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Abstract

The phase composition, density, microhardness and fracture toughness of (ZrO,);_(R,03), crystals (where R =Y, Sm
and Gd) for x = 0.02-0.04 have been compared. The crystals have been grown using directional melt crystallization
in a cold crucible. The phase composition of the crystals has been studied using X-ray diffraction and Raman spec-
troscopy. The microhardness and fracture toughness of the crystals have been evaluated by means of indentation.
At stabilizing oxide concentrations of > 2.8 mol.% for Y,0; and Gd,05 and > 3.7 mol.% for Sm,Oj the crystals have
densities close to the theoretical ones and contain two tetragonal phases. At lower stabilizing oxide concentrations
the crystals contain the monoclinic phase. The fracture toughness of the tetragonal crystals increases with the ionic
radius of the stabilizer. The highest fracture toughness values achieved when stabilized by a specific oxide are 11.0,
13.0 and 14.3 MPa-m!2 for the 2.8YSZ, 2.8GdSZ and 3.7SmSZ crystals, respectively. The fracture toughness proves
to depend on the crystallographic orientation of the crystals. The results of this work can be used in the design and
fabrication of various structural components and devices.
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1. Introduction Pure ZrO, has three polymorphic modifications at

normal pressure: monoclinic, tetragonal and cubic, with
Zirconia based solid solutions deliver a unique combina-  only the former one being stable at room temperature.
tion of chemical, optical, mechanical, thermophysical and ~ The high-temperature cubic and tetragonal modifications
electrical properties which determine their widespread are stabilized by zirconia doping with alkaline-earth or
applications in biomedical, structural, heat-insulating, rare-earth element oxides [1]. Depending on their struc-
optical and tribotechnical materials [1-6]. ture, these materials can be conditionally divided in two
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major types, i.e., fully and partially stabilized zirconia
(FSZ and PSZ, respectively). FSZ have single-phase cu-
bic structures. PSZ contain monoclinic and/or tetragonal
phases since the quantity of the stabilizing oxide is insuf-
ficient to fully stabilize the cubic phase. A more detailed
classification of PSZ ceramics has been suggested [7] ac-
cording to which of greatest interest are poly- and single
crystal structures consisting of the tetragonal phase.

These tetragonal solid solutions are distinguished by
a combination of good mechanical and tribological pa-
rameters with chemical and biological inertness, low heat
conductivity and high thermal expansion coefficient and
therefore attract great attention of researchers [8—11].
Tetragonal ZrO, solid solution ceramics and crystals cur-
rently are widely used in the fabrication of friction parts
(plugs, valves, bearings, pistons etc.) [12], thermal barrier
coatings [13], mill rollers, wire drawing dies [14], dental
and biomedical prosthetics [3], and surgical scalpels [15].

A distinctive feature of the tetragonal solid solutions is
a high fracture toughness combined with a high mechan-
ical strength. The high fracture toughness of these mate-
rials originates from the so-called transformation harden-
ing [16, 17]. Efficient transformation hardening requires
the retention of the maximum possible quantity of the
tetragonal ZrO, phase, with its optimum transformability
at specific temperatures [14, 18]. The term “transforma-
bility” is usually treated as the capability of the tetragonal
ZrO, phase of a phase transformation to the monoclinic
ZrO, phase due to mechanical stress at crack tips.

The metastability of the tetragonal phase which largely
determines its transformability depends on the concen-
tration and type of the stabilizing oxide used. Stabilizing
oxides can be, e.g., yttria and oxides of alkaline-earth and
rare-earth elements. The most studied ZrO, solid solutions
containing 3 mol.% Y,Oj; exhibit high bending strengths
(800-1200 MPa) and microhardness (11-13 GPa), but
only moderate fracture toughness (~6 MPa-m'2) [9, 19].
Various oxides were used as stabilizers, e.g. Yb,05 [20],
Gd,05 [21], CeO, [22, 23], Er,0; [24] and Dy,05 [25].
However, those works are few and their results are diffi-
cult for analysis since almost all the studies were carried
out for ceramic specimens differing in phase composi-
tion, microstructure, and grain size and preheating histo-
ry. The listed factors exert a great effect on the properties
of the material, including the mechanical ones. It is of
interest to compare the structure and mechanical proper-
ties of ZrO, based solid solutions partially stabilized with
Y,05 and other rare-earth element oxides synthesized us-
ing the same method and with similar temperature and
time synthesis parameters. This will clarify the effect of
trivalent cation ionic radius on the properties and struc-
ture formation in ZrO, based tetragonal solid solutions.
Such a study would be of great practical interest since
its results could be used for designing high performance
construction materials.

