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Strength characterization of yttria-partially

stabilized zirconia
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The flexural strength of yttria-partially stabilized zirconia was evaluated as a function of
temperature (20-1000°C in air), applied stress and time. The material was susceptible to
strength degradation at low temperatures (200 and 300 °C) due to the phase transformation
of the tetragonal structure to monoclinic, possibly accompanied by microcracking. In this
temperature range, the material was incapable of sustaining low applied stress levels of
276 MPa for any significant duration ( > 100 h < 500 h). Stress rupture testing at 600 °C and
above identified the onset of viscous flow of the glassy phase and consequent degradation

of material strength.

1. Introduction

During the last twenty years, a variety of high perfor-
mance ceramic materials, such as silicon nitrides and
carbides, sialons, whisker-reinforced ceramic com-
posites and partially stabilized zirconia (PSZ) have
been developed for use as structural components in
heat engine applications. Among these ceramics, PSZ
is of special interest due to its high strength and
toughness. The use of PSZ materials for insulation
and structural components in adiabatic diesel engines
[1-4] and other types of industrial applications
[5-157 is being investigated. The primary reasons for
PSZ use in diesel engine applications are low thermal
conductivity (good insulation), high coefficient of ther-
mal expansion (close to cast iron and steel), good
oxidation and thermal shock resistance. In general,
PSZ usually consists of two or more phases (cubic,
tetragonal and monoclinic). The good mechanical
properties (bend strength of > 1000 MPa and tough-
ness of > 10 MPam?'/? at 20°C) of PSZ ceramics are
primarily a result of a stress induced “martensitic”
phase transformation of the metastable tetragonal
phase to the stable monoclinic phase, hence the name
“transformation toughening”. The Y,0; or CeO,—
PSZ can be controlled to contain almost 100% tetra-
gonal zirconia phase [16-21] of submicrometre grain
size. These materials are often referred to as “tetra-
gonal zirconia polycrystal” or TZP and have been
reviewed by Nettleship and Stevens [22].

Yttria containing tetragonal zirconia (Y-PSZ
or Y-TZP) in the sintered state has been studied
by several investigators [16—19,22-38] and bend
strengths of the order of 1000 MPa at room temper-
ature are attainable. Several types of processing,
fabrication and material (powder impurity) related
strength controlling defects [37-40] have been identi-
fied in these materials. In general, it appears that in
sintered ceramic materials the presence of porosity or
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porous regions may be the major strength controlling
defect. If Y-PSZ/TZP is to be used for ceramic struc-
tural components in engine applications, where tem-
peratures of the order of 200-1000°C can easily be
attained, it is necessary to characterize the strength
behaviour in detail, especially the long term reliability
and durability at temperatures of interest.

This study was undertaken to characterize the
strength of a commercially available sintered
Y-PSZ/TZP material by evaluating the fracture
strength as a function of temperature (20—-1000°C in
air); failure initiation sites and the mode of crack
propagation were also examined. Long term reliability
and durability were evaluated using flexural stress
rupture testing at several temperatures. In addition,
detailed X-ray diffraction analysis of the test samples
was done in order to determine the various phases
produced due to the combined effects of intermediate
temperature (200-600°C) and stress induced trans-
formation, and the resulting influence on strength and
failure was investigated.

2. Experimental procedure

2.1. Material and fabrication

The material used in this study was a sintered
yttria-partially —stabilized zirconia commercially
known as NGK Locke Z-191. The material was ob-
tained in the form of a hollow cylinder (length
138 mm, inside and outside diameters 80 and 100 mm,
respectively). The exact chemical composition and sin-
tering parameters (time, temperature, pressure and
environment) are not known due to the proprietary
nature of this material. However, it is believed that
the Y-PSZ (Z-191) contained 3 mol % yttria as
stabilizer [38] and small amounts of silica as powder
impurity.
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2.2. Specimen preparation and testing
(fast fracture and stress rupture)

Flexural test specimens (approximately 32 mm
long x 6 mm wide x 3 mm thick) were machined from
the hollow cylinder (test component) wall. All faces
were ground lengthwise using 320 grit diamond
wheels; the edges were chamfered lengthwise to pre-
vent notch effects. All specimens were tested in the
as-machined condition, and no further surface polish-
ing or any heat treatment was carried out prior to
testing.

