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ARTICLE INFO ABSTRACT

Keywords: This paper investigates the effect of two-step sintering on the mechanical properties and microstructure of
Sinterif‘g SmyZr,07 ceramics obtained from submicron powders after high-energy milling. Two key parameters of the two-
Ceramics step sintering process are analyzed: temperature and duration, as both can significantly influence grain growth
Grain size . . . . . . .

Porosi processes in ceramics. It was found that extending the sintering duration at lower temperatures promotes ceramic
Microlz rdness densification while preserving a relatively narrow grain size distribution. In contrast, higher sintering temper-
Strength atures combined with shorter durations result in broader grain size distributions and more pronounced exag-

gerated grain growth. Despite differences in microstructure and grain size distribution, both the sample sintered
at 1350 °C for 20 hours and the one sintered at 1700 °C for 10 minutes exhibited the highest mechanical
properties, with microhardness values HV1 ~1200 and biaxial flexural strength reaching ~125 MPa. This
suggests that the enhancement of mechanical performance may be linked to a reduction in internal stresses,
either due to the elevated temperature during the first sintering step or the extended holding time during the
second step. Thus, in both types of sintering, whether based on prolonged holding time or elevated temperature,
changes in sample morphology and grain size do not appear to have a significant impact on the mechanical
properties of the resulting ceramics.

1. Introduction Obtaining such materials often involves the use of expensive equipment,

such as spark plasma sintering [8], high pressure sintering (isostatic or

Despite the large number of articles dedicated to the fabrication of
submicron or nanograin ceramics and the great attention of the ceramic
scientific community to pressureless sintering, the problems of high
porosity and uncontrolled grain growth remain unresolved [1-7].
Addressing these issues continues to be of great interest to researchers
for several reasons. If we list the most important of them, we can
highlight the following. Polycrystalline materials with a narrow grain
size distribution and an average grain size close to the nanoscale level
have excellent mechanical characteristics (compressive strength,
bending strength, high hardness), dielectric performance (low dielectric
loss, high breakdown voltage values), and corrosion resistance.
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uniaxial compression) [9-11], microwave sintering [12] and other
methods. Another important advantage of using nanostructured poly-
crystalline materials is the potential to lower sintering temperatures and
reduce thermal processing times for green bodies prepared from sub-
micron powders or nanoprecursors. Furthermore, such materials are
generally easier to process compared to those produced via conventional
solid-state synthesis [13]. In addition, a common drawback in ceramic
production is the significant variability in the properties of final prod-
ucts from batch to batch, primarily caused by microstructural and
chemical heterogeneity. Reducing the grain size can significantly
improve the microstructural uniformity and help overcome typical
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Fig. 1. Schematic graphical representation of experimental samples synthesis.

Table 1

Temperature regimes of experimental samples sintering.
N2 Designation Ty, °C t;, h Ty, °C ty, min Ts, °C ts, h
1 081300 400 2 - - 1300 5
2 081400 400 2 - - 1400 5
3 081500 400 2 - - 1500 5
4 TS1350h5 400 2 1450 10 1350 5
5 TS1350h10 400 2 1450 10 1350 10
6 TS1350h20 400 2 1450 10 1350 20
7 TS1600 400 2 1600 10 1500 5
8 TS1700 400 2 1700 10 1500 5

problems in ceramic manufacturing.

In the case of pressureless sintering, a two-step sintering method can
be applied to green bodies. This approach typically involves binder
burnout at temperature Ty, followed by short-term heating at tempera-
ture T» and long-term holding at temperature T3. All of these steps are
carried out within a single thermal cycle. Ty in two-step sintering pro-
cess is usually higher than temperature T3 by no more than several
hundred degrees [14]. Preservation of grain size is implied by a densi-
fication mechanism in which the diffusion of atoms occurs through
stationary grain boundaries [15]. In contrast to the densification of the
microstructure through normal grain growth, where grain boundary
movement is dominant, ceramics obtained by two-step sintering exhibit
a narrow grain size distribution and a small average grain size. This
approach leads to excellent results using nano-sized particles as initial
powders. However, in most cases, synthesis of nanoparticles with the
desired quality is a complex task and significantly increases the overall
cost of ceramic production. In this regard, new research on the appli-
cation of the two-step sintering approach is needed for conventional
ceramic technology, which involves the use of industrially produced
powders, such as oxides. To ensure a narrow distribution of the initial
powders for pressureless two-step sintering, an efficient high-energy
milling method can be used [16]. Two-step sintering is essential for
the successful synthesis of refractory materials from powder compacts,

as the increased proportion of surface atoms in submicron particles
enhances atomic diffusion, promoting particle bonding and densifica-
tion at lower temperatures.