The use of directional melt crystallization allows grow-
ing crystals without grain structures and grain boundar-
ies thus eliminating the effect of microstructure-related

factors on the properties of the materials. Moreover, stud-
ies of single crystals reveal the anisotropy of their me-
chanical properties which is a difficult task for isotropic
ceramic specimens. Studies of the anisotropy of mechan-
ical properties allow fabricating single crystal products
with preset crystallographic orientations for which the
fracture toughness and/or strength is the highest. ZrO,
based single crystal solid solutions stabilized with various
oxides were obtained using this method earlier [26-27].

This work reports a comparative study of the phase
composition and mechanical properties of partially sta-
bilized zirconia synthesized using directional melt crys-
tallization. Gd,O3 and Sm,0O; were chosen as rare-earth
element oxides since the ionic radii of Gd3" and Sm3*
are greater than that of Y3*. The ionic radii of Y, Gd and
Sm oxides change in the following sequence: Ry3+ =
0.1019 nm < Rggs+ = 0.1053 nm < Rgp3+ = 0.1074 nm.
This work is a continuation of our earlier study [28] deal-
ing with the structural and electrical properties of crystals
with close compositions which were considered as po-
tential materials for solid electrolytes having oxygen ion
conductivity.

2. Materials and methods

The crystals were grown using directional melt crystalli-
zation in a water-cooled 100 mm diam. crucible by direct
induction heating. This growth method was described
in detail elsewhere [29]. The crystals were grown out
on a “Kristall-407” high frequency growth installation
in air. The power source was a 63 kW power 5.28 MHz
high-frequency generator. The raw powders of ZrO,,
Y,0;, Gd,O3 and Sm,0; (with at least 99.99 % main
substance content, Russia) were preliminarily mechani-
cally mixed in the required proportions in an attritor and
loaded into the crucible. The charge weight was 4.5-5 kg.
Melting was initiated using zirconium. After melting of
the whole raw powder mixture the melt was held in air
for 30 min. The melt was then crystallized by moving the
crucible out of the heated zone at 10 mm/h speed. The
cross-section and length of the as-grown crystals were
5-20 mm and 30—40 mm, respectively.

The density of the specimens was measured by hydro-
static weighing on a Sartorius hydrostatic weighing de-
vice; the measurement error being 0.1%.

The phase composition of the crystals was studied
using X-ray diffraction with a Bruker D8 instrument in
CuK, radiation. The diffractometer operation mode was
40 xV @ 40 mA. The study was conducted using the con-
ventional method for single crystals. The as-grown crys-
tals had no predominant crystallographic orientations.
Therefore, each crystal was preliminarily oriented along
specific crystallographic directions in the diffractometer.
Wafers for the studies were cut from the middle parts of
the crystals. The phase composition of the crystals was
studied for wafers cut from the crystals perpendicular
to the <100> direction. The 26/w-mode scanning range
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was 20 to 140 arc deg with 0.02 arc deg steps. The {100}
planes of the multiphase composition crystals exhibited
several simultaneous reflections from a single cut that
were produced by different phases, these reflections being
split at high 20 (~130 arc deg). The phase fractions were
determined from the diffraction peak intensities normal-
ized to the integral reflection coefficients of the phases.

