. These phases include @ ynderscoring a need for further research. Laser
variety of compounds, including LalnOs, LaYOs,  ceramics are known have to include luminophores -
LnFeOs, LnScOs, LUAIOs and others [5-9]. Since  the jons of rare earths, such as Yb3*, Er¥* etc., which

then, interest of scientific community in these  provide lasing properties in definite wavelength
materials has grown due to their physical and chemical  gjapason.

properties. These compounds are suitable as Previous results on LaLuOs doped with Yb3* ions
_— have reported that besides the well-known emission
Corresponding author: tel: +380 935811938 spectrum in the IR region (920-1100 nm) from Y3
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ions there is also a broad blue emission centred at 404
nm [14]. Kalusniak et al. [15] reported that in the laser
experiments slope efficiencies of up to 75% were
realised in a wide range of wavelengths between 1044
and 1123 nm. This indicates the potential of this new
gain material for the generation of fs-pulses in mode-
locked oscillators and for widely wavelength-tuneable
lasers in the 1.1 um wavelength range.

It is established that when an ordered structure,
such as LalLuOs perovskite, is doped with REE
cations, substitution can occur in both positions A or B
[16-18]. Liu et al. [16] found that the exception is
Pm** and Gd*, which are located exclusively in
position A (Fig. 1). Consequently, when doping
LalL.uOs perovskite ordered structure with Yb%* ions,
substitution can be expected in both positions. In order
to obtain a material with the specified characteristics,
it is necessary that the substitution occurs in a specific
site, especially for materials intended for luminescent
applications. In accordance with the aforementioned
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results, we have tried to synthesised samples of an
ordered perovskite-type structure in which substitution
occurs preferable in position B. The expediency of
allowing an ordered phase of the LaLuOs perovskite
type with substitution at B site was also confirmed by
data on the structure of phase equilibria in the three-
component Lay03-Luz03-Yh203 system [19,20]. Given
that a continuous series of solid solutions is formed in
this system along the isoconcentrate of 50 mol%
La,Os, it becomes possible to vary the amount of
dopant and forming La(LuiyLny)Os compositions.
Concurrently, in the development of materials
exhibiting Ln®" substitution in position A, with the
general formula (Lai-«Lnx)LuOs, a relatively confined
homogeneity region is anticipated, predicated on an
ordered phase characterised by a perovskite-type
structure. This, in turn, may result in the formation of a
two-phase sample, a characteristic that may not always
be advantageous in the context of material creation.
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Figure 1. Substitution of REE cations at A and B-positions - cations occupying only A-positions (B-positions) are coloured
purple (blue) and cations occupying both A- and B-positions are coloured blue (the number in the upper corner corresponds
to the number of cations in the A-position, and the number in the lower corner corresponds to
the number of cations in the B-position [3])

The development of high-quality nanopowders
represents a crucial phase in the creation of novel
ceramic materials. A range of synthesis methods are
employed to create nanopowders based on an ordered
phase with a perovskite-type structure, which have the
general formula ABOs. These methods include
chemical co-precipitation [21], microemulsion [22],
hydrothermal [23], solvothermal [24], microwave
irradiation [25], spray pyrolysis [26], chemical vapour
deposition [27] and the Pechini method [28]. Each
method has been shown to contribute to the formation
of a diverse morphology of nanopowders. In this
study, the focus was on the development of a
methodology for the synthesis of nanopowders based
on an ordered phase such as LaLuOj3 perovskite doped
with Yb** ions using the Pecini method.

