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The mechanical properties of layered Ce-TZP/Al2O3 com-
posites with laminate and cellular morphologies have been
investigated. The strength and toughness increase as the
layer thickness decreases, and the amount of transforma-
tion in the Ce-TZP layer increases discontinuously at the
laminate/cellular transition. Very high strengths (1.1 GPa)
and toughnesses (16 MPa?m1/2) have been obtained in some
cases. These results indicate that the progressive refine-
ment of layer microstructure and the disruption of planar
connectivity of phases are beneficial to the mechanical per-
formance, because they provide more stress concentrators
to trigger stress-assisted transformation for toughening
functions. The composites of finer microstructure, with a
layer thickness of≤20 µm, have a homogeneous hardness of
11.5 GPa, which is a considerable improvement over that of
Ce-TZP alone.

I. Introduction

MODELS for the transformation toughening of zirconia1–4

predict that the toughness increases as the transforma-
tion-zone height in the wake of the crack increases. In mate-
rials such as ceria-stabilized tetragonal zirconia polycrystals
(Ce-TZP), however, the transformation is highly overdriven
and proceeds in an autocatalytic manner.5 This activity causes
the transformation to spread unstably over macroscopic dimen-
sions and the crack to follow the transformed microstructure to
immediate failure. As a result, Ce-TZP has only relatively low
strength, despite its impressive transformation plasticity and
toughness. One way to mitigate this problem is to introduce
physical barriers to limit the transformation zone. This method
was first realized by Tsukumaet al.,6 who used dispersed
Al2O3 to achieve higher strength and hardness in Ce-TZP. Sub-
sequent work by Cutleret al.7 further demonstrated the utility
of this approach. The other way of achieving a larger transfor-
mation zone without encountering instability in crack growth is
to force the zone to spread laterally normal to the crack-growth
direction by imposing a layer of another material in the zirconia
matrix. This procedure has been demonstrated by Marshall and
co-workers.8,9 The fracture toughness of Ce-TZP was en-

hanced by the introduction of an Al2O3 layer, which forces the
transformation zone to spread along the Ce-TZP/Al2O3 inter-
face. A toughness of 17.5 MPa?m1/2 was observed in this ma-
terial, along with extensiveR-curve behavior, compared to a
baseline value of 5 MPa?m1/2 in monolithic Ce-TZP. Other
experiments on ZrO2/Al2O3 composites that were performed
by Lucchini and Sbaizero10 have indicated the presence of a
compressive residual stress in the outer layer to be the reason
for increased toughness and strength in the laminates. The flex-
ural strength of these composites was highest when the residual
stress was at its highest value, which was achieved when the
outer layers were Al2O3-rich and the inner layer was at its
thickest. However, the residual stress itself and its strength-
ening effect are expected to be diminished for multilayered
composites.

The height of the spread zone of transformation observed by
Marshall and co-workers8,9 was typically on the order of 300
mm. If this is the upper boundary of the transformation height
normal to the crack plane, then, in theory, only a coherent
length of this order of magnitude is required for the zirconia
layer to attain maximum toughness. Beyond this length, the
zirconia phase may as well be discontinuous. Therefore, the
same toughness enhancement can be achieved in a discontinu-
ous layer composite that has a sufficiently long coherent
length. In addition, the thickness of the layer should be irrel-
evant, as also observed by Marshall and co-workers.8,9 They
performed stable-crack-growth experiments using Al2O3/Ce-TZP
composites with Ce-TZP layers of different thickness (35–70
mm). No significant difference in the toughness orR-curve
behavior was evident. These theoretical arguments suggest that
cellular composites may be a viable alternative to layered com-
posites. As was demonstrated in two previous papers (hereafter
referred to as papers I11 and II12), in a cellular material, the
zirconia is distributed inhomogeneously but still maintains a
coherent length of at least 40mm at a thickness of 4mm.
Therefore, the transformation zone can be expected to be quite
extended within such layers and high toughness might be ob-
tained. In addition, microstructure irregularities in the cellular
composites may help to promote crack branching and deflec-
tion or enhance transformation by providing stress concentra-
tors, thereby achieving a high toughness and strength. This
prospect has been explored in the present work, and promising
results have been obtained.

As reported in papers I11 and II,12 we have developed a
series of bimaterial Ce-TZP/Al2O3 composites with laminate
and cellular microstructures, using colloidal rolling and folding
techniques. These composites have easily tailored microstruc-
tures, in terms of phase connectivity and layer thickness, and
possess excellent sintering characteristics, in comparison to
conventional layered composites. In this paper, the mechanical
behavior of composites that have been fabricated using the
rolling technique is characterized as a function of microstruc-
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ture. Flexure-strength tests,R-curve measurements, and inden-
tation tests were performed at several temperatures to deter-
mine the mechanical properties of the composite. X-ray
diffractometry (XRD) also was used, to correlate the extent of
the stress-assisted transformation of Ce-TZP to mechanical
performance. All the measured properties changed relative to
the microstructure transition, and the cellular materials pos-
sessed superior properties.