Local phase analysis in the vicinity of indentations
was carried out using Raman spectroscopy in the 50—
1400 cm™! wavenumber range under a Renishaw inVia
Raman confocal microscope. A 532 nm laser was used
as an excitation source. The laser focus point was chosen
using a built-in optical microscope (%20). The focused
beam diameter on the sample was ~1 um. For Raman
spectra recording, the laser radiation power was set to
100 mW, the signal accumulation time being 5 seconds.
The rate of the tetragonal-to-monoclinic phase transition
(R,,) was calculated from the Raman band intensity ratio
for the monoclinic and tetragonal phases using the fol-
lowing formula [30]:

m m
1175 + 1igo
t m m "
Liae + 1i7g + 1iog

R, - ()

For mechanical studies, 5 mm thick plates were cut
from the crystals and then grinded and polished. The
specimens were grinded with a-SiC (M10) suspension.
ACM3/2 or ACM2/1 diamond pastes were used for pol-
ishing. Chemomechanical polishing was used at the final
stage for damaged surface layer removal. The polishing
agents were compositions of nanometer-sized amorphous
silica particles. The chemomechanical polishing time was
30-60 min. The roughness of the as-polished surfaces
was 0.3—0.5, and the surfaces contained no microscratch-
es and were leveled and smooth.

2cm

The microhardness and fracture toughness of the crys-
tals were measured via indentation on the {001} plane
at different specimen rotation angles in their planes.
Anisotropy was measured in the 0-90 arc deg specimen
rotation angular range with 22.5 arc deg steps, the 0 arc
deg position corresponding to the <100> direction. The
instruments used were a DM 8BAUTO microhardness
tester with a Vickers indenter (maximum load 20 N) and
a Wolpert Hardness Tester 930 with a minimum load of
50 N. The microhardness and fracture toughness were
measured at 5 and 100 N loads, respectively, with 10 s
dwell times. The indentation spacing was 400 mm. A total
of 25 indentations were made for each crystallographic
direction.

The fracture toughness (K;c) was calculated using the
Niihara formula for the Palmqvist Crack system as re-
ported earlier [31-33]:

Ky = 0.035(L/a) V2(CE/H)?5 HaV2C-, (2)

where K¢ is the stress intensity coefficient (MPa-m!/2);
L is the radial crack length (m); « is the indentation half-
width (m); C is the constraint factor (= 3); E is Young’s
modulus (=250 Pa); A 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) for Palmqvist cracks.

3. Results and discussion

The test materials were (ZrO,);_(R,03), crystals (where
R =Y, Sm and Gd) for x = 0.02; 0.028; 0.032; 0.037 and
0.04, synthesized using directional melt crystallization
under similar temperature and time conditions. The use

Figure 1. Appearance of crystals. Inserts: optical images in transmitted polarized light of the samples microstructure
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of similar synthesis conditions justifies comparative anal-
yses of crystal parameters for similar stabilizing oxide-
concentrations. Hereinafter, the crystals will be denoted
as xYSZ, xGdSZ and xSmSZ where x is the concentration
of Y,0;, Gd,O5 and Sm,0; stabilizing oxides in mol.%,
respectively. Figure 1 shows the appearance of the crys-
tals and optical images of the microstructure of samples
made from crystals.

The densities of the crystals partially stabilized with
Y,03, Gd,0; and Sm,03 were measured. The densities
of the tetragonal crystals were close to their theoretical
values. This indicates the absence of defects in the form
of pores and microcracks. Figure 2 shows crystal density
as a function of the type and concentration of stabilizing
oxide.

With an increase in the concentration of stabilizing ox-
ide from 2.0 to 2.8 mol.% for YSZ and GdSZ and from
2.0 to 3.7 mol.% for SmSZ the experimentally measured
densities of the crystals increase, this being mainly ac-
counted for by a decrease in the content of the mono-
clinic phase the density of which is lower than that of
the tetragonal phase. With further increases in the stabi-
lizing oxide concentration the densities of the GdSZ and
SmSZ crystals increase whereas that of the YSZ crystal
decreases. This is caused by the fact that, unlike the Y at-
oms which are lighter than the Zr ones, the Sm and Gd
atoms are heavier than the Zr ones. The density of the
tetragonal crystals (at stabilizing oxide concentrations
of > 3.7 mol.%) for comparable concentrations increases
in the sequence Y — Sm — Gd, in agreement with the
atomic weights of the respective elements.

