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ABSTRACT

The transformation strains responsible for toughening of ZrO, materials have
been measured directly using Moiré interferometry and a high resolution strain mapping
technique based on digital image correlation. Results were correlated with Pamen
spectroscopy and finite element calculations. Calculations of the crack tip shielding in
Ce-ZrO,, indicated that the fracture toughness cou!d be increased by a factor of 2 by
modifying the microstructure to change the shape of the transformation zone ahead of
the crack tip. Layered composites of Ce-ZrO, and Al,03/Ce-ZrO, have been explored
as a means of achieving such zone modifications. Using a colloidal technique, multi-
layered composites with layer thickness as small as 10 um have been fabricated. These
layered structures have been observed to interact much more strongly than expected
with the transformation zones, causing widening of the zone to the side of the crack as
well as modification of the frontal region. The potential exists for extremely high

fracture toughness in such systems.
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1.0 INTRODUCTION

The goal of this research is to develop a basic scientific understanding of
factors that dictate the mechanical properties of transformation toughened ceramics and
to use that understanding to design and fabricate microstructures with improved
properties. Our approach is to develop and use new methods, such as Raman spectro-
scopy and high resolution strain measurement techniques, to measure transformation
characteristics directly within zones surrounding crack tips, and hence, in combination
with mechanics modeling to deduce the toughening mechanisms and relationships
between microstructural characteristics and macroscopic properties. With the guidance
and insight gained from such experiments, new microstructures are being designed to
optimize the desirable properties. Detailed results of the research done during the past
year are contained in papers that are included as Sects. 3 to 6 of this report, and which
have been published in or submitted to the journals noted on the cover pages. The results
of these as well as some other ongoing work are briefly summarized below.

Direct measurements of the residual strains that are responsible for crack tip
shielding have been obtained within the transformation zones surrounding cracks in
Mg-PSZ using two techniques (Sect. 3): Moiré interferometry and hign resolution strain
mapping by digital image correlation. Both methods provide maps of differential
in-plane displacements within the specimen surface that is intersected by the crack, the
latter method with the higher resolution (by about an order of magnitude). The results
were compared with finite element analysis to assess surface relaxation effects, and the
measured strains were used to evaluate the crack tip stress intensity factor. The
calculated shielding, assuming that the net transformation strain was only the
hydrostatic component, was consistent with the equivalent calculation using Raman
measurements. However, both were smaller than the observed toughening. An approach
for determining the shielding contribution due to nonhydrostatic strain components, using
in-plane and out-of-plane residual strain measurements with finite element modeling,
was out!ined. Most of the sirain measurements were done during the previous year of
this contract, with the detailed FEM analysis, additional Raman spertroscopv and
correlation with measurements being completed during the past year.

1
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Several other studies directed towards understanding the nature of the phase
transformation responsible for toughening are in progress. A shape-memory effect has
been observed by heat treating Mg-PSZ compact tension specimens containing cracks to
remove the transformation zone (i.e., transform monoclinic particles within the
transformation zone to the tetragonal phase). The subsequent retransformation during
ambient temperature aging (over periods of several months) has been monitored by
measuring changes in crack opening displacements and correlating them with direct
measurements of transformation by Raman spectroscopy and out-of-plane displacement
measurements (Sect. 4). Further detailed measurements are being made of in-plane and
out-of-plane transformation strains in Mg-PSZ to allow direct distinction between
hydrostatic and nonhydrostatic strains. Collaboration is continuing with
Professors R. McMeeking and A.G. Evans of University of California at Santa Barbara to
simulate resistance curves for subcritical transformation by finite element analysis,
using as input some of the Raman measurements of steady state zone characteristics.
Such simulation will provide valuable insight into the initiation condition for

transformation.

Calculations of the crack tip shielding due to transformation zones with the
unusual elongated shapes observed in Ce-TZP ceramics are presented in Sect. 5. Raman
studies of the transformation zone characteristics were also done in collaboration with
Professor D. Shetty. High fracture toughnesses (in the range 12-20 MPa-ml/Z) have been
observed in these materials, in which the transformation zone extends ahead of the crack
a distance ~ 10 to 20 times the zone width (this shape contrasts with that of other Zro,
ceramics where the zone extends approximately equal distances ahead and to the side of
the crack). Two important conclusions were drawn from the results: (1) the calculated
stress intensity factors confirmed that the measured fracture toughness in Ce-TZP is
consistent with the toughening being due to crack shielding from the observed
transformation zones - this contrasts with speculation in the literature that crack tip
shielding is not responsible for the toughening, but instead, a Dugdale zone mechanism
operates; (2) given that transformation shielding is responsible for the observed
tcughening, the calculations show that if the microstructure could be modified to
elimincte the elongation of the zone ahead of the crack, the toughness could be increased

by a factor of approximately 2, making these the highest toughness ceramics known.

2
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Based on these calculations and our understanding of the formation and arrest
of autocatalytic transformation bands in Mg-ZrO, ceramics, several types of dual scale
microstructures in Ce-ZrO, have been fabricated and tested with some remarkable
results (Sect. 5). These dual scale microstructures contained barriers to transformation
with a spatial scale ~ 100 times the grain diameter, in the form of either A,04 platelets
or Al,O4 layers (or Al,03/ZrO, mixture). The layered composites exhibited toughening
effects much larger than we expected (Sect. 5); as well as preventing the detrimenta!
autocatalytic transformation directly ahead of the normally incident crack, the layers
caused extensive widening of the transformation zone normal to the crack (which is
beneficial to toughening). The enhanced widening eftect is not yet fully understood, but
is most likely due to both the nontransformability and the higher elastic modulus of the
A1203 layers. The layered composites were fabricated using a colloidal method
developed in collaboration with Professor F.F. Lange (U.C. Santa Barbara). The
technique has been used to produce layers with thickness as small as 10 um, an order of
magnitude smaller than that of conventional tape casting methods used to fabricate

multilayered structures.

Further development of this and related systems will continue in 1991. Our
initial observations and development of the fabrication technique for layered composites
were done with a commercial Ce—ZrOz material that has relatively small transformation
zones in the absence of our layered structured. Composites are being fabricated with
Ce-ZrO, supplied by Dr. R. Cutler of Ceramatec, which exhibit the very large zones and
higher toughness. The transformation zone enhancement observed in layered composites
is also expected in composites containing continuous Al,O3 fibers in Ce-ZrO, matrix.
Such composites are being fabricated using sapphire fibers.

3
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2.0 PUBLICATIONS, PERSONNEL AND TECHNICAL PRESENTATIONS

2.1 Publications
(a) Publications in press or in preparation from work done in 1550:

l.  "Direct Measurement of Transformation Zone Strains in Toughened
Zirconia,” by M.S. Dadkhah, D.B. Marshall, W.L. Morris and B. Cox, J.
Am. Ceram. Soc., in press.

2. "Enhanced Toughening in Layered ZrO, Microstructures," by
D.B. Marshall, F.F. Lange and J.R. Ratto, in preparation for J. Am.

Ceram. Soc.

3. "Transformation Recovery in Mg-RSZ after High Temperature
Annea.ing," by M.C. Shaw, D.B, Marshall and A.H. Heuer, in preparation

for J. Am. Ceram. Soc.

4.  "Resistance Curve Simulations in Transformation Toughened Materials,"”
by C.L. Hom, R.M. McMeeking, A.G. Evans and D.B. Marshall, in

preparation for J. Am. Ceram. Soc.
(b) Publications in print 1989 and 1990:

1. "Crack Shielding in Ceria-Partially Stabilized Zirconia," by
D.B. Marshall, 3. Am. Ceram. Soc. 73(10), 3119-21 (1990).

2. "Crack Tip Transformation Zones in Toughened Zirconia," by D.B.
Marshall, M.C. Shaw, R.H. Dauskardt, R.QO. Ritchie, M. Readey and A.H.
Heuer, J. Am. Ceram. Soc. 73(9), 2659-66 (1990).
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3. "Cyclic Fatigue Crack Propagation in Mg-PSZ Ceramics," by R.H.
Dauskardt, D.B. Marshall and R.O. Ritchie, J. Am. Ceram. Soc. 73(4),
893-903 (1990).

4.  "On the Thermoelastic Martensitic Transformation in Tetragonal ZrO, by
A.H. Heuer, M. Ruhle and D.B. Marshall, 3. Am. Ceram. Soc. 73[4] 1084-
93 (1990).

5. "Reversible Transformation and Elastic Anisotropy in Mg-PSZ," by D.B.
Marshall and M.V. Swain, J. Am, Ceram. Soc. 72[8], 1530-32 (1989).

6. "Cyclic Fatigue-Crack Propagation in Ceramics: Behaviour in Overaged
and Partially Stabilized MgO-ZrO,," by R.H. Dauskardt, D.B. Marshall
and R.O. Ritchie, Mat. Res. Soc. Proz. on Fracture Mechanics of

Structural Ceramics, 1989.

7.  "Structural and Mechanical Property Changes in Toughened Mg-PSZ at
Low Temperatures," by D.B. Marshall, M.R. James and J.R. Porter, J.
Am. Ceram. Soc. 72[2], 218-27 (1989).

2.2 Personnel

The principal investigator is Dr. D.B. Marshall. Other contributors from the
Rockwell Science Center were Dr. M. Dadkhah, Dr. W.L. Morris, Dr. B.N. Cox, Mr. M.
Shaw (also a part time graduate student at U.C. Santa Barbara), Mr. E. Wright and
Mr. J. Ratto. The program has also benefitted from several informal collaborations with
universities: Professors F.F. Lange, R. McMeeking and A.G. Evans and graduate student
C.L. Hom, from U.C. Santa Barbara; Dr. R.H. Dauskardt and Prof. R.O. Ritchie from
U.C. Berkeley; and Prof. A.H. Heuer and Dr. M. Readey from Case Western Reserve

University.
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Technical Presentations

1. Albrecht-Rabenau Symposium on Ceramic Science, Max-Plank-Institute
(Tegernsee), June 1990 invited lecture, ™Modeling of Mechanical

Properties.”

