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The mechanical properties, such as Young’s modulus, Vickers hardness, indentation fracture resistance,
room and high temperature four-point bending strength and SEVNB fracture toughness along with the
stress—strain deformation behavior in compression, of 10 mol% Sc;03-1mol% CeO,-ZrO, (ScCeZr0;)
ceramics have been studied. The chosen composition of the ScCeZrO, has very high ionic conductiv-

ity and, therefore, is very promising oxygen ion conducting electrolyte for the intermediate temperature
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solid oxide fuel cells. Therefore, its mechanical behavior is of importance and is presented in the paper.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Zirconia based ceramics have attracted increased attention over
the last couple of decades for their use in efficient energy sys-
tems such as solid oxide fuel cells (SOFCs) and oxygen separation
membranes [1,2]. Materials for use in such systems have been char-
acterized extensively with respect to their electrochemical and
thermal properties, which are vital in determining how successful
the materials could be for a given application. However, when the
material has been identified with a superior set of electrochemical
and thermal properties its mechanical properties must be charac-
terized to ensure that the new material would be able to withstand
the existing loading conditions during operation, and this paper
will address the mechanical behavior of promising Scg 1 Ceg91ZrO,
electrolyte.

Sc;03 doped ZrO, (ScZrO,) ceramics have recently attracted a
significant interest as a novel electrolyte material for lower temper-
ature SOFCs due to their excellent ionic conductivity [3-5]. There
have been numerous reports on the ionic conductivity of ScZrO,
ceramics [6,7] which was reported to be near twice as high as other
ZrO, based electrolytes [8]. The drawback of ScZrO, has been also
reported as an ordering of vacancies over time, called the aging phe-
nomenon, accompanied by a phase transition to a lower symmetry
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rhombohedral phase, resulting in decreased conductivity [9]. Most
of the studies of ScZrO, ceramics were performed on the mate-
rials with 8-12 mol% doping level of Sc;03, where a cubic phase
is a main single phase at 700-800 °C operating temperatures. The
highly conductive cubic phase is not stable below 650 °C causing the
abrupt decrease in ionic conductivity during cooling in the ScZrO,
[10,11]. It is known that in 11 mol% Sc;03-89 mol% ZrO,, a cubic
to rhombohedral phase transition occurs when the temperature
decreases below 600°C [12,13]. The attempts were made to fur-
ther stabilize the cubic phase, suppress or fully eliminate cubic to
rhombohedral phase transition and prevent the aging phenomenon
by substituting 1 mol% of Sc;03 by other oxides such as Yb,03 [13],
Bi» 03 [14], or Mn,03 [15] among others. It was reported [16,17]
that when ZrO,, is stabilized with a small amount of CeO, along with
Sc,03, it no longer exhibits an unfavorable phase transition, making
this material a very promising option for intermediate temperature
electrolytes.

In Ref. [17], the commercially available 10 mol% Sc,03-1 mol%
Ce0,-ZrO, (Scg1Cep01Zr0,) manufactured by Daiichi Kigenso
Kagaku Kogyo (DKKK, Japan) has been reported to have a stable
cubic phase, superior electrical properties and excellent high tem-
perature long term operating characteristics of single cells using
Sco.1Cep01Zr0, as an electrolyte material. Contrary, the reversible
and slow cubic to rhombohedral and rhombohedral to cubic phase
transitions at 300-500°C has been reported upon heating of
Sco.1Ceg01Zr0O, ceramics [18,19], which were probably overlooked
inother studies due to slow kinetics of cubic to rhombohedral phase
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transition upon heating. However, it is not expected that these tran-
sitions could have a significant effect on Scg 1 Ceg g1ZrO; electrolyte
performance since they occur at lower temperatures and could
simply be bypassed during heating up or cooling down cycles of
the cells. It was also reported that the kinetics of the phase tran-
sition is a strong function of the grain size of the Scy1Ceq1ZrO,
ceramics [18], therefore the transition could be avoided if the grain
size of Scg1Ceg91Zr0O, ceramics falls below a certain critical limit.
It was also found that the coefficient of thermal expansion of cubic
Sco.1Ceg 01210, is very close to the Y, O3 stabilized ZrO, (YSZ) which
is a good indicator that Scg 1 Ceg 91ZrO, ceramics is a perfect candi-
date for substitution of YSZ electrolyte for IT SOFCs.

