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Abstract

The effect of high-temperature treatment in different media on the phase composition, microhardness and fracture
toughness of (Zr0O,);_(Sm,03), crystals with x = 0.02+0.06 has been studied. The crystals have been grown using direc-
tion melt crystallization in a cold skull. The crystals have been heat treated at 1600 °C for 2 h in air and in vacuum. The
phase composition of the crystals has been studied using X-ray diffraction and Raman scattering. We show that samar-
fum cations enter the ZrO, lattice mainly in a trivalent charge state and do not change their charge after air or vacuum
annealing. The as-annealed phase composition has changed in all the test crystals except for the (ZrO,)g 94(Smy03).06
composition. After air or vacuum annealing the (ZrO,);_(Sm,O3), crystals with 0.002 < x < 0.05 contain a monoclinic
phase. The (ZrO,).94(Sm,03) o6 crystals contain two tetragonal phases (¢ and ") with different tetragonality degrees.
After air or vacuum annealing of the (ZrO,) 94(Sm,O3) o6 crystals the lattice parameters of the 7 and ¢ phases change
in opposite manners, suggesting that the tetragonality degree of the ¢ phase increases whereas the tetragonality de-
gree of the ¢ phase decreases. The microhardness and fracture toughness of the as-annealed crystals depend on the
Sm,05 concentration in the solid solutions. The formation of the monoclinic phase in the (ZrO,);_(Sm,0O3), crystals
with 0.037 <x < 0.05 significantly reduces the microhardness and fracture toughness of the crystals. Annealing of the
(Z105).94(Sm,,03), g6 crystals triggers more efficient hardening mechanisms and thus increases the fracture toughness
of the crystals. We show that air or vacuum annealing of the (ZrO,) ¢94(Sm,03) o6 crystals increases the fracture tough-
ness of the crystals by 1.5 times as compared with that of the as-grown crystals.
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1. Introduction

Zirconia based materials are distinguished by good me-
chanical and heat insulating properties combined with
high chemical inertness that provide for their wide appli-
cation in high-temperature engineering [1-3]. The good
mechanical properties of zirconia based tetragonal solid
solutions originate, primarily, from the transformation
hardening mechanism. This hardening mechanism is asso-
ciated with the possibility of a transition from the tetrago-
nal phase to the monoclinic one. The stress-induced phase
transition absorbs the energy of stress thus stopping the
propagation of microcracks. However, it is the tetragonal
phase that limits the maximum operation temperature of
zirconia based materials because high-temperature treat-
ment can initiate undesired transformation of the tetrago-
nal phase to the monoclinic one in the material bulk. Ma-
terials that undergo thermocycling and high-temperature
impact during operation are required to meet stringent
requirements to the stability of their thermophysical and
mechanical properties which finally determine their du-
rability. The development of advanced high-temperature
engineering imposes new requirements to the operation
temperature range of materials. Therefore, the search for
new thermal-barrier materials has two main trends: first,
the use of materials other than zirconia [4, 5], and second,
stabilization of the tetragonal or cubic phases in zirconia
using additional oxides other than yttria or combinations
of several rare-earth element oxides [6—10]. Zirconia has
high isomorphic capacity and allows introducing a wide
range of impurities, e.g. rare-earth, alkaline-earth and
transition elements [11-13]. Introduction of several ox-
ides is used for modifying the physicochemical properties
of the zirconia based solid solutions and for increasing
their phase stability.

A large number of works have dealt with the depen-
dence of the chemical, composition, structure and me-
chanical and thermophysical properties on the composi-
tion and synthesis and heat treatment conditions of the
ZrO,—Y,035 solid solutions [14—17]. However there are
also works that have dealt with the effect of annealing on
the structure and properties of the ZrO, solid solutions
stabilized with other oxides [18-20].

