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Abstract

Fracture toughness testing of four 9 mol% Ce-TZP
materials with differing grain sizes has been con-
ducted. Single edge notched beam tests revealed sig-
nificant differences in the stable force—displacement
response during crack extension between these
materials. In all instances there was a marked diff-
erence between optical and compliance estimates of
crack length. This leads to two estimates of the
R-curve response for all the materials. Acoustic
emission and transformation zone size was also
monitored during crack extension. The observations
are discussed in terms of autocatalysis of the phase
transformation in Ce-TZP materials.

1 Introduction

Fracture toughness estimation of Ce-TZP materials
has been conducted by a number of authors.'* In
all instances very large transformation zones and
high fracture toughness values have been obtained.
However, such large and non-uniform zones about
the crack tip are different from other phase trans-
forming partially stabilized ceramics (Mg-PSZ or
Y-TZP). This observation has led to modelling
analysis by Marshall’ and more recently Stump®’
has presented a simulation of this behaviour.

In a previous study of the same Ce-TZP materi-
als, Liu et al.* showed that the measured fracture
toughness depended upon the sample testing
geometry and basis of interpretation of the data.
The size and shape of the transformation zone
depended upon whether tests were conducted on
single edge notched beam (SENB) or compact ten-
sion (CT) geometries. The fracture toughness and
zone size were smaller in the SENB than the CT
test pieces. Also the form of the R-curve was very
different, depending upon whether linear elastic
fracture mechanics (LEFM) or a J-integral approach
was adopted for interpretation of the data. There
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is some question as to whether the J-integral is a
valid approach because of the nature of the ‘plas-
ticity’ about the crack tip and, as will be discussed
here, the estimation of crack length.

This paper presents SENB observations of
crack extension in relatively small samples. The
crack extension is followed by monitoring changes
in compliance, optical crack length and acoustic
emission (AE). From such data the R-curves are
calculated and related to AE events and transfor-
mation zone area.

2 Experimental Procedures

The materials evaluated have been described in
Part I of this study.® Fracture toughness tests were
performed in a three-point flexure rig with a 20
mm span between supports. Specimens were of
dimensions 4-8 X 2-8 X 25 mm with an initial
notch of 2:4 mm. To facilitate optical observa-
tions of nucleation and propagation of crack
extension and transformation zone size, one of the
specimen lateral sides was polished. AE signals
and precision deflection were determined in the
manner described in Part 1.5

3 Observations and Discussion

3.1 Force—displacement behaviour
Force-displacement observations during crack
extension of the four Ce-TZP samples are shown
in Figs 1-4. In all instances the crack extension
behaviour was very stable. The residual crack
opening displacement increased with grain size
from Ce-TZP-I to Ce-TZP-IV. Also the onset of
crack growth, particularly in the case of Ce-TZP-
IIT an Ce-TZP-1V did not occur until significant
offset (marked on the figures) of the force—dis-
placement curve. The numbers within the loops
relate to the load—unloading cycles.
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Fig. 1. Force—displacement data during crack extension of

Ce-TZP-1. The arrows at the bottom of the figure ure where

the photographs of the crack tip were taken. The number

within the loop is the fracture cycle. Inset shows the com-

puted stress intensity factor versus crack extension /. (@),

Optically measured crack length; (O), compliance estimates
of crack length.
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Fig. 2. Force—displacement data for crack extension in Ce-TZP-
I1. Inset shows computed stress intensity factor versus crack
extension for optical and compliance estimates of crack length.

3.2 Fracture toughness: R-curves

Two approaches were used to estimate the frac-
ture toughness, the optical measurement of the
crack length and that from the compliance of the
load—unloading curves in Figs 1-4. The two calcu-
lations of critical stress intensity factor versus
crack length are shown in the insets to Figs -4. In
both instances the stress intensity factor was cal-
culated from the standard relationship:®

K= YaWo a (1

where Y(a/W) is the usual modifying factor, o is
the nominal flexure stress from peak load in the
absence of a crack, a is the crack length and W
the specimen width.