A disruption in the monotonic pattern of the crystal
density vs concentration function can serve as an indi-
cator of changes in the phase composition of the crystals
and hence can be used for finding a lower concentration
limit of tetragonal structure stabilization in the crystals.

Table 1 summarizes data on the phase compo-
sition, phase weight fractions and tetragonality

degrees of (ZrO,);_,(Y;,03),, (ZrO,);.(Gd,03), and
(Zr0O,);(Sm,053), solid solutions for x from 0.02 to 0.04.

At the lowest stabilizing oxide concentration which is
2.0 mol.% all the test crystals contained the monoclinic
phase. The concentration limits at which the monoclinic
phase was not observed were 2.8, 2.8 and 3.7 mol.% for
Y,03, Gd,05 and Sm,0j5 stabilizing oxides, respectively.

At stabilizing oxide concentrations of > 2.8 mol.% for
Y,05 and Gd,05 and > 3.7 mol.% for Sm,0; the crystals
contain two tetragonal phases having different tetrag-
onality degrees. Thus, for Sm,0; stabilizing oxide the
tetragonal phaseis stabilized in the whole crystal bulk at a
higher stabilizing oxide concentration.

An increase in the stabilizing oxide concentration in
the tetragonal crystals causes a decline in the quantity of
the transformable tetragonal phase (f) and an increase in
the quantity of the non-transformable tetragonal phase
(1), the tetragonality degrees (c/2a) of these phases de-
creasing with an increase in the stabilizing oxide concen-
tration.
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Figure 2. Crystal density as a function of type and concentra-
tion of stabilizing oxide

Table 1. Phase composition, phase weight fractions and tetragonality degrees of (ZrO,);_(R,03), solid solutions (where R =Y, Sm

and Gd) for x = 0.02; 0.028; 0.032; 0.037; 0.04

YSZ GdSz SmSZ
x (mol.%)
Phase wt.% cN\2a Phase wt.% cN\2a Phase wt.% cN\2a
m 75(5) m 85(5)
2.0 1.0164 1.0170 m 100(5) -
t 25(5) ¢ 15(5)
¢ 87(5 1.0152 ¢ 90(5 1.0162 ¢ 40(5
2.8 ) ) ) 1.0720
# 13(5) 1.0054 £ 10(5) 1.0053 m 60(5)
t 78(5) 1.0147 t 84(5) 1.0159 t 65(5) 1.0710
3.2 t 10(5)
' 22 1.0052 . 1 1.004 1.
t 3) 005 ¢ 6(5) 0047 . 2565) 0036
. t 70(5) 1.0145 ¢ 77(5) 1.0154 ¢ 85(5) 1.0167
' ¢ 30(5) 1.0050 £ 23(5) 1.0040 ¢ 15(5) 1.0035
40 ¢ 62(5) 1.0143 ¢ 72(5) 1.0151 t 76(5) 1.0165
' ¢ 38(5) 1.0049 £ 28(5) 1.0037 ¢ 24(5) 1.0034
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Figure 3. Fracture toughness measured in the {100} plane for different angles of indenter diagonal relative to the <100> direction