A good model material for conducting studies on the use of two-step
annealing is samarium zirconate SmyZr05. Since the end of the 20th
century, rare earth zirconates have been considered as a refractory and
inert material for structural, functional ceramics, thermal barrier layers
and refractories [17,18]. In addition, zirconates LnyZr,O; (Ln — lan-
thanides) are used as oxides for solid oxide fuel cells with high ionic
conductivity [19,20], corrosion-resistant refractories [21], materials for
storing waste with high radiation activity, as well as materials for
dispersed nuclear fuel [22]. LnyZr,07 crystallizes in two types of crystal
structure — defective fluorite and pyrochlore. The high melting tem-
peratures of ~2300-2500 °C make the sintering of bulk ceramics
particularly challenging, as achieving high densification typically re-
quires holding temperatures in the range of 60-70 % of the material’s
melting point.

Two-step sintering is particularly well-suited for SmyZr,07 ceramics.
This method enables sufficient densification at reduced sintering tem-
peratures, helping to avoid the exaggerated grain growth typically
observed at higher temperatures. Two-step sintering promotes a finer,
more uniform microstructure, while preserving the desired crystal
phase. Additionally, it reduces energy consumption and minimizes
thermal stresses during processing.

To ensure that the experimental conditions closely resemble real
manufacturing processes, it is important to use commercially available
oxides. While two-step sintering has shown promise in enhancing
densification and microstructural control, its application to such
industrial-grade powders remains largely unexplored, highlighting the
need to study its effectiveness under practical processing conditions. In
this study, a micron-sized mixture of SmyO3 and ZrO5 was used to pre-
pare the green powder. The effects of high-energy mechanical milling
and two-step sintering on the resulting properties of SmyZr,0; ceramics
were systematically investigated.
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Fig. 2. The XRD patterns of OS (a) and TS (b, ¢) sample and example of WPPF analysis (d).

2. Experimental

Experimental samples were synthesized by a two-step solid-state
sintering process with the assistance of a long-time milling process. All
stages of synthesis are represented in Fig. 1. Zirconium oxide ZrO,
(Sigma Aldrich, Burlington, MA, USA, CAS Registry number 1314-23-4,
particle size <5 pm, density 5.89 g/cm?, purity 99.99 %) and samarium
oxide SmyOs (Sigma Aldrich, Burlington, MA, USA, CAS Registry

number 12060-58-1, particle size <5 pm, density 8.35 g/cm?, purity
99.9 %) were used as starting materials. To obtain the green powder,
ZrOy and SmyO3 were weighed according to the chemical reaction
20ZrO3 + Smp03 — SmyZr207 (Step I). Homogenization was performed
in a planetary mill, Pulversitte 6, 250 rpm, 30 min in a tungsten carbide
jar and balls with the addition of ethyl alcohol (Step II). Homogenized
powders were annealed at temperatures of 1400 °C for 5 h (Step III).
After powder was annealed at 1400 °C, brief X-ray phase analysis
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Fig. 3. The comparison of lattice parameters, crystalline size and strain of OS (a) and TS (b, c) samples.

showed formation of the pyrochlore phase SmyZr,O;. The annealed
powder was ground in a Pulverisette 7 planetary mill in a zirconium
oxide balls and jar at 500 rpm for 8 h (Step IV). Then, the green powder
was produced by mixing a PVA/water solution with grinded powder and
sequential evaporation of water in suspension. The resulting press
powder was pressed into tablets with a thickness of about 1.2 mm and a
diameter of 12 mm (applied pressure 400 MPa, Step V). Then, two-step
sintering was performed according to Fig. 1 in a programming Naber-
therm LHT 08/18 furnace (Step VI). Temperature regimes, which were
used in the programs of sintering, are listed in Table 1.