II. Experimental Procedure

(1) Materials
All the specimens chosen for mechanical characterization

were prepared using the colloidal rolling and folding method
that has been described in paper I.11 They were folded at least
six times, then fired to almost full density at 1600°C. As shown
in papers I11 and II,12 these composites have a layer of thick-
ness of <60mm, and no microcracks that are due to sintering or
cooling exist. For further details of the processing and micro-
structure characterization, refer to papers I11 and II.12

Three sets of samples were tested. Sample set A refers to
composites that maintain a laminate geometry down to a layer
thickness of 25mm, beyond which it breaks down into a cel-
lular geometry, with ZrO2 being the encased phase. Sample set
B refers to composites that maintain a laminate geometry down
to 70 mm, with Al2O3 being the encased phase in the finer,
cellular microstructure. Sample set C refers to a composite that
maintains a laminate geometry down to 40mm; at a finer scale,
it becomes cellular, with ZrO2 being the encased phase. The
above-described sample designations are the same as those in
papers I11 and II.12

Mechanical considerations dictate that better strength and
toughness can be expected when the crack propagates from one
layer to another. Figure 1 shows that there are two such crack
configurations:x-plane andz-plane. (The crack always propa-
gates in they-direction). Therefore, we have measured the cor-
responding strengths in both thez- andx-directions, in addition
to theR-curves along thex-plane. The above-given convention
also is the same as those used in papers I11 and II.12

(2) Strength Measurements
Strength in thez-direction, as depicted in Fig. 1, was mea-

sured using specimens with dimensions of 17 mm × 3 mm × 1
mm. Their tensile surfaces were polished to a 6mm finish after
cutting and grinding. During grinding, cutting, and polishing,
zirconia on the surface was expected to transform to the mono-
clinic phase. Therefore, before testing, all the samples were
annealed at 1200°C to convert the zirconia back to the tetrag-
onal phase. Then, these samples were fractured in a three-point
flexure configuration on a servohydraulic testing machine
(Model 810, Materials Testing Systems, Minneapolis, MN).
These experiments were conducted at room temperature and at
−50°C, which is just above the martensitic tetragonal/
monoclinic transition temperature (Ms)13 for sample B.
Samples A and C were fractured using the same procedure at
room temperature.

Strength in thex-direction also was measured. For this pur-
pose, samples with dimensions of 20 mm × 4 mm × 1 mmwere
used. These samples were used previous for theR-curve mea-
surements that are described below. Before testing, these
samples also were annealed at 1200°C to convert any mono-
clinic zirconia to the tetragonal phase.

(3) R-Curve Specimens
For theR-curve measurements, the specimen was notched

such that the crack (x-plane) was oriented normal to the layers.
Then, the load was applied in they-direction and the crack
propagated in this direction. Fired samples were ground and
specimens with dimensions of 40 mm × 1 mm × 4 mmwere
cut, with two sides polished to a 6mm diamond finish. The
chosen dimensions were much greater than the width of the

transformation zone that was reported for similar material by
Marshall and co-workers.8,9 Thus, all theR-curve measure-
ments were made in plane-strain conditions. To obtain a stable
configuration for crack initiation, a half-chevron notch was
made, as shown in Fig. 1, using a diamond wafer blade. The
notch had a depth of 1 mm (the longer side) and a width of 200
mm. Then, the specimens were annealed at 1200°C to reconvert
the surface zirconia to the tetragonal phase.

A stable crack was grown from the root of the notch, using
a screw-driven loadframe (Model 4483, Instron, Danvers, MA)
with three-point loading through rollers. Displacement of the
sample was monitored by a deflectometer that was placed at the
notch, as shown in Fig. 2. The displacement of the deflectome-
ter was monitored using a linear voltage displacement trans-
ducer (LVDT). The load was monitored using a 5 kNload cell.
Precracking was done, under displacement control, at a rate of
0.5 mm/s. Load and displacement outputs were monitored dur-
ing the test. Figure 2 shows that the test was stopped when the
load–displacement curve deviated from linearity. Then, the
specimen was visually checked for a sharp crack via optical
microscopy. Specimens used forR-curve measurements were
selected from those that had a straight precrack that started at
the root of the notch, such as that shown in Fig. 3.