An increase in the cation radius of stabilizing oxides
leads to an increase in the temperature of the phase tran-
sition from the high-temperature cubic phase to the two-
phase region, in accordance with the ZrO, — stabilizing
oxide phase diagram. From this viewpoint the synthesis
of crystals with a predominant tetragonal phase that does
not undergo a transition to the monoclinic phase can be
implemented via the use of stabilizing oxides with greater
ionic radii of cations than Y3*. The ionic radius of triva-
lent samarium cations is greater than those of gadolinium
and yttrium. It has been shown [21] that ZrO, tetragonal
solid solutions stabilized with Sm,05 have a greater frac-
ture toughness than ZrO, solid solutions stabilized with
Y,0;5. Studies of the effect of thermal annealing on the

high-temperature stability of the structure and mechani-
cal properties of the solid solutions are of primary impor-
tance for the practical applications of the material.

The aim of this work is to study the effect of high-tem-
perature annealing in air and in vacuum on the phase
composition and mechanical properties of ZrO, based
solid solutions partially stabilized with Sm,O;.

2. Experimental

(ZrO,);(Sm ,03), solid solution crystals with
x =0.02+0.06 were grown using directional melt crys-
tallization in a 100 mm diam. water-cooled crucible with
direct induction heating. The power source was a 63 kW
high-frequency generator at 5.28 MHz. The raw pow-
ders (main material content at least 99.99 %) were pre-
liminarily mechanically mixed before loading into the
crucible. The charge weight was 4.5-5 kg. Melting was
initiated using metallic zirconium. The melt was crys-
tallized by removing the crucible from the heated zone
at a 10 mmph speed. The cross-sections and lengths of
the as-grown crystals were 5 to 20 mm and 30 to 40 mm,
respectively.

The crystals were heat treated at 1600 °C in air and
in vacuum. The density of the specimens was measured
by hydrostatic weighing. The density measurement error
was 0.1 %.

The phase composition of the crystals was studied
using X-ray diffraction and Raman spectroscopy on a
Bruker D8 diffractometer and a Renishaw in Via micro-
scope and spectrometer, respectively. Wafers for the stud-
ies were cut from the middle parts of the crystals. Crystals
grown using directional melt crystallization in a cold
skull have no preferential growth directions. Therefore
test crystal orientations were verified on the X-ray dif-
fractometer and then wafers were cut perpendicular to the
<100> direction.

The microhardness and cracking resistance of the crys-
tals were compared via indentation on the {001} plane
at different specimen rotation angles in their planes. The
instruments used were a DM 8 B AUTO microhardness
tester with a Vickers indenter (maximum load 20 N) and
a Wolpert Hardness Tester 930 with a minimum load
of 50 N. After cutting the specimens were subjected to
chemomechanical polishing for damaged surface lay-
er removal. The polishing agents were compositions of
nanometer-sized amorphous silica particles. The rough-
ness of the as-polished surfaces was 0.3—0.5 nm, and the
surfaces contained no microscratches and were leveled
and smooth.

The cracking resistance (K;.) was calculated using the
formula [22]:

Ky, = 0,035(L/ay V*(CE/H)YSHa'2C"", (1)

where K| is the stress intensity coefficient (MPa-m!?2);
L is the radial crack length (m); a is the indentation half-
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width (m); C is the constraint factor (=3); £ is Young’s
modulus (Pa); H is the microhardness (Pa).

The K. parameter was calculated for radial cracks
around indentations if the crack length met the criterion
(0.25<l/a<2.5).

3. Results and discussion

The high-temperature stability of the structure and me-
chanical properties of the (ZrO,);_,(Sm,03), solid solu-
tion crystals with x = 0.02, 0.028, 0.032, 0.037, 0.04, 0.05
u 0.06 was studied in different media. Hereinafter te crys-
tal compositions will be denoted as xSmSZ where x is the
Sm,0; stabilizing oxide concentration in mol.%. Figure 1
shows the appearance of the 3.7SmSZ crystals before and
after heat treatment in air and in vacuum. The crystals of
other compositions had similar appearance.

After air annealing the color of the crystal changed,
whereas after vacuum annealing the crystals became
black. The dark color of the crystals was caused by non-
stoichiometric vacancies whose formation during crystal
vacuum annealing leads to the formation of an absorp-
tion band in the visible region. Air and vacuum annealing
of the (Zr0O,);_,(Sm,03), crystals of all the experimental
compositions except 6SmSZ led to noticeable changes in
their surface appearance.