For flexural strength evaluation, specimens were
tested in one-quarter-point, four-point bending (inner
span is one-half of the outer span) in an Instron testing
machine (model 1125) using a specially designed self-
aligning ceramic fixture [41] made from hot pressed
SiC. The outer and inner knife edges of the testing
fixture were spaced approximately 19 and 9.5 mm
apart, respectively. The high temperature bend tests
were conducted in air using a rapid temperature
response furnace attached to the testing machine
head. In high temperature tests, specimens were
held at the test temperature for 15 min to achieve
thermal equilibrium before testing was begun. No
preload was applied on test specimens for either room
temperature or high temperature tests. All specimens
were tested at a machine crosshead speed (MCS) of
0.5 mmmin 1.

The flexural stress rupture tests at elevated temper-
atures (200—1000°C) in air environment were also
conducted in four-point bending using the self-align-
ing ceramic fixture and furnace. The load was applied
to the test specimen through a lever arm, dead weight
type assembly. The experimental set-up was equipped
with a microswitch to cut off power to the furnace and
the timer at the instant specimen failure occurred. The
total time to failure was recorded.

The tensile surface of flexural specimens in the as-
machined state (except one specimen was annealed at
1038°C in air for 24 h) was used for taking X-ray
diffraction using CuK, radiation for 28 between
24-38° ([37-39] to determine the presence of tetra-
gonal, monoclinic and cubic zirconia phases. Two
flexural specimens were polished to 1 um finish, ther-
mally etched at 1400 °C for 1 h in air, and examined in
a scanning electron microscope (SEM) in order to
reveal the grain size and grain morphology of the
tetragonal zirconia phase (matrix) and to identify the
presence of any other powder impurities. A surface
profilometer was used to measure the maximum de-
flection observed in stress rupture specimens which
sustained the applied stress for over 100 h and did
not fail.

Fracture surfaces of selected specimens were exam-
ined in SEM using both secondary electron image
{(SEI) and back scattered electron image (BSEI) for
surface topography and chemical composition. In ad-
dition, elemental distribution or X-ray mapping was
done in the SEM with energy dispersive spectroscopy.
Complete experimental details of flexural strength
evaluation (in a fast fracture mode, MCS =
0.5mmmin~!) at room temperature and above
(300-1000 °C), flexural stress rupture testing at elev-

ated temperatures (200-1000°C) in an air environ-
ment and self-aligning ceramic test fixture have been
reported previously [41-43].

3. Results and discussion

3.1. Microstructure and phases

The X-ray diffraction patterns taken from the tensile
surface of specimens in the as-machined and annealed
at 1038°C for 24 h in air are shown in Fig. la, b,
respectively. The diffraction pattern taken from
a specimen tested in four-point bending at 20°C
was similar to that seen in Fig. 1a. The diffraction
pattern, Fig. la, indicated the presence of cubic (c),
tetragonal (t) and monoclinic (m) zirconia phases. The
cubic and tetragonal lines overlap each other, but
microstructural examination helped in revealing and
possibly identifying, as shown below, that the matrix
was primarily made up of t-phase, c-phase and
possibly traces of m-phase. The small presence of
the m-phase in the as-machined condition, Fig. la,
is believed to be due to surface machining of the
specimen which transforms the t-phase to m-phase,
and disappears almost completely upon annealing
the specimen at 1038°C, Fig. 1b, as suggested by
Cassidy et al. [44] and discussed later. The dif-
fraction pattern also confirmed the presence of a
relatively small amount of silica (SiO,) in the
Y—-PSZ matrix. The volume fractions of the various
zirconia phases present in the material (Z-191)
have been determined earlier by others [37, 38] and,
therefore, no such measurements were made in this
study.