2. American Ceramic Society Annual Meeting, Dallas, April 1990, invited

lecture, ™i'ransformation Zones in ZrOz."

I. 4th International Conference on Science and Technology of Zirconia,
Anaheim, Nov. 1989, Invited keynote speaker: "Crick Tip Zones in

Transformation Toughened Ceramics.”

2. 3rd Int. Conf. on Fundamentals of Fracture, Irsee, Germany, June 1989,
Invited speaker: "Crack Tip Zones in Trarsformation Toughened

Ceramics.”

3. American Ceramic Society Annual Meeting, Indianapolis, April 1989,
"Characterization of Transformation Zones in Toughened Zirconia."”

4, 13th Annual Conf. on Composites and Advanced Ceramics, Cocoa Beach,
Jan. 1989, "Cyclic Fatigue Crack Propagation in Advanced Ceramics."
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3.0 DIRECT MEASUREMENT OF TRANSFORMATION ZONE
STRAINS IN TOUGHENED ZIRCONIA

J. Am. Ceram Soc., in press.
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DIRECT MEASUREMENT OF TRANSFORMATION ZONE
STRAINS IN TOUGHENED ZIRCONIA

M.S. Dadkhah, D.B. Marshall, W.L. Morris and B.N. Cox
Rockwell Science Center

1049 Camino Dos Rios
Trousand Qaks, CA 91360

ABSTRACT

Residual :rains responsible for ctack tip shielding have been mieasured within
transformation zones s.-rounding cracks in Mg-PSZ. Two techniques were used tor st.ain
measurernent: moiré interferomic tiy and high resolution image matching. Both miethods
provide maps of differential in-plane displacements within the specimen surface
intersected by the crack, the latter method with the higher resolution. The results are
compared with finite element analysis to assesc sutface relaxation effects, and the
measured strains are used to evaluate the crack tip shielding stress intensity factor.
Calculations based on the assumption that the unconstrained transformation strain is
hydrostatic dilatation yielded results that were significantly smaller than the measured

toughness mcreases.
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1.0 INTRODUCTION

The high fracture toughness of certain zirconia containing ceramics has been

1-10 The strains result

attributed to shielding of crack tips by transformation strains.
from shape changes assoclated with the martensitic tetragonal-to-monoclinic trans-
formation within limited zones surrounding the cracks. The existence of such zones has

6,11-14

been detected by several techniques: x-ray diffraction, transmission electron

microscopy,é’lj’l(’ 17-21

and Raman spectroscopy, all of which detect the presence of
the monoclinic transformation product.

If the net transformation strain was known unambiguously, these zone
measurements would allow calculation of the degree of crack tip shielding, and hence, a
direct comparison of transformation toughening theory and experimental toughness

10,22-27

measurements, The transformation strain is composed of both shear (16%) and

dilatational (L}%) CO’”POHGH[S,Z’g’ 10

However, the long-range shear component can be
partly, or completely, relieved by twinning in the monoclinic product, thus introducing an
uncertainty of approximately a factor of two in calculating the toughening.lo Elimina-
tion of this uncertainty requires techniques that provide direct measurement af trans-
formation strains within the crack zone. Indirect measurements of the strains have been
obtained from optical interference measurements of out-of-plane surface distortions due

to the transformation Strams.m’z‘&y31

In this paper, we present measurements by high
resolution displacement mapping and moiré interferometry of transformation strains
normal to the crack plane within the wake of the crack. This technique could potentially
be used, in conjunction with out-of-plane displacement measurements and finite element
modeling, to deduce the net transformation stram directly.  In the present work,
preliminary measurements and tinite element analysis are used to evaluate the crack tip
shielding, as<ciinng purely dilatational strain,

2
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2.0 EXPERIMENTAL

2.1 Materials and Crack Growth Experiments

The test material was a partially stabilized zirconia containing 9% MgO

20,21 Fabrication, heat-treatment and micro-

(MgPSZ), as used in previous studies.
structure are described by Hannink,32 and Hannink and Swain.7 Two final heat
treatments, which involved subeutectoid annealing at 1100°C, were used to make
materials with steady-state fracture toughnesses of 12 and 16 MPa-ml/z. The micro-
structures were composed of cubic ZrO, grains of ~ 50 ym diameter, containing lens-
shaped tetragonal and monoclinic precipitates (~ 40% by volume) with largest dimension
~ 300 nm. Recent study has shown that the subeutectoid heat treatment used to
manipulate the stability of the tetragonal precipitates (and hence the toughness) also
causes formation of a large amount of the é-phase, Mg,Zr5O,,, both at the precipitate
boundaries and throughout the matrix.”

Cracks were grown stably under measured loading conditions in compact
tension fracture mechanics specimens of dimension 25 « 30 x 2 mm. A loading fixture

that could attach to the stage of an optical microscope was used, to allow.in situ

observation of the crack tip and wake zones by several techniques.

2.2 Qut-of-Plane Displacement Measurements

Qut-of plane displacements of the specimen surface adjacent to the crack (u2
in Fig. [) were measured by optical interference microscopy. The interference measure-
ments were obtained from the surface of the compact tension specimen which had been

polished flat prior o introduction of the crack.

3
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2.3 in-Plane Strain Measurements

_ . S -
Transformation strains, ey, , normal to the crack plane (Fig. 1) were measured
by two techniques (the superscript S denoting strains measured at the specimen sur-

face). One technique was moiré interferometry,%

which involved gluing a diffraction
grid to the surface cf the compact tension specimen before growing the crack, and then,
during loading to extend the crack, illuminating the surface with a He-Ne laser (wave-
length 632 nm) in the configuration of Fig. 2. In this set up, half of the incident beam
impinged directly onto the specimen surface, while the other half, after reflection from
a plane mirror, was incident in a symmetrical direction to produce a virtual reference
grating. The combination of this reference grating and the diffraction grating bonded to
the specimen produced the moiré pattern, which was recorded photographically. The
moiré pattern consists of a set of fringes, which represent contours of constant
displacement in the x, direction, the increment between adjacent fringes being equal to
the period of the reference grating (0.417 um). In the present experiments, this technique
allowed strain resolution of 107> over gauge lengths as small as 40 um.

The second technique of in-plane strain measurement entailed digital image
matching of high magnification optical micrographs, taken from the surface of the
compact tension specimen before and after passage of the crack. The image matching
provides maps of relative displacements of corresponding features within the "before"
and "after" images. This technique (referred to as HASMAP) has been described more
fully in reference 35. In the present experiments, the specimen surface, which had been
highly polished after heat treatment, was coated with a thin (~ 100A) layer of gold then
decorated with submicron MgO crystallites {(from smoke of burning Mg) which provided
the refercence features for tmage matching. Then a set of optical micrographs were

obtained from the regions ahead of the notch while the specimen was in the loading

4
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fixture, before the load was applied. After applying the load and growing a crack of

sufficient length to reach steady state (in toughness and transformation zone size),
another set of micrographs, which exactly matched the first set in position and imaging
conditions, was obtained. Analysis of these micrographs provided x| -X3 displacement
maps with relative displacement resolution of ~ 100& (substantially smaller than the
point-to-point image resolution). The usable gauge length for strain measurement was as

small as 10 um, substantially smaller than that achievable by moiré interferometry.

3.0 EXPERIMENTAL RESULTS

3.1 Moiré Interferometry

Moiré interference micrographs from a compact tension specimen containing a
steady-state crack are shown in Figs. 3(a) and 3(b). The crack was grown stably from the
notch a distance of 5 mm, unloaded (Fig. 3(a)), then reloaded and extended a further

1/2‘

1.7 mm (Fig. 3(b)). The steady-state fracture toughness was 16 MPa+m In other

specimens that were subjected to the same heat treatment in an earlier study,21
increasing crack resistance curves for the initial -2 mm of crack extension and
transformation zones of ~ | mm in width (from Raman spectroscopy) were reported.

The fringes in Figs. 3(a) and 3(b) represent contours of constant displacement
in the direction X normal to the crack. Therefore, in these micrographs, an area of
constant normal strain, e? y In the x; direction would give rise to equally spaced
horizontal fringes; an area of pure rotation or shear, e?z, would cause equally spaced
vertical fringes; and areas of mixed normal strain e? and either rotation or shear would
give inclined fringes. (To distinguish rotation and shear a second moiré image would be

needed with the plane of incidence of the laser rotated by 90°). Several zones

5
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surrounding the crack in Fig. 3 can be identified. Behind the crack tip and far from the
crack plane (top left and bottom left of the micrographs), nearly pure rotation (or shear
strain) is evident, whereas adjacent to the crack plane in the wake region, there is mixed
rotation and normal strain, with the normal strain component e? being tensile.
Surrounding the tensile region is a zone in which e? is compressive. The compressive
strains are caused by Poisson's contraction, associated with out-of-plane displacements
of material outside the transformation zone (see Sect. 4).

The out-of-plane displacements were measured from optical interference
micrographs (Fig. 4(a)) obtained from the wake region of the crack in Fig. 3. The fringes
in Fig. 4(a) represent contours of constant separation of the specimen surface and an
inclined reference mirror: equally spaced horizontal fringes represent a flat specimen
surface, whereas the fringe deflections towards the bottom of the micrograph indicate
surface uplift. The narrow region (~ 20 um width) immediately adjacent to the crack in
Fig. 4(a), where the fringes deflect in the opposite direction, towards the top of the
micrograph, is due to deformation of the moiré grid and glue, and corresponds to the
region in Figs. 3(a) and 3(b) near the crack where the moiré fringes become indistinct.