(4) Crack-Growth Measurements
The precracked sample was annealed again to reconvert the

transformed zirconia near the crack tip to the tetragonal phase.
A standard three-point loading configuration through rollers—
the same as that for the precracking experiments—was used for
subsequent crack-growth experiments. The crack length was
measured via the compliance method. This method exploits the
fact that the compliance of the specimen is a strong function of
the crack length. The compliance of the specimen can be ob-

Fig. 1. Schematic of specimen configurations ((a) specimens cut
along parallelx-planes orz-planes of a rolled plate, (b) bend bar for
strength in thex-direction, (c) bend bar for strength in thez-direction,
and (d) half-chevron-notchedR-curve specimen). Rolling is along the
x-direction.
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tained by subtracting the machine compliance from the com-
pliance that is measured from the load–displacement curves.
Typically, the specimen was loaded until the load–
displacement curve deviated from linearity. Then, the specimen
was unloaded to a low load (10–20 N) before reloading to a
higher load (see Fig. 4(a)). This loading/unloading cycle was
performed until the crack grew unstably. In all our experi-
ments, however, we could unload the specimens so that the
unstable cracks were arrested and the specimen was still in one
piece after the test.

After correcting for the machine compliance, one can cal-
culate the crack length from the unloading compliance, using
the following equation:14
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Ps3~1 − n2!

DBE8w3 F0.25+ 0.6Sw
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whereP is the peak load of the loading cycle,w the width of

the sample,a the crack length,s the span of the testing con-
figuration,B the breadth of the sample,n the Poisson’s ratio,D
the total displacement of the specimen (given by the sum of the
displacement of the specimen with a crack and the displace-
ment of the specimen at load without a crack (D 4 Dc + Dnc),
and E8 the elastic constant under plane-strain conditions (re-
lated to the Young’s modulusE by E/(1 − n)2). These dimen-
sions are shown in Fig. 1. Compliance was first calculated for
each specimen and plotted as a function of crack length in Fig.
4(b). This plot was used to determine the crack length for the
tested specimen, using the compliance at the peak. To test the
accuracy of the compliance method, calibration experiments
were performed via direct determination of the crack length
after each load/unload cycle by removing the specimen from
the test fixture to measure the crack length optically. This crack
length is plotted against the measured compliance in Fig. 4(b).
The agreement between the estimated and measured crack
length is tolerable in thea/w range of interest (up to 0.75).

Fig. 2. Typical load–displacement curve obtained from the loading
geometry for precracking (shown schematically in the inset); the test
was stopped when the load–displacement curve became nonlinear.

Fig. 3. Micrograph showing a precrack at the root of a notch.

Fig. 4. Typical R-curve measurement technique ((a) load–
displacement curve for load/unload cycles with the correspondingKI
values (in units of MPa?m1/2) at the peak loads and (b) calculated
compliance as a function of crack length). Measured compliance data
from Fig. 4(a), after correcting for the machine compliance, are shown
as filled circles. The crack length is measured optically.
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The fracture toughness (KIC) was calculated as a function of
crack length by using the following expression:14

KIC =
Ps

Bw3/2 fSa

wD (2)

where
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The peak load and the compliance were measured and theKIC
values were computed until no stable crack growth was pos-
sible. To ensure reproducibility, theseR-curve measurements
were performed on two specimens for each material.

(5) Phase Transformation
The amount of zirconia transformation during a fracture

event was quantified using XRD experiments that were con-
ducted on the fracture surface. The samples were loaded in
rotating-anode X-ray unit (Rigaku, Tokyo, Japan), and the frac-
ture surfaces were irradiated using CuKa radiation. The result-
ant XRD pattern was analyzed using JCPDS files for tetragonal
and monoclinic zirconia.‡ The fraction of monoclinic phase
was estimated using the ratios of the integrated intensities be-
low the tetragonal and monoclinic {111} peaks:

% transformed=
@111#m + @111#m

@111#m + @111#m + @111#t

(4)

Because of texturing,15,16this expression overestimates the ac-
tual fraction of monodispersed phase and only provides a rela-
tive measure of the transformation in each sample. Neverthe-
less, this relation is adequate for the purpose of comparing
transformation amounts in different samples.

(6) Indentation Tests
Samples for indentation tests were annealed at 1200°C to

convert the monoclinic phase to the tetragonal phase. Indenta-
tion tests were conducted on a hardness tester (Zwick, East
Windsor, CT), using a Vickers indenter. They were performed
at both room temperature and at 200°C, which is above the
monoclinic-to-tetragonal phase-transformation temperature for
fine-grained Ce-TZP.13 Crack growth from the indents was
observed only at the higher temperature. Five measurements
were made for each sample. The indentations were placed in
the center of both the Ce-TZP layer and the Al2O3 layer, and
the indents were made at a load of 10 kg for 20 s. The hardness
H was calculated from the expression

H =
P

2a2 (5)

whereP is the indentation load and 2a is the diagonal length of
the square indent.