XX

The development of a methodology for sintering
nanopowders is an equally important step in the
creation of ceramic materials. Hot pressing (HP) and
spark plasma sintering (SPS) are both sintering
techniques that use heat and pressure to densify
materials, but they differ in their heating methods. Hot
pressing uses external heating elements to heat the
entire sample, while SPS uses a pulsed direct current
that passes through the material and dies to generate
heat internally. This direct heating in SPS allows for
faster heating rates, shorter processing times and lower
sintering temperatures compared to hot pressing [29].
This sintering methodology can be used not only for
nanopowders, but also for the direct synthesis of
certain compounds [30-32]. Consequently, for
sintering the effective method must be applied, which
provides the rapid rate sintering technique to overcome
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particle coalescence on heating, use of pressure to
impede grain growth at low porosity, electric field and
the use of additives that can accelerate shrinkage and
impede grain growth [33]. This is a big challenge if the
abnormal grain growth is inherent in perovskite-type
materials at high temperatures. To get optically
transparent, non-porous ceramics, a grain size of less
than 100 nm is needed. Thus, the spark plasma
sintering was selected as an advanced sintering
technique, mostly corresponding to the as stated
requirements.

Il. Experimental

2.1. Powder synthesis

Doped nanopowder (with 2 mol% of Yb®") based
on an ordered LaLuOs phase with a perovskite-type
structure was synthesised by using the following
reagents: LayOs, LuoOs, HNO3 (puriss. spec.), citric
acid (p.a.), NaOH, isopropanol (puriss.). Preliminarily,
0.5 M solutions of La(NOs)3, Lu(NOsz)3 and Yb(NO3)s,
as well as a 1 M solution of citric acid were prepared.
The nitrate solutions were mixed with citric acid and
10 ml of ethylene glycol under intensive stirring. After
a certain period of time, 15 ml of 25% NH.OH
solution (or 4 ml of ethylenediamine) was slowly
added and stirring was continued at a fixed
temperature of ~90 °C for 15-20 min. The resulting
solution was transferred to an oven for 3 days at 150
°C. Next, it was heat-treated in a muffle furnace
(SNOL 1200) at 650-770 °C for 6 h at a temperature
rise of 1 °C/min.

In the next step the synthesised powder was heat
treated to obtain desirable crystalline product. The
selection of calcination temperatures is related to the
temperature of formation of an ordered phase with a
perovskite-type  structure and determined by
derivatographic analyses. Based on derivatographic
studies, the polymer complex formed by the citrate
method undergoes thermal decomposition in multiple
stages. This process is accompanied by endothermic
effects up to 180 °C and exothermic effects in the
temperature range 180-675 °C. At temperatures above
750 °C, another exothermic effect is observed,
accompanied by a slight mass loss. Therefore, two
series of heat treatment procedures were employed to
find optimal calcination method. The first method
involved subjecting the synthesised powder to a
temperature of 675 °C for a duration of 6 h. The
second method comprised a two-stage heat treatment
process: in the stage 1 temperature was slowly
increased (1 °/min) to 770 °C and in the stage 2
temperature was slowly decrease to 650 °C (for 6 h)
and isothermal dwell at 650 °C for 6 h.

The resulting powder was then ground in a Fritch
Pulverizetta ball mill in an isopropanol medium with
zirconia balls (grinding media) at 250 rpm for different
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times. After separation of the balls from the
suspension, the solvent was evaporated in a drying
oven, then the resulting powder was ground in an
agate mortar, pressed and sintered by spark-plasma
sintering.

2.2. Sample sintering

The sintering of the powder heated with two-step
regime (at 770°C/650°C) was carried out by using the
pressure and the utilisation of a pulsed electric current,
i.e. spark plasma sintering (SPS) on a FAST/SPS unit
(FCT HP D 25/1, FCT Systeme GmbH, Germany) in a
vacuum. The sintering regime consisted of three
distinct stages. In the first stage the sample was rapidly
heated (100 °C/min) up to 1230 °C with low pressing
pressure (16 MPa). Then, the heating was continued
up to 1280 °C with lower rate (25 °C/min) and at a
higher pressure (50 MPa). In the third stage, the
sample was heated (5 °C/min) up to the final
temperature of 1380 °C (at 50 MPa) and hold at this
temperature 15 min. The sintered sample was annealed
in a laboratory furnace SNOL at temperatures of 1100
°C for 4 h and 24 h. Cooling was conducted inside the
furnace.

