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Abstract

Nanocrystalline powders were used to prepare fracture test specimens of 2Y-TZP with average grain sizes between 150 and 900 nm. Crack extension
and attendant R-curve behaviour were studied in both air and vacuum. The plateau values in air and vacuum increase linearly with grain size from
3.1to 5.1 MPam'"? and from 4.7 to 6.7 MPam'?, respectively. The size of the process zone was quantified using Raman microscopy and the results
correlated to both the plateau values and the shape of the R-curve as a function of grain size.
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1. Introduction

The introduction of nanocrystalline powders for the process-
ing of materials may potentially lead to a series of interesting
phenomena. From a technological point of view, the enabled
decrease in sintering temperature is very attractive, as it affords
new combinations of materials for the cosintering of multilayers,
especially the usage of metals with low melting temperatures.
Furthermore, the use of nanocrystalline powders allows pro-
cessing of materials with nanometer-sized grains which poten-
tially also present exceptional properties, as, e.g. a better wear
resistance.! Considerable efforts have recently lead to produc-
tion of nanocrystalline powders on an industrial scale and a large
push for related materials into the marketplace. Before these
materials may be used, however, a better understanding of their
mechanical properties is required.

Nanocrystalline Y-TZP is particularly attractive as it may
allow cosintering with silver for use in oxygen sensors. Since
only small specimens of this material were available to date,
evaluation of mechanical properties has been limited to Vick-
ers indentation studies.2™ It has been pointed out, however, that
indentation methods provide artificially high values of toughness
in transformation toughened ceramics.’ Further complications
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arise due to severe plastic deformation below the indentation so
that half penny shaped cracks do not form.® Furthermore, crack
trapping from radial indentation cracks was reported in zirconia
materials.” A study of nanocrystalline Y-TZP is further compli-
cated by the fact that the retention of a fine grain size during
sintering may be difficult.®*

Transformation toughening!? is known to be the dominant
toughening mechanism in zirconia and leads to an extensive R-
curve behaviour.''!? Currently, most reliable R-curve studies
have been conducted for grain sizes greater than 500 nm. For
this grain size regime the models for transformation toughening
are established.!3!# It is also widely known that the fracture
toughness of Y-TZP materials increases with increasing grain
size and decreasing dopant content within this grain size regime,
although the exact dependencies are still a topic of debate. !>

Wang et al.'® observed a linear increase in fracture toughness
with grain sizes of 0.8-2 wm for Y-TZP from 5 to 12 MPam!/?
measured by the Vickers indentation technique. Notably, after
reaching a critical grain size the fracture toughness began to
decrease again which was attributed to premature phase trans-
formation and microcrack formation. The critical grain size was
0.87, 1.34 and 1.46 pm for yttria dopant concentrations of 2,
2.5 and 3Y-TZP, respectively. A smaller critical grain size of
250 nm for 2Y-TZP has also been reported.” Becher and Swain '3
reported a linear increase on a log—log plot in fracture toughness
from 2.5 to 11 MPam'? for 2Y-TZP in the grain size regime
from 0.5 to 1.5 wm using the double cantilever beam technique.
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R-curves are generally described by a constant crack-tip
toughness Ky and a shielding term K|,, which is dependent on
crack length. Stress-induced phase transformation occurs at a
critical stress, o.. Assuming an unconstrained elastic stress field,
stress declines with distance from the crack according to:

K tip
Jr

where Kjjp is the stress intensity factor at the crack tip. Phase
transformation will, therefore, occur within a distance 4 from a
crack defined by:

Kip\*
h o (“p> ()
O¢
The shielding term K, may then be realised as a linear func-

tion of Kijp as!3:
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with 1 a constant depending on process zone form and the stress
field inside the transformation zone, E the Young’s modulus, v
the Poisson’s ratio, et the dilatant strain accompanying phase
transformation (4 vol.%), V¢ the volume content of transformed
particles and Cags the shielding term which is independent of
Kiip. The Poisson’s ratio for Y-TZP is 0.33.17 McMeeking and
Evans'? found 7 to be 0.21 by assuming that hydrostatic stress
was responsible for phase transformation. Studies have verified
the square root dependence of K, on the height of the trans-
formation zone (e.g. Swain'®), who also showed that the zone
width as well as K|, increased with grain size for Y-TZP. For
subcritical transformation, 1 reduces linearly with the amount
of non-transformed tetragonal phase.'® The stress field declines
with the distance from the crack tip as per Eq. (1) and a distri-
bution of grain sizes leads to different transformation stresses
for each individual grain. Subcritical transformation is therefore
more probable for Y-TZP.?° In a first approximation an interme-
diate amount of transformation can be assumed.>!

Dopant concentration and grain size primarily affects the crit-
ical transformation stress for phase transformation and thereby
the width of the process zone, £, in Eq. (2) and, hence, the shield-
ing term and the rise of the R-curve up to the plateau.!> Gen-
erally, two features of the phase transformation can be used to
measure the zone width. Dilation causes: (a) an uplift of the sur-
face, which may be detected by a measurement with atomic force
microscopy>>>> or Nomarski-Interference>* or (b) displace-
ments which may be measured using optical interferometry.>*
Alternatively, the monoclinic phase content within the transfor-
mation zone size may be measured by Raman microscopy down
to a spatial resolution of ~1 pm.!823:26

In a parallel study, the mechanical properties of submicron
3Y-TZP were studied.?”-?® The reduction in grain size from
500 nm down to 100 nm lead to a marked decrease in fracture
toughness. To compensate, the dopant content was reduced to
2 mol% yttria (2Y-TZP), for this work. Here, the results for crack
extension in air are shown for grain sizes of 150-500 nm and are
compared to 3Y-TZP. As a rising R-curve could not be obtained

with measurements in air, crack extension in the vacuum of
a field emission scanning electron microscope (FESEM) was
also quantified. These data are particularly pertinent as Y-TZP
is known to be very susceptible to subcritical crack growth,29-31
which leads to a velocity dependence of the R-curve? in air
for materials toughened by process zone mechanisms. To ratio-
nalize the toughening mechanism, transformation zone profiles
were obtained using Raman microscopy. Finally, plateau values
for the R-curves were compared for different grain sizes and
correlated to widths of the process zone.

2. Experimental procedure
2.1. Specimen preparation

A nanocrystalline powder doped with 2 mol% yttria and grain
size of 7.3 nm was supplied by The Institute of New Materials
(Saarbriicken, Germany). The phase content was predominantly
tetragonal with a small amount of 1-2 vol.% monoclinic phase
present. Plates for both compact tension (CT) specimens and
bend bars for Raman investigation were prepared.

For crack propagation studies sheets of the green body were
formed>? with dimensions in the green state of 1.5 mm x 50 mm.
Sintering was performed with a heating and cooling rate of
5 K/min with a hold period of 1 h at the maximum temperature,
which was chosen to give a variation in grain size (see Table 1).
A 500 g ceramic plate was placed on top of the specimen to
prevent warpage during sintering.

Sintered plates were cut to compact tension specimens of
35 mm x 33.6 mm. They were then ground on both sides yield-
ing specimen thicknesses of approximately 0.8 mm. One side of
the specimen was polished to a 1 um diamond paste finish. Two
holes were drilled into the CT-specimens and a notch of 1 mm
width cut. Limited powder availability restricted the number of
specimen manufactured to 3 (150 nm), 1 (225 nm), 2 (300 nm)
and 1 (500 nm) (grain sizes).

