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Subcritical crack growth in Al,O3 with submicron grain size
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Abstract

Gelcast sintered a-Al,O3 (corundum) ceramics were developed with a sub-pum grain size at densities >99%. Highly perfect
samples with a minimum of flaws were prepared by an approach that maintains the high purity of the raw powder >99.99% Al,O;
throughout processing. As a consequence, all grain boundaries are free of even thinnest amorphous interface films, amorphous
triple junctions are <150 nm, and their frequency is low. Subcritical crack growth was investigated by an approach recording
growth rates as low as 10~'3 m/s. The outstanding purity of grain boundaries gives rise to a resistance against subcritical crack
growth which is similar or even below that of coarser conventional alumina ceramics. No significant promotion of subcritical crack
growth by water was observed for the new gelcast high-purity ceramics with grain sizes <1 pm, and there is no indication of a
threshold Kjo below which no crack growth would occur. The results suggest that in sintered alumina ceramics with a given purity
of grain boundaries the subcritical crack-growth mechanism of stress corrosion is independent of the grain size. With their high
mechanical reliability, these corundum grades are promising candidates for the use in new prostheses for joints with a high load

bearing capability and with small calliper sizes. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Components of high purity sintered alumina ceramics
for use in aqueous media have been produced for sev-
eral decades. Known examples are ball-heads in artifi-
cial hip joint prostheses and dense alumina membranes
in pressure sensors. Remarkable progress in terms of
further improvements in the wear resistance! and
strength? was achieved during the past ten years by the
development of microstructures with grain sizes <1 pm.

Manufacturing of these ceramics requires increasingly
fine-grained powders the compaction of which, how-
ever, is rather difficult. To minimise the size and fre-
quency of defects, liguid shaping procedures starting
from suspensions are attractive. The mechanical proper-
ties of high purity alumina have been improved signifi-
cantly associated with both the availability of new
grades of highly pure, chemically synthesised powders
and with new shaping approaches that enable a more
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homogeneous co-ordination of extremely fine-grained
powder particles, reduce the sintering temperature and
provide, finally, dense microstructures with sub-um
grain sizes.?

Another motivation to develop new shaping technol-
ogies arises when components with more complex
shapes are required (e.g. for a ceramic knee prosthesis).
Whereas the microstructures provided by the new
approach are known to exhibit improved wear! and
strength properties,? little is known about the long-term
reliability of these materials. For example, slow (sub-
critical) crack growth is known to proceed preferentially
along the grain boundaries where crack growth rates are
much higher than within a perfect crystal lattice. With
the increased frequency of grain boundaries in sub-um
ceramics and regarding the importance of this feature
for the reliability of the components, it was the objective
of the present work to investigate the influence of the
grain size and of the state of grain boundaries (depend-
ing, e.g., on doping additives) on the subcritical crack
growth in different environments.

Besides the interest in new materials there is also a
need of additional testing approaches able to assess very
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Table 1

Microstructural and mechanical properties of investigated materials

Grade Dopant Relative Average Vickers Fracture Strength

(Wt.%) density grain size hardness toughness (3-pt-bending)
(") (nm) (HV10) Kic (MPa/m) (MPa)

GC63 0 99.1 0.8 2030 3.9 783+76
GC90E +0.1% MgO 99.3 0.6 2100 33 737+56
Uniaxially dry pressed +0.65% ZrO, 99.8 1.25 1760 3.5 400+60
Commercial reference +MgO 99.8 4-6 1780 3.6 598+33

low crack propagation rates v. At low driving force
(stress intensity) Ky, a power law
v=AK} (1)
is commonly assumed with a parameter A, and Kjg
defines a Kj threshold below which no crack propa-
gation occurs. Obviously, it would provide a clear tech-
nical benefit to find a perfectly safe region of operation
at Ky<Kjy. This, however, is not easy because the
involved crack velocities of sintered alumina are very
low (at least in the region of 10~ ... 10~ m/s which is
the lower limit of double torsion tests>*). To overcome
this lack of experimental data, Fett and Munz® have
analysed static fatigue (strength) data up to 500 h and
derived v-Kj curves down to 107!2 m/s. Again based on
long-time studies, a more simple approach was applied
here to assess similarly low crack propagation rates
without occupying strength testing devices for such a
long time.