The residual in-plane and out-of-plane displacements, u; and Uy, obtained from
the steady-state wake region of Figs. 3(b) and 4(a), are compared in Fig. 4(p); the
distances from the crack plane over which u,; and u, are non-zero are similar. The
corresponding variation of the normal strain e? with distance from the crack is shown in
Fig. 4(c). Also plotted in Fig. 4(c) is the result of a finite element calculation that takes

into account the effects of surface relaxation on the strains e? (see Section 4).

6
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3.2 High Resolution Displacement Field Mapping

The image matching technique was used for generating in-plane displacement
maps for the lower toughness material; because of its smaller transformation zone, the
higher resolution of this method was needed to obtain information from within the zone.
Optical interference micrographs from the steady-state crack used for analysis are
shown in Figs. 5(a) and 5(b); these micrographs were obtained with the reference mirror
parallel to the undistorted specimen surface, so that the fringes represent contours of
constant out-of-plane displacement, at increments of au, = 270 nm. The degree of
uplift in the uniform wake zone (approximately 0.8 um adjacent to the crack) and the

=12 MPa-ml/z, are the same as In
20,21

measured steady-state fracture toughness, K.

nominally identical materials used in two previous studies, and referred to therein
as "mid-toughened.” Rows of indentations visible in Figs. 5(a) and 5(b) near the crack
were introduced using a Vickers indenter at ZN load, to provide references for precise
alignment of the micrographs taken before and after crack growth.

Results of the displacement analysis from the region adjacent to the crack in
Fig. 5(b) are shown in Fig. 5(c). The strains e? normal to the crack are plotted on the
vertical axis, and the x|-x3 plane corresponds to the area marked on Fig. 5(b). The
actual micrographs used for analysis (not shown) were obtained at magnification of 280
using a X25 objective lens with nurerical aperture 0.45. The residual strain e? is tensile
within approximately 50 um of the crack and compressive beyond. The strain distribution
is qualitatively similar to the result from moiré interferomeiry from the higher
toughness material, but the zone width is smaller.

The magnitude of the strain adjacent to the crack is quite variable at different

locations along the wake. The amplitudes of the variations are about an order of

magnitude larger than the sensilivity of the measurements. Moreover, there is a one-to-

7
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one correspondence between the nonuniformity of the strain e? and areas in Fig. 5(b)
where the out-of-plane displacements are larger than average (as indicated by the bulges
in the interference (ringes adjacent to the crack). These variations in out-of-plane dis-
placements along the line of the crack are also evident in Nomarski interference (which
highlights changes in angle of the specimen surface) when the direction of apparent
illumination is along the crack (Fig. 6). These correlations provide confidence that the
nonuniformity of e% in Fig. 5(c) is not an artifact due to an unidentified error in
measurement.

The displacements corresponding to Fig. 5(c), measured along a set of 12
equally spaced lines normal to the crack, are shown in Fig. 7(a). The average in-plane
displacements from Fig. 7(a) at each distance from the crack are compared with the
average out-of-plane displacements from Fig. 5(b) in Fig. 7(b). The results are quali-
tatively similar to those in Fig. 4(b) for the higher toughness material, but the width of
the zone of residual displacements is smaller. The average in-plane strains e? are shown
in Fig. 7(c), along with a finite element calculation taking into account free surface

relaxation (see Section 4).

4.0 ANALYSIS OF SURFACE DISPLACEMENTS AND STRAINS

The shielding of the crack tip by a transformation zone has been expressed in
terms of the unconstrained transformation strains within the zone (see Sect. 5). In the
interior of the specimen, where uniaxial strain conditions exist within a steady-state
wake zone formed by hydrostatic dilatational transformation, the unconstrained

transformation strains are related straightforwardly to the residual strain in the wake.

8
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For transformation with hydrostatic dilatation eT, the residual strain normal to the crack

plane is (Appendix)

.
I _ 1+ v, e
=3 (b

where v is Poisson's ratio and the superscript [ denotes a position adjacent to the crack
plane in the interior of the specimen. However, experimental strain measurements by
techniques reported here are restricted to the specimen surface and are influenced by
surface relaxation, as indicated schematically in Fig. [. At the edge of the crack,
uniaxial stress conditions exist and, for the dilatational transformation, the residual

strain normal to the crack is (Appendix)

g (L+v)e/3 . (2
Further from the crack, analytical solutions relating the surface strains to el
are not available. Therefore, to evaluate the effect of surface relaxation in this region,
finite element calculations were done (using the program ABAQUS) for the geometry
shown in Fig. 8(a) (inset), which simulates a transformation zone of width w, within which
the unconstrained transformation strain eT(xl) 1s a function of distance x; from the
crack plane, but is uniform in the directions x, and x3 over the wake of the crack. The
following boundary conditions were imposed; normal displacements uy = 0 everywhere,
normal displacements u| and u, zero along the right and bottom edges respectively, and
normal stresses zero along the crack and specimen surfaces. Elements within a distance
w of the crack plane were given a hydrostatic dilatational transformation strain (some

results for nonhydrostatic strain are given tn the Appendix) with magnitude unity

9
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adjacent to the crack and decreasing to zero at xy/w =1, as shown in Fig. &(c). The
function in Fig. 8(c) was obtained by assuming that eT(xl) is proportional to the volume
fraction of material transformed at x, as measured by Raman microprobe spectroscopy

on similar materials.21

Alternatively, we could have taken various trial functions for
eT(xl) and chosen the function that gave closest agreement between calculated and
measured values of e?(xl) , as described in Ref. 3{. Then, comparison of the optimum
function with the Raman measurements would provide an independent experimental
verification of the consistency of the strain and Raman measurements and the assump-
tion that the transformation strain is proportional to the volume fraction of material
transformed. With the procedure used here, comparison of the calculated and measured
strains e?(xl) affords a similar verification.

Computed displacements and strains are shown in Figs. 8(a) and 8(b) for
v =0.3. The in-plane and out-of-plane displacements,ui and u‘g, are qualitatively
similar to the experimental results of Figs. 4(b) and 7(b). The strain e adjacent to the
crack plane (i.e., at x| = 0) is consistent with Eq. (1) at the interior and Eq. (2) at the top
corner. The magnitude of the strain e{ in the interior decreases with distance from the
crack plane, to zero at the edge of the zone. However, the strain e? at the surface
decreases to zero, and becomes compressive, within the zone, with the maximum
compressive strain occurring close to the edge of the zone (x/w = 1). Therefore, the
experimentally observed compressive residual strains outside the region of residual
tensile strains are accounted for by surface relaxation. It is also noteworthy that the
surface relaxations are such that the net displacement of the edge of the crack is
negative (i.e., increased separation of the crack surfaces), whereas in the interior of the

specimen, the net displacement is of course positive (i.c., closure).
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The computed strain distributions e?(xl) are compared quantitatively with the
experimental measurements in Figs. 4(c) and 7(c), with the values of zone width, w, and
transformation strain, eT(O), adjacent to the crack chosen to give the best fit to the
data. For the moiré results from the higher toughness material of Fig. 4(c), the
parameters were w = 750 ym and eT(O) = 0.0l. With the dilatational component of the

transformation strain in the individual transforming particies being ey = 0.04, this value

of eT(O) corresponds to a volume fraction of transformed phase
of f = eT(O)/el = 0.25. For the strain mapping measurements from the lower

toughness material of Fig. 7(c), the fitted parameters were w = 100 um and el(0) = 0.01.
In both cases, the computed and measured strain distributions show reasonable
agreement. Moreover, the fitted parameters are consistent with values obtained from
the abovementioned Raman measurements from similar materials in Ref. 2t: w = 900 um,
f=0.22 for the higher toughness material and w = 200 um, f=0.19 for the lower

toughness matertal.

5.0 CRACK TIP SHIELDING

The measured residual strains within the transformation zone can be used
directly to calculate the reduction of crack tip stresses due to the transformations and
hence, the toughness increase. The redultion in stress at the crack tip 1s expressed in

terins of a shielding stress intensity factor, KS:ZZ'ZQ

K K, -K (3)

tp T Na S
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where K., is the local stress intensity factor at the crack tip and K is the applied

o}
stress intensity factor. The criterion for crack growth under monotonic loading is taken
as a critical value of Ktip (i.e., Ktip = Ko’ where KO is the fracture toughness in the
absence of transformation shielding). The corresponding value of K (K, = K_ = K  + K,)
is the fracture toughness measured in the presence of shielding, and K 1s the toughness
increase.

For a steady-state crack (i.e., crack growth at constant Ka)’ with a wake zone
of constant width, w, containing a uniform volume fraction, f, of transformed particles,

the shielding stress intensity factor under plane strain conditions is22:23,10

_AE e'vw
S N (l- \)) (L#)

where E is the Young's modulus, eT 1s the unconstrained transformation strain of the
entire zone (eT = fecT) where el 1s the unconstrained transformation strain of the
individual transforming particles within the zone), and the constant A is dependent upon
the shape of the zone ahead of the crack tip, as well as the nature of the transformation
strain, [f eT 1s isotropic dilatational strain and the frontal zone is defined by a contour
of hydrostatic tension in the elastic crack-tip field, then A = 0.22. However, if the
frontal zone 1s semicircular, as suggested by several observations in Mg-PSZ (Fig. 5(a)
and Ref. 21), then A = 0.25.