in specimen plane for YSZ, GdSZ and SmSZ crystals

To discuss the phase composition data for the crys-
tals we analyze the ZrO,—Y,0; binary system phase di-
agram fragment for the 2—4 mol.% Y,0O; concentration
range [34]. The phase diagrams of the ZrO,~Gd,0; and
ZrO,—Sm,0; systems in the composition region of inter-
est differ but slightly in the concentration and tempera-
ture boundaries of cubic, tetragonal and monoclinic phase
existence regions [35]. In accordance with the phase di-
agram, cubic crystals grow at the crystallization tempera-
ture and their cooling triggers a phase transition from the
single-phase cubic region to the two-phase (¢ + ¢) region.
During this transition, there is no decomposition into
equilibrium ¢ and ¢ phases. At the critical overcooling for
a specific composition, a first-order transition occurs that
is accompanied by stabilizing oxide redistribution and the
formation of two metastable tetragonal phases with com-
positions within the two-phase region near its equilibri-
um boundaries. Further crystal cooling to below 1200 °C
does not change the compositions of the two metastable
tetragonal phases since the cation diffusion rate in that
temperature range is very low [36]. A synchrotron study
of the phase composition of the ceramic ZrO, specimens
stabilized with (2-4) mol.% Y,0O; revealed two tetrago-
nal phases with different tetragonality degrees and Y,03
contents [37]. A formula was suggested for the calcula-
tion of rare-earth stabilizing oxide concentration in the

tetragonal phases based on the phase tetragonality degrees
[38]. In accordance with that formula, an increase in the
tetragonality degree indicates a decrease in the stabilizing
oxide content in the tetragonal phases. The data summa-
rized in Table 1 suggest that the solid solutions stabilized
with large-radius trivalent cations are susceptible to more
effective phase decomposition. In other words, the larg-
er the trivalent cation radius, the closer the tetragonality
degrees of the ¢ and ¢' phases are to the parameters of
the equilibrium ¢ and ¢ phases, which are 1.022 [39] and
1.0, respectively. This result is in agreement with other
data [25] indicating that the width of the two-phase (¢ + 1)
region depends on cation type and increases for large-ra-
dius cations. The proximity of the metastable ¢ phase to
the #/(c + f) phase boundary facilitates the stress-induced
t — m phase transition and hence increases the trans-
formability of the material.

Table 2 presents the experimental microhardness data
for the YSZ, GdSZ and SmSZ crystals. No microhardness
anisotropy was observed in the {100} plane for different
crystallographic orientations of the indenter diagonals.

For all the test compositions, an increase in the sta-
bilizing oxide concentration leads to an increase in the
microhardness. The observed microhardness behavior
regularities depending on stabilizing oxide ionic radius
agree with earlier data [28]. Microhardness can depend
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Table 2. Microhardness of YSZ, GdSZ and SmSZ crystals

Concentration Y,03 | Gd,03 | Smy0O;
(mol.%) HV (GPa)
2.0 104 +£04 9.0+0.4 8.6+04
2.8 129+04 125+04 8.8+04
3.2 13.0+£04 12.6+04 10.8 0.4
3.7 13.6 £04 128+ 0.4 11.3+0.4
4.0 139+04 134+£04 122+04

not only on stabilizing oxide ionic radius but also on
phase composition. For example, the solid solutions con-
taining the monoclinic phase have the lowest microhard-
ness. Furthermore, as follows from Table 1, an increase
in the stabilizing oxide concentration leads to an increase
in the fraction of the ¢’ phase which has a close to cubic
structure and hence exhibits a higher microhardness [40].

Recommended fracture toughness test methods for
ceramic and brittle materials are single edge v-notched
beam (SEVNB), chevron-notched beam (CNB), sin-
gle-edge pre-cracked beam (SEPB) and surface crack in
flexure (SCF) [41]. In this work, the fracture toughness
was tested using the indentation method which is wide-
ly used for ZrO, based ceramic toughness testing [19].
Unlike for recommended conventional fracture tough-
ness testing methods, cracks propagate in a high-gradient
stress field; however, proper and careful use of this meth-
od yields reproducible data [33].

Figure 3 shows the experimental data on the fracture
toughness of the YSZ, GdSZ and SmSZ crystals of dif-
ferent compositions for different indenter diagonal ori-
entations in the specimen plane. The measurements were
made for wafers cut from the crystals perpendicular to the
<100> direction.