To study crystal structure parameters and phase composition of ob-
tained samples, the X-ray diffraction (XRD) technique was implemented
on the Rigaku SmartLab diffractometer. CuKa source and speed of 2°/
min were used to record XRD patterns. XRD patterns were analyzed with
the help of the Powder XRD Plugin (Rigaku SmartLab software) using
the Whole Powder Pattern Fitting (WPPF) based on the Fundamental
Parameters (FP) approach [23,24]. To confirm the identified crystal
structure, Raman spectroscopy was implemented. The Raman micro-
scope EnSpectr with a laser wavelength of 532 nm was used to record
spectra at room temperatures. For morphology investigations of grains
and grain size distribution, optical microscopy and scanning electron
microscopy were used together. Optical images of unpolished samples
were obtained on the Olympus metallographic microscope. When grains
were too small to be detected by optical microscopy, Au-coated tablets
were introduced in the electron microscope Thermo Fisher Phenom.
Microhardness tests were done by using the Vickers method on the
Metkon machine with a load in the range of 10-1000 gf. Before the
indentation test samples were polished with the use of diamond paste.

By the analysis of indentation image fracture toughness, estimates were
made with the help of the formula [25,26].
1 E\*? ~156
K.=0.0782 (Hva2> . ( > (c/a) ",
H,

®

where Hy, — Vickers hardness in GPa.

a — half of indentation length,
¢ — length of crack,
E — Young’s modulus.

The values of Young’s modulus were measured on the polished
surfaces using the Nanoindentation system SMT 5000. To study
macroscopic mechanical properties, the Walter Bai universal testing
machine was applied with a special custom fixture for the biaxial flex-
ural strength measurements. Flexural strength was estimated using the

formula [27].
bZ
(1 - 2(152>

where o; — biaxial flexural strength.

3(1 +v)P
4nt?

a.?

a 1-v
1+2ln—‘+( ) 2|

b (2+v)

O =

@

P - crush load in N,

v — Poisson’s ratio (0,3),

t — thickness of tablet,

a. — radius of the circle on which the spherical supports are located,
b — radius of the pin,
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Fig. 4. Raman spectra of ceramic SmyZr,0; samples with different sintering regime: OS (a) and TS (b, c).

R - radius of ceramic tablet.

The frequency spectra at room temperature of the dielectric prop-
erties were recorded using the RLC meter HIOKI IM3533-01 (Hioki E.E
Corporation, Singapore). To estimate permittivity values, a flat capac-
itor structure was created on every sample by applying an Ag-paste
electrode on both sides of the tablets [28].

3. Results and discussion

In Fig. 2, XRD patterns of final experimental samples are shown. It
can be seen that all samples are single-phase without any impurities. The
crystal structure of synthesized samples is pyrochlore (Fd-3m) due to of
the existence of (111), (311), (331), and (511) reflexes in the XRD
pattern, PDF 2024-2 Card N2 01-075-8266 [29,30]. It can be concluded
that after two stages of thermal treatment (pre-annealing and final sin-
tering), all phase transformations are done, and the reaction Smp03 +
ZrO2 — SmyZr,07 is completed. However, WPPF analysis revealed that
there are some differences in crystal structure, which vary from sintering
temperature. The example of WPPF Rietveld analysis is provided in
Fig. 2d. It was observed that increasing of sintering temperature for one
step sintering samples leads to decreasing of values of lattice parameter
a from 10.5878 to 10.5791 A and microstrain from 0.0236 to 0.002 %
(Fig. 3a). The explanation of these results is that after high-energy