The R-curves determined from the compliance
and optical observations show different trends.
From the optical measurements the R-curve
appears to increase with crack extension, whereas
from the compliance measurements the toughness
appears to decrease with crack extension. This
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Fig. 3. Force—displacement data for crack extension in Ce-TZP-

III. Inset shows computed stress intensity factor versus crack
extension for optical and compliance estimates of crack length.
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Fig. 4. Force—displacement data for crack extension in Ce-TZP-
IV. Inset shows computed stress intensity factor versus crack
extension for optical and compliance estimates of crack length.

Table 1. Grain size and work of fracture for Ce-TZP ceramics

Material  Grain size (wm) y(Jm?) K, = \/2vE (MPa m"?)

Ce-TZP-1 1-14 308 10-4
Ce-TZP-11 1.62 454 12:6
Ce-TZP-111 2:22 494 131
Ce-TZP-1V 30 452 12-6

arises from the significant differences in the esti-
mated crack lengths from the two approaches
used. From the peak load values and calculated
R-curves, Ce-TZP-I is tougher than the remaining
samples. However, if one compares the work of
fracture calculated from the area under the entire
force displacement curve a different conclusion is
reached; namely that Ce-TZP-III has the highest
toughness, as listed in Table 1.

3.3 Compliance observations

The compliance values for all the load cycles were
measured directly from the slopes of the loading-
unloading cycles in Figs 1-4. The crack length was
calculated from the specimen compliance using the
relationship:!?
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where C, is the specimen compliance without a
notch, C° is the compliance measured experimen-
tally, Y is the modifying parameter after Strawley''
and a = a/W.

The difference between optical and compliance
estimates of the crack length are shown in Fig. 5
for all the Ce-TZP materials. In all instances the
compliance estimates of crack length a° are much
less than the optically measured a° values. More
critical appreciation of the influences of the indi-
vidual microstructures on this difference may be
seen by comparing the ratio of the optical to the
measured compliance (C°C°) versus optically
measured crack length, as shown in Fig. 6. A sim-
ple linear relationship was found to exist between
these parameters which could be expressed by:

CO
CC

= A+ ky @ 3)

The basis for these differences in compliance being
caused by measurement errors is excluded, as
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Fig. 5. Comparison between optical a° and compliance a°
estimates of crack length for Ce-TZP materials.
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Fig. 6. Plot of ratio of optical and measured compliance
(C°/C®) versus optically measured crack length a°.

excellent correlation between the two approaches
has been previously reported by Gogotsi et al.'?
for other non-transforming ceramics including
glass and polycrystalline alumina. It is also argued
that optical measurement errors would tend to un-
derestimate crack length and further increase the
discrepancy found in Fig. 5 because of the very
narrow crack opening displacement near the crack
tip. Errors in the determination of the slope of the
load-displacement curves.of Figs 1-4 and thereby
the estimated compliance do not exceed 5%, whereas
the discrepancy between the optical and deter-
mined compliance reaches more than 200%.

The slope of the ratio of C°/C° shows a clear
increase with Ce-TZP materials 1 to IV, which
corresponds to the increase in grain size.! The
discrepancy between ¢ and a°, C° and C° leads to
uncertainty in the estimation of the J-integral
value for toughness. This arises because the J-inte-
gral is calculated with the aid of both load-
displacement curves, as well as the actual crack
length. In the current situation the contradictory
features of both these measurements are likely to
compound errors in its calculation.

3.4 Transformation zones

Optical observations of the transformation zone
about the notch and crack tip were made at the
positions marked by arrows in Figs 1-4. These
micrographs are shown in Figs 7-10. No pro-
nounced transformation zone was observed during
the fracture toughness testing of the Ce-TZP-I
material for different crack lengths (Fig. 7). How-
ever the force displacement observations (Fig 1)
and the optical micrographs (Fig 7) show signifi-
cant residual crack opening displacement.
Whereas, for the remaining materials, the trans-
formation zones were clearly visible in a manner
that enabled both the complex shape of the zone
and the crack length to be appreciated. For
Ce-TZP-II to Ce-TZP-IV the cycle by cycle obser-
vations revealed that the zones did not grow in a
continuous manner but rather in jump-like needle-
shaped zones of different widths and lengths ema-
nating from the notch region. There is a trend of
increasing length and width of such zones for
materials I to IV. As the load increases the num-
ber of bands increases and they coalesce forming a
continuous zone at the notch tip which then
re-extends as several separate needle-like zones. A
crack usually nucleates within the continuous
zone, and as the crack grows this continuous zone
also advances ahead of the crack tip.

