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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 spectroscopy 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 are contained in papers that are included in Sections 3
to 6 of this report, and which have been published in or submitted to the journals noted on the
cover pages. The results are briefly summarized below.

The fabrication and properties of new zirconia microstructures with greatly enhanced
fracture toughness are described in Section 3. These new materials have dual scale
microstructures containing barriers to transformation with a spatial scale ~ 100 times the grain
size. Most work was done with laminar microstructures, although there is evidence that fibers and
platelets will yicld similar toughening effects. The microstructures were designed on the basis of
micromechanics analysis of the effects of zone shape on toughening (Section 4), as well as direct
measurements of crack tip transformation zone characteristics, which provided critical testing of the
validity of toughening analyses (Section 3). A new colloidal-centrifugal consolidation method
was developed in collaboration with Prof. F.F. Lange (U.C. Santa Barbara) to fabricate
multilayered microstructures with layers as small as 10 um. The layered comiposites exhibited
toughening effects that were much larger than expected; in addition to modifying the zone shape by
preventing a detrimental autocatalytic transformation ahead of the crack as anticipated, there was a
strong interaction of the transformation zone with the layers which caused the zone to spread
nonmmal to the crack plane (which is bencficial to toughening). Fracture toughnesses as high as
18 MPaem/2 were measured from direct in situ crack growth experiments in these laminar
materials.

Analyses of the effects of the shape of crack tip transformation zones on the degree of
toughening and comparisons of the analysis with measured R-curves in Ce-ZrOp materials are
given in Scciions 4.1 and 4.2. High fracture toughnesses (in the range of 12-14 MPasm!1/2) have
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been observed in Ce-ZrO; 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 ZrO2 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
toughening, the calculations show that if the microstructure could be modified to eliminate the
elongation of the zone ahead of the crack, the toughness could be increased by a factor of
approximately 2. These results provided the motivation to develop the layered microstructures to
eliminate the elongated frontal zone.

More direct measurements of crack tip transformation zone characteristics and
transformation thermodynamics are described in Sections 5 and 6. Detailed measurements have
been made of the distributions of monoclinic phase within transformation zones in several Mg-PSZ
materials of various peak toughnesses using Raman spectroscopy (Section 5.2). The resuits
allowed direct calculation of the crack tip shielding stress intensity factor, and thus comparison of
transformation toughening theory with experimentally measured toughness (for steady state crack
growth). The following zone characteristics were observed: (1) the volume fraction of stress-
induced transformation was not uniform within the zone, (2) the transformation zone contours
ahead of the crack were closer to semicircular in shape than they were to the contours of constant
hydrostatic stress in the elastic crack tip ficld, (3) transformation of all the tetragonal phase was
never observed adjacent to cracks (contrary to TEM observations of thin foils), and (4) the zone
size increased during initial crack growth, correlating with the measured crack resistance curve.
The calculated reductions in crack tip stress intensity factor due to transformation zone shielding,
assuming that only the dilational component of the transformation strains remained (i.c., that the
long range shear component was relieved by twinning), accounted for a large fraction of the
measured toughness increases, although there was a significant component (~ 4 MPasm!/2) which
was not accounted for. This implies that either there is a significant componeat of transformation
shear strain that is not relizved by twinning, or other toughening mechanisms operate.

The residual strains responsible for crack tip shielding have been measured directly within
the wansformation zones surrounding cracks in Mg-PSZ using two techniques (Section S5.1):

2
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Moiré interferometry and high 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 outlined.

Crack growth induced by cyclic tensile loading in a series of Mg-PSZ materials with
systematically varied microstructures was demonstrated in a collaborative study with U.C.
Berkeley (Section 5.3). Several crack growth effects were shown to result directly from the
existence of a transformation zone that shields the crack tip from the applied loading: crack closure
effects, which reduce the effective tip stress intensity range, transient acceleration or retardation
following sudden changes in cyclic load amplitude, and retardation following single tensile
overloads. However, the fatigue mechanism was shown pot to involve degradation of the
transformation toughening: Raman microprobe measurements of the transformation zones
developed during crack growth under constant cyclic load were used to show that the shielding of
the crack tips was not reduced by the cyclic nature of the load. This implies that an intrinsic
mechanism 1s responsible for the observed fatigue crack growth. This result is important because
it means that the beneficial effect of transformation toughening is not lost in fatigue loading. The
resistance to cyclic fatigue (including the threshold for fatigue crack growth) was found to increase
in propontion to the monotonic fracture toughness.

3
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Al203," by D.B. Marshall, J.R. Ratto and F.F. Lange, J. Am. Ceram. Soc.
74[12], 2974-87 (1991).