The sintered samples were subjected to
mechanical treatment (sandblasting). Two-sided plane-
parallel polishing of the samples was performed on a
grinding and polishing machine “Buehler Gmbh”
(Germany). Carbide-silicon abrasive paper with a grit
size ranging from 320 to 1200 was used for
processing, after which the samples were polished
with diamond pastes with a grain size of up to 1 um.

2.3. Characterization methods

Infra-red spectroscopy study of the calcined
nanopowder was conducted using a FTIR spectrometer
(FSM-1201) within the wavelength range of 4000—400
cm™L. The classical tablet technology and the two-beam
measurement method were employed. The sample was
thoroughly mixed with KBr powder in a ratio of 1:300
mg and the resulting mixture was pressed into
transparent tablets with a diameter of 13 mm. The
transmittance of the samples was measured relative to
air. The samples were placed in the device, with the
diameter of the sample holder window.

The phase composition of the obtained samples
was determined by powder X-ray diffraction (XRD)
using a SmartLab SE diffractometer (Rigaku, Japan)
with CuKo radiation in continuous recording mode
with a scanning speed of 10 °/min in the range of 26
angles from 10° to 90°. The diffraction patterns were
processed using the SmartLab Studio Il software
package with the data from [34]. The average
crystallite size (Dxq Of the nanopowder was calculated
using the Scherrer formula [35]:
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where A is the X-ray wavelength (1 = 0.15418 nm), j
is the peak width at half maximum (FWHM) and 6 is
the diffraction angle.

The porous structure of the obtained powder
samples was studied by the adsorption-structural
method using the ASAP 2000M (Accelerated Surface
Area and Porosimetry System). The isotherms were
then interpreted and used to calculate general porosity
characteristics, including: total pore volume (Viotal),
specific surface area (Sger, calculated by the BET
method), total volume (Vme), surface of mesopores
(Sme), differential distributions of mesopore volume
and surface (calculated according to the BJH theory)
and average equivalent pore diameter (Dmean,
calculated according to the BET and BJH theories).
The measurement range of this method is in the range
of equivalent pore sizes from 0.3 to 300 nm [36-40].

The density of the sintered samples was
determined by hydrostatic weighing using the
Archimedes' method using formula [39].

_ Ry

a Fz - Fa
where Fi1, F2, F3 are the mass of the sample in air,
mass of the soaked sample in air, mass of the wet
sample in water (respectively), and y is the water
density.
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Figure 2. FTIR spectrum of the calcined LaLuO3:Yb®*
(2 mol%) powder

I11. Results and discussion

3.1. Structure of calcined powder

FTIR spectra analysis revealed the presence of
absorption bands in the frequency range v ~650-450
cm, which correspond to M-O vibrations, where M =
La, Lu (Fig. 2). Furthermore, the absorption bands in
the frequency range v ~1600-1300 cm™* are indicative
of the vibrations of carbonate ions in different
coordination (monodentate and bidentate). Two peaks
with frequencies v ~ 468 and 501 cm* are suggestive
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of the crystallisation process of the perovskite-type
structure LaLuO3:Yb®" (2 mol%).