To the best of our knowledge there were no reports on mechan-
ical performance of Scg 1Ceg01ZrO, ceramics and this paper aims
on filling the gap. There are, however, many similar materials that
have been tested to determine their mechanical behavior. Hirano
et al. [20] report that increasing scandia doping from 3 to 7 mol% in
tetragonal zirconia leads to dramatic decrease in both strength and
fracture toughness of the material. For composition with 3 mol%
Sc,03 doping strength and fracture toughness were reported to
be 640 MPa and 3.8 MPam!/2, respectively, but for 7 mol% Sc,03
doping the properties decreased to 335 MPa and 2.7 MPam!/? for
strength and fracture toughness, respectively. Another paper [21]
reports the similar trend for YSZ ceramics, where fracture tough-
ness values of 4.6, 1.3 and 1.8 MPam!/2 were measured for 3, 8
and 11 mol% of Y,03 doping, respectively. The decrease in strength
and fracture toughness as a function of doping level is a result
of decrease in the amount of metastable phases, such as tetrag-
onal, that contributes to the strengthening by the stress induced
tetragonal-to-monoclinic phase transformation. It is also obvious,
that the lower crystal symmetry of ZrO, phases, such as rhombo-
hedral or tetragonal, have a significant number of defects, such as
twins, antiphase domains, dislocations or stacking faults that con-
tribute to toughening by interacting with a moving crack or stress
fields, thus absorbing extra energy and providing the material with
a higher crack resistance. At the same time, the cubic ZrO, phase
does not possess any twins, stacking faults, or other significant
defects except for the high oxygen vacancies concentration and,
therefore, its mechanical properties are expected to be lower than
that of the materials with tetragonal or rhombohedral structures.

In this paper the mechanical properties, such as hardness,
fracture toughness, and strength at room and high temperatures
along with RT compressive stress—strain deformation behavior are
reported for cubic and rhombohedral Scy 1 Ceg g1 ZrO, ceramics pro-
duced using DKKK powders. The Weibull statistics have been used
to characterize the strength distribution of Scg 1Cegg1ZrO, ceram-
ics atroom temperature as well as 400 and 1000 °C. For comparison,
another Scg 1Ceg 91Zr0, material, sintered from powders produced
by Praxair, has also been characterized.

2. Experimental procedure

The starting materials were commercially available pow-
ders with the nominal composition of 10mol% Sc,03-1mol%
Ce0,-89mol% ZrO, (Scg1Ceq1Zr0O,). One powder was manu-
factured by Daiichi Kigenso Kagaku Kogyo (DKKK, Japan) using
co-precipitation and the other by Praxair Surface Technologies
(Praxair, USA) using spray pyrolysis. The selected characteristics,
such as sintering behavior, phase stability, and vibrational proper-
ties of the materials have been published in Refs. [18,19,22,23].

For the indentation study, the uniaxially pressed at 20 MPa
pellets of these powders were sintered at 1100-1600°C for 2h
with heating/cooling rate of 10 °Cmin~". Sintered pellets were first
ground using SiC paper and further polished down to 0.1 wm dia-
mond grit size. Hardness tests were performed using a Vickers

hardness tester TOKON-2100B in accordance with E 384-84 ASTM
standard. Hardness and indentation fracture resistance of samples
sintered at 1100-1600 °C were measured using 9.8 N load, but sam-
ples sintered at 1500 °C for 2 h (DKKK) and 1600 °C for 2 h (Praxair)
were subjected toloads 0f 0.25,0.5,0.98,2.94,4.9,9.8,29.4,49.0 and
98.0N for a period of 15s. The Vickers hardness H was calculated
according to the following formula [24]:

P
H=0.018187  (GPa)

where P is the load in N, and d is the arithmetic mean of the two
diagonals in m.

The indentation fracture resistance Kz was calculated from the
resulting Vickers impression by using the following formula [25]:

1/2 3/2
1<R:0.022(g) x(g) (MPam'/2)

where Pis the applied load in N, E is the Young’s modulus in GPa, H
is the Vickers hardness in GPa, c is the radial crack length measured
from the center of the indent in meters, and 0.022 is empiri-
cally determined “calibration” constant in ambient air [26,27]. The
Young’s modulus values used to calculate Kz were obtained from
natural frequency measurements at room temperature [28].