Bend bars for the Raman-microscopy studies were formed
using uniaxial pressing of the powders in a die at 3 MPa and
subsequent cold isostatic pressing at 510 MPa, but otherwise
using the same heat treatment as before. After sintering they
were ground on all four sides to approximate dimensions of
3mm x 4 mm X 25 mm. One side was polished to a 1 pum dia-
mond paste finish. At least four bend bars of grain sizes of
140, 280, 370, 490, 570 and 900 nm were prepared. All bend
bars were utilized to determine the Young’s modulus using the
impulse excitation technique®* with a resonance frequency and
damping analyzer (RFDA-HT1750, IMCE, Diepenbeek, Bel-
gium). Notches were introduced by a razor blade with diamond
paste as an abrasive agent and the cracks formed by the bridge
method, asin ASTM C 1421. No surface uplift could be observed
near the crack using an AFM, therefore, subsequent analysis was
undertaken with the samples using Raman microscopy.

2.2. Specimen characterization

X-ray diffraction studies (Model D500, Siemens, Karlsruhe,
Germany) on the as-sintered specimens confirmed that the
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specimens contained more than 97% tetragonal phase for the
CT-specimens except for the 500 nm specimen, where 5% mon-
oclinic phase has been found. The phase content was determined
according to Toraya and Yoshimura®> by comparing the area of
the 111 reflex of the tetragonal phase with the combined area
ofthe 111 and —1 11 reflex of the monoclinic phase. The den-
sity, p, was measured using the Archimedes method>® for three
specimens from each sintering batch. The relative density, prel,
was calculated using a theoretical density of p; = 6.08 g/cm? for
the tetragonal phase zirconia.’’

Grain size was determined from measurements on fracture
surfaces. Micrographs were taken with a FESEM (XL30 FEG,
Philips, Eindhoven, Netherlands) and evaluated using the linear
intercept method?® via custom designed software.’® A correc-
tion factor’> of 1.48 was used to relate the two-dimensional grain
size measurements to the three-dimensional grain size. At least
3 micrographs and a total of 300 intercepts were utilized for each
sintering batch.

2.3. Crack extension studies

A custom designed mechanical testing device was used
for crack propagation in CT-specimens.***! Load was applied
under displacement control by a piezoelectric actuator (PI
Ceramic) and load measured using a 200N load cell (FMD
200 N, Wazau, Germany) with an accuracy of 0.2 N. Crack
initiation was achieved using an indentation and a half
chevron notch.*>#! Renotching after crack initiation left a
crack of length of about 100 wm. A heat treatment at 900 °C
for 30 min reduced residual surfaces stresses which slightly
decreased the measured fracture toughness by comparing the
stress intensity factor for crack extension before and after
the heat treatment. Retransformation of the initial transforma-
tion zone was not successful even at higher temperatures but
lead to extensive thermal etching and the possibility of crack
healing.

Crack extension with this same device was monitored both
under ambient air environmental conditions with an optical
microscope and in vacuum in the SEM. Crack length and applied
load were recorded in both cases and the applied stress inten-
sity factor, K, equivalent to the crack growth resistance Kg,
calculated using ASTM E399.4?

Crack extension in air was monitored by slowly increas-
ing the load until crack extension was observed. The maxi-
mum load was recorded and then the load decreased to stop
the crack propagation and the process repeated for another
measurement. Data were taken at crack extension increments
of approximately 20 wm to a total crack extension of at least
300 pm.

Crack extension measurements inside an evacuated FESEM
(XL30 FEG, Philips, Eindhoven, Netherlands) chamber elimi-
nate the influence of the environment upon fracture behaviour.
Cable connections to the outside of the chamber enabled load
control and data acquisition. Crack extension was monitored on
the screen of the FESEM with a magnification of 7500x. A
thin carbon layer was deposited on the CT-specimens to prevent
charging of the surface. The carbon layer also allows accu-

rate monitoring of the crack-tip position since it is transparent
to the electron beam. Load was increased slowly until a sud-
den crack extension of 2-30 wm occurred. After this first jump
crack propagation was stopped by decreasing the load instan-
taneously, maximum load and crack length recorded and the
process repeated. A total crack extension of at least 300 pm
was made. Care has to be taken with potential drifts of the
load cell when used in vacuum. In our case a slight drift of
2-3N (2-5% of maximum load) was observed and accounted
for in the computation of KR vacuum using ASTM E399.42 Due
to the complexity of the measurement, the number of specimens
tested was limited to one specimen per grain size except for
the 150 nm grain-size material where two specimens could be
tested.