Previous studies of f\Ag~PSZZO’2l (see

Fig. 8(c)) have shown that the fraction of
particles transformed within the zone decreases continuously with increasing distance

from the crack (corresponding to a subcritical transformation in the natation of

12
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: . : T. : .

Ref. 24). In this case, the transformation strain e is not uniform. However, provided
T , , .

all the contours of constant e around the crack tip and wake are geometrically similar,

the shielding stress intensity factor can be obtained by integration of Eq. (14):21’36’37

T —_
KS = (—1_—\)5‘ f e (Xl) d/Xl (5)

where x| is the distance from the crack plane. With Eq. (1) this result can be expressed

alternatively in terms of the residual strain ei, In the steady-state wake of the crack

el(xl)d./x1 (6)

With the finite element results of Fig. 8(a) being used to relate the strains

e?(xl) and e{(xl), the integral in Eq.(6) was evaluated from the experimentally

measured surface strains e%(xl) of Figs. #{c) and 7(c). These results, along with the

parameters A = 0.25 for the semicircular zone front, £ = 200 GPa and v = 0.25 give

K. =9 MPa-m!/?

s for the moiré results from the high toughness material and

Kg=3 MPa-ml/2 for the strain mapping measurements in the lower toughness material.
These results are similar to the values 8.8 and 3.9 MPa-ml/2 deduced directly from

Raman rneasurements (also with the assumption of hydrostatic dilatational strain) from

nominally 1dentical materials in Ref. 21,
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6.0 DISCUSSION

The results described in the previous sections provide direct measurements of
transformation strains that are a source of toughening in Mg-PSZ. With the assumption
that the net unconstrained transformation strain is hydrostatic dilatation (i.e., long range
shear strains are relieved by twinning), we have used the measured residual strain
components normal to the crack plane in two materials of different toughness 1o calcu-
late the crack tip shielding stress intensity factors. The results agree closely with values
obtained from similar materials using Raman microprobe measurements of the distribu-
tions of transformed monoclinic phase within the transformation zones, with the same

assumption of a hydrostatic transformation strain.z1

Both of these calculations also
implicitly assumed that the distribution of monoclinic phase within the transformation
zone was the same in the plane strain crack tip region in the interior of the specimen as
in the near-surface crack tip region where plane stress conditions are approached. Some
prehiminary Raman microprobe measurements have been done to test this approxima-
tion.33 This entatled growing a crack completely through a compact tension specimen,
preparing a polished section normal to both the crack plane and the original surface of
the specimen, and measuring the volume fraction of monoclinic phase along scan hnes
normal to the crack at various depths below the original surface. The results of these
scans were not significantly different from those on the original surtace.

The assumption of hydrostatic dilatational transtormation strain n this and
other  studies 15 rationalized mainly on the observation by transmission electron
nicroscopy  of extensive twinning in the transformed monoclinic particles withimn

6,15,17

transformation zones. However, possible thin-foil relaxation effects cast some
doubt as to whether such observations are representative of the behavior 1 bulk
material. Moreover, the magnitude of K obtamned with this assumption, here and

14
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other studies, does not appear to account fully for the observed toughening: with the
values of K¢ from, Sect. 5 (3 and 9 MPa-ml/z) and the measured fracture toughnesses (11
and 16 MPa'ml/Z), Eq. (3) gives K =7 and 8 MPa+m!/2. These values of K, are sub-
stantially larger than expected for the fracture toughness of the material without any
toughening. One possible source of this discrepancy 1s the existence of nonhydrostatic

: . : 10,26
ind nonuniform stramms i the transformation zone, 7

although other toughening
mechanisms, such as twin boundary movement as the particles move through the crack
tip stress field, crack deflection, or microcracking, are also possible. Experimental
methods are needed to distinguish these possibilities.

The techniques used here could potentially be used to determine the deviatoric
components of transformation strain within the zone. In-plane residual shear strains €3
can be obtained directly from the image matching data tha. was used to generate the
results in Figs. 5 and 7, or from moiré images obtained with two-dimensional gratings.
Short-range, nonuniformly distributed shear strains e|3 were observed from the strain
mapp'ng data, but their magnitudes were smaller than 6 « lO‘q, an order of magnitude
lower than the strains e?adjacent to the crack. With the transformatior. of two sets of

Lo

orthogonally oriented precipitates, an elongation due to shear strain componerits tha' i,

v

4 . . . . - .
egavalent to plastic deformation on two slip systems is possible, without giving a long-

o~
range shear stramn 3. In this case, the relative magnitudes 0° the strain compon-
' I I ) . ,

ents (el, €5, e,) ot the unconstrained transformation could be determined from
_)

comparson of the m-plane and out-of-plane displacements U @ Uy This would invelve

measurement of upand uy as an Figs. 4(b) and 7(b), measurement of the distribution, f(x),

of transformed material within the zone by Raman microprobe spectroscopy, and super -

posttion: ol the fnte elerment solutions of Figo AL waith the relative magnitudes
!

of €1, €y and €y adjusted 5o as to biuld up a zone consistent with both the Raman

results and the measured va'aes of b and Us. Such an analysts was not attempted here

15
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because of the variability in the amount of transformation at different positions aiong
the crack wake (Fig. 7(a)). However, materials with more uniform zones may be

amenable to analysis.

7.0 CONCLUSIONS

Moiré interferometry and high resolution strain mapping by image correlation
have been used to measure directly the residual transformation strains that exist
adjacent to cracks, and are responsible for toughening, in two Mg-PSZ materials. lne
residual strains were consis.>nt with Raman microprobe measurements of the volume
fraction of material transformed. Substantial variability in the residual strains along the
crack path was detected. The average strains were used to calculate directly the crack
tip shielding stress intensity factor, with the assumption that the unconstrained
transformation strain is hydrostatic dilatation. The results are consistent with other
equivalent calculations based on Raman microprobe measurements of the distributic., of
transformed monoclinic phase, which also assumed that only the hydrostatic component
of the transformation strain contributes. However, the calculated shielding 1is
significantly smaller than the measured toughness increase, suggesting that either
nonhydrostatic components of the transformation strain are significant, or other
toughening mechanisms operate. An approach was suggested for resolving this issue

using the stramn measurement methods described herein.

ACKNOWLEDGEMENTS

Funding for this work was supplied by the U.5. Air Force Office of Scientific

Research under Contract No. 149620 -89-C-0031.

L6
J105851D /bje




APPENDIX: RESIDUAL TRANSFORMATION STRAINS

Consider a slab of material adjacent to a crack, as in Fig. 8, which undergoes
: : : . : T 1T T -
uniform transformation with unconstrained normal strains (el‘ €5, e3). At positions
near the crack but far from the specimen surface, the following conditions exist:

| S _
e, = e3 = C, oy = 0 (Al)

where e[ 1s measured relative to the untransformed state. Therefore, the elastic strains

ey and ey are equal to -e; and —eg , respectively, and Hook's Law results in:

Addition of Egs. (A3) and (A4) and substitution into Eq. (A2) gives

. . 1.
for the elastic stramn. The total strain el 15 the suam of this and thwe transfarmation

strain:

17
J10585HD /bje




| T T
e) = e+ (1 v) [ez + e3] (A6)
: . _ . T_ .7 . T_ T T
For hydrostatic dilatation of magnitudee = 3el, with e = &, = ey, Eq. (A6)
becomes
T
I 1 +vy8
e = (T-_\)J 3 (A7)

At the edge of the specimen surface and the crack, the following uniaxial

stress conditions exist

=O,e3=0 (A8)

which, for hydrostatic dilatation becomes

e} = (1+v) e'/3 (A9)

18
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Results of finite element computations of the strain ei’ at the specimen
surface as a function of distance from the crack plane are shown in Fig. Al for the three
stress-free transformation strains (1,0,0), (0,0,1) and (0,1,0). The results for the more

general transformation strain (e{, e;, eg) can be obtained by superposition.
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Fig. |

Fig. 2

Fig. 3

Fig. 4

Fig. 5

FIGURE CAPTIONS
Schematic of crack surrounded by dilatational transformation zone.
Set up for moiré interferometry.

Moiré interference micrographs from high toughness Mg-PSZ compact tension
specimen: (a) crack grown 5 mm from notch then applied load removed, and (b)
crack extended further 1.7 mm and applied load held constant while

micrograph recorded.

(a) Two-beam optical interference micrograph (wavelength 540 nm) of surface
in Fig. 3 after crack was grown entirely through specimen. Reference mirror
tilted so that downward deflection of fringes results from surface uplift. (b)
In-plane and out-of-plane displacements from Figs. 3(b) and 4(a). (c) Normal
strains e? from data of (b) and finite element results from Fig. 8(a) (see

Section 4).

(a) Optical interference micrograph of mid-toughness Mg-PSZ compact tension
specimen containing a crack grown stably under monotonically increasing
displacement. Reference mirror parallel to specimen surface so that fringes
represent contours of out-of-plane displacement (uplift) (b) Higher
magnification from (a) showing area analyzed by HASMAP (using other, higher
magnitication optical micrographs). (c) Residual strains normal to the crack

plane within the area outlined in 5(b).
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Fig. 6

Fig. 7

Fig. 8

Fig. Al.

Nomarski interference micrographs from the area of Fig. 5b) at two different

specimen orientations.

(a) Residual displacements from Fig. 5(c), measured along a set of [ equally
spaced lines normal to the crack. (b) Average surface displacements adjacent
to the crack in Fig. 5(b): out-of-plane displacements, Uy, from interference
micrographs, in-plane displacements from the data used for Figs. 5(c) and
7(a). (c) Average in-plane strains e? from data in Fig. 5(c). Shaded band
represents range within which 90% of data fall. Finite element results from

Fig. 8(a) (see Section 4).