milling, annealed powder exhibits a defect crystal structure with
increased lattice parameters and microstrain. This can be seen in the
diffraction patterns before and after milling (see Fig. Sla in the sup-
plementary information). After sintering of green compact relaxation
processes in crystal structure of powders occurs. Then, the concentration
of defects become lower with elimination of mechanical stresses and
increasing the value of crystalline size. Latter is significant to the crys-
tallinity of the structure, so it can be concluded that higher temperatures
of sintering improve the crystal structure of SmyZr,0; bulk ceramics.
The same results are provided in another papers where oxide ceramics
were studied [31-33]. The similar tendencies for crystallographic pa-
rameters were observed for samples obtained by a two-step sintering
process with long sintering times TS1350h5, TS1350h10, and
TS1350h20 (Fig. 3b). For a variant of two-step sintering with high
temperatures (samples TS1600, TS1700, Fig. 3c), changes in crystallo-
graphic parameters are less pronounced because of small deviations
between maximum and minimum values of g, strain, and crystalline size.
Change in tendency of these parameters with sintering temperature can
be associated with intense recrystallization processes at high tempera-
tures [34]. It can be seen that for samples with a sintering temperature of
1500°C and 1350 °C with a sintering time of more than 5 h, a stress-free
crystal structure is detected.

It should be noted that without long-time high-energy milling,
ceramic with a sintering regime of 1500 °C — 5h sintered ceramic
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changed crystal structure into disordered fluorite Fm-3m, PDF 2024-2
Card N2 01-078-1291 (see the Supplementary Fig. S1b). This result
was unexpected, as the intended pyrochlore structure was not formed
under these conditions. A plausible explanation for this phase transition
is the insufficient homogeneity of the initial Smy0O3-ZrOs powder
mixture due to insufficient duration of milling. Without effective me-
chanical activation, the diffusion and solid-state reaction between the
components during sintering appear to be incomplete, favoring the
formation of a defect fluorite phase. This finding highlights the critical
role of intensive milling in achieving both phase purity and sufficient
densification of ceramics. It also emphasizes that structural control
during sintering strongly depends on the quality of powder preparation.
Given the complexity and unexpected nature of this structural transi-
tion, a detailed investigation into its underlying mechanisms is beyond

the scope of the present work. Therefore, in the following sections, the
study focuses on samples with confirmed pyrochlore structures obtained
through high-energy milling and optimized processing conditions.

Fig. 4 shows the Raman spectra of the SmyZr,07 ceramic samples. All
spectra contain 5 peaks characteristic of the pyrochlore phase of
SmyZry07, while the spectra differ slightly from each other. The peak at
303 cm™! belongs to the Eg mode, which arises from the bending vi-
brations of O-Sm-O. The peak at 394 cm ™! is associated with the Tag
mode and stretching vibrations of Zr-O. The peak at 524 cm ™! can be
attributed to the A;; mode associated with stretching vibrations of
Sm-O, and the peak at 593 em™! to the To2g mode, characterized by
stretching vibrations of Sm-O [35]. The peak at 870 cm™! may be
related to the Ty; mode, which is affected by the distortion of the ZrOg
octahedron [36]. The small peak in the region of 125 cm ! is not
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associated with the fundamental vibrational modes in the material, it
may relate to anharmonic effects or defects in the material [37].

SEM images of the surface of the experimental samples with grain
size distribution are shown in Figs. 5-7. For the sample 0S1300
morphology with round grains with an average size of 0.81 pm and
intergranular porosity were observed. At such low sintering tempera-
tures, the intensity of the sintering process is limited, and grain
boundary migration has not yet occurred. At 1400 °C this energy barrier
was overcome, resulting in an increase in average grain size from 0.81 to
3.5 pm and a transition to a polygonal grain morphology. With further
increases in sintering temperature, there is sequential growth of the
mean size of the grain, accompanied by the emergence of abnormally
large grains. This is due to the exaggerated grain growth at high tem-
peratures [38]. Another important indicator of the extensive sintering
process is estimated volumetric shrinkage, which increased from 35 % to
50 % when the sintering temperature was changed from 1300 to
1400 °C.

The sintering results for ceramics subjected to a single annealing step
showed that only at 1300 °C did the mean grain size remain within the
submicron range (prior to annealing, the mean particle size was 0.27 pm
as measured by SEM and 0.51 pm according to Analysette 22; see Sup-
plementary Information, Fig. S2 and S3). For this reason, the holding
temperature was chosen as 1350 °C in accordance with general

suggestions in Ref. [39]. These results showed that high-energy milling
and pre-annealing of Smy03 and ZrO5 oxides lead to the formation of
dense SmyZr,07 ceramics at relatively low temperatures.