The indentation toughness was calculated for samples that
were indented at 200°C. The toughness was estimated using the
method of Anstiset al.:17

KIC = 0.019SE

HD1/2S P

c3/2D (6)

wherec is the crack length from the center of the square to the
crack tip.

III. Results

(1) Flexural Strength
Figure 5(a) shows the strength of sample B tested at room

temperature in two different directions. The strength is gener-
ally higher in thez-direction (perpendicular to rolling) than in
the x-direction. This observation implies that the layer com-
posites have an orthotrophic symmetry, despite the apparent
similarity of microstructure as reported in Fig. 1. Figure 5(b)
shows the flexural strength of composite samples A, B, and C
as a function ofN at room temperature. The strength is gener-
ally highest in sample B and lowest in sample A. For the
strongest set (sample B), the strength at −50°C, just above the
martensitic burst temperature, also is shown. As indicated by
these data, in general, the strength of the composite increases as
N increases (i.e., the layer thickness decreases). The compos-
ites are stronger at lower temperatures, presumably because of
more transformation. The strength for ten foldings in sample B
increases to 1.1 GPa at −50°C from 550 MPa at room tem-
perature.

(2) Transformation
To correlate strength with the tetragonal-to-monoclinic

transformation, evidence for the transformation was sought on

‡JCPDS Powder Diffraction File Card No. 24-1164 (tetragonal ZrO2) and No.
24-1165 (monoclinic ZrO2), Joint Committee on Powder Diffraction Standards
(JCPDS), Swathmore, PA (now International Centre for Diffraction Data (ICDD),
Newtown Square, PA).

Fig. 5. (a) Flexural strength of sample B at room temperature parallel
(x-direction) and perpendicular (z-direction) to the rolling direction;
the strength increases monotonically asN increases. (b) Flexural
strength in thez-direction as a function ofN for samples A, B, and C
at room temperature and for sample set B at −50°C.

December 1999 Bimaterial Composites via Colloidal Rolling Techniques: III, Mechanical Properties 3433



the side surface and the fracture surface. Optical techniques
such as Nomarski interference failed to distinguish surface up-
lift that could have resulted from transformation. The polishing
behavior of the two phases is different because Ce-TZP is
softer than Al2O3, and, after polishing, the Al2O3 is raised in
comparison to the Ce-TZP on the surface. This surface relief
due to polishing made it difficult to discern surface uplift due
to transformation on the complicated, wavy interface. As a
result, XRD was used to estimate the amount of phase trans-
formation on the fracture surface.

The amount of phase transformation during strength mea-
surements is shown in Fig. 6. (These are the same specimens
that were used for thez-plane strength data in Fig. 5(b). A
systematic shift of the data curves to higherN is observed for
samples B, C, and A at room temperature. In these curves, the
amount of transformation increases from 20% to 30%, and the
increase seems to coincide with the critical number of foldings
for the microstructure transition (N 4 6–7 for sample B,N 4
7–8 for sample C, andN 4 8–9 for sample A).11 This trend
causes the amount of transformation to be generally greater in
sample B compared to sample C, which, in turn, is greater than
in sample A. Note that the same trend in the strength data is
observed in Fig. 5. There also is a gradual increase of the
amount of transformation after the transition, as the cellular
microstructure becomes finer in scale. Again, this observation
is consistent with the increasing strength of the material as the
microstructure was refined.

Lastly, at low temperature, the amount of transformation
increases for both layered and cellular materials, in comparison
to that at room temperature. This increase is∼10% and is quite
substantial. It also corresponds to the considerable increase in
strength. Indeed, as shown in Fig. 7, there is a general corre-
lation between the amount of transformation and the strength.
A higher strength results from a higher amount of transforma-
tion, which itself is dependent on the microstructure, including
the scale and the phase connectivity.