Finite element calculations of (a) residual strains normal to crack at the
specimen surface (e?) and in the interior of the specimen (e{) , (b) Residual
in-plane and out-of-plane displacements at the specimen surface. (c) Variation
of transformation strain with distance from crack (from Raman microprobe

measurements of Ref. 2[).

Finite element calculations of residual strains at the specimen surface
resulting from wuniaxial unconstrained transformation strains in the three

directions Xy X9y X3

25
J10585HD /bje




dNOZ
NOILVIWHOJ4SNVHL

1-6460-0S



Mirr%

Laser

\__

Specimen &
Specimen Grating

"%Nror

_<>_ Spatial Filter

Lens

™ Mirror

Camera




;

~—

e
COMPRESSIVE

S

€4
TENSILE

COMPRESSIVE

s




\ g
€

. Srei sy
W e
B R RV bW TSR

N

oty ey i RIS P
i s i R B A e
e st PRSP hind f %Ll\‘:‘f“w
i e o .k-J e R At =
T e m s e P st '\ M"‘"ﬁ‘%: 4 E
. . AL » =EIN RO VIR AT STt
.. L T RN R \
et w\: ’f vlu'h,\u.‘ vyt

»




/
/
/
v

(]
i

AHIVHO

)

€ x




000¢

(W) MOVHD IWOY4 FONVISIA

000¢ 0001
| | | uuuumu o]
mmuuu:%ua
pob n
8] o
n
[ .
n
I =
|
ND ]

.2Sd-Biy anopy, wol} eeg

(wr) 1N3WIOVIdSIa




(o9

(s

(wr) MOVvHO WOHL4 3IDONVLSIa

V1iva 3HIOW

1

1

-

LEVEERY

L00°0-

000°0

L00°0

2000

9 NIVHLS

€00°0 -

S

v00°0

G000










PR




200

100

-0.4

05
-0.7

(w ) INJW3OV1dSIa 30V4HNS

DISTANCE FROM CRACK, x (1 m)

7A!




(um)

DISPLACEMENT

1 ) N n 1

100 200 300
DISTANCE FROM CRACK (um)

400

\\\




O
e

00¢

(wr) MOVHD IWOHL IONVLSIA
00¢ 00L

NIVHLS d34NSVY3IN

¢00°0-

L00°0-

0000

L00°0

¢000

€000

t00°0

NIVHLS

9

L
S




SPECIMEN . .
SURFACE Hydrostatic dilation

( ) v=0.3 (111)

X1
Q;—
z
<
(15
P - -
17p] Intertor
I
/ e,
\top
es
>
...1 4 1 L | 1 t N 1 N 1 R
0 2 4 6 8 10 12

DISTANCE FROM CRACK (x, /w)




SURFACE DISPLACEMENT (u/w)

v =0.3

i " 1 1 1 ' 1

(111)

2 4 6 8
DISTANCE FROM CRACK (x, /w)

10

y

by
~




€/, ‘NIVHLS
NOILVWHOASNVHL d3ZITVWHON

DISTANCE FROM CRACK, x,/w




1

eS

SURFACE STRAIN,

1.0

o
»

o
B

o
no

X2 v =03

1 i 1 1 1 — 1

4 6 8 10
DISTANCE FROM CRACK (x, /w)

12




’l‘ Rockwell International

Science Center

SC71002.AR

4.0 "RANSFORMATON RECOVERY IN Mg-PSZ AFTER
HIGH TEMPERATURE ANNEALING

To be submitted to J. Am. Ceram. Soc.

8
C11142HD/bje




RECOVERY OF CRACK TIP TRANSFORMATION ZONES IN ZIRCONIA
AFTER HIGH TEMPERATURE ANNEALING

M.C. Shaw and D.B. Marshall
Rockwell International Science Center
1049 Camino Dos Rios
Thousand Oaks, CA 91360
A.H. Heuer and E. Enghels
Department of Materials Science and Engineering

Case Western Reserve University
Cleveland, OH 44106

ABSTRACT

Heat treatment in the temperature range 600-1000°C is known to restore the
parent tetragonal phase within crack tip zones in Mg-PSZ that had previously undergone
stress-induced martensitic transformation to the monoclinic phase. The stability of this
reverse transformation during subsequent room temperature aging has been examined
using Raman spectroscopy and surface displacement measurements. Partial
transformation of material within the original zone back to the monoclinic phase was

observed over periods of several months.
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INTRODUCTION

Recent studies have shown that large residual crack openings are associated
with the presence of transformation zones surrounding cracks in magnesia-partially-

L2 The residual opening is thought to be a result of the dilatational

stablized zirconia.
strain associated with the martensitic tetragonal-to-monoclinic transformation which
causes both wedging near the tip of the crack and bending of the arms of the test piece.
The magnitude of the residual opening is dependent on the toughness of the material, the

specimen geometry, and the size and growth history of the crack.!

The opening is
largest in high toughness materials and increases with crack extension, for a crack that
begins with no transformation zone. Removal of the transformation zone by cutting
along the crack with a saw blade eliminates the residual opening displacements, as does
annealing in the temperature range 500 to 1000°C for periods as small as 20 min.

The last observation is consistent with the postulate that heat treatment in
this temperature range causes reversal of the stress-induced tetragonal-to-monoclinic
transformation. In this paper, we use several techniques to examine the stability, at
ambient temperature, of such a zone that has undergone retransformation back to the
tetragonal phase during heat treatments at 600 and 800°C. The reverse transformation
is found not to be stable; over periods of months, the material within the original

transformation zone transforms back to the monoclinic phase, giving almost complete

recovery of the original residual displacement.
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EXPERIMENTS

The material examined was a commercial 9 mole% magnesia-partially-
stabilized zirconia* that had been heat treated at 1100°C for 20 min (subeutectoid
aging3 ’u) to promote easy transformation and, thus, formation of large transformation
zones surrounding cracks. The specimen geometry and loading conditions used to
introduce cracks are described in detail elsewhere.!*> A "short DCE" specimeni was
polished on one side and notched using a 100 um thickness saw blade. After loading to
form a stable crack, the specimen was annealed at 1000°C to convert any material that
had transformed to monoclinic phase back to the tetragonal phase, then reloaded to grow
the crack a further 4 mm. During reloading, the measured fracture resistance increased
from an initial value of ~ 11 MPa'ml/2 to ~ 15 MPa-ml/2 after -~ 2mm of crack
extension, and remained constant thereafter.

The transformation zone was then characterized using several methods. The
residual crack opening was measured at two locations, at the root of the notch and along

6-9 was used to

the loading line 15 mm from the notch root. Raman spectroscopy
measure the fracture of monoclinic phase as a function of distance from the crack plane
at several locations behind the crack tip. From optical interference micrographs of the
polished specimen surface, the out-of-plane displacements due to the transformation
zone were measured in the region surrounding the crack.9’10

The specimen was then annealed at 600°C for 20 min. and the measurements
were repeated 7 days after cooling. After ten days, the specimen was annealed at 800°C

for 20 mins., and the measurements repeated 17 days later. These results indicated that

* Nilcra Ceramics Ltd., Northcote, Victoria, Australia, MS grade Mg-PSZ.
1 Similar to a compact tension specimen, but with dimensions 30 mm x 25 mm.
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recovery of the transformation zone had occurred. Therefore, to characterize the effect
systematically, the specimen was annealed again at 800°C and the measurements were

repeated at various intervals during the following 15 months.

RESULTS

Both Raman spectroscopy and measurements of surface uplift indicated that a
transformation zone with dimensions approximately as shown in Fig. 1 surrounded the
crack in its initial state. The zone width increased over the first 2 mm of crack growth,
corresponding to the measured increase in crack resistance, and consistent with previous
observations of zone development in nominally identical material.” Measurements of the
fraction of monoclinic phase and the surface uplift along a line normal to the crack
within the steady-state region, as indicated in Fig. 1, are shown in Fig. 2. These are also
similar to previous observations.9

The variation of the crack opening displacement at the notch root during the
sequence of room temperature aging and reannealing is shown in Fig. 3. After the first
anneal at 600°C, the displacement was reduced from the initial value of 54 ym to 38 ym,
consistent with results in Ref. 1. The specimen was then annealed at 800°C and left for
17 days at room temperature, whereupon the displacement had increased to 50 um, close
to its original value. Immediately after the second annealing at 800°C, the displacement
was reduced to 29 um. Measurements at regular intervals during room temperature aging
over the next 17 months showed that the residual crack opening displacement completely
recovered, the recovery being most rapid during the first several days.

Interference measurements of the surface uplift along the line O-Y normal to

the steady-state crack of Fig. | are shown in Fig. 2(a), for several stages during the room
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temperature aging. Corresponding measurements of the volume fraction of monoclinic
phase by Raman spectroscopy are shown in Fig. 2(b). Both measurements indicated that
most of the transformation zone was eliminated after annealing at 800°C, consistent
with the observed reduction in residual crack opening. Moreover, both measurements
showed that during subsequent room temperature aging, transformation from the tetra-
gonal phase back to the monoclinic phase occurred spontaneously within the original
transformation zone.

The results in Figs. 2 and 3 indicate a correlation between the recovery of the
residual crack opening displacement and the retransformation of material witiin the
original crack tip zone to the monoclinic phase. However, the magnitudes of the relative
recovery of monoclinic phase and surface uplift are both much smaller than the relative
recovery in crack opening. After 17 months, the displacement recovery was complete,
whereas less than half of the original monoclinic phase adjacent to the crack was
recovered and the zone width was less than half of its original value.