In the case of two-step sintering with a holding temperature of
1350 °C significant change in surface morphology compared to 0S1300
was observed. Polygonal conjuncted grains with a small concentration
of intergranular pores and a mean size of grains of 0.81 pm are the main
features that occurred after increasing sintering temperature and
applying 10 min at 1450 °C (Fig. 6a). However, it was revealed that
fraction of several micron-sized grains also increased. For higher holding
time (Fig. 6b and c), intergranular pores disappeared, and mean grain
size was increased three times compared to holding time of 5h. Unfor-
tunately, the raise of holding time does not lead to the preservation of
fine-grain microstructure with decreased porosity. Nevertheless, pro-
longed sintering at 1350 °C did not result in exaggerated grain growth,
in contrast to what was observed at higher sintering temperatures. This
conclusion is supported by the lower volumetric shrinkage of the sam-
ples sintered at 1350 °C compared to 1500 °C. Although abnormally
large grains were not present in the samples, sintered at 1350 °C,
extending the annealing time to 10 and 20 hours led to a noticeable
increase in average grain size. The primary factor contributing to this
increase is the grain boundary movement during sintering [40,41]. To
control grain growth under these conditions, the use of grain growth
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Table 2

Elemental composition in synthesized ceramics estimated by EDX method.
Ne Designation 0, at. % Zr, at. % Sm, at. %
1 081300 65.84 20.28 13.89
2 081400 66.44 19.52 14.05
3 0S1500 68.14 17.86 14.00
4 TS1350h5 67.99 19.43 12.59
5 TS1350h10 68.62 18.15 13.23
6 TS1350h20 67.97 19.05 12.98
7 TS1600 68.18 17.00 14.82
8 TS1700 68.00 17.31 14.69

inhibitors may be considered, and adjustments to the sintering tem-
perature profile should be explored.

Two-step sintering with high-temperature steps of 1600 and 1700 °C
significantly improves density of ceramics and enlarges the mean grain
size to 9.28 pm (Fig. 7). Exaggerated grain growth was observed by
detecting large grains with 15-16 pm in size. It is evident that the critical
energy of grain boundary movement was exceeded, which in turn leads
to an extensive sintering process with pore elimination [42]. As a result,
dense ceramics with a wide range of grain sizes were synthesized by
applying a two-step sintering process at a holding time of 1500 °C.

According to the chemical formula of SmyZr07 theoretical ratio of
Sm:Zr:0 should be 18:18:64 %. Elemental compositions of all samples
are provided in Table 2. It can be seen that there is an excess of oxygen
and zirconium, which can be explained as follows. During SEM in-
vestigations, dielectric SmyZr,0; ceramics were covered by 15 nm of
gold to avoid charging of surface. On the EDX spectra, the Zr and Au
elements Au-M and Zr-K lines are overlapped, which brings uncertainty
in the estimated composition (see Fig. S4 in supplementary). Never-
theless, obtained values of atomic percentages are close to theoretical,
which confirms the formation of pyrochlore samarium zirconate.

HV microhardness comparison of the obtained ceramics is presented
in Fig. 8. Microhardness measurements were carried out at various loads
to study the hardness under the influence of various deformation
mechanisms that occur during indentation. It can be said that for

samples with low sintering temperatures, characterized by increased
porosity, the microhardness values are lower by 400-600 HV than in
samples with high sintering temperatures and long holding. Also, for
these samples, a decrease in microhardness values with increasing load
is observed. Such results can be explained by the fact that at high loads
(area of pure plastic deformations) a larger volume of material and,
consequently, a larger number of pores begin to participate in
compression resistance. Since pores are concentrators of dislocations,
the destruction of the material on them occurs at lower stresses [43]. An
interesting result can be highlighted for the TS1350h10 sample, which
shows a maximum microhardness of 1400 at low load values. This can
be explained by the small average grain size of 1.28 pm among all
samples and low porosity. It is known that a decrease in grain size leads
to strengthening of ceramics due to the hindered propagation of cracks
at grain boundaries, the number of which increases with decreasing
grain size [44]. Thus, under elastic-plastic deformations, the resistance
to indentation of ceramics with a smaller grain size increases. For high
sintering temperatures and sample TS1350h20, an HV value of about
1200 is observed, which weakly depends on the indentation load. This
indicates that for this sample, no different deformation mechanisms are
observed during indentation and that the sample has low porosity.