2.4. Raman microscopy

A confocal Raman microscope (Renishaw, New Mills, United
Kingdom) was used to investigate the width of the transforma-
tion zone and the degree of phase transformation. The tetrag-
onal and monoclinic zirconia phases have distinctly different
Raman spectra®>#* that can be recorded with up to 1 wm lateral
resolution.*> An Argon ion laser with a wave length of 514 nm
was used with a 150 cm™! cut-off filter. The spectral resolution
was 1.7cm™! using a grid monochromator. The intensity was
integrated over two minutes to minimize the background signal.
The general equation to calculate the monoclinic phase content*
could not be used since the tetragonal band at 148 cm™! was cut
off. Therefore a calibration was made using powders of greater
than 98% monoclinic and 98% tetragonal phase content, respec-
tively. The areas underneath the bands for the monoclinic phase
Im,100 (181 and 192 cm~Yand tetragonal phase I 100 (264 cm™! )
were determined and the calibration factor « for this apparatus
was found to be 0.35. Fig. 1 shows a typical spectrum of a mixed
specimen of monoclinic (grey) and tetragonal (black) phase with
the chosen areas for the determination of the monoclinic phase

counts

460 l 660 ' 860 I 1000
wave number [cm-1]
Fig. 1. Raman spectrum for a mixed monoclinic (grey) and tetragonal (black)

specimen. The highlightedareas were used for the determination of the mono-
clinic phase content.
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Specimen characteristics for CT-specimens

Sintering temperature/holding time (°C/1 h) Grain size (nm) Density p (g/cm3) Relative density pre (g/cm3) Monoclinic phase content after
sintering X (vol.%)
1110 150 £ 15 5.90 + 0.03 97.0 0
1205 225 £ 25 591 +0.03 97.2 0
1275 300 + 30 5.92 + 0.01 97.4 <1
1405 500 £ 50 5.70 + 0.05 93.8 5
content xRr:
1814192
xR L with & = M 4)
Ir1nSl+192 + K1t264 It,lOO

A spatial resolution across the crack of better than 2.5 pm
was achieved by moving the microscope stage with the aid of
micrometer SCrews.

3. Results
3.1. Specimen characterization

Tables 1 and 2 present the results of the specimen character-
ization for the CT-specimens and the bend bars, respectively.
The minimum sintering temperature was chosen such that a
density of at least 97% was reached. Then the peak tempera-
tures were adjusted to attain grain sizes of 150, 225, 300 and
500 nm for the CT-specimens. For the bend bars the grain size
range was extended up to 900 nm. Fig. 2 shows two micrographs
of fracture surfaces with grain sizes of 150 nm (Fig. 2a) and
500nm (Fig. 2b), respectively. The density initially increased
with maximum sintering temperature up to 1300 °C, and then
slowly decreased. Above 1500 °C the maximum achievable den-
sity was reduced significantly.

The reduction in density with increasing sintering tempera-
ture was reflected in an equivalent reduction in Young’s modulus,
E (Table 2). For the specimens sintered at 1300 °C (370 nm grain
size) a maximum value of E =210 GPa is reached. For a sinter-
ing temperature of 1600 °C (900 nm grain size) this decreased
to a value of 196 GPa. It can also be seen that the fraction of
both intrinsic and transformed (Table 2) monoclinic phase on
the fracture surface increased with grain size.

Table 2
Raman microscopy results and specimen characteristics of bend bars

Magn Det WD
100000x SE 11.4
w

SE 11.21

Fig. 2. SEM micrographs for 150 nm (a) and 500 nm (b) grain-size 2Y-TZP.