2. "The Design of High Toughness Laminar Zirconia Composites,” by
D.B. Marshall, Bull. Am. Ceram. Soc., in press.
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J.R. Ratto, to be submitted to J. Am. Ceram. Soc.
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Ceram. Soc. 73[2), 474-76 (1992).
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M.S. Dadkhah, D.B. Marshall, W.L. Morris and B.N. Cox, J. Am. Ceram. Soc.
14(3), 584-92 (1991).

7. "Resistance Curve Simulations in Transformation Toughened Materials,” by
C.L. Hom, R.M. McMeeking, A.G. Evans and D.B. Marshall, in preparation for
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8. “Crack Shiclding in Ceria-Partially Stabilized Zirconia," by D.B. Marshall, J. Am.

Ceram. Soc. 23(10), 3119-21 (1990).
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M.C. Shaw, R.H. Dauskardt, R.O. Ritchie, M. Readey and A.H. Heuer, J. Am.
Ceram. Soc. 73(9), 2659-66 (1990).

10.  "Cyclic Fatigue Crack i’ropagation in Mg-PSZ Ceramics," by R.H. Dauskardt,
D.B. Marshall and R.O. Ritchie, J. Am. Ceram. Soc. 73(4), 893-903 (1990).

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

Published in 1989 from previous year's work on AFOSR contract:

12.  "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).

13.  "Cyelic Fatigue-Crack Propagation in Ceramics: Behaviour in Overaged and
Partialiv Stabilized MgO-ZrQy," by R.H. Dauskardt, D.B. Marshall and
R.O. Ritchic, Mat. Res. Soc. Proc. on Fracture Mechanics of Structural Ceramics,
1985.

14 “"Stuctural 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).

Patent Applicati

"Laminar Ceramic Compaosites” by D.B. Marshall, F.F. Lange and J.J. Ratto, submitted to
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2.3 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: Prof. F.F. Lange from U.C.
Santa Barbara on colloidal processing of laminar composites, Profs. R. McMeeking and A.G.
Evans and graduate student C.L. Hom, from U.C. Santa Barbara on modeling R-curve behavior,
Dr. R.H. Dauskardt and Prof. R.O. Ritchie from U.C. Berkeley on fatigue crack growth; Prof.
A.H. Heuer and Dr. M. Readey from Case Western Reserve University on thermodynamics and
reversibility of transformations; and C-S. Yu and Prof. D.K. Shetty of University of Utah on
analysis of zone shape effects on toughening.

2.4 Technical Presentations

Fulrath Award Symposium, "Design of New High Toughness Laminar Zirconia
Composites,” at Am. Ceram. Soc. Pacific Coast Meeting, San Diego, Oct. 1991.

AcroMat ‘91, Invited Lecture "Laminar Composites,” Long Beach, May 1991.

Albrecht-Rabenau Symposium on Ceramic Science, Max-Plank-Institute (Tegemsee), June
1990 invited lecture, "Modeling of Mechanical Properties.”

American Ceramic Society Annual Mccting, Dallas, April 1990, invited lecture,
"Transformation Zones in ZrOy."

4th International Conference on Science and Technology of Zirconia, Anaheim, Nov.
1989, Invited keynote speaker: "Crack Tip Zones in Transformation Toughened
Ceramics.”

3rd Int. Conf. on Fundamentals of Fracture, Irsec, Germany, June 1989, Invited speaker:
"Crack Tip Zones in Transfonmation Toughened Ceramics.”
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American Ceramic Society Annual Meeting, Indianapolis, April 1989, “Characterization of
Transformation Zones in Toughened Zirconia."

13th Annual Conf. on Composites and Advanced Ceramics, Cocoa Beach, Jan. 1989,
"Cyclic Fatigue Crack Propagation in Advanced Ceramics."

2.5 Awards

American Ceramic Society Fulrath Award 1991 to D.B. Marshall.
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3.0 NEW MICROSTRUCTURES
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3.1 ENHANCED FRACTURE TOUGHNESS IN LAYERED
MICROCOMPOSITES OF Ce-ZrO; AND Aly03

published in J. Am. Ceram. Soc.
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J. Am. Cerom. Soc., 14 {12] 2979-87 (1991)