From the observations in Figs 7-10 the area of
transformation about the crack tip as a function
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Fig. 7. Optical micrograph of the notch and crack extending
from the notch in Ce-TZP-1. The photograph (at X 70) was
taken at the position arrowed in Fig l.

of crack extension may be estimated. Such measure-
ments are shown in Fig. 11. A linear relationship
may be readily fitted to the data relating the trans-
formation zone area .S to the crack length, namely:

S=8,+k,a (4)

In Fig. 11 S,, the intercept, provides an estimate
of the precrack nucleation size of the transforma-
tion zone about the initiating notch. Then, as
shown schematically in Fig. 12, this zone extends
ahead of the crack during propagation. Thus it is
not surprising that a near one-to-one correlation
exists between the slope of the data k, and the
width of the zone W.

3.5 Acoustic emission

Considerable differences between the AE activity
of the different materials were observed. The
Ce-TZP-I material did not emit detectable events
above the background noise.

The AE events were detected only when a pro-
nounced t — m transformation zone is formed
and there appears to be no correlation between
the number of AE events (Ns) and the trans-
formed area (Fig. 13). The probable reason for
this behaviour is that AE activity is largely deter-

Fig. 8. Micrographs of the crack and associated transformation
zone during crack extension in Ce-TZP-II. The photograph
(at X 70) was taken at the positions arrowed in Fig. 2.

mined not by the size of the transformation zone
area but the jump-like manner in which it is
formed and the number of such occurrences. As
shown in Part I of this study,® the number of AE
counts was correlated with the number of bands
rather than their width.

Another feature from the results in Fig. 13 is
that the commencement of AE activity did not
coincide with crack nucleation and growth. The
absence of AE events in the Ce-TZP-1 material,
despite their occurrence during the beam flexure
testing, suggests that crack growth is accompanied
by much lower intensity activity than the burst-
like t — m transformations. The results for the
Ce-TZP-1I would indicate that without burst activ-
ity AE events do not occur. The absence of AE
activity and any discernable transformation zone
about the crack tip, despite the significant residual
crack opening displacement, is consistent with the
observations made in Part I of this study.® In the
previous paper the residual flexural displacement
upon unloading did not correlate with the number
of transformation bands and in fact the initial per-
manent set occurred in the absence of any bands
or AE activity. It was suggested that this may be
due to ferroelastic grain reorientation occurring
upon the stress level exceeding a critical value and
then, at a higher stress level, transformation and
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Fig. 9. Micrographs of the crack and associated transformation
zone during crack extension in Ce-TZP-1II. The photograph
(at X 70) was taken at the positions arrowed in Fig 3.

the occurrence of bands on the tensile surface.
Matsumoto and Virkar'® have previously sug-
gested such behaviour in a Ce-TZP material on
the basis of X-ray analysis of ground surfaces.
Continuous AE monitoring of complete load—
unload crack extension cycles revealed that events
also occurred during unloading. A typical example
of such behaviour is shown in Fig. 14. In this
instance the unloading curve is non-linear and
does not coincide with the subsequent reloading
line. Such observations suggest that ligaments and
bridges behind the crack tip may fracture during
the unloading cycle, thereby changing the specimen
compliance and also contributing AE activity.
Other evidence in support of ligament formation
was the regularly observed feature of the main
crack arresting and a new crack either initiating
from the notch or adjacent to the main crack.

3.6 Interpretation

In recent papers Stump®’ has addressed the issue
of autocatalysis and the role of shear stresses on
the transformation zone formation in this class of
materials. In particular, in a simulation study
where he systematically varied the shear and dila-

Fig. 10. Micrographs of the crack and associated transformation
zone during crack extension in Ce-TZP-IV. The photograph
(at X 70) was taken at the positions arrowed in Fig. 4.

tional strains associated with transforming parti-
cles, the shape of the transformation about the
crack tip changed from a near cardiod form for
purely dilational strain to needle-like for primarily
shear strain dominated transformation.