Yttria content Grain size (nm)  Density (g/cm?)

Monoclinic phase after

Young’s modulus (GPa) ~ Raman microscopy

(mol%) sintering (vol.%) - .. -
Maximum monoclinic Zone width (pm)
phase (vol.%)

3 4380 5.55 £ 0.08 <2 182+ 3 9 1-2

2 140 5.87 £ 0.05 0 202 £ 1 11 2

2 280 5.99 + 0.05 0 202+ 3 23 2.5

2 370 6.00 &+ 0.05 1 210 £ 3 24 2.5

2 490 5.97 £ 0.05 2.5 210 £ 1 27 3

2 570 5.96 + 0.05 3 209 + 2 30 3

2 900 5.83 £ 0.05 3 196 £ 1 38 4
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Fig. 3. Crack growth resistance, KR, vs. crack extension, Aa, in air for 2Y-TZP
for various grain sizes.

3.2. Crack extension studies

Fig. 3 displays the results for crack extension in air for all
specimens tested except specimen 1 in Table 3, as it is very
similar to specimen 2. Grain size had a distinct effect on the
fracture resistance, which did not change with crack extension
in any case.

The absence of subcritical crack growth means that crack
extension in vacuum is more erratic than in air and difficult
to control. A slow increase in load leads to a controllable crack
extension in increments of 1-5 pm. In between, the crack arrests
for a short time and was stopped by decreasing the load. In some
cases the crack had to overcome a localized higher resistance for
crack extension. In order to further extend the crack a higher load
was necessary which lead to a bigger crack extension of up to
30 wm. This may be prompted by local inhomogeneities in the
material.

In Fig. 4 all recorded R-curves in vacuum are displayed. In
all cases, an increase in fracture toughness is observed over the
first 50-100 wm before a plateau is reached. Compared to the
measurements in air, the plateau value is increased by 30-40%.
There is a strong increase in toughness with crack extension
and the plateau values increase for grain sizes up to 300 nm and
then decrease for the 500 nm grain-size material. The second
specimen with 150 nm grain size exhibited a sudden decrease in

Table 3
Mechanical properties of 3Y-TZP

Plateau value in vacuum
KR plvac (MPam'/?)

Plateau value in air
KR pLair (MPam'/2)

Grain size (nm)
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Fig. 4. Crack growth resistance, KR, vs. crack extension, Aa, in vacuum for
2Y-TZP for various grain sizes.

KR that was not seen in any other specimen investigated. This
is attributed to inhomogeneities in the specimen or a subsurface
macroscopic flaw.

The ‘plateau’ toughness values shown in Table 3 for spec-
imens tested in air were obtained by taking the average over
all data points (in Fig. 3). The scatter within one data set is
approximately 0.1 MPam'2. The reproducibility of the results
was shown by testing multiple specimens for some grain-size
batches. The scatter between specimens is considerably higher
than the scatter for each individual specimen. The plateau val-
ues of the R-curve increased from 3.1 MPam!’? for a grain size
of 150nm up to 5.4 MPam!? for a grain size of 300 nm. For
the 500 nm grain-size specimen the plateau value dropped to
4.3MPam'”? (Fig. 5).

For the specimens tested in vacuum the mean plateau tough-
ness shown in Table 3 was obtained for all data points after

150
150
150
225
300
300
500

3.1+0.1
32+0.1
3.8+ 0.1
44 £0.1
5.1 £0.1
54+£02
43 +£0.1

4.7 £0.1
53+02
59+0.1
6.7+ 0.3

55+0.1

8 T T T T T T T T T
6 - ’ .
[]
E : i
Z [ |
o | |
= ' L
3 47 i 1 7
2 i .
2 4 i 8
£ 1k -
B 2Y-TZP-inair
2 ® 2Y-TZP - vacuum A
A 3Y-TZP-inair®’