The microstructure of the sintered Y-PSZ is shown
in Fig. 2; the matrix is primarily composed of small
t-phase grains, and it is believed that the large grains
seen are of c-phase. The grain size of the t-phase varied
from 0.18 to 0.35 um and that of the c-phase varied
from 1 to 3 pm. The m-phase grains are indistinguish-
able microstructurally because of their similar size to
the t-grains, and can only be identified either by X-ray
diffraction, as shown in Fig. 1, or by transmission
electron microscopy. Thermal etching (1400°C for 1 h
in air) of the specimen caused melting of the crystalline
glassy phase silica (SiO,) and left a very thin film over
the entire polished surface of the specimen. In addi-
tion, pockets of glassy phase silica inhomogeneously
distributed in the matrix appeared, as shown in Fig. 2,
as dark coloured regions, marked 2. Energy dispersive
X-ray spectra of region 2 confirmed the localized con-
centration of element Si and the presence of element
Zr due to the surrounding matrix. Energy dispersive
X-ray spectra taken outside region 2 showed a signifi-
cantly decreased amount of the element Si. This in-
homogeneous distribution of silica was confirmed on
the fracture face of specimens tested at 20 °C, as shown
later. It should be pointed out that the strength of the
Y-PSZ greatly depends on the amount and
the grain size of the various zirconia phases present
in the matrix [26,29]. The fine grained t-phase
is the strongest and the large grained c-phase is the
weakest [29].
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Figure I X-ray diffraction patterns of Y-PSZ/TZP material: (a) sintered Y-PSZ as-machined (NGK~-Z-191); (b) annealed at 1038°C for
24 h; (c) at 200°C, 276 MPa, failed at 206 b; (d) at 200°C, 413 MPa, failed at 142 h; (¢) at 300°C, 276 MPa, failed at 30 b; (f) at 400°C,
276 MPa, failed at 305 h; (g) at 600 °C, 344 MPa, failed at 153 b; and (h) at 600°C, 413 MPa, failed at 10 h.

3.2. Flexural strength versus temperature

At room temperature (20 °C), a total of ten specimens
were tested in four-point bending to determine the fast
fracture strength. A typical statistical variation in frac-
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ture strength, oy, at 20°C is shown in Fig. 3. The
o varied from a minimum of 865 MPa to a maximum
of 1207 MPa, with a Weibull characteristic strength
of 1121 MPa, an average strength of 1077 MPa,
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Figure 2 (a) Typical microstructure of Y-PSZ/TZP (NGK-Z-191)
as revealed in SEM (SE-I) showing distribution of tetragonal (t) and
cubic (c) phase zirconia grains. (b} Energy dispersive X-ray spectra
taken in region 2 showed the presence of Si.

a Weibull modulus of 12, and a standard deviation of
108 MPa. These strength values are slightly different
from those reported by the manufacturer [45] and
others [26, 38, 46-49]. The differences in strength and
modulus data may be partly due to a small number of
spectmens tested in this study, variations in specimen
geometry and test span dimensions, and composi-
tional differences in the as-received material due to
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Figure 3 Statistical variation in four-point bending fracture
strength for Y-PSZ/TZP (NGK-Z-191) at 20°C. Average
strength = 1077 MPa, standard deviation = 108 MPa, m = 12.

fabrication, such as billets used in other studies and
cylinder liners in this study. The load—deflection
curves for specimens tested at 20°C displayed non-
linear (deviation from the elastic line) behaviour
similar to that observed in MgO-PSZ by Marshall
[50] due to stress induced transformation of the t-
phase to m-phase during testing that disappeared at
higher temperatures.