X-ray phase analysis of the synthesized powder
following heat treatment at 675 °C reveal the
development of an ordered phase with a perovskite-
type structure in amount of 94.6 wt.% accompanied by
5.4 wt.% of amorphous phase (Fig. 3). Consequently,
the data presented indicates that the selected heat
treatment regime for the synthesised powder does not
result in complete crystallisation of the ordered
perovskite structure, and the presence of the
amorphous phase during sintering can adversely affect
the density of the material obtained. The parameters
determined from XRD analyses, of the nanopowder
calcined at 675 °C, are: a = 0.6026 nm, b = 0.8396 nm,
¢ = 0.5825 nm and V = 0.2947 nm®, whereas the
average crystallite size Dxg = 53.3 nm and pxq = 8.16
g/cm?®. Due to the inability to obtain a fully crystalline
sample, a slight alteration was made to the heat
treatment regime of the synthesised powder. Thus, the
diffraction pattern of the nanopowder following two-
stage heat treatment process 770°C/650°C confirms
the formation of pure crystalline perovskite phase.
Table 1 shows the crystallographic parameters of the
ordered perovskite-type structure that were determined
by the Rietveld method. The unit cell parameters of
the sample heated in two-stage 770°C/650°C process
are: a =0.6023 nm, b = 0.8385 nm, ¢ = 0.5822 nm and
V = 0.294 nm®, whereas the average crystallite size
and density are Dyg = 51.2 nm and pxra = 8.175 glem?,
respectively. The obtained results indicate that the
powders exhibited comparable crystallite sizes (53.3
and 51.2 nm), but in our opinion, the two-stage heat-
treated nanopowder demonstrates a technologically
advanced property due to its absence of an amorphous
phase. Consequently, further studies were conducted
on the nanopowder with a completely crystalline
structure. The microstructural (SEM) study of the
calcined nanopowder revealed the formation of
particles with sizes ranging from 41 to 60 nm (Fig. 4).
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Figure 3. XRD patterns of LaLuO3:Yb?* (2 mol%)
nanopowder heat treated at 675 °C and 770/650 °C
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Table 1. Bond lengths Lu-O and angles O-Lu-O following a two-stage heat treatment process exhibits
slightly larger particles in comparison to the powder
Bond type Bond length [A] resulting from a one-stage heat treatment at 675 °C.
Lu-O(1) x 2 2.225(6) This observation can be attributed to the fact that
Lu-0(2) x 2 2.204(18) during the heat treatment process, there is an
Lu-0O(2) x 2 2.226(18) aggregation of small particles by their side faces,
01-Lu-01 180.0(0) which results in the formation of larger combinations,
Bond angle [°] such as agglomerates (Fig. 4).
O1-Lu-02 % 2 86.8(7)
01-Lu-02 x 2 87.9(7)
01-Lu-02 x 2 92.1(7)
01-Lu-02 x 2 93.2(7)
02-Lu-02 x 2 88.2(3)
02-Lu-02 x 2 91.8(3)
02-Lu-02 x 2 180.0(0)

Low-temperature nitrogen adsorption studies (Fig.
5) of the obtained powder sample, heated to 770 °C
followed by a decrease in temperature to 650 °C,
confirmed its nanodispersed mesoporous (type 1V)
structure (according to the IUPAC classification,
hysteresis loop type H3). The average particle
diameter, calculated from the specific surface area
(Sger) using the formula d = 6/(p-Sger), is 90 nm

(Table 2). Specific surface area (Sger) is sufficiently Baisiiyegll

high compared with the external surface area (Sexter). SEM MAG: 262 x

Thig suggests the occurrence of large _ defective Figure 4. SEM images of LaL.uOs:Yb® (2 mol%)
particles. Which is substantiated by the size of the nanopowder after heat treatment at 770 °C followed by a
mesopores (~30 nm), and their defectiveness, with temperature decrease to 650 °C and dwell time for 6 h

pores measuring 7 nm. Thus the adsorption-structural
studies could indicate that the powder obtained
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Figure 5. Low-temperature nitrogen sorption isotherm (a) and differential distributions of mesopore volumes (b) and surface
areas (c) of LaLuO3:2%YDb3* sample after two-step heat treatment at 770°C/650°C

Table 2. General characteristics of LaLuOs:Yb® (2 mol%) porous structure nanopowder after two-step heat treatment at
770°C/650°C

Vs t-method BET BJH adsorption BJH desorption
[cm3 /g] Sexter S,m‘ Vm SBET Dmean Vme Sme Dmean-me Vme Sme Dmean-me
[m*g] [m%*g] [em¥g] [m’g] [nm] [cm®/g] [m%g]  [nm]  [cm%g] [m?%g]  [nm]
0.0135 0.076 7.92 0.0037 7.99 6.8 0.0139 2.08 26.7 0.0135 1.83 29.4