Changes in the crystal surface morphology were ex-
amined under an optical microscope. Figure 2 shows the
surfaces of the 3.7SmSZ and 6SmSZ before and after air
and vacuum annealing.

The surface of the as-grown 3.7SmSZ crystals was
smooth and uniform. Air and vacuum annealing of the
3.7SmSZ crystals led to the formation of a surface tex-
ture. The surface texture of the crystals after vacuum
annealing is more pronounced and contains larger struc-
tural features. Similar surface morphology changes were
observed for the 4SmSZ and 5SmSZ crystals. The sur-
face of the (ZrO,);_(Sm,03), crystals with x < 0.037 ap-
peared non-uniform before annealing. Annealing of those

crystals increased their surface roughness and the number
of microcracks. Only the as-annealed 6SmSZ crystals ex-
hibited no surface morphology changes. The surface of
the 6SmSZ crystals appeared smooth and uniform both
before and after annealing.

Study of the phase composition of the
(Zr0O,);(Sm,03), crystals showed that air and vacuum
annealing led to the formation of the monoclinic phase in
the 3.7SmSZ, 4SmSZ and 5SmSZ crystals and increased
the content of the monoclinic phase in the 3.2SmSZ ones.
Figure shows by way of example a diffraction pattern for
the 3.7SmSZ crystals after air annealing.

The tetragonal structure of the 6SmSZ crystals persist-
ed after air and vacuum annealing. However, annealing
led to changes in the lattice parameters and hence changes
in the tetragonality degree of the phases. The ratio of the
phases did not change any appreciably. Table 1 summa-
rized data on the phase compositions, lattice parameters
and tetragonality degrees of the 6SmSZ crystals before
and after heat treatment.

The data in Table 1 suggest that the phase susceptible
to a tetragonal-to-monoclinic transition under external
stress exhibits a decrease in the lattice parameter a and an
increase in the lattice parameter c after air annealing. This
reduces the tetragonality degree of the ¢ phase. The trend
of changes in the lattice parameters of the #* phase was
opposite. Air annealing increased its lattice parameter a
and increased its lattice parameter c¢. Thus, air annealing
causes opposite changes in the lattice parameters of the ¢
and ¢’ phases.

Vacuum annealing of the crystals reduced the lattice
parameters of the crystals, potentially indicating the for-
mation of nonstoichiometric vacancies. However, the
tetragonality degree of the ¢ phase increased after vacu-
um annealing whereas the tetragonality degree of the #
phase decreased as compared with those of the as-grown
crystals.

The observed changes in the tetragonality degree of
the crystals after air and vacuum annealing suggest that
the content of Sm,05 in the t phase decreases, while that

Figure 1. Appearance of 3.7SmSZ crystals (a) before and after (b) air and (¢) vacuum annealing
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Figure 2. Surface images of (a—c) 3.7SmSZ and (d—f) 6SmSZ crystals (a, d) before and after (b, e) air and (¢, f) vacuum annealing

in the #’ phase increases, i.e., annealing of two-phase crys-
tals drives the system to a more equilibrium state. After
vacuum annealing the tetragonality degree of the crystals
is lower than that after air annealing, probably indicating
an additional stabilizing effect of the nonstoichiometric
vacancies forming as a result of vacuum annealing.

The charge state of the samarium cations in the as-an-
nealed crystals was checked using optical spectroscopy.
Figure 4 shows luminescence spectra of the 6SmSZ crys-
tals before and after air annealing.

The luminescence spectra before and after anneal-
ing contain bands in the green, yellow and red regions
corresponding to the *Gs, — °Hsj, *Gs;, — °H;, and

4Gs;, — °Hy), transitions in the Sm3* ions. No bands typ-
ical of the Sm?* ions were observed in the luminescence
spectra. In oxide crystals such bands can be present in the
675—775 nm region. Thus one can conclude that samar-
ium cations mainly enter the ZrO, lattice in the trivalent
charge state and do not change their charge state after air
or vacuum annealing.