(3) Crack-Growth and R-Curve Behavior
Figure 8 shows the sequence of crack growth from anR-

curve measurement made on sample B folded six times, inter-
rupted several times to obtain optical micrographs. After initi-
ating stably from the notch (Fig. 8(a)), the crack grew unstably
when the load was increased. However, the crack was arrested
after ∼500 mm of travel (Fig. 8(b)). Upon further loading, the

crack grew stably through the layers for∼400 mm (Fig. 8(c)).
Further loading of the sample produced stable crack growth
with very small increments in the crack length, apparently be-
cause of crack deflection at the phase interface (Fig. 8(d)).
After an additional crack growth of 100mm in approximately
five load increments, further loading produced an unstable
crack growth of 500mm (Fig. 8(e)). However, the crack was
arrested∼600mm from the edge of the sample (Fig. 8(f)). The
sample was still in one piece after the test. The critical stress
intensity factor increased from∼7 MPa?m1/2 to 13.5 MPa?m1/2

as the crack approached the edge of the sample.
Figures 9(a) and (b) showR-curves for samples A and B,

respectively, as a function ofN.Each of theseR-curves consists
of the average of the data for two measurements that were
conducted to the point of unstable crack growth. The crack
growth occurred in a similar fashion for the specimens, with
the crack being arrested 400–600mm from the edge of the
sample (i.e., all the specimens were in one piece after the test,
regardless of the shape of theR-curve). The slope of theR-
curve and the maximumKR values seem to be dependent onN

Fig. 6. Amount of transformation on the fracture surface for samples
A, B, and C, as a function ofN (same samples as in Fig. 5(b)).

Fig. 7. Strength as a function of the amount of transformation for samples A, B, and C at room temperature and sample B at −50°C.
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and the microstructure transition. To appreciate the general
trend, we compare some of theR-curves in Fig. 10. (The curves
in Fig. 10 have been displaced horizontally for clarity.) Figure
10(a) compares samples A and B at ten foldings, both with a
cellular structure, and sample A at eight foldings and B at six
foldings, both just before the layer-to-cellular transition. The
cellular structure seems to give a steeper, almost-concave-
upward R-curve, whereas the layered structure gives a shal-
lower, concave-downwardR-curve. After the transition is com-
plete, increasingN or decreasing thickness has a relatively
smaller effect on theR-curve. This phenomenon can be ob-
served, for example, in sample B, shown in Fig. 10(b), forN 4
7–10, all in the cellular structure. In the layered microstructure,
an increasingN and decreasing layer thickness also seem to
have only a small effect on the steepness and the peak value of
the R-curve. This effect can be observed, for example, in
sample A by comparing seven and eight foldings, both with the
layered microstructure (see Fig. 9(a)).

The above-given data are somewhat limited, in that only
three layered materials were characterized. The stability in
crack-growth measurements in our experiments also limited the
range of theR-curves in some cases. In addition, onlyR-curves
of cracks on thex-plane that propagated in they-direction have
been obtained, whereas the presumably strongerz-plane was
not investigated. Overall, however, the data suggest that the
R-curves of the cellular materials are steeper, with higher peak
values than those of the layered materials. Decreasing thick-
ness has a tendency to have a similar effect, although the effect
is less pronounced and is not entirely separable from that of the
microstructure transition.

(4) Indentation
Indentations at room temperature showed no crack formation

in our materials, which is a common observation for Ce-TZP.
Figure 11 shows that the hardness value is dependent on the
location of the indent for samples with a larger layer thickness,
and the hardness of Ce-TZP is considerably lower than that of
Al2O3. At smaller thicknesses, the average hardness values
increase as the layer thickness decreases for all samples. A high
homogeneous hardness of 11.5 GPa is attained after nine fold-
ings, which corresponds to a layer thickness of 15mm (see
paper I).12

Indentations at 200°C showed radial cracks growing from
the indents, which enabled calculation of the toughness of the
composites. (At this temperature, transformation toughening is
substantially lost.13) For thicker layers, the hardness again is
dependent on the location of the indent. For thinner layers,
where the indent encompasses more than one layer, the hard-
ness values increased as the layer thickness decreased (see Fig.
12). The toughness results also are plotted in Fig. 12. The
toughness increases from 4.8 MPa?m1/2 to 5.5 MPa?m1/2 as the
thickness decreases.

Convergence of the hardness values in the different phase
regions as the ratio of indent size to layer thickness increases
has been observed previously by Mummet al.18 Essentially, as
the indent increases in size, it must deform both phases, sam-
pling an average plastic-deformation resistance that is charac-
teristic of the composite. This condition also is believed to be
the case here. However, our hardness value converged to a
higher value than that reported by Mummet al.,18 because,
unlike previous investigators, we did not use a blended Al2O3/

Fig. 8. Optical micrographs depicting the crack-growth sequence in sample B folded six times. Crack positions are marked by arrows. The crack
path often zigzags (Figs. 8(b), (c), and (e)) and sometimes is deflected by a considerable distance (Fig. 8(d)). Crack branching also is visible (Fig.
8(e)). Figure 8(f ) shows that the crack arrested before reaching the edge of the sample.
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Ce-TZP layer for the nontransforming phase. Al2O3 is harder
than Ce-TZP; therefore, the use of unblended Al2O3 increases
the hardness of our composites.