3.2. Structure of sintered samples plasma sintering (SPS) technique. Densification

To obtain a dense ceramic material, the heat ~ Pehaviour was firstly investigated by the non-
treated nanopowder was densified by using spark  isothermal regime with a constant heating rate of 100
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°C/min and constant pressure of 16 MPa. The relative
density curve is presented in Fig. 6. As it is evident
from Fig. 6, the shrinkage starts at 1100 °C and
finishes at 1380 °C. This sintering regime was
modified using our previous experiences [31]. Thus,
the rapid heating rate regime of the SPS under minimal
applied pressure was provided to overcome particle
coarsening by coalescence on the initial stage of heating
up to 1230 °C. In the second stage (up to 1280 °C) the
heating rate was decreased to 25 °C/min and pressure
increased to 50 MPa to allow breaking of
agglomerates and rearrangement of nanoparticles into
denser package. The proposed regime for pressure
application enhanced the efficiency of densification
and the sample underwent linear shrinkage of 7.26 mm
(i.e. 73.7%) during sintering, which corresponds to
density increase to ~99.5 %TD. To impede grain
growth at low residual porosity, the slow heating rate
regime and gradually growing pressure was used. It is
worth noting that the slow heating rate regime of 5
°C/min in the range from 1280 to 1380 °C followed by
15-minute dwell ensures the effective healing of
residual porosity. The shrinkage during the holding
stage was only ~0.8% and resulted in reduction in
porosity of 0.3%. The employment of the sintering
regime in this study facilitated the acquisition of a
dense sample at a reduced sintering temperature, i.e.
1380 °C, in contrast to 1450 °C utilized in another
similar work [31].

It is also important to mention that the observed
change of gas pressure within the working chamber of
merely 0.02 hPa in the temperature ranges of 380-660
°C and 760-970 °C indicates elimination of some
gases accompanying the sintering process.

The X-ray diffraction pattern of the sintered
sample indicates the presence of diffraction peaks that
correspond to an ordered perovskite-type structure
(Fig. 7). The unit cell parameters are as follows: a =
0.6014 nm, b = 0.8379 nm, ¢ = 0.5822 nm and V =
0.2934 nm®, whereas the average crystallite size and
density are Dyrg = 109.1 nm and pxa = 8.194 g/cm®,
respectively. The density of the sintered sample, as

determined by hydrostatic weighing according to the
Archimedes technique, is p = 8.163 g/cm?,
corresponding to 99.55 % of the theoretical value.
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surface and b) fracture surface
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Figure 9. Microstructure of the sintered LaLuO3:Yb%* (2 mol%) sample by SPS at 1380 °C and annealed at 1100 °C for 4 h of
the: a) not polished surface and b) fracture surface
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Figure 10. Microstructure of the sintered LaLuOs:Yb® (2 mol%) sample by SPS at 1380 °C and annealed at 1100 °C for 24 h
of the: a) polished surface and b) fracture surface

Microstructural studies also revealed that the
single-phase sintered sample has very small portion of
pores on the polished surface (Fig. 8a). Due to the low
porosity, fracture of the sample occurs through the
grain, which make it difficult to determine of the grain
size after sintering (Fig. 8b).