Fig. 9 shows the results of calculations of the biaxial bending strength
for the all samples under study. This parameter, unlike microhardness,
shows the mechanical properties of the bulk material at the macro level.
It can be seen that an increase in the sintering temperature (Fig. 9a)
leads to a significant increase in the bending strength from 46 to 83 MPa,
which can be explained by an increase in the shrinkage value and a
decrease in porosity. With two-step sintering for samples TS1350h5,
TS1350h10, TS1350h20, the holding time also leads to a pronounced
increase in strength from 66 to 123 MPa. An interesting fact is revealed
when analyzing the effect of two-step sintering with a holding temper-
ature of 1500 °C on the biaxial bending strength. From Fig. 9c it can be
seen that the use of two-step sintering at a temperature of 1700 °C for 10
min also leads to an increase in the biaxial flexural strength from 83 to
125 MPa, as in sample TS1350h20. It can be stated that both types of
two-step sintering lead to similar final values of the mechanical prop-
erties. When comparing the results of the study of the crystal structure
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Fig. 8. Comparison of Vickers microhardness for samples with one sintering step (a) and two sintering steps (b, c).

and mechanical tests, it can be assumed that the improvement of the
mechanical properties is associated with the reduction of internal
stresses. This stress relaxation becomes more pronounced either with an
increase in the temperature of the first sintering strep or with prolonged
holding time during the second step. XRD analysis confirms that these
conditions promote the formation of a more relaxed and uniform crystal
structure. A relaxed crystal structure helps prevent local stress concen-
trations that could otherwise promote defect formation and contribute
to mechanical degradation under applied loads. At the same time, the
microstructure of ceramics with the best mechanical properties is
noticeably different: sample 1350h20 has a smaller average grain size
and a narrower size distribution compared to sample TS1700.

The frequency dependences of the permittivity and loss tangent
measured at room temperature are shown in Figs. 10 and 11, respec-
tively. The permittivity ¢ is a structure-sensitive parameter that shows
the ability of the material to polarize in an electric field. The obtained
samples are characterized by lower permittivity values of 18-31 in
comparison with other zirconates and solid solutions, where they act as
one of the components [45-47]. This is due to the fact that the dipole
moments in the cubic structure of pyrochlore are less significant than in
tetragonal structures in oxygen polyhedra of titanates or solid solutions
of titanates-zirconates. Figs. 10a and b clearly show that increasing the
sintering temperature and holding time leads to a higher permittivity.
Such changes directly correlate with the growth of the grain size and the

values of volume shrinkage. Along with this, porosity can significantly
reduce the value of the permittivity and the presence of high porosity in
the samples 0S1300, TS1350h5 causes the minimum values of €. In a
polycrystal with large grains, the induction of the electric field is more
uniform, since the proportion of the surface of grain boundaries, which
can have other dielectric properties compared to the grains, decreases. It
is believed that in crystals with a uniform structure, the value of the
permittivity is higher, since there is a higher intensity of the polarization
process [48,49]. It can be noted that the frequency dependences €’(f) do
not have a pronounced dispersion, which may indicate the absence of
the influence of grain boundaries on low-frequency dielectric charac-
teristics [28]. The highest value of dielectric constant at a frequency of
500 Hz is found in the 1700 °C sample, which can be associated with the
largest average grain size in the microstructure of the sample.
Dielectric losses expressed through the tangent of the dielectric loss
angle tan & are shown in Fig. 11. As can be seen from the figure,
dielectric losses, as well as €’, are not characterized by significant
changes with increasing frequency and have values in the range of
0.01-0.025 for all samples. Moreover, the range of loss tangent values
does not allow us to characterize the obtained SmyZr,0O; ceramics as a
high-quality dielectric. There are a large number of factors affecting
dielectric losses in polycrystals: grain size, porosity, heterogeneity in
chemical composition in grains and intergranular boundaries, impu-
rities, defects in crystallites [50]. The reason for the relatively high
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values of dielectric losses in the SmyZr,07 polycrystal may be the nature
of the crystal itself. The pyrochlore structure is close to the fluorite
structure, but it contains oxygen vacancies that can lead to the emer-
gence of polarons and polaron conductivity. Also, the crystal lattice may
have antistructural defects that lead to the emergence of polaron con-
ductivity. The contribution from such conductivity may exceed the
dielectric losses due to interaction with phonons. As a result, the losses
in SmyZry07 within the frequency range of 500 Hz to 200 kHz can be
several orders of magnitude higher than those observed in other oxide
ceramic polycrystals [51].