2. Experimental procedure
2.1. Sample preparation

The preparation of the materials was described pre-
viously.? Aqueous gelcasting slurries were prepared
from an 0.2 um corundum powder (TM-DAR, Boeh-
ringer Chemicals, Japan; purity >99.99%) with an
additive of a polymerisable monomer. Some of the
microstructures were doped with 0.1% MgO (Table 1).
To avoid any contamination from wear of grinding
balls, the slurries were prepared by stirring assisted by
ultrasonification. After homogenisation, an initiator
was added and shaped samples were obtained by
directly casting the slurry into a mould where con-
solidation occurs by polymerisation of the organic bin-
der. The components were then demoulded, dried,
sintered for 2 h in air and ground.

Fig. 1 gives typical microstructures, Table 1 presents
some microstructural and mechanical data. The density
was obtained by Archimedes’ principle and related to a
theoretical density of 3.9865 g/cm?, the grain size is
given as the linear intercept length multiplied by 1.56.6

The Vickers hardness was measured at a testing load of
10 kgf (98.1 N) with a dwell time of 30 s, the fracture
toughness was derived from indentation techniques
(direct crack length measurement [Eq. (2) below] con-
firmed by indentation-strength in bending). For strength
measurements, the span length in 3-point-bending was
30 mm, the cross head velocity 0.5 mm/min. Additional
tests in 4-point-bending with standard 20/40 mm span
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Fig. 1. (a) Undoped gelcast Al,Os, sintered at 1260 °C. Average grain
size 0.75 pm. (b) MgO-doped gelcast Al,Os;, sintered at 1260 °C.
Average grain size 0.63 pm.
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revealed a strength of 600650 MPa (£65 MPa) for the
gelcast sintered bars.

An analysis of flaws in gelcast specimens revealed that
fracture of low-strength samples (local stress at origin
<600 MPa) was initiated by pores (diameter > 50 um)
in the volume of the microstructures, whereas the frac-
ture of stronger bars started from small (probably
grinding induced) crack near the surfaces.” To investi-
gate the effect of different flaw distributions, additional
samples were prepared from the same powder by uni-
axial pressing (200 MPa). Due to the less homogeneous
compaction, these samples required a high sintering
temperature of 1450 °C for a relative density >99%
(gelcasting: 1260-1280 °C!). As a consequence, their
3-point-bending strength was 400 MPa compared with
about 800 MPa observed for the gelcast bodies.?

2.2. Electron microscope examination

Thin specimens were prepared for transmission elec-
tron microscopy (TEM) by cutting thin slices (<200
um), dimple-grinding to about 10 um, and final Ar-ion
milling. This enables the desired high resolution investi-
gation of specimen areas with a thickness of a few nan-
ometers and with a tolerable surface roughness.

Using the high resolution Philips CM 20 FEG field
emission electron microscope (HREM), run at 200 kV,
the microstructure of grain boundaries without or with
amorphous phases could be imaged down to the atomic
range. The chemical composition near the grain bound-
aries and at individual amorphous grain triple junctions
was estimated by energy dispersive X-ray spectroscopy
(EDXS) with a nanometer resolution (Tracor-Voyager
IT detector system attached to the CM 20 microscope,
operated in the scanning mode).

2.3. Measurement of subcritical crack growth

Subcritical crack growth in an aqueous environment
has to be minimised when a high strength of reliable
components shall be guaranteed for a long period of
use. To avoid inaccuracies from long-range extrapola-
tions, the testing procedure should be able to record
very small rates of crack growth at low driving stress
intensities Kj. When subcritical crack growth data are
obtained from an investigation of the time-dependent
growth of indentation cracks, the driving force is the
residual stress at the indentation site which does not
relax on unloading (plastic recovery is insignificant in
this highly brittle material, and elastic stress relief from
crack growth is considered small with the small increase
of the crack lengths reported below for =5 min—6
months). Very small growth rates can be recorded and
reliable data on the long-time behaviour are obtained
without extensive extrapolation when the crack length is
measured over several months.? The value of starting

data in such investigations is, however, limited when
significant subcritical growth occurs immediately after
unloading before the first optical measurement of a
crack length can start. It was, therefore, recommended
to use this method preferentially for long periods of
growth (weeks — months), where the influence of the
starting inaccuracy is small.?

With an indentation load of F=98.1 N (10 kgf), the
typical crack lengths 2¢ at #p~5 min are about 380-450
pm; after 6 months, they have grown up to 430-520 um.
These cracks are ‘“‘short” compared with the crack
length in precracked bending bars but large compared
with the typical flaw sizes in high-strength ceramics.” In
the fine-grained ceramics investigated here, R-curve
effects are improbable, but, nevertheless, no final infor-
mation on the equivalence of the present results with the
subcritical growth of shorter flaws is available, and any
interpretation should be done with care.