IV. Discussion

(1) Transformation and Strength of
Ce-TZP/ Al2O3 Composites

Referring to Figs. 6 and 10, there is a significant change in
the amount of transformation and theR-curve at the micro-
structure transition. Thinner layers in general, and cellular mi-
crostructure in particular, seem to facilitate the transformation.
The microstructure also affects the strength and theR-curve;
however, the thickness effect seems to be smaller than the
effect of the microstructure transition. The relatively small in-
crease in the amount of transformation as the layer thickness
decreases also was observed by Marshall and co-workers.8,9

They performed stable-crack-growth experiments with speci-
mens that contained isolated thin layers of Al2O3/Ce-TZP—
one 35mm thick and the other 70mm—in an Al2O3 matrix.

The widening of the transformation zone around the 35mm
layer and the 70mm layer was similar in magnitude. Because
the amount of transformation is apparently central to the me-
chanical performance of these composites, it is necessary to
identify the key microstructure feature that triggers the trans-
formation.

Our current understanding of Ce-TZP and its composites
with Al2O3

1,8,9 indicates three major factors that influence the
size of the transformation zone: (i) physical barriers of non-
transforming material, which force the spreading of the trans-
formation zone; (ii) thermal residual stress, which influences
the transformation driving force; and (iii) stress concentrators,
which enhance the local driving force and activate the trans-
formation nuclei. Studies that were conducted by Alexanderet
al.19 on the effect of internal stresses on the transformation
behavior of Ce-TZP/Al2O3 composites show that the residual
stress in Ce-TZP is tensile and aids the transformation. Folding
and rolling in general, and the breakdown of the layer structure
in particular, however, decrease the magnitude of the residual
stress, because of plane bending and phase mixing, as dis-

Fig. 9. R-curve for (a) sample A and (b) sample B, as a function of
N. Note the different curvatures and peakKR values of the curves.

Fig. 10. R-curves for some layered and cellular material, replotted
together for comparison purposes. TheR-curve is steeper and attains
higherK values for cellular materials ((a) samples A and B,N 4 10,
and (b) sample B,N 4 7–10)). Curves are translated horizontally for
clarity.
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cussed in paper II.12 Therefore, the cellular structure and the
thinner layers should not increase the tendency for transforma-
tion within the composite, according to the thermal-stress ar-
gument (the previously given factor (ii)). In terms of physical
barriers to transformation, we note that all the composites have
a similar layer thickness after the same number of foldings (see
paper I, Fig. 5),11 so the volume density of phase interface
between Ce-TZP and Al2O3 that acts as the barrier (such that
the density is proportional to the reciprocal layer thickness) is
the same in both the laminate and cellular composites. Thus, no
difference is expected between layered and cellular microstruc-
tures from this argument (factor (i)) either. Moreover, Reyes-
Morel and Chen5 established that the dispersion of a second
phase that interrupts the phase transformation has a tendency to

suppress the transformation. Thus, a mere decrease in thickness
should have suppressed the transformation and should not
cause the increase of transformation, as we observed. This
determination leads us to believe that the effect of a stress
concentrator (factor (iii)) is dominant and that the cellular
structure of Al2O3 and the thinner layers provide effective
stress raisers that cause the transformation of zirconia at more
locations. Such stress concentrators have the effect of gener-
ating higher strength and toughness in the cellular material.
These stress raisers possibly are the corners, edges, and other
asperities of the Al2O3-phase regions that have a high modulus
and sufficiently high aspect ratios. That is, rodlike or platelike
Al2O3 inclusions are most effective in triggering transforma-
tion in the surrounding Ce-TZP matrix. The number of these
stress concentrators is expected to increase with decreasing
thickness and especially with the layer-to-cellular transition,
which is consistent with the transformation data that have been
observed in our work. This result also is consistent with the fact
that sample B is the strongest, in that sample B has the greatest
tendency to form elongated Al2O3 inclusions.11

Our strength data show a general correlation with the amount
of transformation. Therefore, the above-mentioned discussion
on the effect of stress raisers should be applicable for explain-
ing the strength data. Interestingly, we found that the strength
in the z-direction is higher than that in thex-direction. Higher
strength and transformation may originate from a larger shield-
ing zone or more stress concentrators. To picture the phase
region and the shielding zone of Ce-TZP, we construct, in Fig.
13, flattened Ce-TZP phase regions that have dimensionsLx
and Lz in the two planar directions (thex- and z-directions,
respectively), withLx > Lz, because of rolling. For a layered
composite, the two cracks that propagate along they-axis but
on either thex-plane orz-plane will encounter the same phase
fraction and interface density but different heights of the zir-
conia phase, different shielding-zone widths, and different
numbers of stress concentrators. From a dimensional argument,
we can state that the pertinent dimension is the length scale of
the Ce-TZP region normal to the crack plane, because auto-
catalytic transformation becomes dominant once the transfor-
mation is triggered near the crack plane in an isolated Ce-TZP
region. Therefore, for the crack on thex-plane, the height of the

Fig. 11. Hardness as a function ofN. Solid symbols represent the indents in single-phase layers, and open symbols are those which encompass
both phase layers.