5mm x 6mm x 45 mm bars were sintered for the measure-
ments of Young’s modulus, strength and fracture toughness of
Sco.1Ceq01Zr0,. First commercially received powders were uniaxi-
ally pressed in a steel die at 20 MPa. The samples were subsequently
cold isostatically pressed (CIPed) at a pressure of 200 MPa. The bars
after uniaxial and cold isostatic pressing were sintered at 1500°C
for DKKK and 1600 °C for Praxair ceramics. The dwell time during
sintering was 2h and 10°Cmin~! heating/cooling rate was used.
The samples were sintered in air. The machining of the cham-
fered samples to the final 3 mm x 4 mm x 45 mm dimension was
performed in accordance with the EN 843-1 standard.

Young’s modulus of the material was measured using the natu-
ral frequency method using Gindosonic’s mk5 machine (Belgium)
in accordance with EN 843-2 standard. The sample with a known
density was placed over the microphone lining up with the sup-
porting cylinders. The sample was then struck with a small hammer
and the mk5 machine recorded the resulting frequency. The test set
and procedure for the Young’s modulus measurements at elevated
temperatures were modified. Firstly, the specimens were fixed with
very fine platinum wires in a small oven. Then, a thin ceramic pipe
was lined up with the sample and connected outside the oven to
the microphone. A 2nd ceramic pipe was placed above the sample
with one end outside the oven. Secondly, the sample was heated
up with a rate of 15°Cmin~! in air and after reaching a specific
temperature the sample was equilibrated for about 10 min. Finally,
the natural frequency of the sample was activated by once hitting
it with a small ceramic ball using the 2nd pipe as drop guide. For
the measurements during cool down the natural cool down rate of
the small oven was used.

Flexural strength was measured with the four-point test method
in accordance with EN 843-1 standard. Measurements were per-
formed at 25, 400, 600, 800 and 1000 °C. Ten samples were used
at each temperature for each composition. Before measurements,
the samples were dwelled for 30 min at a given temperature in
order for them to come to the thermal equilibrium. They were then
preloaded by applying a 10 MPa stress and allowed to rest for an
additional 2 min. The crosshead speed was set to 1.5 mmmin~! for
all samples. Weibull analysis of the strength data was performed
in accordance with ENV 843-5 standard and Ref. [29].

Fracture toughness was measured using Single Edge V Notch
Beam (SEVNB) technique in accordance with CEN/TS 14425-5
standard. A single notch was made on the 3mm side of the
3 mm x 4 mm x 45 mm bar as near to the center as possible with
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a depth between 20 and 40% of the total depth of the bar, since it
was shown that within this range the depth of the notch has no
influence on the K. values [30]. A notch making machine was used
to ensure the greatest amount of consistency between notches. The
machine drove a razor blade to oscillate back and forth across the
specimen. The tip of the blade was coated with a diamond paste
that varied from a particle size of 10 wm for the course notch to
1 wm for sharpening the notch. The tip radius was monitored so
that no specimen had a tip radius larger than 5 pum in accordance
with CEN/TS 14425-5 standard. Fracture toughness tests were per-
formed at 25, 200, 400, 600, 800 and 1000°C. Three specimens
were used at each temperature for each composition. Samples were
given a minimum of 30 min to come to thermal equilibrium. They
were then preloaded by applying a 10N force and allowed to rest
for additional 2 min. The crosshead speed was set to 0.1 mm min~!
for all samples.

Compression tests were performed in a servo-hydraulic test
machine (Instron 8500) with a 20 kN load cell. The Scg 1Ceg 91ZrO,
samples for compression experiments were machined into cylin-
ders 6 mm in diameter and 12 mm in height. The compression load
was applied along the sample’s maximum dimension and the strain
was measured using three strain gauges placed on the lateral faces
of the specimen, along the loading direction. The samples were
loaded to 700 MPa followed by complete unloading at constant
loading/unloading rate of 3 MPas~!. The strain was calculated as
an average value given by their different strain gauges signals.

Scanning electron microscopy (Zeiss-SEM) was used for the
analysis of fracture surfaces of the ScgiCegg1ZrO, bars after
mechanical tests.