When the subcritical crack growth rate v is given by
the slope dc/d¢ at time ¢, the usual presentation of the
subcritical rate v depending on the stress intensity Kj(c)
in a Kj-v plot requires to associate the observed crack
length ¢(¢) (at a driving force induced by the Vickers
load F=98.1 N) with Kj(c) active at a distance ¢ from
the centre of the indent. It was assumed here that this
stress intensity Kj(c) can be calculated by one of the
equations derived to describe the relationship between
the length of indentation cracks and the fracture
toughness Kj.. The relationship

Kio=§"(E/H)? - (F/c*?) )

originally derived by Anstis et al.® incorporates the
Young’s modulus E and the Vickers hardness H
[approximately independent of load when measured at a
sufficiently large testing load, e.g. as HV10 (Table 1)].
For the empirical parameter §y® a value of 0.023 was
used here as it can be derived for Al,O3 ceramics from
calibrating investigations (Fig. 5 in Ref. 8).

For measurements in distilled water special care was
taken to avoid scattering results originating from a lim-
ited wettability of specimen surfaces® or from the diffi-
cult penetration of the liquid into narrow cracks.!® The
indentation process was, therefore, conducted in water
avoiding any primary contamination of the generated
crack surfaces with air molecules. At the beginning of
crack formation and depending on the velocity of water
diffusion on crack surfaces, this procedure per se does
not exclude a real crack tip situation as in a vacuum.
However, in water the typical crack growth rate at the
beginning of stage II (where increasing K| does not fur-
ther increase the crack velocity because of the slower dif-
fusion of water molecules) is > 10~* m/s for sapphire and
sintered alumina!!1? indicating a diffusion rate of water
on crack surfaces in the range of 100 um/s. It is, therefore,
suggested here that already the first measurement of
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crack lengths (5 min after indentation) addressed
indentation cracks which where completely occupied by
diffused water.

3. Results
3.1. Characterisation of grain boundaries

High resolution electron microscopy was used for
elucidating the influence of the grain boundary structure
on subcritical crack growth. The existence of glassy
phases along grain boundaries and in triple junctions
was of particular interest in these investigations since
subcritical crack growth is known to proceed much fas-
ter in glasses of any composition!3 than in single crys-
talline Al,O5 (independent of the orientation!!-14:13),

Fig. 2 shows a typical HREM image of a grain
boundary in high-purity gelcast Al,O; prepared from
TM-DAR corundum powder. It can be clearly seen that
the atomic planes of adjacent grains directly meet each
other without any amorphous material in between.

Whereas such perfect boundaries can also be found in
most other corundum ceramics, the difference is that
conventional grades exhibit a neighbourhood of both
“clean” boundaries and triple junctions which are filled
with glass and where this amorphous phase frequently
enters parts of the adjacent boundaries.!® With the
technology used for the preparation of the new high-
purity grades investigated here, however, the purity of
the raw powder is maintained throughout the whole
process. As a consequence, no one amorphous grain
boundary film was observed.

/ f & '_1:‘;'—-;";" "'_':l",t

Fig. 2. Typical HREM image of a grain boundary in undoped high-
purity gelcast corundum (from TM-DAR powder). The boundary is
free of amorphous material or crystalline precipitates.

The frequency of amorphous triple junctions is very
small, and the size of these few defects is typically <150
nm (Fig. 3). As expected, an EDX line scan revealed
some local Si enrichment at the position of the amor-
phous triple junction. It should be noted that these Si-
containing triple junctions are also observed when the
same high-purity powder is processed by other approa-
ches (e.g. by pressure filtration); i.e. the silicon impurity
is not a relict of the specific organic additives used in
gelcasting.

Although some triple junctions contain amorphous
material this never extends into the neighbouring grain
boundaries of the ceramics investigated here. This fea-
ture (typical for Al,O3'® boundaries and also for
advanced ZrO,'7) is exemplified by the HREM image of
Fig. 4: while most of the triple area (upper right) is
amorphous, the boundary between the two adjacent
alumina grains is completely free of amorphous material
(lower left).

3.2. Crack growth observations

Fig. 5 displays the results of crack length measure-
ments in air and in water at ambient conditions. Note
that the shorter crack length of the undoped sub-um
gelcast sample (GC63 in Table 1) is just an evidence of
its slightly larger critical stress intensity Kj. given in
Table 1. The subcritical performance, however, is char-
acterised by its change with time at the driving stress
intensity Kj defined by Eq. (2).