Fig. 12. Toughness and hardness of sample B at 200°C as a function
of N. Solid circles (for hardness values) are the indents in single-phase
layers, whereas open circles represent the indents encompassing both
layers. Indents in either phase gave similar results for toughness.
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Ce-TZP region normal to the crack and, hence, the width of the
transformation shielding zone are both commensurate withLx,
and the number of stress concentrators is related to 1/Lx. Simi-
larly, for the crack on thez-plane, the height of the Ce-TZP
region normal to the crack and, hence, the width of the trans-
formation shielding zone are proportional toLz, and the number
of stress concentrators is related to 1/Lz. If the higher strength
originates from a larger Ce-TZP phase region and a thicker
transformation zone, then the strength normal to thex-plane
should be higher, according to the dimensional argument.
However, this result is contrary to our observation. Thus, the
higher strength of thez-plane is consistent with a greater num-
ber of stress concentrators for such configurations.

The above-described analysis suggests that the composites
that are most prone to stress-assisted Ce-TZP transformation
and have the best mechanical performance are those with the
greatest number of stress raisers from the Al2O3 inclusions.
This observation is consistent with many reports that state the
conventional Ce-TZP/Al2O3 composites with dispersed Al2O3
do not have high toughness,6,7 because the Al2O3 inclusions in
these composites generally are equiaxed and are not effective
stress concentrators. Our results also suggest, as we mentioned
in the introduction, that the length of the Ce-TZP phase region
normal to the crack plane does not need to be excessively long.
Typically, the aspect ratio of Ce-TZP in this study is on the
order of 10 or more, even in cellular composites. Thus, a rela-
tively large coherent length (Lx andLz) (∼40 mm) can still be
maintained at a very fine layer thickness of 4mm. Such a
length (40mm) seems to be sufficient to allow the transforma-
tion to reach its fullest extent. (Otherwise, the strength on the
x-plane, with longerLx, should have been higher than the
strength in thez-plane, with a shorterLz.) Overall, cellular
composites, especially those with Al2O3 as the included phase,
seem to satisfy the above-stated requirements very well. Pro-
vided a strong, traction transmitting interface is maintained
between Ce-TZP and Al2O3 in this microstructure, such com-
posites should provide superior strength and toughness, com-
pared to layered composites and conventional, dispersed-phase
composites.

(2) Strength–R-Curve–Transformation Correlation
The R-curves that are measured from the crack on thex-

plane propagates in they-direction show a systematic increase
with decreasing layer thickness and with microstructure tran-
sition. This trend is qualitatively consistent with the previous
discussion. We have not performed any theoretical modeling to
simulate theR-curves based on a transformation model. How-
ever, because the shape of theR-curves is known to have an
important effect on the stability of crack growth (and, hence,
the strength), we will test this strength–R-curve relation in the
following discussion. This examination will provide another
rationale for the high strength that is observed, by demonstrat-
ing the advantage of a steepR-curve in promoting crack
stability.

The condition of instability of a crack is given by20

S­K

­aDDT

=
­KR

­Da
(7)

whereK is the applied stress intensity factor (which is a func-
tion of crack length) andKR is the materialR-curve property,
which is dependent on the crack length. This condition can be
estimated graphically by drawing, on the same graph, (i)K-
curves at various loads or stresses and (ii) theR-curve, to find
the K-curve that is tangent to theR-curve. The load for such
K-curves then determines the strength of the sample. In reality,
the slope of the load line also is dependent on the compliance
of the loading train and is given by the following expression:20

S­K

­aDDT

= Pf8 +
Pf8

C + CM
(8)

whereP is the applied load,f a function of the crack lengtha
(computed fromK, usingK 4 f(a)P), C the compliance of the
sample,CM is the compliance of the machine, andDT the total
displacement of the specimen and the load frame. Because we
are interested in estimating the strength of an unnotched
sample, the compliance required here is that of a very small
crack length (on the order of processing/machining flaw, taken
to be 50mm in length). This compliance andf can be computed
from Eqs. (1) and (3). For the ease of calculations, a second-
order polynomial was fitted to the compliance function (Eq.
(1)) and a square-root function ofa/w was fitted to calculatef
(Eq. (3)) fora/w4 0.01–0.05. Then,f 8 andC8 were calculated
and their values were substituted into Eq. (8) and integrated
over the crack lengtha to give an appliedK as a function ofa.
To determine the load at failure for the unnotched samples, the
R-curves were shifted to an initial crack lengtha

°
of 50 mm.