3. Results and discussion

3.1. Stability, lattice parameters, and densities of the cubic and
rhombohedral Scy 1Ceg91ZrO;

The cubic phase is a metastable phase in Scg 1 Ceg g1 Zr0O; at room
temperature [ 18] owing its existence to the relatively fast cooling of
the ceramic from the sintering temperature. It should be noted that
at 700-800°C, which are SOFC operating temperatures, the cubic
phase is stable and will not transform to any other phase degrading
SOFC performance. However for the applications at lower tem-
perature, especially in around 400 °C region, the cubic phase will
eventually transform to the thermodynamically more stable rhom-
bohedral phase [31,12]. The measured lattice parameter a is almost
identical for DKKK and Praxair materials and is equal to 5.09119(7)
and 5.09203(7)A, respectively [18]. Using these lattice parame-
ters, the theoretical density of DKKK and Praxair ceramics equals
to 5.827 and 5.845 gcm™3, respectively. In order to fully convert
cubic Scg 1Ceg91Zr0O, to the rhombohedral phase, as sintered cubic
Sco.1Cego1Zr0O, ceramics were annealed at 400°C for 12 h. After
the heat treatment, only rhombohedral phase has been detected
at room temperature with about 3% of ¢ phase and a very small
amount of 8Zr0,-2Sc,03 are still present [18]. The calculated lat-
tice parameter of B-phase is a=3.56596(3)A and c=9.00992(1)A,
space group R3 (#148). Theoretical density of B-phase calculated
from lattice parameters is 5.721 gcm~3 and is slightly lower than
that of the cubic phase.

3.2. Young’s modulus of cubic and rhombohedral Scy 1Ceg.91Zr0»

The room temperature Young’s modulus, measured by the
ultrasonic technique was found to be equal to 217.67 £0.61 and
188.23 £ 2.81 GPa for cubic DKKK ceramics sintered at 1500 °C and
Praxair ceramics sintered at 1600 °C, respectively. Young’s mod-
ulus of cubic yttria stabilized ZrO, was reported to be 220 GPa
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Fig. 1. Young’s modulus vs. temperature of (A) the cubic phase sintered from
Praxair (-M-) and DKKK (-4-) powders, and (B) the rhombohedral DKKK (-@®-)
Sco.1Cego1Zr0O, ceramics.

[33], which lines up almost identically with E values of DKKK
Sco.1Ceg01Zr0;. The lower Young’s modulus of Praxair ceramics can
be explained by higher porosity of this ceramic. The Young’s mod-
ulus of annealed rhombohedral Scg 1Cegg1ZrO, was measured to
be 211.07 £3.28 GPa at RT. The measured Young's modulus values
were used for calculation of the indentation fracture resistance of
the DKKK and Praxair ceramics.

The Young’s modulus of cubic Sc;03-Ce0,-ZrO, DKKK ceram-
ics exhibits insignificant softening as temperature increase from
room temperature to 200°C (Fig. 1A). Sc;03-Ce0,-Zr0O, exhibit
a significant mechanical damping in the 300-450°C temperature
range with a simultaneous decrease in Young’s modulus values
[34]. Because of the high damping the measurements of Young's
modulus at 300 and 400°C were not possible to perform by
the impulse excitation technique. A significant softening of the
cubic phase has occurred at 500°C and Young’s modulus values
decrease to 102.07 & 0.47 GPa at this temperature. As temperature
increased further, Young’s modulus of ScCeZrO, increased from
102.07 £0.47 GPa at 500°Cto 171.01 £ 0.79 GPa at 1000 °C. Similar
trend was observed for the elastic behavior cubic ScCeZrO, pro-
duced using Praxair powders (Fig. 1A). A non-significant softening
from 211.07 +3.28 GPa at room temperature to 186.95 4 0.82 GPa
at 400°C had been observed for the rhombohedral ScCeZrO,
(Fig. 1B). Since the rhombohedral phase is stable up to 400°C,
and upon further increase in temperature will transform to the
cubic phase [32], the measurements performed at 500 °C show the
property of the cubic ScCeZrO,. The Young’s modulus of the rhom-
bohedral phase at 500 °C has a value of 99 GPa which is almost twice
as low as the Young’s modulus of rhombohedral phase at 400°C,
but corresponded well for the elastic modulus of the cubic phase at
500°C (Fig. 1A).
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Fig. 2. Hardness (A) and indentation fracture resistance (B) vs. sintering tempera-
ture for DKKK and Praxair Scg 1 Cego1ZrO, ceramics.