Enhanced Fracture Toughness in Layered Microcomposites of

Ce-ZrO, and Al,0;
David 8. Marshall* and Joseph J. Ratto

Rockwell infernatioral Sclence Center, Thousand Oaks, California 91360

Fred F. Lange*

Materials Department, University of California, Santa Barbaia, Callfornia 93106

Laminar composites, containing layers of Ce-ZrQ; and ei-
ther Al;0; or a mixture of Al;0; and Ce-ZrQ;, have been
fabricated using a colloidal miethod that allowed formation
of layers with thicknesses as small as 10 um, Strong interac-
tions between these layers and the martensitic transforma-
tion zones surrounding cracks and indentations have been
observed. In both cases, the transformation zones spread
along the region adjacent to the layer, resulting in an in-
creased fracture toughness. The enhanced fracture tough-
ness was observed for cracks growing parallel to the layers
as well as 1or those that were oriented normal to the layers.
[Key words: laminates, fracture toughness, cerium, zirco-
nia, alumins.}

Y. Introduction

IGH fracture toughnesses, in the range 10 to 14 MPa- m'?,
have been achieved recently in ceria-partiaily-stabilized
zirconia (Ce-TZP) that undergoes martensitic transformation
from tetragonal to monoclinic phase."* However, the shapes
of the transformation zones surrounding cracks in these ma-
:erials are not optimal for producing large transformation
toughening.’ Whereas in other zirconia ceramics of compara-
ble toughness (magnesia-partially-stabilized zirconia, Mg-
PSZ) the transformation zone extends approximately equal
distances ahead and to the side of a crack," the zone in
CeTZP is very elongated, extending ahead of the crack a dis-
tance of 10 to 20 times the zone width.'* The extra trans-
formed material ahead of the crack degrades the toughness;
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 semi-
circular frontal zone shape characteristic of Mg-PSZ.’ There-
_ fore, substantial benefit should result if the microstructure of
€eTZP could be modified to change the shape of the trans-
“formation zone.
The elongated frontal zone in Ce-TZP is thought to result
from autocatalytic transformation, i.e., the sequential trigger-
- ing of transformation in a grain by transformation strains in
"adjacent grains.® Autocatalytic transformation also occurs in
Mg-PS7, as evidenced by the formation of well-defined shear
* bands within grains." The microstructure of Mg-PSZ may be

I-W. Chien—contributing editor

193;{anuscripl No. 196697, Received May 20, 1991; approved September 26,

~ Supported by the U.S. Air Force Office of Scientific Rescarch under Co .-
. tract No. F49820-89-C- 0031. The calloidal science research on short-runge
repulsive potentials that led to the method for forming the luyered structure
wus supporteu at the Univensity of California, Santa Barbara, by the Office
of Naval Research under Contract No. N00O14-90-J-1141,

*Member, American Ceramic Sacioty.
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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 orders of magnitude (~50 um
in diameter)."”? Although each transformation band contains
many autocatalytically transformed precipitates, the grain
boundaries are effective as barriers, which arrest the propa-
gating 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 microstructural unit into Ce-TZP, in the form of
layers of either Al;O, or a mixture of Al;O; and Ce-TZP.
Based on the above discussion, the optimum separation of the
layers would be expected to be a factor of ~-10 to 100 times
the grain size (which is ~2 pm), with individual layer thick-
nesses being at the lower end of the range. Layered structures
satisfying this requirement have been fabricated using a col-
loidal method to consolidate powders. This approach has al-
lowed formation of layers as thin as ~10 um. Controlled
crack growth experiments and indentation experiments are
used to investigate the influence of these barrier layers on
crack tip transformation zones and fracture toughness. The
presence of the barrier layers leads to large increases in
toughness and extensive R-curve behavior.

II. Composite Fapr.:ation

Composites of Ce-TZP with layers of either Al;Oy or a
mixture of 50% by volume of Al,O; and Ce-ZrO; were fabri-
cated using a colloidal technique, The technique involved se-
quential 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.,” and Chang et al., "
in which an aqueous electrolyte (NH,NO,) was used to pro-
duce short-range repulsive hydration forces and to reduce the
magnitudes of the longer-range electrostatic forces between
the suspended particles. Such conditions produce a weakly
attractive network of particles which prevents mass segrega-
tion during centrifugation, but, because of the lubricating ac-
tion of the short-range repulsive foices, allows the particles
to pack to high green density.

The relative green densities of the Al,Oy and Ce-ZrQ,
powders (Al,Oy powder from Sumitomo, Type AKP-30; Ce-
21O, powder from Tosoh, Tokyo, grade TZ-12Ce) consoli-
dated separately in this manner were approximately 60 and
50 vol%, respectively, The larger shrinkage of the Ce-2t0,
during subsequent sintering caused cracking in some layered
composites that contained pure Al O, layers (the exceptions
being some thin layers, <30 um thick). This mismatch was
minimized by using the mixed composition of 50 vol% Al,O,
and Ce-ZrQ; instead of pure Al;O; for most specimens.
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Fig. 1. OElical micrographs showing isolated layers of A1;0,/Ce-
(dar

ZrO; er regions) with thicknesses of approximately 10, 35,
and 70 um in a matrix of Ce TZP.