The fracture toughness is the highest among the Y,053,
Gd,05 and Sm,0; stabilized crystals for the 2.8YSZ,

-80 -60 -40 -20 0
Distance (pum)

20 40 60 80

Figure 4. Tetragonal-to-monoclinic phase transition rate for
4.0YSZ, 4.0GdSZ and 4.0SmSZ crystals in local areas near
indentations. /nset: indentation images with Raman spectra re-
cording points marked

2.8GdSZ and 3.7SmSZ solid solutions, respectively. The
crystals containing 3.7 mol.% Sm,O; have the highest
K¢ (14.3 MPa-m'2) among all the test crystals. The frac-
ture toughness values for the 2.8YSZ and 2.8GdSZ crys-
tals were 11.0 and 13.0 MPa-m'?2, respectively. All these
compositions exhibited clear K¢ anisotropy, with K¢
being the lowest for the <110> indenter diagonal orienta-
tion. K¢ of the YSZ and GdSZ crystals decreased with an
increase in the stabilizing oxide concentration, and their
anisotropy became less expressed. Of the Sm,0; stabi-
lized crystals studied, those containing 2.8 and 3.2 mol.%
Sm,03, in which the monoclinic phase was found, had
the lowest K.

Note that the highest K regardless of stabilizing ox-
ide type were observed at the lowest concentrations that
are required for tetragonal phase stabilization and com-
plete monoclinic phase suppression. These boundary
concentrations are controlled not only by the type of the
stabilizing oxide but also by the methods and conditions
of solid solution synthesis. It should also be noted that the
increase of K¢ in the sequence 2.8YSZ — 2.8GdSZ —
3.7SmSZ can be attributed to an increase in the transform-
ability of the material due to an increase in the tetragonal-
ity degree of the transformable phase (¢/\N2a = 1.0152,
1.0162 and 1.0167 for 2.8YSZ, 2.8GdSZ and 3.7SmSZ,
respectively). An increase in the fracture toughness with
an increase in the rare-earth cation radius was also ob-
served for 3.5 mol.% RE,O; (RE = Dy, Y, Er, Yb) stabi-
lized ZrO, [25].

The contribution of the transformation hardening
mechanism to the increase in the fracture toughness was
theoretically estimated on the basis of micromechanical
models in accordance with the following equation [42]:

0.38fEevh

(I-v)
where f'is the volume fraction of the tetragonal phase that
is transformable in the transformation zone, £ is the elas-
tic modulus of the material, € is the volume deformation
involved in the transformation, /4 is the width of the trans-
formation zone and v is Poisson’s ratio.

Equation (3) suggests that an increase in the content
of the transformable phase and enlargement of the trans-
formation zone should increase the fracture toughness of
the material.

One can hypothesize that the width of the transforma-
tion zone is proportional to the width of the monoclinic
phase zone around the indentation. Figure 4 shows rate
of the tetragonal-to-monoclinic phase transition for the
4.0YSZ, 4.0GdSZ and 4.0SmSZ crystals in local areas
near indentations.

As follows from Fig. 4, the + — m phase transition
region of the 4.0YSZ and 4.0GdSZ crystals is almost
completely within the indentation limits, whereas for the
4.0SmSZ crystal it is noticeably wider. Moreover, the
R, parameter in the latter case is also higher than those
for the 4.0YSZ and 4.0GdSZ crystals. Thus, the inden-
tation-induced ¢+ — m phase transition in the 4.0SmSZ

; )

C
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crystals is more intense and occurs in a greater volume.
Both those factors determine the extremely high fracture
toughness of the 4.0SmSZ crystals.

Thus, analysis of the experimental data presented
above suggests that the ionic radii of stabilizing oxides
affect the mechanical parameters of the crystals in an in-
direct manner, more specifically, via the specific features
of phase formation and changes of phase ratios in the test
solid solutions.

4. Conclusion

The phase composition, density, microhardness and frac-
ture toughness of (Zr0O,);_(R,0;3), (R =Y, Gd, Sm) solid
solution crystals for x = 0.02-0.04 were compared. The
highest fracture toughness figures were 11.0, 13.0 and
14.3 MPa-m!? for the 2.8YSZ, 2.8GdSZ and 3.7SmSZ
crystals, respectively. All the high-K ¢ crystals contained
two tetragonal phases differing in the chemical compo-
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