3.3. Hardness and indentation fracture resistance

The Vickers hardness and fracture resistance of Scg 1Cegg1ZrO,
ceramics sintered at different temperatures are shown in Fig. 2.
Density and grain size of the Scg1Cegg1ZrO, ceramics increase
with increase of the sintering temperature [18], and the hard-
ness of the ceramics increases too (Fig. 2A). There is almost linear
increase of hardness of DKKK ceramics from 9.53 & 0.67 GPa sin-
tered at 1200°C to 13.14 £+ 0.18 GPa sintered at 1500 °C. This could
be well explained by the significant increase of the density of the
sintered ceramics [32]. The hardness of DKKK ceramics remains
the same for the material sintered at 1500 and 1600°C. The
hardness of DKKK ceramics was found to be higher than the hard-
ness of Scg1Ceg1Zr0O;, ceramics made from Praxair powder. This
could be explained that the Praxair ceramics contain a signifi-
cant amount of porosity (7.1 and 4.4%) even when sintered at
1500 and 1600 °C, respectively. The porosity has a detrimental
effect on hardness, and even a small amount of residual porosity
could significantly decrease hardness. Therefore, such difference in
hardness as 13.14+0.18 and 8.76 +0.36 GPa for DKKK and Prax-
air Scg 1Ceg1Zr0, ceramics could be explained by the significant
difference in their porosity after sintering at 1500 °C.

The porosity plays a role by increasing the material’s resis-
tance to crack propagation. Thus, the measured Ky values of cubic
DKKK ceramics sintered at 1600 °C is equal to 1.91 +0.14 MPam/2,
however Kz becomes equal to 2.42 +0.58 MPam'/2 for ceramics
sintered at 1200 °C with a high level of porosity 13.6%. The ceram-
ics made from Praxair powder have similar Kg values as DKKK
SCO‘] CEO‘()] ZrO,.

The hardness and fracture resistance of cubic and rhombohedral
Sco.1Ceg1Zr0, DKKK ceramics as a function of indentation load
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Fig. 3. Hardness (-4-) and indentation fracture resistance (-®-) of cubic (A) and
rhombohedral (B) DKKK Scg 1 Ceg01ZrO,.

are presented in Fig. 3. While the rhombohedral ScgCeg1ZrO,
exhibitsindentation size effect, where the hardness values decrease
from 16.13 £0.76 GPa at 0.25 N load to 14.39 4 0.25 GPa at a load of
50N (Fig. 3B), the cubic phase does not show the increase of the
hardness at small loads (Fig. 3A). Indentation fracture resistance
increases as the load increases. It should be noted, that at small
loads, such as 0.25, 0.50, 1.00 N the cracks were originated not from
all corners of impression, but about 25% of all corners resulted in
crack formation.

3.4. Strength and fracture toughness

The room temperature (RT) strength of cubic DKKK
Sco.1Cego1Zr0O, ceramics was measured to be 201.29439.7 MPa
and it decreased to 170.10+10.96 MPa at 1000°C (Fig. 4A). The
typical defect, which served as a fracture origin of the DKKK
ceramics tested at RT is shown in Fig. 5. While DKKK ceramics
show satisfactory strength in comparison with other ceramics
used as electrolyte (Table 1), the strength of ScgiCegg1ZrO;
made of Praxair powder shows much lower values. Thus, Praxair
ceramics have RT strength of 78.54 4+ 7.53 MPa, which decreases
to 59.53 + 6.77 MPa at 400 °C and remains in the 50-60 MPa range
at higher temperature measurements (Fig. 4A). Such decrease in

Table 1
Room and high temperature strength of perspective electrolyte materials.

Material RT strength (MPa) 800°C strength (MPa)
Sco.1Cep,01Zr0, DKKK 201.29+39.7 162.14+11.65
Sco.1Cep01Zr02, Praxair 78.54+7.53 52.134+10.23
Gdo.1Ce0, [45] 120 169

Yo.0s SZ [46] 214 146

Lag gSro.2Go.0sMgo203 [47] 121 126

SCO_03ZI'02 [48] 640

SC0A07ZI'02 [48] 330




2778 N. Orlovskaya et al. / Journal of Power Sources 195 (2010) 2774-2781

300

250

200

1 W
& 150 <o~ Cubic DKKK

= | BDKKK
© 1001 -0 praxair

50+

0 200 400 600 800 1000
Temperature, °C

Ky, MPam!?