In the logarithmic-linear 7-2¢ plot of Fig. 5, the slope
of the curves is similar for all of the investigated micro-
structures, but it has to be emphasised that this slope

Fig. 3. Small amorphous triple junction in high-purity gelcast cor-
undum ceramics.
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gives no immediate information about the subcritical
crack growth performance: the linear appearance of the
curves implies a growth like

deydet ~ 1/t (3)

which is nothing else than the expected general feature
of a crack growth which becomes slower with time
because the crack proceeds into more distant (from the
centre of the indentation) regions of the driving stress
field, then providing lower Kj.

Fig. 4. HREM image of part of a triple junction similar to that of
Fig. 3. The adjacent grain boundary is free of amorphous material.

With this understanding, similar growth rates (slopes)
at shorter crack lengths 2¢ in Fig. 5 give evidence that
after a given time the undoped sub-pm gelcast sample
GC63 exhibits a similar subcritical crack velocity despite
a higher driving stress intensity Ky [Eq. (2)]—the purest
microstructure exhibits the highest resistance to sub-
critical ageing as in air as in water.

Note that Eq. (3) is a purely empirical expression of
the experimental observation of the kinetics displayed in
Fig. 5 and should not be confused with known analy-
tical treatments where Kj terms like Eq. (2) are inserted
into the commonly assumed v-Kj relationship of Eq. (1)
resulting in expressions as

de/dt ~ ¢730/2, (3a)

Equations like (3a) cannot provide an information
about the kinetics of the crack propagation process and
are, therefore, not a substitute for the experimental
result expressed by Eq. (3).

3.3. K;-v diagrams

Fig. 6 associates the observed crack growth rates of
gelcast sub-pm alumina ceramics in air and in water
(from Fig. 5) with the calculated Kj(c¢). Note that
the smallest growth rates dc/ds are as low as 10713 m/s
here, whereas the lower limit of other approaches is
v=>10"% m/s. The similarity of the present results com-
pared with the data published by Shiono et al.l!
(Chevron notch, 4-point-bending) and by Ebrahimi
et al.'? (double torsion, known as prone to R-curve
influences) confirm the general validity of the new

550 '
= TM-DAR GC63 undoped / air
# TM-DAR GC90E +0,1 % MgO / air

—~ 510 =+ TM-DAR GC63 undoped / H20
g - TM-DAR GC90E +0,1 % MgO / H20
% == TM-DAR dry pressed + 0.65 % ZrO2 / H20
g 470 % commercial bioceramics: +MgO / H20
]
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Fig. 5. Development of radial crack length in air and in distilled water. High-purity gelcast sub-pm alumina compared with a uniaxially dry pressed

grade and with commercial bioceramics.
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Fig. 6. Subcritical crack velocity of high-purity gelcast sub-pm cor-
undum ceramics in water (bold graphs) and in air (light) compared
with data from the literature. The differences between water and air
(20 °C) differ for the different ceramics, but apparently they are not
influenced by the different values of the relative humidity of 67%,!!
50%'2 and 40% (present investigation).
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Fig. 7. Subcritical crack velocity of new sub-um corundum ceramics
in water compared with coarser alumina microstructures (one dataset
is displayed for the identical behaviour of the commercial reference
and the uniaxially dry pressed 1.25 pm sample). The parameter n given
for the present results is the exponent from Eq. (1).

approach applied here to record lower rates of sub-
critical crack growth <1078 m/s.

A first important result is that the high-purity sub-pum
ceramics prepared and investigated here do not exhibit a
significant influence of water on the crack length at the
low crack propagation rates <10~% m/s investigated

here. This result is also evident directly from the original
crack length data in Fig. 5.

An understanding of the different impact of water on
the subcritical crack growth behaviour of the materials
in Fig. 6 requires some additional information about
their manufacture and microstructure. Little informa-
tion was provided about purity and flaw distribution of
samples investigated by Shiono et al.'! Ebrahimi et al.!?
produced their sintered ceramics from a powder with a
particle size of 0.25-0.30 um and with a purity of about
99.95% Al,O3 doped with 0.05% MgO (SMS8, Bai-
kowski, France). Whereas the purity should, therefore,
have been slightly lower as in the ceramics investigated
here, their processing data indicate a larger population
of flaws. Cold isostatic pressing at 350 MPa resulted in
a relative green density of 55% and in the following
sintering performance:

relative density 99.2%,

obtained after sintering at 1550 °C and
associated with a grain size of the sintered
microstructure of 1.9 um.