Examination of the fracture surfaces in all speci-
mens tested at 20°C revealed that the majority of
failures initiated either at a surface or subsurface por-
ous region. In several specimens, the failure initiating
porous region displayed the presence of glassy phase
silica (810,). The presence of large c-phase zirconia
grains as the failure initiation source was also seen in
some specimens (see Tables 1 and II, and Fig. 10).
A typical example of a surface initiated failure is
shown in Fig. 4a. At this stage of examination, it is
difficult to distinguish the presence of any impurity
associated with the failure region. However, examina-
tion of the same region as seen in Fig. 4a in back
scattered electron image (BSEI) mode, Fig. 4b, re-
vealed that the chemical composition of the failure
origin was different from that of the surrounding
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TABLE I Fast fracture strength data for sintered yttria-partially stabilized zirconia (Z-191)

Test Test Fracture strength Fracture origin
no. temperature (MPa)
G
1 20 865 Surface initiated porous region, presence of Si
2 1207 Surface initiated porous region, presence of Si, Fig. 4
3 1120 Subsurface porous region
4 1170 Subsurface porous region
5 1163 Surface initiated porous region
6 1104 Surface initiated porous region
7 988 Subsurface porous region
8 966 Surface initiated large cubic zirconia grains
9 1120 Surface initiated porous region
10 1071 Surface initiated porous region
11 300 1048 Corner failure, large cubic zirconia grians
12 1098 Corner failure
13 604 Corner failure
14 400 1049 Corner failure
15 680 Surface initiated porous region
16 1010 Surface initiated porous region
17 828 Porous region near corner
18 735 Subsurface porous region
19 600 796 Subsurface porous region
20 828 Surface initiated porous region
21 621 Subsurface porous region
22 889 Subsurface porous region
23 733 Surface initiated porous region
24 800 598 Subsurface porous region
25 485 Surface initiated porous region
26 608 Subsurface porous region
27 555 Subsurface porous region
28 586 Subsurface porous region
29 1000 386 Subsurface porous region, presence of Si
30 417 Subsurface porous region

TABLE II Flexural stress rupture results for sintered yttria-partially stabilized zirconia (Z-191)

Test Test Applied Failure Sustained Remarks
no. temperature® stress time time without
(°C) (MPa) (h) failure
1 20 482 - 260 No bending
2 200 276 206" - Fine bending, Fig. 6
3 413 142° - Bending, Fig. 6
4 300 276 30° - No bending, corner failure
5 276 26° - No bending, corner failure
6 276 21° - No bending, corner failure
7 276 18 - No bending, corner failure
8 276 22° - No bending, corner failure
9 276 25b - No bending, corner failure
10 344 10° - No bending, corner failure
11 344 23b - No bending, corner failure
12 413 12° - No bending, corner failure
13 413 15 - No bending, corner failure, Fig. 7
14 400 276 - 305 Bending (maximum deflection = 14 pum)
15 344 - 310 Bending (maximum deflection = 110 pm), Fig. 6
16 600 344 153 - Corner failure, SCG, Fig. 8
17 413 3 - No bending, SCG, Fig. 9
18 413 10 - No bending, SCG, Fig. 10
19 413 - 259 No bending
20 413 - 315 No bending
21 800 344 5 - No bending, failed at the outer loading edge
22 344 - 215 Bending (maximum deflection = 5 um)
23 344 - 237 Bending (maximum deflection = 6 pm)
24 413 11° - No bending, corner failure
25 413 - 260 Bending (maximum deflection = 8 pm)
26 1000 276 2 - No bending, porous region
27 344 0 - Instant failure, subsurface large porous region

2 As machined specimens were white in colour. All specimens tested above room temperature showed discolouration (off-white).
b Fracture surface did not clearly display the failure origin site, but the direction of river lines (characteristic of crack propagation) suggested
corner associated failure.
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matrix. The energy dispersive X-ray spectra taken
from regions marked 1 and 2, and shown in Fig. 4d,
clearly identified the presence of elemental Si in re-
gion 1 (failure region) and the absence of Siin region 2
(the matrix). The matrix microstructure, showing the
equiaxed fine grained t-phase grains and the much
larger c-phase grains (indicated by C) is shown in
Fig. 4c. From the fractographs shown in Fig. 4, and
examination of the fracture surfaces of other speci-
mens tested at 20°C (Table I), it appeared that the
primary mode of crack propagation during fast
fracture (MCS = 0.5 mmmin ~*) was primarily trans-
granular. At 20 °C, the failure initiating flaws varied in
size from 30 to 80 um, and the matrix microstructure
showed considerable variation in the volume fraction
of c-phase present from specimen-to-specimen.