@ Cubic DKKK

-4 p DKKK

—-O- Praxair

0 200 400 600 800
Temperature, °C

0

1000

Fig.4. High temperature four-point bending strength (A) and SEVNB fracture tough-
ness (B) of cubic and rhombohedral DKKK along with cubic Praxair Sco 1 Ceg 01ZrO;
ceramics.

strength in comparison with DKKK ceramics could be explained
by the presence of very inhomogeneous areas in sintered Praxair
ceramics, with some of the areas being very porous and other
being more dense. At the same time the significant amount of
the exaggerated grains could be also detected giving a bimodal
grain size distribution and definitely affecting the strength of
Sco.1Ceg 91210, Praxair ceramics (Fig. 6).

The fracture toughness of two ceramics as a function of tem-
perature is shown in Fig. 4B. The room temperature Kj. of DKKK
Sco1Cego1ZrO; ceramics is equal to 2.09+0.09 MPam!/2 and it
increases at 300°C to 2.44 +0.33 MPam!/2, followed by a decrease
to 1.26+0.08 MPam!/2 at 500°C. The further slight increase
to 1.68+0.29 MPam'/2 occurs as the temperature increases to

SESHEESEREAN |

Fig. 5. A pore as a fracture origin of DKKK Scg 1 Ceg 01ZrO; ceramics tested at RT and
800°C.

Fig. 6. The polished surface of Praxair Scg;Cep01ZrO; ceramics sintered at 1600 °C
showing the presence of the non-homogeneous microstructure and porosity.

1000 °C. The increase of the fracture toughness temperature range
could be explained by ordering/clustering of oxygen vacancies
around the Sc3* dopant cations which were reported to happen
at ~300°C. This ordering/clustering process causes the appearance
of the loss peak, the appearance of which shows that there is energy
absorbing process occurring at these temperatures [35-37]. Since
the cubic to rhombohedral phase transition occurs at 300-400°C
during long annealing time up to 12 h at these temperatures, the
reported vacancies ordering phenomenon might be a beginning
of the phase transition in Scg1Ceg01ZrO,. The decrease of Kj. at
500°C can be explained by a significant softening of the lattice
and decrease of Young’s modulus at this temperature. The sec-
ond slight increase in Kj. at 900-1000°C can be explained by the
deviation of the oxygen content from its stoichiometric values
because oxygen is leaving the crystal lattice creating more vacan-
cies. Such increase of non-stoichiometry leads to the formation
of the repulsive forces between cations in the lattice, which, in
turn can contribute to the increase in Kj. (Fig. 4B). The fracture
toughness of Scq 1Ceq g1ZrO, Praxair ceramics was measured to be
lower than Kj. of ceramics made of DKKK powders, partly due to
lower Young’s modulus of this ceramics. Small decrease in Kj. of
Praxair ceramics from 1.52+0.01 MPam'/2 at 200 and 300°C to
~1MPam!/2 at 400°C and higher temperatures is reported. The
decrease happens in the same temperature range as in the case of
DKKK ceramics.

The strength of rhombohedral ScgiCeg1ZrO, was slightly
higher than those of cubic phase at room temperature and it
increased from 233.08 £32.01 MPa at RT to 271.80+91.96 MPa
when tested at 400°C (Fig. 4A). One would expect that frac-
ture toughness of rhombohedral phase would be also higher
than those of cubic phase, but in fact K. of rhombohedral
phase was lower than cubic phase at RT, and it increased from
1.87 +0.05 MPam'/2 at room temperature to 2.47 +0.17 MPam!/2
at 400°C (Fig. 4B). Such low values of fracture toughness of
rhombohedral Scg;Cegg1ZrO, are indicative that no significant
toughening mechanism is active during the deformation of
this material despite its rather highly defective microstructure
[18].

The fracture surfaces of DKKK ceramics after Kj. tests at RT and
1000°C are shown in Fig. 7. While fracture surface shows fully
transgranular mode of failure after testing at RT (Fig. 7A), the high
percentage (~50%) of intergranular fracture appears after tests per-
formed at 1000 °C (Fig. 7B). The intergranular fracture also appears
for the samples tested at 800 and 900 °C, but percentage of the inter-
granular fracture decreases as temperature of test decreases. The
intergranular fracture cannot be detected in DKKK ceramics tested
at600 °Cor lower temperatures, when only fully transgranular frac-
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Fig. 7. Fracture surface of DKKK Sco 1 Ceg01ZrO; ceramics after Kjc measurement at
RT (A) and 1000°C (B).

ture surfaces are observed. If considered that the vacancies start
to appear at 700-800°C and their amount significantly increases
at 900 and 1000 °C, the vacancies will introduce more and more
repulsive forces between cations, which in turn put the grains
under compressive stresses. These stresses are responsible for the
increase of the fracture toughness at higher temperature, but at
the same time they force a crack to move not across the grains, but
choose easier path along the grain boundaries, causing the appear-
ance of the intergranular failure mode.