To test whether this apparent discrepancy arises because of differences in the
transformation zone at the surface of the specimen and in the bulk, the specimen was
sectioned and polished adjacent to the line marked in Fig. 1, along which the Raman and
surface uplift measurements had been made. The Raman measurements were then
repeated along lines on this new surface parallel to O-Y and corresponding to different
depths in the original specimen. The resultant zone profiles were indistinguishable from

that measured at the specimen surface.
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DISCUSSION

The measurements of the previous section indicate that, whereas annealing of
Mg-PSZ at 600 to 800°C causes reversal of the martensitic tetragonal-to-monoclinic
transformation and thus removal of the transformation zone surrounding a crack,
subsequent aging at room temperature without any applied stress causes partial recovery
of the monoclinic phase within the original zone. This implies that remanent defects
associated with the crack tip stresses, or with the stress-induced martensitic
transformation, must remain after annealing in order to provide nucleation sites or
driving forces for retransformation. Microcracks, which are known to accompany the
transformation of tetragonal precipitates to monoclinic phase in this material, are a
likely source of such defects.

The overall macroscopic shape change of the specimen, as characterized by
the residual crack opening displacement, is similar to that of a two-way shape memory

11,12 albeit with an activation barrier to the transformation that occurs after

effect,
cooling.  However, the crack opening displacement measurements alone do not
necessarily imply a true shape memory effect (which requires recovery of shear
strainsl3) in the material, since the observed displacement variations could be induced by
purely hydrostatic transformation strains within the confines of the crack tip zone.
However, complete recovery of the residual crack opening in this case would require
complete recovery of the transformation within the zone, contrary to the observations
from Raman spectroscopy and interference microscopy. Therefore, the shape strains

associated with the initial stress-induced transformation appear to be different from

those associated with the thermal transformation during subsequent annealing cycles.
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Fig. 1

Fig. 2

Fig. 3

FIGURE CAPTIONS

Schematic diagram of (a) test specimen and (b) crack geometry showing

dimensions and shape of transformation zone.

(a) Out-of-plane surfac: displacements along the line OY in Fig. 1(b).
Measurements from optical interference micrographs.
(b) Volume fraction of monoclinic phase along the line OY in Fig. 1(b).

Measurements from Raman spectroscopy.

Residual crack opening displacements measured at the root of the notch in
Fig. 1 after various sequences of high temperature annealing and room

temperature aging.
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Crack Shielding in Ceria-Partially-Stabinzed Zirconia

David 8. Marshall*

Rockwell International Science Center, Thousand Oaks, California 91360

The crack tip shielding stress intensity factor has been cal-
culated for several elongated transformation zone shapes
observed in high-toughness ceria~zirconia ceramics. The re-
sults show that the measured increases in fracture tough-
ness of these materials are consistent with the crack tip
shielding mechanism, to which the toughening of other zir-
conia ceramics has been attributed. Moreover, the presence
of a very elongated zone ahead of a steady-state crack is
shown to decrease the degree of shielding compared with
that of a zone with semicircular frontal shape and equiva-
lent width by a factor of about 2. [Key words: fracture
toughness, tetragonal zirconia polycrystals, cerium, shield-
ing, transformations.]

I. Introduction

SEVERAL recent studies have demonstrated that high frac-
ture toughnesses. in the range 12 to 20 MPa-m'? can be
achieved in ceria-partially-stabilized zirconia (Ce-TZP) ce-
ramics that readily undergo martensitic transformation from
tetragonal to monoclinic phase.'”” However, the shapes of the
transformation zones surrounding cracks in these materials
are very different from those in other zirconia materials
of comparable toughness; in magnesia-partially-stabilized zir-
conia (Mg-PSZ) the zone extends approximately equal dis-
tances ahead and to the side of the crack.’ whereas the zone
in Ce-TZP is very elongated. extending ahead of the crack a
distance ~10 to 20 times the zor. width (Fig. 1).'™* This ap-
pearance of a slitlike zone ahead of the crack has prompted
several analyses of crack growth and toughening in terms of
a Dugdale zone model.>* Moreover, in one of these studies® it
was specifically suggested that the crack tip shielding mecha-
nism, which is generally accepted as the source of toughening
in other toughened zirconia materials, is not applicable
for Ce-TZP.

Calculations of the crack tip shielding due to transforma-
tion zones with the shapes observed in Ce-TZP are presented
here, with two purposes in mind. One is to determine
whether such shielding is indeed consistent with the measured
fracture toughness. The other is to assess whether a substan-
tial increase in toughness might be possible by modifying the
microstructure to eliminate or reduce the extended frontal
zone. The large fiontal zone is detrimental to toughening by
crack tip shielding. since dilatational transformation of ma-
terial located within an angular range of +60° ahead of the
crack causes an increase in crack tip stresses.'"

Crack tip shielding occurs when the transformation
strains within the zone surrounding the crack act 10 reduce the

Analysis
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stress intensity factor near the crack tip, as characterized by
Kl:p = Ka + KJ (1)

where K, is the applied stress intensity factor and K| is the
shielding stress intensity factor due to the zone. The condi-
tion for crack growth is taken as K., = K, the fracture
toughness of the fully transformed material, whereupon ~K,
is the increase in fracture toughness due to the transforma-
tion zone. The magnitude of K, can be calculated following
the method of McMeeking and Evans,” by applying imagi-
nary surface tractions to the boundary of the transformation
zone to restore the original shape that it had before transfor-
mation, and applying a weight function method to compute
the stress intensity factor due to the body forces, T, needed to
cancel these tractions:

K = J' T-hds (2)
T

where ds is an element of the zone boundary I v is Poisson’s

ratio, and h is the weight function, given, for mode I loading

in an isotropic homogeneous body in plane strain, by ™

{hx} _ 1

hy T 2V2m( - Vs
{cos (0/2)[2v ~ 1 + sin 62 sin 39/2]] 3)
sin (8/2)[2 — 2v — cos 6/2 cos 36/2]

where r and @ are position coordinates relative to the crack tip.

To assess the role of the extended frontal zone on crack tip
shielding, Eq. (2) was evaluated for the steady-state (i.e., con-
stant zone width in wake of crack) zones shown in Fig. 1, as
depicted by Rose and Swain.' The net transformation strain
within the zone was taken to be hydrostatic dilatation, so that
the tractions T consist of outward acting pressure P normal to
the zone boundary (including the crack surfaces) as shown in
Fig. 1(B). The pressure is related to the unconstrained trans-

TRANSFORMED
PARTICLES

s
757700

Fig. 1. (A) Steady-state transformation zone shape in Ce-TZP
(from Ref. 3). (B) Zone boundary and tractions used for shielding
calculations of Fig. 2.
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formation strain e’ and the volume fraction, f, of material
transformed within the zone by "

p = fe'E/3(1 - ) (4)

where E is Young’s modulus. Evaluation of Eq. (2) for the
zone configuration of Fig. 1{B), with various ratios of length,
d, to width, w, gives the result

K.(1 = v)feEf Viw = x(d/w) (5)
where the function x(d/w) is plotted in Fig. 2. At d/w = 0
(i.e., no frontal zone) the value x(d/w) = —0.37 is the same as

the corresponding result given by McMeeking and Evans' as
an upper bound for the toughening. As the frontal zone gets
very large (d/w — «) K, approaches zero, but it does so very
slowly (x = —-0.033 at d/w = 1000 and « = —-0.0033 at
d/w = 10°).

Also shown in Fig. 2 are results from McMeeking and
Evans'® for steady-state zones with two other frontal zone
shapes, one defined by a semicircle centered on the crack tip
and the other defined by a contour of constant hydrostatic
stress in the prior elastic crack-tip field. The semicircular
shape is characteristic of zones in high-toughness Mg-PSZ
materials.’ The results in Fig. 2 indicate that replacement of
the long frontal zone with d/w ~ 20 in Ce-TZP by a semicir-
cular frontal zone would more than double the toughening due
to transformation shielding.

To ascertain whether the measured fracture toughness of
Ce-TZP is consistent with a shielding mechanism, K, was cal-
culated for two transformation zones from the paper by Yu
and Shetty,' who also measured the parameters needed to cal-
culate the shielding. The zone boundaries, corresponding to
two stages of growth of a crack which initially did not have a
zone, are shown in Fig. 3(A): the zone that developed after
180 um of crack extension, at K, = 9.9 MPa- m'?, was traced
directly from Fig. 2 of Ref. 4, whereas the zone corre-
sponding to 1.3 mm of crack extension (broken lines) at
K. = 14.5 MPa - m'" was drawn to be consistent with the di-
mensions w = 340 um and d/w = 13 given in Ref. 4. An esti-
mate of the shielding stress intensity factor for the larger
zone, using-the result from McMeeking and Evans' for a
steady-state crack with a frontal zone defined by a hydro-
static stress contour (i.e., x = 0.22 in Eq. (5)), gave K|, =
45 MPa - m'”, much larger than the measured fracture tough-
ness.* However, the observed zone shapes of Fig. 3(A) differ
from the shape corresponding to this result, both in their

0a
6.3
g
- TN\ SEMICIRCULAR ZONE FRONT
;3 62 N~ — HYDROSTATIC STRESS CONTOUR
3
:ﬂ
x
|
0.
0
0 5 10 15 20

diw

Fig. 2. Crack tip shielding stress intensity factors for steady-state
cracks. Solid curve refers to zones with the shape depicted in
Fig. 1(B) with various relative zone dimensions, d/w, ahead of the
crack. Results for zones defined ahead of the crack by a semicircle
and by a contour of constant hydrostatic stress in an ¢lastic crack
tip field are aiso shown.
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Fig. 3. (A) Transformation zone boundaries corresponding to two
stages of crack growth (from data in Ref. 4): solid lines at crack ex-
tension of 180 um, broken lines at crack extension of 1.3 mm.
(?) Zone shape and tractions used to calculate K, for the zones
of (A).