T T T
200 300

T
400

grain size, G [nm]

T
500

Fig. 5. Comparison of plateau toughness values, KR, in vacuum and air for
2Y-TZP and in air for 3Y-TZP?’ as a function of grain size, G.
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Fig. 6. Monoclinic phase content as a function of distance from the crack flanks
in a bend bar for various grain-size 2Y-TZP materials. One 3Y-TZP material
with 480 nm grain size is shown also for a compact tension sample.

reaching the R-curve plateau (in Fig. 4). The scatter within each
value was between 0.1 and 0.3 MPam!/. Fig. 5 shows that the
mean plateau toughness values increased linearly with grain size
in both vacuum and in air for grain sizes of 150-300 nm. Plateau
toughness fell again for the 500 nm grain-size specimen, how-
ever, it should be noted that this specimen had exceptionally
high porosity.

3.3. Raman microscopy

In Fig. 6 the monoclinic phase content as a function of
distance from the crack flanks is shown as compared to a CT-
specimen of 3Y-TZP with 480 nm grain size.

The maximum amount of transformation and the zone size
(width at half the maximum height) for the different specimens is
presented in Table 2. For the 3Y-TZP specimen with a grain size
of 480 nm, the monoclinic phase content was 9% and the zone
width between 1 and 2 pwm. Due to the decrease in dopant con-
centration, larger zone sizes were attained for 2Y-TZP. For the
140 nm grain-size material, the maximum transformed amount
was 11% and the zone size 2 pum. With increasing grain size, the
maximum amount of transformation and the zone size increased
up to 38% monoclinic phase and 4 pum zone size for the material
with a grain size of 900 nm.

4. Discussion
4.1. Specimen characterization

Successful specimen preparation with grain sizes ranging
from 150 to 500nm was achieved for 2Y-TZP nanocrys-
talline powders to produce large specimens suitable for fracture
mechanical evaluation. Densities higher than 97% were reached,
except for the 500 nm grain-size specimen in the case of the CT-
specimens. The microstructures appeared homogeneous (Fig. 2)
and the crack extension studies pointed to few inhomogeneities.

Grain growth was faster in 2Y-TZP than it was in 3Y-TZP.?’
Although the starting powder in the current work was much finer
than for 3Y-TZP,?’ the final grain sizes at comparable tempera-
tures (Table 1) were higher for 2Y-TZP. It appears, therefore, that
the decrease in dopant concentration facilitates grain growth.

4.2. R-curve measurements and process zones

Crack propagation in air and vacuum in compact tension
specimens was achieved for grain sizes ranging from 150 to
500 nm. The R-curve measurements in air show plateau values
exhibiting a linear dependence with grain size. A comparison
with the results of Wang et al.'® shows that the data found here
is approximately an extrapolation of the data gained for higher
grain sizes. In contrast, Becher and Swain!3 found a linear rela-
tionship in a log—log plot for 0.5 to 11 wm. Contrary to Becher
and Swain'> and in agreement with Wang et al.!® a critical grain
size between 300 and 500 nm was found above which the fracture
toughness decreases. Newer data by Bravo-Leon et al.” report a
critical grain size of 250 nm. Therefore, 2Y-TZP for industrial
applications is recommended to be used with grain sizes of less
than 300 nm. For this grain-size regime plateau values of the
R-curve of up to 5.4 MPam'? can be expected in an ambient air
environment and up to 6.7 MPam'/? in vacuum. A recent study
by Gupta et al.*¢ found a fracture toughness measured by the
indentation method of 5.7 MPam!/?2 for a grain size of 250 nm,
which is comparable to the results in this study.