However, with the same powder and a similar shaping
approach (cold isostatic pressing at, however, 700
MPa), one of the present authors obtained a green den-
sity of 59% and greatly improved sintering:

relative density 99.2%,

obtained after sintering at only 1450 °C and
associated with a much finer grain size of the
sintered bodies of 1.1 pm.!®

Since the sintering temperature is a sensitive indicator
of the compaction homogeneity of fine-dispersed pow-
ders,? the big difference of 100 °C provides clear evi-
dence of a surplus of defects in the samples investigated
by Ebrahimi et al.!?

Fig. 7 compares the results in water for the different
materials presented by Table 1 with data from litera-
ture. The most important result is the comparison with
conventional (coarser) alumina ceramics investigated by
Shiono et al.:!! whereas known fine-grained ceramics
exhibit faster subcritical crack propagation than coarser
microstructures''-!° (because of the preference of the
path along grain boundaries at small grain sizes and due
to the faster growth along grain boundaries compared
with the lattice), Fig. 7 shows no indication of acceler-
ated subcritical crack growth in the (highly pure) sub-
pm ceramics. This statement holds independent of the
preparation (uniaxial dry pressing or gelcasting) and
independent of the doping level.

On the other hand, there are obvious differences
between these fine-grained ceramics: the purest
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(undoped) gelcast grade GC63 exhibits the largest resis-
tance to subcritical ageing.

4. Discussion

The high strength of the new sub-um corundum
materials prepared by gelcasting (Table 1) gives evi-
dence of the reduced size and frequency of larger flaws
in these ceramics where fracture starts at grinding
induced flaws of about 20 um size.” The results obtained
here for the subcritical crack growth resistance, how-
ever, are rather surprising:

1. The influence of water.

Water is known to promote subcritical growth in
both single crystalline Al,O5 (sapphire)!* and in
polycrystalline alumina ceramics.> When Figs. 5
and 6 now indicate no (or, at least, an only
minor) influence of water on subcritical growth
in doped and undoped high-purity gelcast cor-
undum ceramics (highly perfect with a minimum
of flaws), it should, on the other hand, be
remembered that the extent of the effect of water
increases ranking from sapphire to coarser alu-
mina and fine grained alumina'' (strongest
impact of water in the finer microstructures,
possibly enhanced further by the presence of
defects as noted above for the samples investi-
gated by Ebrahimi et al.'?). This observation
implies two options: water promotes subcritical
crack growth preferentially

(1) in the local regions of lattice disorder

along grain boundaries, and/or
(i1) in microstructural regions with segregated
impurities in grain boundaries.

The present result of a minor influence of water
on subcritical crack growth in extremely fine
grained (sub-pm) but high-purity polycrystals
favours the second explanation (ii).

2. The effect of grain size.

It was repeatedly reported that in conventional
alumina ceramics microstructures with grain
sizes of about 4-10 pm exhibit faster subcritical
crack growth at smaller driving stress intensities
Kj (in air) than coarser grades with grain sizes
between 20 and 30 pm.!H1°

Since glasses of any composition exhibit faster
subcritical growth rates than sapphire (of any
orientation), again the two reasons (i) and (ii) are
possible as outlined above.

And again the present observation of no dete-
rioration of the subcritical growth resistance in
the new sub-pum but high-purity ceramics favours
the interpretation, that impurities (segregated in

grain boundaries and present as second phase
inclusions in triple points) are more detrimental
to subcritical ageing than a ‘“pure” atomic dis-
order along the boundaries. This conclusion is in
a fair agreement with the observation of Ebra-
himi et al. (on similarly high-purity alumina):
increasing grain sizes >2 pum lead to enhanced
crack resistance, but a unique Kj-v law is
obtained if the R-curve effect is subtracted.'?

Concluding, the present results suggest that both

e the surprising lack of a significant promotion of
subcritical crack growth by water, and

e the observation that the new sub-um Al,O3
ceramics exhibit subcritical growth rates similar
to or even below those reported for coarser con-
ventional grades have to be attributed to the
outstanding purity of the grain boundaries in the
new Al,O3 ceramics.

This general conclusion is further substantiated by the
observation that among the ceramics investigated here
all doped microstructures exhibit slightly higher sub-
critical growth rates than the undoped grade GC63
(Fig. 7).