The identification of silicon is associated with small
amounts of silica (810,) present as an impurity in the
powder. The presence of SiO, is beneficial in produ-
cing improved densification of the ceramic via liquid
phase sintering, and detrimental in degrading the
mechanical strength both at 20 °C and higher temper-
atures, due to its presence as a grain boundary glassy
phase, as discussed in detail by Mecartney [51]. Re-
cently, Drennan and Hannink [52] have pointed out
the benefits of small additions of strontia (SrO) to
MgO-PSZ in reducing the deleterious effects of SiO,.
It appears that Y-PSZ/TZP (Z-191) can be fabricated
as large components, and the flexural strength can be
further improved by optimizing the sintering additives
and conditions, and minimizing the presence of oxide
impurities.

Flexural strength was also evaluated at higher
temperatures (300-1000 °C), and the variation in of
as a function of temperature for fast fracture
(MCS = 0.5 mm min ") is shown in Fig. 5. A continu-
ous decrease in oy with increasing temperature is
clearly visible in Fig. 5, which is due to the decreased
extent of stress induced martensitic phase transforma-
tion of the t-phase to m-phase. This behaviour
increases with increasing temperature, hence the
decreased fracture strength. The large scatter in oy
values, especially in tests at low and intermediate
temperatures (300, 400 and 600 °C) as shown, Fig. 5,
may be associated with the low temperature strength
degradation phenomenon commonly observed in
Y-PSZ/TZP materials. A spontaneous transforma-
tion of the t-grains to m-grains occurs, accompanied
by micro and macrocracking along grain boundaries,
as discussed in detail in the next section. Examination
of the fracture surface and the tensile surface of all
specimens shown in Fig. 5, failed to reveal the forma-
tion of such microcracks. In addition, X-ray diffrac-
tion of the failed specimens did not show significant
increase in the presence of the m-phase compared to
that seen in Fig. 1a, suggesting that failure was not due
to m-phase formation. The load—deflection curves
during fast loading (MCS = 0.5 mm min ') at higher

Figure 4 SEM fractographs showing typical surface initiated failure
in Y-PSZ/TZP (NGK-Z-191): (a) at 20°C, 1207 MPa; (b) back
scattered mode composition, (c) region 2; and (d) spectra for re-
gions 1 and 2.
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Figure 5 Variation in fast fracture strength of Y-PSZ/TZP
(NGK/Z-191) as a function of temperature. All specimens were
tested at a machine crosshead $peed of 0.5 mm min ™!, Complete
strength data are given in Table L.

temperatures up to 1000 °C, showed completely linear
elastic behaviour due to the absence of macroscale
creep deformation associated with the presence of
Si0;. In addition, fractured specimens did not show
any bending, nor the formation of slow crack growth
(SCQ) regions. Failure origins on the fracture surface
were similar to those seen in tests made at 20 °C, further
confirming the absence of creep deformation. However,
the decrease in strength at 600 °C and above is believed
to be a result of the onset of subcritical crack growth or
SCG due to the softening of glassy phase silica (SiO,)
distributed along grain boundaries. This was confirmed
in flexural stress rupture testing as discussed next.

3.3. Flexural stress rupture

Several studies [53-63] have clearly shown that
Y-PSZ/TZP is susceptible to strength degradation
during relatively low temperature (150-400 °C) age-
ing. The degradation is primarily due to phase trans-
formation of the tetragonal structure to monoclinic,
accompanied by micro and macrocracking, the sever-
ity of which increases between 200 and 300°C, and in
the presence of moisture. Reducing the grain size
(0.15-0.30 um) of the tetragonal structure, or increas-
ing the content of Y,Oj stabilizes the tetragonal phase
and, thereby, decreases the tendency for strength
degradation. Recently, Cassidy et al. [44] showed that
minor modifications in the sintering cycle, such as
from the usual 24 h at 1450 °C to 30 min to 4 h at 1400
or 1450°C, followed sintering with a 24 h anneal at
1038°C, resulted in no degradation in flexural
strength of 3Y-TZP after ageing at 250°C for long
periods (180 days). This proposed sintering and an-
nealing treatment appears to remove all detectable
traces of pre-existing m-phase in the Y-PSZ/TZP,
and prevents further formation during ageing at low