Comparing the plateau values of a parallel study on 3Y-
TZP?" in Fig. 4 with 2Y-TZP highlights a strong influence of
yttria content on fracture toughness. With increasing grain size
the reduction in dopant content becomes more critical and the
increase in fracture toughness is more prevalent. At lower grain
sizes the stabilization due to the low grain size is more dominant
than the stabilization by the dopant. Bravo-Leon et al.> found
fracture toughnesses as high as 16 MPam'!/? for grain sizes of
around 100 nm for 1 and 1.5Y-TZP. Dopant concentrations of
less than 2 mol% might therefore be difficult to control since
small changes in grain size can lead to premature phase trans-
formation and possibly microcracking.

The increase of fracture energy with crack extension could not
be observed in air. The Raman-microscopy studies revealed that
the height of the transformation zone for all 2Y-TZP materials
is less than 3 wm. According to the model by McMeeking and
Evans!3 90% of the plateau of the fracture energy is reached at
five times the height of the transformation zone. As initial crack
lengths of less than 15 wm were not experimentally achievable,
the rising part of the R-curve could not be recorded in air. In
addition, the reverse transformation of the monoclinic phase to
the tetragonal phase through annealing could not be achieved for
the grain sizes considered here. Similar difficulties have been
previously reported. For example, Fargas et al.*’ observed only
a small increase in fracture toughness from 3.9 to 4.3 MPam!/?
in less than 50 pm for a grain size of 300 nm in 3Y-TZP.

The marked susceptibility of Y-TZP to subcritical crack
growth is well documented.® With transformation toughening,
the stress intensity factor at the crack tip Kijp (or its increase in
going from air to vacuum) during crack propagation is directly
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Fig. 7. Comparison of plateau toughness values in vacuum, KR vacuum, and in air,
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proportional to the shielding term K, via Eq. (3). Therefore:

_ Ktip,vacuum _ Kpt,vacuum (5)

Ktip,air K;L,air

K R,vacuum

KR,air

The usefulness of Eq. (5) is verified in Fig. 7 using results
from this work for 2Y-TZP and the results for 3Y-TZP from
a parallel study.”® As the ratios of plateau values for vacuum
and air are similar for 2Y-TZP and 3Y-TZP, it appears that their
susceptibility to subcritical crack growth is also very similar.

Assuming that an undetected R-curve forms in air, crack
propagation in vacuum will then produce rising crack resis-
tance with the starting point of the R-curve consistent with
the plateau value in air and the increase in fracture toughness
limited to the increase in stress intensity factor at the crack
tip (Ktip,vacuum — Ktip,air) and the accompanying shielding term
(K.vacuum — K air). Indeed, the starting values of the R-curves
in vacuum in Fig. 4 are consistent with plateau values in air as
displayed in Fig. 3.

The R-curves in Fig. 4 rise over a crack increment of
30-60 wm. According to McMeeking and Evans,'3 the width
of the process zone is therefore in the order of 6-12 pm. As
the plateau toughness value in vacuum is 30-40% higher than
in air, application of Eq. (2) dictates that the process zone in
vacuum should be about 70-100% wider as compared to that in
air. This would predict a process zone in air of 3-8 wm, which
is consistent with the results displayed in Fig. 6. This variation
of process zone width and subsequent shielding, K|, with the
critical crack-tip stress intensity factor for crack propagation,
Kiip, has also been reported in the case of cyclic fatigue-induced
subcritical crack growth.*8

5. Conclusions

Fracture test specimens of 2Y-TZP suitable were produced
in the grain size regime of 150 to 500 nm. Crack growth resis-
tance, in both air and vacuum, and phase transformability were
measured and it was found that:

1. The extent of intrinsic monoclinic phase and also stress-
induced tetragonal to monoclinic phase transformation at the
crack flanks increased with grain size.

2. Consistent with this, the R-curve plateau toughness increased
linearly with grain size, with the exception of the largest
grain-size sample.

3. Plateau fracture toughness in vacuum was 30-40% higher
than that observed in air.

4. This is a result of a reduced critical crack-tip stress intensity
factor for crack propagation due to subcritical crack growth
which subsequently results in a more sharply rising R-curve
in air.
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