Comparison of the densities of the crystals before
and after annealing showed that the densities of differ-
ent crystals behave in different manners as a result of an-
nealing, depending on the content of stabilizing Sm,03
(Table 2). One should however bear in mind that at com-
parable Sm,05 concentrations the densities of the crystals

Table 1. Phase compositions, lattice parameters and tetragonality degrees of the 6SmSZ crystals before and after annealing

Specimen Phase Content (wt.%) a (nm) ¢ (nm) cN2a
t 60+5 0.36073 0.51767 0.10147
As-grown
t 40+ 5 0.36438 0.51672 0.10028
t 64+5 0.36070 0.51769 0.10149
Air-annealed
t 36+5 0.36443 0.51670 0.10026
t 62+5 0.36068 0.51764 0.10148
Vacuum-annealed
t 38+5 0.36436 0.51659 0.10025
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Figure 3. X-ray diffraction pattern of 3.7SmSZ specimen surface after air annealing

after vacuum annealing are always lower than those of
the respective as-grown and as-air annealed crystals.
This indicates the formation of high concentrations of
nonstoichiometric vacancies after vacuum annealing.
After air annealing the densities of the 2SmSZ, 2.8SmSZ
and 6SmSZ crystals changed but slightly, whereas the
densities of the other crystals decreased. This change
in the crystal density can indicate a change in the phase
composition of the as-annealed crystals. For example,
the 2SmSZ and 2.8SmSZ crystals contained mainly the
monoclinic ZrO, modification before and after annealing
and therefore their densities after air annealing changed

Table 2. Density of as-grown and as-annealed (ZrO,);_(Sm,03),
crystals

Density (g/cm?)
Specimen As-grown Air-annealed :2;:3: (i
2SmSZ 5.890+0.034 | 5.890+0.034 | 5.863+0.004
2.8SmSZ | 5951 +0.011 | 5.951+0.015 | 5.917+0.013
3.2SmSZ | 6.010+0.012 | 6.005+0.012 | 5.997+0.008
3.7SmSZ | 6.181+0.008 | 6.012+0.021 | 5.995+0.011
4SmSZ 6.197+£0.005 | 6.041 £0.021 | 6.031+0.008
5SmSZ 6.206 +0.011 | 6.017+0.010 | 6.093+0.019
6SmSZ 6.264+0.017 | 6.260+0.012 | 6.253+0.006

but a little and those after vacuum annealing decreased
due to the formation of nonstoichiometric vacancies. Air
and vacuum annealing of the 3.2SmSZ crystals reduced
the content of the monoclinic phase in the crystal bulk
and hence reduced their as-annealed densities. The no-
ticeable decrease in the densities of the 3.7SmSZ, 4SmSZ
and 5SmSZ crystals is also caused by the formation of
the less dense monoclinic phase after air and vacuum heat
treatment. The densities of the tetragonal 6SmSZ crystals
changed but slightly after air annealing, and the but mod-
erate reduction in their densities after vacuum annealing
is possibly caused by the formation of nonstoichiometric
vacancies.

The microhardness of the as-annealed 2SmSZ,
2.8SmSZ and 6SmSZ changed but slightly as compared
with the as-grown ones (Table 3). For other crystals,
heat treatment reduced the microhardness, comparison
between the microhardness data and the phase composi-
tion of the as-annealed crystals suggests that the decrease
in the microhardness of the crystals containing 3.2 to
5 mol.% Sm,0j; inclusively is caused by an increase in
the content or the formation of the monoclinic phase in
the as-annealed crystal bulk.

Figure 5 shows diagrams illustrating the anisotropy
of the crack resistance in the {100} for different indent-
er diagonal orientations in the specimen planes for the
(Zr0O,)1(Sm,05), crystals with 0.037 < x < 0.06 before
and after annealing. For the as-annealed specimens con-
taining 2.0 u 2.8 mol.% samarium oxide, crack resistance
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Table 3. Microhardness of the (ZrO,);_,(Sm,03), crystals be-
fore and after air and vacuum annealing

HV (GPa)
Specimen As-grown Air-annealed ;ﬁﬁlel:l? (i
2SmSZ 8.65+0.30 8.55+0.30 8.50+0.30
2.8SmSZ 8.75+0.30 8.65+0.30 8.60 +0.30
3.2SmSZ 10.75 +£0.30 8.75+0.30 8.65+0.30
3.7SmSZ | 11.30+0.30 9.25+0.30 8.70 +£0.30
4SmSZ 12.15+0.30 | 9.60+0.30 8.75+0.30
5SmSZ 12.30+0.30 | 10.50+0.30 8.90 +0.30
6SmSZ 12.45+0.30 | 12.40+0.30 | 12.50+0.30

could not be measured due to material fracture around the
indentations.