* Failure
(a)

Failure /
(b)

Figure 6 Overall view of the flexural specimens (NGK-Z-191) tes-
ted in stress rupture mode showing bending and failure: (a) at
200°C, 276 MPa, failing at 206 h; (b) at 200 °C, 413 MPa, failing at
142 h; and (c) at 400°C; 344 MPa, specimen sustained at 310 h.

temperatures. However, the validity of this proposal
has yet to be confirmed! Flexural stress rupture tests
were carried out as a function of temperature
(20-1000 °C) and applied stress, in order to

1. determine the material’s susceptibility for low
temperature instability,

2. determine the presence of SCG, and

3. identify allowable stress levels for a limited time
( < 500 h).

In all, 27 specimens were tested in the stress rupture
mode, and the results are summarized in Table I1.

At 20°C, one specimen immersed in water during
the entire testing period was tested at an applied stress
of 482 MPa, and sustained the stress for 260 h without
showing failure or bending. The tensile surface of the
test specimen was examined by X-ray diffraction to
detect the presence of the m-phase. The amount of
m-phase present in this specimen was slightly greater
than that seen in the as-machined sample, Fig. 1a, but
perhaps not large enough to nucleate microcracks of
critical size to cause failure.

At 200°C, two specimens were tested at applied
stresses of 276 and 413 MPa, and failed after 206 and
142 h, respectively. Both specimens displayed bending,
Fig. 6. Similar creep deformation has been observed in
Y-PSZ/TZP by others [26, 29]. Examination of the
fracture surfaces failed to reveal the failure initiation
sites in both specimens. X-ray diffraction taken from
the tensile surface® of the fractured specimens are

* Ideally, the X-ray diffraction should be taken from the fracture face, preferably from the failure initiation region. This would require the use
of a ‘microfocus X-ray beam camera’ to obtain a diffraction pattern, and such equipment is not currently used in our laboratory. Alse, the
cross-sectional area of the fracture surface is relatively small compared to the surface area of the tensile surface of the failed specimen.
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Figure 7 SEM fractographs showing failure initiation and propaga-
tion in a Y-PSZ/TZP (NGK-Z-191) specimen tested in stress
rupture: (a) topography in back scattered mode at 300°C,
413 MPa, failure at 15h, (b) showing failure region, (c) showing
failure origin.

shown in Fig. 1c, d, and clearly show significant m-
phase formation relative to the as-machined specimen,
Fig. la. During the tetragonal-to-monoclinic trans-
formation, an increase in volume of 4 to 5% occurs
and, therefore, the bending of specimens or creep
deformation occurred in order to accommodate the
volume increase.

At 300°C, six specimens were tested at an applied
stress of 276 MPa, and all failed in periods ranging
from 18 to 30 h. As the applied stress was increased to
344 and 413 MPa, the time-to-failure decreased,
ranging from 10 to 23 h, Table II. X-ray diffractions
taken from the tensile surface of all fractured speci-
mens revealed significant amounts of m-phase forma-
tion relative to the as-machined specimen, as typically
shown in Fig. le. Examination of the fracture surfaces