However, in order to make use of the concepts
and simulation proposed by Stump, definitions
and estimates of some of the parameters he used
need to be defined, where possible, for the present
materials. The characteristic length dimension,

“comparable to the plastic zone dimension for

metallic materials, is given by:%’
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Fig. 11. Plot of the area of the transformation zone size as a
function of crack length for Ce-TZP-II to Ce-TZP-1V.
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Fig. 14. Acoustic emission monitored during complete load-
ing and unloading cycle for Ce-TZP-1II. Note the acoustic
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where K is the crack tip stress intensity factor for
fracture (K, ~3 MPa m'?), o°,, is the critical mean
stress to trigger the transformation and o, is the

Table 2. Estimates of transformation parameters for Ce-TZP

materials
Material o.(MPa)? B Lipym) P E(GPa)®
Ce-TZP-1 216 432 7-6 43-8 175

Ce-TZP-11 168 56-8 12-8 576 179
Ce-TZP-111 156 61-9 14-8 62-7 181
Ce-TZP-1V 138 68-0 18-9 68-9 176

critical tensile stress for the deviation from linearity
during tensile or flexure testing. The transformation-
toughening parameter, or measure of the magni-
tude of the toughening increment is given by:%’
Ec6" [ 1+v
w = (6)
o 1-v
where ¢, is the volume fraction of transformed
tetragonal phase and 0T the dilational strain asso-
ciated with transformation. Stump introduces two
more parameters that quantify the dilational
strain B and shear strain p associated with the
transformation of a particle; namely

_ Eb6; p= E’)’T
o(l-v " o(l-)

where vy is the transformation shear strain. Taking
typical values for the current materials, namely E
from Ref. 8, v=0-25, K, = 3 MPa m'?, 6; = 0-04,
¥r = 0-05 and values for o, again taken from the
previous paper® (see Fig. 1), leads to the estimates
for B, L and p given in Table 2.

The calculated values of B and p appear to be
very large because of the low values of o, mea-
sured for the present Ce-TZP materials. In fact
these values are all beyond the range that Stump®
simulated. One possible explanation as to why
these estimates are excessive is that no account of
the extent of the phase transformation within the
crack initiated transformation zone is allowed for
in the expressions [eqn (7)].

Thus, possibly a better estimate for 8 and p
would be to include a factor ¢, in eqn (7) which is
the volume fraction of phase transformation
within the zone, typically ~50% or less, although
not measured for the present materials. Such an
approach would approximately halve the values of
B and p estimated.

The increasing values of B and p for materials
IT to IV and the nature of the observed transfor-
mation zone shapes would appear to confirm the
simulations by Stump,® provided that for the
Ce-TZP materials the ratio of shear to mean tensile
stress criteria for transformation was <1. How-
ever this approach does not account for the appar-
ent absence of any transformation about the crack

()
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tip for the Ce-TZP-1 material. Liu et al.* also
did not observe a transformation zone for the
same material when tested in either SENB or
CT geometries. Liu et al* did, however, observe
that the shape and size of the zone from the other
materials was much greater for CT geometries,
presumably because of the lower likelihood of
initiating a transformation zone ‘hinge’ between
the crack tip and the rear surface with SENB
geometries.

4 Summary and Conclusions

The present studies have shown that 9 mol%
Ce-TZP ceramics exhibit very extensive transfor-
mation zones about loaded notches and crack
tips. The size of these zones increases with grain
size and the shape of the zones are comparable to
the simulations of Stump.®’

The measured fracture toughness versus crack
extension showed opposite trends dependent upon
whether the optical or measured compliance value
for crack length was used. In all instances the
measured compliance was greater than that cal-
culated from optical measurements. A linearly
increasing ratio of these two estimates with crack
extension was observed, the slope of which
increased with grain size and transformation zone
size of the Ce-TZP. No evidence of a transforma-
tion zone about the crack tip in the finer grained
Ce-TZP-1 was seen. It is suggested that the high
toughness of this material may be due to ferroelastic
grain reorientation occurring about the crack tip.

Transformation zone size area increased linearly
with crack extension with an intercept at zero
crack growth, indicating that transformation has
occurred about the notch region prior to crack
initiation. No correlation between AE events and
area of phase transformation was found. More
events per unit of transformation area were found
for the finer grained Ce-TZP-II than for the
coarser grained Ce-TZP-IV material. AE events
were also detected during unloading which may

have occurred because of further crack extension
or phase transformation.
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