The dark colour of the spark plasma sintered
sample in graphite die in vacuum was supposed related
to oxygen defects in the oxide lattice. Thus, annealing
in air was carried out at temperature of 1100 °C for 4
or 24 h, which enabled restoration of white colour of
the sample. After annealing, the sample underwent a
slight reduction of weight and increase in density of p
= 8.162 g/cm?®, corresponding to 99.54 %TD (of the
theoretical maximum). Subsequent X-ray phase
analysis (T = 1100 °C, 24 h) of the sample revealed no
alterations in its phase composition (Fig. 7). The unit
cell parameters of the annealed sample are as follows:
a=0.6013 nm, b =0.8380 nm, ¢ =0.5822 nm and V =
0.2934 nm?®, and the average crystallite size and XRD
density are Dyg = 107.9 nm and pxa = 8.194 g/cm®,
respectively. It is evident that during the sintering and
subsequent annealing processes, the size of the
coherent scattering field increases from 51.2 to 108
nm.
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The results of microstructural studies of the
annealed ceramics indicate that, in contrast to the
sintered sample, fracture of the sample occurs not only
through the grain boundaries but also through the
grains. Upon annealing at temperature of 1100 °C for
4 h, the formation of grains with a size ranged from
18 to 39 um is observed (Fig. 9b). Hence,
considering the SEM results of the nanopowder used
for sintering, it can be inferred that the employed
sintering regime leads to an increase in grain size from
approximately 41 nm (Fig. 3) to approximately 1.8—
3.9 um (Fig. 9b). It is interesting to mention that with
prolonging the annealing time to 24 h, the fracture
surface structure changes and the fracture occurs along
the grain (Fig. 10b).

Increasing the annealing temperature to 1250 °C
results in the formation of a heterophase sample,
which is undesirable. According to the results of the
XRD phase analysis, the sample contains 3.2% of the
cubic structure of C-LupOs. The microstructure of the
investigated sample after thermal etching allows for
the clear identification of the grain structure. The
results obtained demonstrate that annealing leads to
the formation of a dense structure with a minimal
number of pores, primarily located at the grain
interface and intragranular pores within large grains
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(Fig. 11a). The investigated sample is characterized by
the formation of grains ranging from 1.5 to 6.2 um and
pores measuring between 0.3 and 0.95 um. It is

A4725 202

noteworthy that pores of a smaller size, not exceeding
0.3 pum, are observed to form on the fracture surface of
the sample.

Figure 11. Microstructure of the sintered LaLuOs:Yb?* (2 mol%) sample by SPS at 1380 °C, 15 min. Followed by annealing
in air at 1250 °C (2 h): a - surface, b - fracture surface of the sample.

Varghese et al. [40] sintered an ordered phase,
such as LalL.uOs perovskite, in a muffle furnace under
air atmosphere at temperatures of 1475 and 1525 °C
for 4 h and obtained ceramic samples exhibited a
relative density of 87.5 and 96 %TD, respectively.
Thus, in the presented study, using the SPS method for
sintering nanopowders with a perovskite-type
structure, we managed to develop a sintering regime
that produced a ceramic material with relative density
of ~99.54 %TD. In addition, Varghese et al. [40]
reported that sintering at 1525 °C causes the formation
of large grains, i.e. from 5 to 10 um. At the same time,
in our case sintering by SPS method at 1380 °C
produces structure with much smaller grains, ~1.8-3.9
um.

Further research in improving sintering regime,
which will enable formation of optically transparent
fine-grained LalLuOs:Yb%" ceramics, will be focused
on both reduction of input particle size and better
control of the pore size distribution on the final stage
sintering to reduce sintering temperature.

V. Conclusions

This work resulted in the development of a
methodology for synthesising nanopowder based on an
ordered phase with a LaLuOs3 perovskite-type structure
doped with Yb®" ions. Infrared spectroscopy revealed
the peaks at v ~ 468 and 501 cm?, indicating the
crystallisation of the ordered perovskite-type structure,
and XRD analyses confirmed the formation of single-
phase LaLuO3:Yb®" (2 mol%) structure. The obtained
nanopowder exhibits narrow particle size distribution
ranging from approximately 41 to 60 nm. The
resulting nanopowder was densified by spark plasma
sintering. It was found that the spark-plasma sintering
method can produce a dense material (density >99
%TD) at heat treatment temperatures of 1380 °C and

XX

pressing pressure of 50 MPa. Subsequent annealing in
air was carried out at temperature of 1100 °C for 4 or
24 h, which enabled restoration of white colour of the
sample. After annealing, the sample underwent a slight
reduction of weight and increase in density of p =
8.162 g/cm?, corresponding to 99.54 %TD.
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