in the majority of the specimens (nine out of ten,
Table IT) did not show clearly any “zones of mono-
clinic phase formation” or micro and macrocrack
initiations, as observed by Swab [63] and others
[26,29] in other Y-PSZ compositions. However, the
failure appeared to be initiated near the corner of the
specimen, as typically shown in Fig. 7. The low magni-
fication view taken in BSEI mode, Fig. 7a, clearly
indicates that failure initiated near the corner. The
failure region is shown in Fig. 7b, and does not show
the presence of any porosity, inclusion or large
(1-3 pm size) c-phase grains as a source of failure
origin. However, examination of the failure region
area, near the corner at the tensile edge side at a higher
magnification, Fig. 7c, revealed grain boundary crack-
ing, cavitation and microcracking causing separation
of the equiaxed fine grained structure. It is hypo-
thesized that this may be the “stress-induced trans-
formation” area, where m-phase formation occurred
together with microcracking. The m-phase grains are
essentially of the same size as the original t-grains, and
the accompanying microcracks that formed during the
transformation are about 1-3 um long. In this local-
ized region, Fig. 7c, crack propagation was inter-
granular. It is important to point out that a large
number of specimens tested at this temperature failed
from the corner, suggesting the possibility of machin-
ing damage. Prior to testing, all specimens were exam-
ined in an optical microscope at x25 in order to
detect any machining damage, and only those speci-
mens were used which were free from any macro
damage. In short, the fact that repeated failures occur-
red at low applied stress levels and showed extensive
m-phase formation strongly suggests that failure was
a result of the t-phase transformation.

At 400°C, the first specimen (No. 14, TableII)
tested at an applied stress of 276 MPa did not fail,
sustaining the stress for 305 h and displaying minor
bending. X-ray diffraction taken from the tensile sur-
face of this specimen is shown in Fig. 1f, and the
amount of m-phase formation in this specimen is
about the same as that observed in specimens tested at
300°C, Fig. 1e. Another specimen (No. 15, Table II)
tested at an increased applied stress level of 344 MPa
did not fail, sustaining the stress for 310 h and display-
ing bending, Fig. 6. X-ray diffraction of this specimen
was similar to that seen earlier, Fig. 1f.

As the testing temperature increased to 600 °C, the
material showed a distinctly different behaviour to
that seen earlier at 200 and 300 °C. It appears that the
influence of the presence of the grain boundary glassy
phase silica (SiO,) became more pronounced, and
fracture surfaces of test specimens showed SCG re-
gions. At an applied stress of 344 MPa and a temper-
ature of 600 °C, failure occurred in 153 h, Fig. 8. X-ray
diffraction taken from the tensile surface of the frac-
tured specimen is shown in Fig. 1g. The amount of
m-phase formation is clearly much less than that seen
at 300 and 400°C, Fig. le, {, but considerably greater
than that seen in the as-machined sample, Fig. la.
The failure initiated around the corner, Fig. 8a,
propagated from grain-to-grain under stress possibly
due to SCG. Finally, the crack reached a critical size
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Failur site — ile edge

Figure 8 SEM fractographs showing (a) failure initiation, propaga-
tion and (b) formation of an SCG region in an NGK-Z-191 speci-
men tested in stress rupture mode at 600°C, 344 MPa, failing at
153 h.

or formed a sufficiently larger SCG region, Fig. 8b,
resulting in catastrophic failure.

As the applied stress was increased to 413 MPa,
a total of four specimens were tested, two failing in
short durations of 3 and 10 b, and two sustaining the
stress for over 250 h, Table II, without showing bend-
ing and failure. The two specimens failing in short
duration displayed two different types of “failure ori-
gin”, as shown in Figs 9 and 10. However, the mechan-
ism for final failure in both specimens was the same as
discussed below. The specimen failing in 3 h is shown
in Fig. 9. Examination of the fracture surface in SEM,
Fig. 9a, clearly revealed a “failure initiation site” sur-
rounded by a SCG region or “failure zone”, whose
boundary is indicated by dashed lines. Further exam-
ination of the failure initiation site revealed that it was
a porous region, Fig. 9b, containing glassy phase silica
(SiO,) impurity, as confirmed by the energy dispersive
X-ray spectra. The specimen failing in 10 h is shown in
Fig. 10. Examination of the fracture surface in SEM
revealed that failure initiation occurred at a large
region of c-phase zirconia grains, Fig. 10b. The large
size c-phase zirconia gramms are weak in flexural
strength [29] and easily cleave under stress. It is
believed that the failure originated by transgranular
cleavage of the c-phase zirconia grains, but the “flaw”
was not large enough to induce catastrophic failure.
Under continued stress, SCG occurred surrounding
the failure initiation site, achieved a critical size
(Griffth flaw), shown as “failure zone”, Fig. 10a, and
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Figure 9 SEM fractographs showing (a) failure initiation at a por-
ous region and subsequent crack growth to a critical size before
final failure occurred in a stress rupture specimen (NGK-Z-191)
tested at 600°C, 413 MPa, failing in 3 h, (b) failure initiation site,
(c) Energy dispersive X-ray spectra taken inside the porous region
identified the presence of Si and oxygen.