Then, the load at which the appliedK is tangent to theR-curve
is determined in the fashion shown in the example of Fig.
14(a). From this load, the stress at which the crack growth
becomes unstable can be calculated. This procedure was per-
formed for all theR-curves, and the results are plotted as a
function of N in Fig. 14(b).

Despite reservations that the measuredR-curves of notched
samples are a good measure of theR-curves of short, natural
flaws,21 the above-described procedure allows us to assess the
importance of theR-curve in the determination of strength.
Note that, because theR-curve was measured on thex-plane,
the only valid comparison is with thex-plane strength of
sample B in Fig. 5. Although we do not have thex-plane
strength data of sample A to compare, the predicted trend of the
strength for this material is comparable to that of thez-plane
strength data shown in Fig. 5(b) for sample A at room tem-
perature. We also see that sample A has a lower strength than
sample B, which is again consistent with the experimental data
(albeit on a different plane). According to the stability argu-
ment, such higher strengths are a direct result of the steeper
R-curves that are obtained at higherN.

Fig. 13. Schematic of the composite, showing flattened phase regions with dimensionsLx andLz (Lx > Lz), cut by thex- andz-direction crack fronts.
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The strength (1.1 GPa at the maximum) and toughness (16
MPa?m1/2) observed in our study, in addition to the very high
hardness (11.5 GPa), are both located at the high end of the
range of the mechanical properties that have been reported for
various Ce-TZP/Al2O3 composites. The highest toughness of
this system–17.5 MPa?m1/2—was reported by Marshall and
co-workers.8,9 However, no strength data were reported in their
paper and, according to our understanding via private commu-
nication, these investigators felt that their samples were too few
to warrant strength measurements, given the prospect of pro-
cessing flaws that may be present. The highest strength of this
system—0.85 GPa—was reported by Cutleret al.7 The tough-
ness of their material was 8.3 MPa?m1/2. More commonly,
there is a trend that a higher toughness is obtained at the cost
of a lower strength, and vice versa.6,7,22,23This phenomenon
usually is caused by the more-gradualR-curve that is associ-
ated with high-toughness materials, in which the high tough-
ness is achieved by increasing the width of the shielding zone
that can be fully developed only after considerable crack propa-
gation. In our materials, however, higher strength and tough-

ness both are obtained as the microstructure is refined. Because
repeated folding and rolling increase the density of stress con-
centrators that trigger transformation toughening, they can
cause both a higher steady-state toughness and a steeperR-
curve at the same time, which leads to a higher strength. More-
over, repeated folding and rolling are likely to reduce the size
of the processing flaws and flatten them so that they are harm-
less for the strength measurements on thex-plane and thez-
plane. Thus, these two reasons can explain why, compared to
other methods of producing layered and particulate composites,
our processing method seems to be advantageous in delivering
good mechanical performance.

V. Conclusions

(1) The amount of Ce-TZP that is transformed during frac-
ture increases as the discontinuity or inhomogeneity in the
Ce-TZP/Al2O3 phases increases, presumably because of the
increasing number of stress concentrators at the Al2O3 asperi-
ties in the cellular microstructure. This relation can be achieved
by decreasing the layer thickness or breaking down the layered
microstructure into a cellular geometry, preferably with Al2O3
as the encased phase.

(2) TheR-curve also is related to the microstructure. This
parameter, in turn, controls the flexural strength of the com-
posites. TheR-curve steepens, and the strength increases, as the
microstructure refines and as a microstructure with Al2O3 in-
clusions is obtained. The strength of the composites further
increases at lower temperature with enhanced transformation.
A cellular composite (sample B) reached a strength of 550 MPa
at room temperature and 1.1 GPa at −50°C. The highest mea-
sured fracture toughness was 16 MPa?m1/2.

(3) The hardness of the composites becomes spatially ho-
mogeneous as the microstructure is refined. In Ce-TZP/Al2O3
composites, a constant value of 11.5 GPa can be obtained in
both laminate and cellular composites with a finer layer thick-
ness (<10mm).

(4) The optimal Ce-TZP/Al2O3 composite for mechanical
performance is that with dispersed Al2O3 regions with a high
aspect ratio. Deformation processing in the colloidal state, us-
ing high-density Ce-TZP and Al2O3 slurries, is an effective
method for producing such a microstructure. The good sinter-
ability of composites that are prepared by the above-described
method is a further advantage.
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