The fracture surfaces of ScgCeg1Zr0O, Praxair ceramics after
Kic tests performed at RT and 1000°C are shown in Fig. 8. The
porosity with a pore size of about 1.28 um is present along almost
all grain boundaries and inside the grains. The fracture mode is
almost fully intergranular. As it was reported in Ref. [18], the
Praxair ceramics have higher quantity of SiO,, which affect the
sinterability of the material to the full density. It is also possi-
ble that the presence of SiO, is responsible for smaller formation
of oxygen vacancies when temperature increases, thus there is
no increase in fracture toughness at 800-1000°C region, since
Sco.1Ceg01Zr0O, Praxair ceramics remain more stoichiometric upon
heating.

Fracture origin of the rhombohedral Scg 1 Ceg 91 ZrO, was typical
defects, such as pores or cracks, which can be found in ceram-
ics and which are introduced during machining or processing of
the samples. An example of a typical fracture origin is shown in
Fig. 9A. The fracture surface of rhombohedral phase after strength
measurement at RT is shown in Fig. 9B. The relief of the frac-
ture surface of the rhombohedral ScyCegg1ZrO;, is much more
coarse and complex in comparison with smooth and flat frac-
ture surface of cubic-Scg1Ceg1Zr0,, which indicates that there
should be some barriers present for the propagating crack caus-
ing it to deviate. Similar fracture surface was observed after tests
at 400°C. The appearance of rough path for the propagating crack
might be the reason why strength of the rhombohedral phase is
higher than strength of the cubic phase. However, this did not
affect the Kjc which remain quite low and was measured to be

Fig. 8. Fracture surface of Praxair Scg 1 Ceg01ZrO; ceramics after K;c measurement at
RT (A) and 1000°C (B).

lower for rhombohedral in comparison with cubic DKKK ceramics
(Fig. 4B).

3.5. Weibull analysis of flexural strength

Weibull plots for the DKKK and Praxair Scg 1 Ceg 91ZrO, tested at
RT, 400, and 1000°C are shown in Fig. 10. To obtain the strength
values, 20 bending tests were performed at room temperature, and
9-10 samples were tested at 400 and 1000 °C. The two parameter
Weibull distribution is used, with the scale parameter, o, describ-
ing the strength, and Weibull modulus, m, which characterize the
width of this strength distribution [38-43]. The scale parameter o
and Weibull modulus m calculated from the distributions are pre-
sented in Table 2. From Fig. 10 one can see that the material does not
perfectly obey Weibull’s law and deviations from the straight line,
which is the Weibull fit, exist. These deviations significantly affect
the Weibull modulus, however the scale parameter is much less
affected [30]. More than 10 samples, typically at least 30, have to
be tested in order to receive reliable Weibull statistics, but for this
research the Weibull parameters were calculated using strength
measurements from 9 to 10 samples at higher temperatures, which
might contribute to the uncertainty in the estimation of Weibull
parameters.

The Weibull modulus m calculated using DKKK and Praxair
ceramics falls in the range of 10-18 for most of the tempera-

Table 2
Weibull parameters of DKKK and Praxair ceramics calculated from four-point bend-
ing tests performed at different temperatures.

Temperature m o)
DKKK RT 104 217
ceramics 400°C 8 205

1000°C 18.1 175
Praxair RT 125 82
ceramics 400°C 10 63

1000°C 17.7 57
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Fig. 9. (A) Fracture origin; (B) fracture surface after RT test; and (C) fracture surface
after 400 °C test of the rhombohedral DKKK Scg ; Ceg1ZrO, ceramics.

tures. However, for strength measurements of DKKK ceramics at
400°C, m is equal to 8 was calculated. The lower m values could
be explained by a formation of rhombohedral precipitates in the
cubic Scg 1Cegg1ZrO, during the measurements which could serve
as additional critical defects to already present pores and other
voids inside the ceramic.
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Fig. 10. Weibull plots of the strength distribution of Praxair ((M) RT, (¢) 400°C,
(A)1000°C) and DKKK ((®) RT, ((J) 400 °C, () 1000 °C) Sco.1 Cep.01ZrO, ceramics.
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Fig. 11. Stress-strain deformation curves of cubic and rhombohedral DKKK
Sco.1Cep01Zr0, measured in unaxial compression.