Optical micrographs of typical layers of Al,0,/Ce-ZrO;
within a matrix ot Ce-TZP arc shown in Fig. 1. Reasonably
uniform layers with thicknesses in the range 10 to 100 pxm
were readily formed. A multilayered structure of alternating
Cce-TZP and AL, O,/Ce-ZrO, layers of thickness 35 um is
shown in Fig. 7.

I1I. Mechanical Properties

(1) The Role of Isolated Layers

The influence of individual layers of Al,0; or 50%
A1, O4/Ce-ZrQ, on crack growth and transformation zoncs in

WC/Co STIFFENERS .

NOTCHED
TEST
BEAM

(a)

Vol. 74, No. 12

Ce-TZP was investigated by fabricating composites contain-
ing widely spaccd layers. Mcasurements were obtained from
controlled crack growth in notched beams, fracture of smooth
bars, and indentation experiments using a Vickers indenter.

_ Crack growth experiments with notched beams wcre done
In two steps, using two diffcrent loading fixtures, which oper-
ated on the stage of an optical microscope and allowed high-
magnification observation of the side of the beam during
loading. All experiments were done in a dry nitrogen atmos-
phere. The dimensions of the beams were approximately
28 mm x 6 mm x 1 mm, with the initial notch of 170-um
width and approximately 2-mm depth. First, a stable crack
was initiated from the root of the notch under monotonic
loading, using the fixture illustrated in Fig. 2(a). The WC/Co
flexure beams in series with the test specimen make the load-
ing system extremely stiff and thereby allow stable crack
growth. The beams are equivalent to very stiff springs in par-
allel with the specimen and thus act as a crack arrester, as
described for different geometrical arrangements by Mai and
Atkins' and Sakai and Inagaki.'" This initial crack growth
was induced without use of a load cell, in order to stiffen the
loading system further. After thus growing the crack for
~500 pum, the loading system was changed to include a load
cell with conventional four-point loading through rollers
(Fig. 2(b)) in order to allow measurement of the fracture
toughness (or crack growth resistance). The stress intensity
factor was evaluated from the measured loads and crack
lengths (obtained from optical micrographs) using the expres-
sion from Ref. 17.

Results that were obtained from a specimen containing
three layers of Al,0,-Ce-ZrO, widely spaced ahcad of the
notch are shown in Fig. 3. After initiating stably in the im-
mediate vicinity of the notch, the crack grew unstably when
the loading systcm was changed to include the load cell, and
arrested approximately 20 um before the first layer of
Al;0,/ZrO; (which had a thickness of ~35 um). The width
of the transformation zone over the wake of the crack, as
determined by Nomarski interference, was approximately
15 um. However, near the tip of the arrested crack, the trans-
formation zone extended adjacent to the AlO:/ZrO, layer
for distances of more than 150 um cach side of the crack, as
shown schematically in Fig. 3(b). Some transformation also
occurred on the opposite side of the Al,03/ZrO; layer, also
for a distance of 150 um both sides of the crack plane.

After further loading, the crack grew unstably through the
Al,0,/Zr0O; layer, into the Ce-TZP on the opposite side, and
arrested again ~40 um before the second layer (which had a
thickness of 70 um). The shape of the transformation zone

FORCE

(b)

Fig. 2. Loadimg hictures for notched beam fracture testing (a) figh stiffness system used for crack mtiation. (bY conventional <uiem used