form ahead of the crack tip and in the absence of fully devel-
oped steady-state wake regions. To evaluate X, for the zones
of Fig. 3(A), the shapes were approximated as in Fig. 3(B),
with b/w = 2 for the smaller zone and b/w = 4 for the larger
zone. The net transformation strain was assumed to be hydro-
static dilation. With these assumptions, the boundary trac-
tions are defined by Eq. (4), as in the above calculation, and
evaluation of Eq. (2) gives x = —0.043 and x = —-0.070 for
the smaller and larger zones. The corresponding values of K,
(with f = 0.8 from Ref. 4, E = 200 GPa, v = 0.25,and ¢’ =
0.04) are —4.7 MPa-m'? for the smaller zone (w = 166 um)
and —1t MPa-m'? for the larger zone (w = 340 um). These
values of K, should be regarded only as estimates, since the
value of f was obtained by X-ray diffraction from the fracture
surface and was assumed to be constant throughout the zone,
whereas the fraction of material transformed usualily de-
creases with distance from the crack.’ Also, possible effects of
a net shear component in the transformation zone or of micro-
cracks that have been observed within the zone® have not
been considered. Nevertheless, the values of K, are consistent
with the measured values of X, (9.9 and 14.5 MPa-m'?), in
the sense that the magnitude of K, is smaller than, but a sub-
stantial fraction of, K,: Eq. (1) with these two values of K,
gives Ko = 5.2 and 3.5 MPa-m'? for the toughness of the
fully transformed material.

In view of these results, it is worthwhile contemplating
microstructural changrs that might lead to a reduced frontal
zone and consequential increase in toughness. The reason for
the formation of the elongated frontal zone is not known, but it
is thought to be associated with a strong tendency to autoca-
talytic transformation. Effects of autocatalytic transformation
in Ce-TZP have been observed in many other experiments.
These include sudden bursts of transformation that occur
upon cooling through the M, temperature, as well as load
drops that occur during tensile loading experiment-, coincid-
ing with the formation of narrow, well-defined bands of
transformed material oriented normal to the applied tension.’

A possible approach for controlling the autocatalytic trans-
formation may be suggested by comparing the behaviors and
microstructures of Ce-TZP and high-toughness Mg-PSZ. In
Mg-PSZ the transformation zone ahead of a crack is approxi-
mately semicircular.’ Mg-PSZ also undergoes autocatalytic
transformation, as seen by well-defined bands on the surfaces
of specimens loaded in either tension or compression.'?"
However, rather than extending compietely through the
specimen, the bands arrest at grain boundaries. Because the
bands are arrested, separate initiation of the transformation

[}
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at multiple locations is necessary. resulting in a smoothly in-
creasing stress-strain curve and progressive transformation
when cooling through the M, temperature. Such arrest of
transformation bands presumably also modifies the shape of
the transformation zone ahead of a crack tip. The essential
microstructural difference between the magnesia- and ceria-
doped materials is that the Mg-PSZ contains a dual-scale
microstructure. with small tetragonal precipitates (lens-
shaped with largest diameter ~300 nm) within large grains
(~50 um in diameter) of cubic phase, whereas the Ce-TZP
consists simply of a polvcrystalline array of tetragonal grains
of uniform size (several micrometers) without any barriers to
arrest a band of autocatalyucally transforming giains once it
forms. Tsai, Yu. and Shettv'* have shown that the presence of
second-phase Al;O: grains of similar size and spacing as the
ZrO; grains is effective in preventing the autocatalytic trans-
formation and in modifving the shape of the zone, but also
leads to reduced zone width. By analogy with Mg-PSZ. if a
dual-scale microstructure could be created in Ce-TZP, with
barriers distributed on a scale substantially larger than the
grain size, it may be possible to eliminate the large crack tip
frontal zone while maintaining the width of the wake zone
and thereby increase the fracture toughness by approximately
a factor of 2. Several approaches are being pursued to test this
hypothesis. including introduction of large platelets of Al.O;
and fabrication of layered structures.

111. Conclusion

In conclusion. the calculated shielding stress intensity fac-
tors confirm that the measured fracture toughness in Ce-TZP
is consistent with the toughening being due to crack shielding
from the observed transformation zones. Although this does
not rule out the possibility of a Dugdale zone model as pro-
posed in Refs. 3 and 4. we note that the shielding mechanism
ts also consistent with the reporied® linear dependence of
the zone width on the square of the applied stress intensity
factor.’ According to the crack shielding model, microstruc-
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tural modifications that decrease the elongation of the zone
ahead of the crack could increase the toughness by a factor of
approximately 2.
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ABSTRACT

Laminar composites, containing layers of Ce-TZP and either Al;,O3 or a
mixture of Al;O3 and Ce-ZrO,, have been fabricated using a colloidal method that
allowed layer thicknesses as small as 10 um. Strong interactions between these layers
and the transformation zones surrounding cracks and indentations have been observed.

Transformation zones surrounding cracks are increased in width, resulting in enhanced

fracture toughness.
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1. INTRODUCTION

1/2

High fracture toughnesses, in the range 10-20 MPa*m"’“, have been achieved

recently in ceria-partially-stablized zirconia (Ce-TZP) that undergoes martensitic

transformation from tetragonal to monoclinic phase.l'7

However, the shapes of the
transformation zones surrounding cracks in these materials are not optimal for producing
large transformation toughening.8 Whereas in other zirconia ceramics of comparable
toughness (magnesia-partially-stabilized zirconia, Mg-PSZ), the transformation zone
extends approximately equal distances ahead and to the side of a crack,9 the zone in Ce-
TZP is very elongated, extending ahead of the crack a distance of 10 to 20 times the

zone width.l'“

The extra transformed material ahead of the crack degrades the tough-
ness; calculation of the crack tip shielding from zones with such shapes indicates that the
increase in fracture toughness due to transformation shielding is about a factor of 2
smaller for an elongated frontal zone typical of Ce-TZP than for a semicircular frontal
zone shape characteristic of Mg-PSZ.8 Therefore, substantial benefit should result if the
microstructure of Ce-TZP could be modified to change the shape of the transformation
zone,

The elongated frontal zone in Ce-TZP is thought to result from autocatalytic
transformation, i.e., the sequential triggering of transformation in a grain by
transformation strains in adjacent grains. Autocatalytic transformation also occurs in
Mg-PSZ, as evidenced by the formation of well-defined shear bands within grains.l0 The
microstructure of Mg-PSZ may be thought of as dual scale; the individual precipitates
that transform from tetragonal to monoclinic phase are lenticular in shape (~ 300 nm in

diameter) and are contained within grains that are larger by about 2 crders of magnitude

(~ 50 ym diameter).!! Although each transformation band contains many autocatalyti-
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cally transformed precipitates, the grain boundaries are effective as barriers, which
arrest the propagating band. In Ce-TZP, there is no such large scale barrier to arrest a
developing transformation band; in this case, the transforming units are the individual
grains and there is no larger scale microstructural unit.

In this paper, we describe an approach for introducing a large-scale micro-
structural unit into Ce-TZP, in the form of layers of either A1203 or a mixture of A1203
and Ce-TZP. Based on the above discussion, the optimum separation of the layers would
be expected to be a factor of ~ 10-100 times the grain size (which is ~ 2 um), with
individual layer thicknesses being at the lower end of the range. Layered structures
satisfying this requirement have been fabricated using a colloidal method to consolidate
powders. This approach has allowed formation of layers as thin as ~ 10 ym, considerably
smaller than the layer thicknesses produced by conventional tape casting methods for
multilayer structures. Controlled crack growth experiments and indentation experiments
are used to investigate the influence of these barrier layers on crack tip transformation

Zones.

2. COMPOSITE FABRICATION

Composites of Ce-ZrO, with layers of either Aly03 or a mixture of 50%
Al15,04-50% Ce-ZrO, were fabricated using a colloidal technique. The technique involved
sequential centrifuging of solutions containing suspended particles to form the layered
green body, followed by drying and sintering at 1600°C for 3 h. Use was made of a
technique described recently by Velamakanni et. al.,12 in which an aqueous electrolyte
(NH,NO3) was used to cause hydration repulsion forces between individual suspended

particles, in order to counteract the van der Waals attraction and thereby prevent
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flocculation. Under these conditions, the particles aggregate weakly with a lubricating
film of liquid between them, thus allowing rearrangement and packing to high green
density without mass separation.

The relative green densities of the Al,05 and Ce-ZrO, powdersi consolidated
separately in this manner were 60% and 50%, respectively. The subsequent larger
shrinkage of the Ce-ZrO, during sintering caused cracking in most layered composites
that contained pure Aly04 layers (the exceptions being some very thin layers, < 20 yum
thickness). This mismatch was avoided by using the mixed composition 50% Al15,03-50%
CeZrO, instead of pure Al,04.

The Ce-ZrO, powder used in this preliminary study yields a material of
intermediate fracture toughness (K. ~ 8 MPa-m”Z). The widths of transformation zones
surrounding cracks are approximately 15 um, as determined by Nomarski interference
observations of surface distortion due to the transformation strains. This is substantially
smaller than the zone sizes observed in inore transformable Ce-ZrO, materials (several

hundred microns).z'“

3. MICROSTRUCTURAL OBSERVATIONS

Optical micrographs of typical layers of 50% Al,03-50% CeZrO, within a
matrix of Ce-ZrO, are shown in Fig. I. Reasonably uniform layers with thicknesses in
the range 10 to 100 ym were readily formed. A multilayered structure of alternating

Ce-ZrO, and 50% Al,03-50% Ce-ZrO, layers of thickness 20 um is shown in Fig. 1(b).