led to failure. The widespread presence and formation
of c-phase grains in the microstructure is indicated
by small arrows, Fig. 10b. The nature of crack propa-
gation inside (region 1) and outside (region 2) of the



| Failure zone

Failure initiation
site

Figure 10 SEM fractographs showing (a) failure initiation at an agglomerate of large c-phase zirconia grains and (b) subsequent crack
growth to a critical size before final failure occurred in a stress rupture specimen (NGK—Z-191), tested at 600°C, 413 MPa, failing in 10 h.

(¢, d) show topographies of regions 1 and 2, respectively.

SCG region is revealed in Fig. 10c, d respectively.
These. micrographs clearly show that “slow crack
growth” occurred exclusively by intergranular crack
propagation, Fig. 10c, and was primarily confined to
the tetragonal or monoclinic grains surrounding the
failure initiation site. In the fast fracture region (out-
side of the “failure zone”), the crack propagation occurred
exclusively transgranularly, Fig. 10d. X-ray diffraction
taken from the tensile surface of the fractured speci-
men is shown in Fig. 1h and is similar to that seen
earlier, Fig. 1g.

The other two specimens that were tested under
similar conditions as the last two, but sustained the
stress for over 250 h and did not show bending, clearly
suggest strong variability in the size and distribution
of flaws resulting from inhomogencous composition
and variability in sintering conditions.

At 800°C, a total of five specimens were tested,
Table II. At an applied stress of 344 MPa, three speci-
mens were tested, one failing in short duration (5 h), and
the other two sustaining the stress for over 200 h, and
displaying minor bending. The specimen failing in 5 h,
failed at the outer loading edge and the fracture surfaces
failed to reveal the failure origin. The applied stress was
increased to 413 MPa and two specimens were tested.
One specimen failed in 11h, displaying corner type
failure, while the other specimen sustained the stress for
260 h without failure and showed minor bending,

At 1000°C, two specimens were tested, Table II,
and the material was incapable of sustaining even
low magnitudes of applied stress (276 MPa) for some
durable time { > 10 h).

It is important to point out that some specimens
tested at relatively low temperatures, such as 200 and
400°C, showed bending, while other specimens tested
at increased temperature such as 600 °C did not show
bending. This behaviour is not clearly understood and
may be associated with the hydrothermal attack
[53-63] of water—humidity, which is maximum in this
temperature range (200300 °C) and causes the tetra-
gonal to monoclinic transformation. It should be
noted that these tests point out the importance of
stress rupture testing in showing a material’s
instability (degradation in strength due to either a
new phase formation, microcrack initiation or creep
deformation) at temperatures ranging from 200 to
1000 °C, compared to fast fracture testing (MCS =
0.5 mmmin~!) at similar temperatures, which failed
to detect the onset of a new phase transformation/
formation and creep deformation.

4. Conclusions

At room temperature, failure was primarily governed
by the presence of processing defects, like porosity and
large c-phase grains.
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Flexural strength decreased significantly with in-
creasing temperature, and this effect was noticeable at
temperatures as low as 300 and 400 °C. Failure occur-
red in a brittle manner; the mode of crack propagation
during fast fracture (MCS =0.5mmmin~') was
primarily transgranular up to 1000 °C.
~ Extensive flexural stress rupture evaluation in the
temperature range 200-800 °C has identified the stress
levels for time dependent failures. In addition, stress
rupture testing at 600 °C and above revealed the onset
of creep deformation due to viscous flow of the glassy
phase and consequent degradation of the material
strength.
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