However, the specific nature of the mechanism how
doping additives or impurities affect the resistance
against subcritical crack growth is not clear at present.
The 0.1% MgO doping level in GC0E is well above the
limit of solubility at sintering, it is, however, too small
to give readily observable second phase particles of
MgO or spinel in the alumina microstructure. Never-
theless, there is an “active” presence of the MgO dopant
throughout sintering (as evidenced by the reduced grain
size — cp. Table 1). When, with this dopant GC90E
exhibits enhanced subcritical crack growth (Fig. 7) in
spite of the absence of second phase precipitates, this
observation may indicate a sensitive response of the
subcritical growth resistance to atomic segregation of
less than one monolayer.

Whereas the present investigations were intentionally
focused to record very small rates of crack growth,
additional experiments able to assess higher rates in
these sub-um microstructures are clearly desirable to
answer open questions. If, for example, all MgO doped
samples in water exhibit slightly higher subcritical
growth rates than the undoped grade GC63 (Fig. 7),
doping should also induce a stronger effect of water,
and even the highly pure undoped grade GC63 should
exhibit some influence of water as it is known for pure
corundum single crystals. Fig. 6, however, does not
reveal such effects, probably because the crack propa-
gation rates assessed by the present approach are too
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low: most of the previous investigations comparing
subcritical growth of single or polycrystalline Al,O5 in
dry air, wet air or water resulted in similar or identical
Ki—v curves in these different media at the low crack
growth velocities <107%...107° m/s of the “‘stage I’ v ~
K7 relationship, and a real difference between dry and
wet (aqueous) conditions was often revealed by different
rates in the later “stage II”” only (i.e. at higher crack
velocities >10~% m/s).>!1:14 Such high rates have not
been recorded by the present tests and are not dis-
played, therefore, in Fig. 6.

With crack growth rates in doped gelcast GCI0E
beyond the data of dry pressed samples (uniaxially
pressed from TM-DAR, and cold isostatically pressed
commercial grade), Fig. 7 suggests a minor influence of
defects on the subcritical crack resistance for these
microstructures. Probably it is the real structure of grain
boundaries which is the governing factor in all these
high-purity and rather perfect sintered alumina micro-
structures.

Note that after 6 months of aging in water and with
crack propagation rates as low as 10~'3 m/s the results
in Fig. 7 do not provide any indication of a threshold
Ko neither for the three high-purity grades with differ-
ent grain sizes, doping levels and defect populations nor
for the commercial reference. This observation has to be
compared with early® and recent results* obtained in air
with most different aluminas (purities 95% Al,O3 up to
biomedical grade, grain sizes 1.7-25 pum) where all
reported data down to rates of about 10~!'1... 10719 m/s
are perfectly on usual v ~ Kf lines, and only very few
data at still lower velocities* have been addressed by the
authors as an indication of a static fatigue limit Kj,.
However, these smallest crack velocities have been near
or beyond the lower limit of propagation rates that
could be assessed by the applied double torsion method.
It appears, therefore, that the present and most of the
previous data indicate a threshold Kjy, which—if existent
at all—refers to very low rates <10~!> m/s. Surpris-
ingly, this finding appears to be independent of the
grain sizes and the purity.

5. Conclusions

Subcritical crack growth was investigated by an
approach which enables to record growth rates as low
as 10713 m/s. These data reduce the extent of extrapola-
tion when lifetime predictions are required to evaluate
the long-term ageing behaviour of load bearing cera-
mics. Down to 10713 m/s there was no indication of a
threshold Kj neither for the investigated high-purity
samples nor for the commercial reference.

Gelcast corundum ceramics for applications in aqu-
eous environments were prepared from a powder with
>99.99% Al,O3 by an approach that maintains the

high purity throughout processing. As a consequence,
all grain boundaries are free of even thinnest amor-
phous interface films, amorphous triple junctions are
<150 nm, and their frequency is low.

It is probably the outstanding purity of grain bound-
aries in these new ceramics which gives rise to an
improved resistance against subcritical crack growth:

e The sub-pum ceramics with their improved hard-
ness and strength exhibit subcritical growth rates
which — at same driving stress intensity K; —
are similar or even below those known for
coarser conventional alumina ceramics.

e Contrary to conventional corundum grades, no
significant promotion of subcritical crack growth
by water was observed for the new gelcast high-
purity ceramics with grain sizes <1 um and with
a minimum of defects.

The results suggest that—with a given purity of the
grain boundaries in sintered alumina ceramics—the
subcritical crack-growth mechanism of stress corrosion
is independent of the grain size.
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