As a final graph of this study, a comparison of crack resistance, grain
size and porosity for all the samples produced should be given (Fig. 12).
It is known that for many materials the dependence of strength on crack
resistance is linear [52]. Fracture in crystals with ionic bonds is asso-
ciated with the propagation of dislocations and cracks; therefore, the K;
parameter should be considered as the main indicator characterizing the
mechanical properties of the synthesized ceramics [53]. As can be seen
from Fig. 12, for samples with high porosity and small average grain size
(less than 1 pm), the crack resistance K; value is 0.8-1 MPa-m'/2. Despite
the fine-grained structure, the mechanical characteristics of these ce-
ramics are significantly worse in comparison with other ceramics of this
work. In the case of samples 0S1300, TS1350h5, the mechanical prop-
erties were determined to a greater extent by porosity. With an increase
in the holding time during two-step sintering at a temperature of
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1350 °C, the crack resistance increased to 1.3 MPa-m'/2, which is higher
than that of sample OS1500. The porosity of samples 0S1500 and
TS1350h20 was 6 and 8 %, and the average grain size was 5.88 and 3.02
pm, respectively. Although this comparison may indicate a significant
influence of the microstructure on the mechanical properties, the
TS1700 sample violates this assumption. The increase in fracture
toughness in samples with the same porosity can be associated with an
increase in the crystallite size, which was established by X-ray diffrac-
tion analysis (Fig. 3c). The best fracture toughness of 1.6 MPa-m'/? and
the highest value of biaxial bending strength are characterized by the
TS1700 sample. Moreover, the uncontrolled grain growth observed in
this sample after analysis of the microstructure. For this reason, the
following conclusion can be made for samarium zirconate ceramics
sintered using standard ceramic technology without high pressure.
Crack propagation and, consequently, fracture toughness depend to a
greater extent on the porosity of SmyZr,07 ceramics than on the average
grain size.

4. Conclusions

The effect of high-energy mechanical milling and two-step sintering
technique on the properties of SmyZr,0O7 bulk ceramics was investigated.
It has been experimentally established that in the case of using submi-
cron powders of the Smy03+ZrO, mixture, which were pre-annealed
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Fig. 10. Frequency dependence of permittivity of one-step sintered (a) and two-step sintered (b, c) specimens.

and ground at 500 rpm and 8 h, it is possible to obtain a single-phase
polycrystalline material already at a sintering temperature of 1300 °C.
It was found that two types of two-step sintering (at high temperatures
and long holding time) make it possible to obtain ceramics with high
value of microhardness, biaxial bending strength and crack resistance.
Analysis of the results of X-ray structural analysis and scanning electron
microscopy methods made it possible to determine that the change in
the mechanical characteristics of the synthesized ceramics is mainly
determined by the porosity of the sintered bodies, and not by the
average grain size or grain size distribution. The dielectric characteris-
tics of the obtained samples, as shown by the analysis of the micro-
structure and dielectric spectroscopy, are determined by both the
porosity and the average grain size. The conducted study revealed that
synthesizing SmyZry0; ceramics from submicron powders under con-
ditions close to real manufacturing does not lead to the significant
improvement in mechanical characteristics through two-step sintering.
This improvement is typically expected from the preservation of a fine-
grained and homogeneous structure, which appears to be difficult to
achieve under these conditions. For this reason, the use of standard
approaches to pressureless sintering of SmyZroO; is recommended,
which guarantees excellent mechanical properties of the material.
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