Annealing of the 3.7SmSZ, 4SmSZ and 5SmSZ crys-
tals reduced their fracture toughness by more than two-
fold as compared with the as-grown figures, the fracture
toughness after air and vacuum annealing being close.
Unlike those crystals, annealing of the 6SmSZ solid solu-
tions increased K. by ~ 1.5 times.

The possibility of a tetragonal-to-monoclinic transi-
tion (¢ — m) largely affects the strength of the materials.
The formation of the monoclinic phase in the crystals
bulk after annealing tenders the transformation hardening
mechanism in the 3.7SmSZ, 4SmSZ and 5SmSZ crystals

impossible and therefore dramatically reduces their frac-
ture toughness. The phase composition of the 6SmSZ did
not change after annealing. However, 1600 °C annealing
causes a redistribution of Sm,O; in the ¢ and ¢’ tetrag-
onal phases. The decrease in the Sm,O; content in the
transformable t phase after annealing can increase the ef-
ficiency of the transformation hardening mechanism and
hence increase the fracture toughness of the material. One
should also bear in mind the possibility of the ferroelastic
hardening mechanism in the as-annealed crystals of this
composition. In order to analyze the contributions of the
transformation and ferroelastic hardening mechanisms
to the mechanical properties of the crystals, we record-
ed Raman scattering spectra for the indentation areas and
studied the effect of local phase composition inside and
around the indentations for finding the monoclinic phase
areas forming as a result of the transformation hardening
mechanism. The intensity of the tetragonal-to-monoclinic
phase transition (R,,,) was calculated from the monoclinic
and tetragonal phase band intensity ratios in the Raman
spectra using the following formula [23]:

m m
1175 + 1199

)

m = &t om . gm
T1as + Ii7g + 1199
The contribution of the ferroelastic hardening mech-

anism was evaluated from the orientation-dependent

tetragonal phase band intensity ratios in the Raman spec-
tra: 1(146 cm™1)/I(260 cm'!). The Raman spectra were
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Figure 4. Luminescence spectra of 6SmSZ crystals (/) before and after (2) air and (3) vacuum annealing
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taken in local areas along indentation diagonals and later-
ally to indentation sides with a ~10 mm step.

Figure 6 shows monoclinic phase distributions and
change in tetragonal phase band intensity ratios as one
moves laterally to indentation sides for the 6SmSZ crys-
tals before and after vacuum annealing. The patterns of
monoclinic phase distribution and changes in tetragonal
phase band intensity ratios in the indentation area for
6SmSZ after air annealing was similar to that for the vac-
uum-annealed crystals.

Figure 6 suggests that the monoclinic phase spreading
region around the indentation is far greater after air anneal-
ing than for the as-grown 6SmSZ crystals. Furthermore,
the formation of the monoclinic phase as a result of an-
nealing is more rapid than in the as-grown crystals. Thus,
the monoclinic phase spreading region and the rate of the
tetragonal-to-monoclinic transition in the 6SmSZ crys-
tals increases as a result of vacuum annealing, which is
in agreement with the change in the tetragonality degree
and accounts for the increase in the fracture toughness of
these crystals as a result of heat treatment.

Evaluation of the contribution from the ferroelastic
hardening mechanism from the tetragonal phase band in-
tensity ratios in the Raman spectra showed that the orien-
tation-dependent band intensity ratios also increase as a
result of vacuum annealing.

Thus, analysis of the experimental data suggests that
the fracture toughness of the as-annealed 6SmSZ crystals
increases due to both the transformation and ferroelastic
hardening mechanisms.

4. Conclusion

Study of the phase composition of (ZrO,),.(Sm,0;),
crystals showed that air and vacuum annealing leads to
the formation monoclinic phase in all the test crystals ex-
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