1 Al,O, powder from Sumitomo.
Ce.zrfp powder from Tosoh, Tokyo, grade TZ-12Ce.
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4, MECHANICAL PROPERTIES

4.1 The Role of Isolated Layers

The influence of individual layers of A1203 or 50% A1203-50% CleOz on
crack growth and transformation zones in Ce-ZrO, was investigated by fabricating
composites containing widely spaced layers. Measurements were obtained from
controlled crack growth in notched beams, fracture of smooth bars, and indentation
experiments using a Vickers indenter,

Observations from a notched beam loaded in bending are shown in Fig. 2. A
crack was grown from the notch by loading the beam in bending using a fixture on the
stage of an optical microscope, which allowed high magnification observations of the
sides of the beam during crack growth, with continuous load measurements. The results
shown in Fig. 2 were obtained from a specimen containing three layers of 50% Al,03-
50% CeZrO, widely spaced ahead of the notch, as shown in Fig. 2(a). After initiating
stably in the immed:iate vicinity of the notch, the crack grew unstably and arrested
approximately 20 um before the first layer of AIZOB/ZrOZ’ which had thickness ~ 35 um.
The width of the transformation zone over the wake of the crack, as determined by
Nomarski interference, was approximately 15 ym. However, near the tip of the arrested
crack, the transformation zone extended adjacent to the A1203/Zr02 layer for distances
of more than 150 um each side of the crack, as shown in Figs. 2(b) and (c). Some
transformation also occurred on the opposite side of the A1203/Zr02 layer, also for a
distance of 150 um both sides of the crack plane.

After further loading, the crack grew unstably through the Al,04/ZrO, layer,

into the CeZrO, on the opposite side, and arrested again ~ 40 um before the second layer,
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which had a thickness of 70 ym. The shape of the transformation zone along the layer
near the crack tip was similar to that at the first arrest position (Figs. 2(b) and (c).
Optical interference micrographs of regions around the first and second layers, witii the
crack tip at this position are shown in Figs. 2(c) and (e). These results indicate that the
A1203/Zr02 barrier layers have a much larger effect than simply arresting the growth of
a transformation zone ahead of a crack; they also promote expansion of the zone to the
side of the crack, which is the location that gives rise to crack tip shielding and hence
toughening.

Smooth beams of the same composite as in Fig. 2 were broken in bending in the
two orientations shown in Fig. 3(a) and (b). In the orientation of Fig. 3(a), which is the
same as that of the notched beam, failure occurred unstably at a critical load. The
polished side surfaces of the beams exhibited similar evidence for widening of the
transformation zone near the Al,04/ZrO, layers as in Figs. 2(b) to (e). Therefore, this
beneficial interaction appears to occur for fast moving as well as for stable cracks. In
the crientation of Fig. 3(b), fracture also initiated unstably from the tensile surface at a
critical load. However, the crack arrested before it reached the opposite side, leaving
the beam intact (Fig. 3(c)). The effectiveness of the Al,04/ZrO, layers in arresting this
crack is especially noteworthy since there were only two layers in the beam, accounting
for 2% of its volume. On the surface that had been loaded in tension, there were several
narrow bands of transformed material in addition to the crack that caused the sudden
load drop, similar to observations in the literature (Fig. 3(d)). However, some of the
transformation bands were arrested at the Al,03/ZrO, layers. There is also evidence
that the crack itself arrested at the Al704/ZrO, layer before joining with a second crack

to cause failure,
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Vickers indentations in the Ce-TZP were surrounded by large zones of trans-
tormed material, which caused uplift of the surface adjacent to the indentations. Micro-
graphs, obtained using both Nomarski interference and conventional interference, of
several such zones in the vicinities of A1203/2r02 layers are shown in Fig. 4. At
indentation loads up to 300N, there was no cracking caused by the indentations. The
presence of a nearby A1203/Zr02 layer within the transformation zone caused spreading

the zone in the region adjacent to the layer, in a pattern that is similar to the crack
tip zone spreading of Fig. 2. There was also transformed material on the side opposite
the indentation. The surface up!ift, measured from the optical interference micrograph
of Fig. 4, is plotted in Fig. 5 along several lines near the indentation, as depicted in the
inset of Fig. 5. The presence of the A1203/2r02 layer caused substantially larger uplift
everywhere on the side of the indentation that is closer to the !ayer. The surface of the
AIZO3/Zr02 layer is depressed relative to the adjacent transformed Ce-ZrO, material.
However, this A1203/2r02 layer is uplifted more than the Ce—Zr02 surface at
corresponding positions on th2 opposite side of the indentation. This observation provides
evidence that the A1203/Zr02 layer caused spreading of the transformation zone
adjacent to the layer in the depth direction s well as along the surface, and/or a larger

concentration of transformed material in the region adjacent to the .yer.

4.2 The Response of Multilayered Structures

The influence of multilayered structures on transformation zone shapes was
investigated using a specimen shown schematicaily in Fig. 6(a), containing 19 layers of
alterna.ing Ce-TZP and A1203/Zr02, each of 35 um thickness, in the center of a beam ci

Ce-TZP. Optical interference micrographs (Fig. 6(b)) show that the width of the

7
J11141HD/bje




transformed zone adjacent to the crack is about a factor of 10 larger (~ 150 ym) within
the multilayered region thar ia the Ce-TZP (~ 15 ym). Moreover, even though the »'='ift
is constrained by the presence of the higher stiffness Al,03/ZrO, layer, and the average
volume fraction of Ce-TZP is lower in the layered region, the magnitude of the surface
uplift adjacent to the crack, as measured from optical riicrographs such as Fig. 6(b), is

larger by a factor of about 2 within the layered region than in the Ce-TZP.

5. DISCUSSION

The results in Section 4 show that the presence of Al,05 or A1203/Zr02 layers
in Ce-TZP has a large effect in spreading transformation zones along the regions adja-
cent to the layers. The spreading is driven by the coitraint due to the nontrans-
formability of the layers and their higher elastic stiffness. However, the mechanics of
the spreading has not been anaiyzod in detail.

[f the layers are oriented normal to the plane of a crack, the spreading of the
transformation zone must result in increased crack shielding, and thus higher fracture
toughness. For a multilayered composite such as that shrown in Fig. 6, the toughening can
be crudely estimated from the measured zone widths and surface uplift. Since the
toughness increase is proportional to fyw , where f is the concentration of transformed
material and w is the zone width, the observed increase in w by a factor of 10, with an
allowance for f to decrease by a factor of 2 (assuming conservatively that no
transformation occurs in the Al,04/ZrO, layer), would give rise to an increase in
fracture toughness of 50%. This estimate is also consistent with the observed surface
uplift; with the result of a previous study,9 which found experimentally that the

toughness increase is proportional to the square root of the surface uplift adjacent to the
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crack, the observed increase in uplift by a factor of 2 in the multilayered region would
imply a toughness increase of ~ 40%.

The toughening due to spreading of the transformation zone acts in addition to
the predicted toughening due to elimination of the elongated frontal zone. In high
toughness Ce-TZP (K. = 20 MPa-ml/z), the zone spreading through the use of
Al704/2rO; could increase the toughness in a multilayered composite to ~ 28 MPa-ml/2
(allowing 4 MPa for the base toughness of the Ce-ZrO, without transformation
toughening), whereas elimination of the frontal zone could increase this further to

48 MPa-ml/z. Therefore, the potential exists for such composites to exhibit fracture

toughnesses substantially higher than observed in any other ceramic material.
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Fig. 1

Fig. 2

Fig. 3

FIGURE CAPTIONS

Optical micrographs showing layered ZrO, microstructures.

(a) Isolated layers of Al,03/Ce-ZrO, (darker regicns) of various thickness in a
matrix of Ce-TZP,

(b) Multilayered structure with alternating Ce-TZP and Al,04/Ce-TZP layers

of thickness 35 pym.

(a) Schematic of notched beam of Ce-TZP containing several layers of
Al,03/Ce-ZrO,.

(b) Nomarski interference micrograph showing arrested crack tip near
Al,04/ZrO, layer (as indicated in (a)) with widened transformation zone
adjacent to layer.

(c) Optical interference micrograph of area in (b). Reference mirror is parallel
to surface remote from crack, so that fringes represent contours of constant
surface uplift (due to transformation strains).

(d) and (e) Micrographs taken as in (b) and (¢ from the region in the crack

wake near the first Al,04/ZrO, layer, as indicated in (a).

(a) and (b) Bending test geometry showing orientations of Al,04/ZrO, layers
relative to bending direction.
(c) Side view of crack in specimen oriented as in (b), showing crack arrest

before complete failure.
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Fig. 4

Fig. 5

Fig. 6

(d) Tensile surface of specimen from (c) showing crack arrest at Al,04/ZrO,
layer and arrest of transformation bands at the A1203/Zr02 layer (note the

transformation band can also be seen on the side surface in {(c)).

Vickers indentations (200 N load) near layers of Al,03 and Al,03/ZrO,
showing interaction of layers with transformation zone.

(a) Nomarski interference, A1203/Zr02 layer 30 ym thickness.

(b)-(d) Optical interference micrographs with reference mirror parallel to
specimen surface remote from indentations, (fringes represent contours of
surface upuft): (b) Al504/ZrO~ layer 30 um thickness, (c) A1,04 layer 30 um

thickness, and (d) Al,04 layer 10 um thickness.

Surface uplift measured from Fig. 4(b) along four paths as indicated.

(a) Multilayered region embedded within a matrix of Ce-TZP,
(b) Optical interference micrograph of specimen depicted in (a) after growing
crack from notch, showing larger transformation zone width in multilayered

region than in Ce-TZP,
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