3.6. Stress-strain deformation of cubic and rhombohedral
Sco.1Ceg.91Zr05 in compression

In order to verify the elastic behavior of cubic and rhombohe-
dral Scg.1Ceg 91ZrO-, the unaxial compression tests were performed
(Fig. 11). Through it was expected that nonelastic and possibly
ferroelastic behavior could be observed during the deformation
of the rhombohedral Scg1Cego1ZrO, due to its highly defective
microstructure, however both cubic and rhombohedral phases
did not show any hysteretic behavior upon loading. The load-
ing and unloading parts at the deformations curves of both cubic
and rhombohedral phase have been completely overlapped with
no hysteresis observed. These results are in conformity with low
Kic values of the cubic and rhombohedral phases, indicating that
defects present inside grains are not mobile at the used stresses
and cannot contribute to the toughening of the rhombohedral
Sco.1Ceq,01Zr0;.

The Young’s modulus has been calculated from the loading part
of the deformation curve. The Young’s moduli of both phases are
quite similar and are equal to E¢ypic = 194 GPa and Eg = 196 GPa. The
difference between Young’s moduli of two ceramics measurement
by two techniques could be explained by slight misalignment of
the samples during compression, thus giving the lower value of the
moduli. It is known that Young’s modulus measured by impulse
excitation techniques gives the most precise value, but some errors
can occur when Young’s modulus is measured as a slope of the
stress-strain deformation curve [44].

4. Conclusions

The mechanical properties, such as hardness, indentation frac-
ture resistance, Young’s modulus, strength, fracture toughness,
Weibull parameters, along with stress-strain deformation behavior
of Scg.1Cep.01Zr0O, have been measured. The ceramics were sintered
from the powders produced by two manufactures—DKKK and Prax-
air. Both DKKK and Praxair ceramics were found to exist in the cubic
structure upon cooling of the samples from sintering temperature,
however it was found that DKKK cubic phase could be transformed
to the rhombohedral phase by dwelling at 375-400°C for 12h.
Young’s moduli of the cubic and rhombohedral phases of DKKK
ceramics are reported to be 217.674+0.61 and 188.23 +2.81 GPa,
respectively. The softening of both cubic DKKK and Praxair and
rhombohedral DKKK phases has been observed when the tem-
perature of the tests increased up to 500°C, but stiffening of the
cubic phases occurred when temperature was increased from 500
to 1000 °C. Hardness of the DKKK and Praxair ceramics increased as
sintering temperature and density of the materials were increased,
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but fracture toughness remains almost the same, with some slight
increase for the ceramics sintered at lower temperature which have
higher amount of the porosity. No significant indentation size effect
has been observed for cubic ScgCegg1ZrO;, but non-significant
decrease in ~2GPa in hardness was detected in rhombohedral
Sco1Ceg1Zr0, when the indentation load was increased from 0.25
to 50N load. Four-point bending strength of the cubic and rhom-
bohedral DKKK ceramics is on the order of 200-230 MPa at room
temperature. Strength decreases to 150-170 MPa at higher tem-
peratures for cubic phase, but increases to 270 MPa at 400°C for
the rhombohedral phase. The Praxair Scg 1Ceqg1ZrO, exhibits the
lower strength values in the range of 80 MPa at room tempera-
ture to 60 MPa at high temperatures. Fracture toughness measured
in bending using V notched samples was also higher for DKKK
Sco.1Ceg01Zr0, ceramics than for Praxair ceramics both at room and
high temperatures. The microstructural characterization revealed
that Praxair ceramics has very inhomogeneous grain and porosity
distribution where selected areas could have a significant amount
of porosity while the majority of the grains still have intra- and
intergranulated porosity.

DKKK ceramics exhibited intergranular fracture for tests per-
formed at room temperature, but at high temperature the mixed
fracture occurs and both intergranular and transgranular fracture
modes could be found. The rhombohedral Scq 1 Ceg g1 ZrO, ceramics
exhibit the complex relief on the fracture surface with the surface
structure that required special detailed studies. The compression
of the cubic and rhombohedral phases revealed that both phases
behave in the elastic way and no hysteresis is observed upon load-
ing/unloading.
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