for stress intensty factor measurements
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Pr 3. Schematic of netched beam of Ce TZP containing three layers of ALD,/Ce-Zr0,. (b) Schomatiz dirgram of arrested crack near
Al 0,/Ce-Z10, layer, showing shape of ¢nlarged transformation sune aﬁ{'sccal 1o the layer (¢} Nomarski interference
micrograph showing arrested crack tip aeat ALyOL /2Oy layet (3e2a indicated in,&a)) with widened transformation zone adjacent to layer. {d)
Twu-beam interference microﬁtaph of ares in (b). Referance mi.ror is parallel 10 surface remote trom crack, se that fringes represant
contours of consian: surface uplifi (due to transformation strainie). (¢, ) Micrugraphs taken & fa (¢) ar d (<) f.om the regivi in the crack wake
acar the firt ALy /ZcOy layer, as indicated in (a).
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a_long the layer near the crack tip was similar to that at the
 first arrest position. Nomarski interference and two-beam
_interference micrographs of regions around the first and scc-
ond kiyers, with the crack tip at this position, are shown in
Figs. 3(c) to (f). These results indicate that the Al,0;/Zr0,
barrier layers have a much larger effect than simply arresting
ttic 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 risc to crack tip shiclding and
hence toughening, -2
The applicd stress intensity factors were calculated at vari-
ous stages of crack growth, using the mcasured loads and
cracy lengths. The fracture toughness of the Ce-ZrO, matrix
was =35 MPa- m'"”, whereas the stress intensity factor had to be
raised to =10 MPa-m'” to drive the crack across cach layer.
After the crack tip passed cach fayer, the unstable crack
growth prevented continued measurement of the stress inten-
sity factor until the crack arrested again. However, when the
crack had arrested the applied stress intensity factor had de-
creased to ~-5 MPa-m'”, indicating that the toughening cf-
feet of each layer decreased as it moved further into the wake
of the crack. Similar results were cbtained from specimens
containing layers of 100% Al,O; iv the same Ce-TZP matrix.
Smooth beams of the saine composite as in Fig. 3 were bro-
ken in bending in the two orientations shown in Figs. 4(a) and
(b). In the orientation of Fig. 4(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 evi-
dence for widening of the transformation zone necar the

Vol. 74, No. 12

Al;O;/ZrO, layers as in Figs. 3(b) to (f). Therefore, this ben-
cficial intcraction occurs for fast-moving as well as siable
cracks. In the orientation of Fig. a(b). fracture also initiated
unstably from the tensile surface at a critical load. However,
the crack arrested before it reached the opposite side, Icaving
the beam intact (Fig. 4(c)). The cifectiveness of the ALOy/
ZrO; layers in arresting this crack is especially noteworthy
since there were only two layers in the bcam, accounting for
2% of its volumec. On the surfacc that had been loaded in
tension, there were scveral narrow bands of transformed ma-
terial in addition to the crack that caused the sudden load
drop, similar to obscrvations in the literature.>** Howcever,
some of the transformation bands were arrested at the
Al,04/Zr0; layers. There is also evidence that the crack it-
sclf arrested at the Al,0,/ZrO; layer before joining with a
second crack to cause failure.

Vickers indentations in the Ce-TZP were surrcunded by
large zones of transformed material, which caused uplift of
the surface adjacent to the indentations. Micrographs. ob-
tained using both Momarski interference and two-beam inter-
ference, of several such zones in the vicinitics of Al-O;/ZrO.
layers are shown in Fig. 5. At indentation loads up to 300 N,
there was no cracking caused by the indentations. The pres-
ence of a nearby Al,0,/ZrQO, layer within the transformation
zone caused spreading of the zone in the region adjacent to the
layer, in a pattern that is similar to the crack tip zone spread-
ing of Fig. 3. There was also transformed material on the side
opposite the indentation. The surface uplift, measured from
the optical interference micrograph of Fig. 5(b), is plotted in

(d)

Fig. 4. {(a. b HBending test gcometry showing orientations of ALLOL /200 Lavets relative to bending direction. (¢) Sade view of cuck
apecnnen oriented asin (b), showing crack arrest hefore complete Latlure () Tensile surface of specimen from (o) showmng crack arrea
ALOL 700 Laver and arrest of transformation bands at the AL O /710 kner (note the transformation band ¢ wn alee be seen op the sude

aurface in fe))
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Fig. 8. Vickers indentation (200-N load) near layers of ALOy and ALOWZrO; showing interaction of layers with transformation zone. (3)
Nomarski interference, Al:O:/ZrO, hayer 30 pm thick. (b-d) Optical interference micrographs with reference mirror parallel to specimen
surface remole {rom indentations ({ringes represent contours of surface uplift): (b) AL OV ZrO;y layer 30 um thick, (¢ ALO: layer 30 um

thick, and (d) AL O, layer 10 pm thick.

Fig. 6 along several lines near the indentation, as depicted in
the inset of Fig. 6. The presence of the ALOL/ZrO, layer
caused substantinlly larger uplift everywhere on the side of
the indentation that is closer to the layer. The surface of the
Al:OW/ZrO, layer is depressed relative 1o the adjacent trans.
formed Ce-TZP material. However, this AlO,/Zr0; layer is
uplifted more than the Ce-TZP surface at corresponding posi-
tions on the oppuosite side of the indentation. This observa-
tion provides cvidence that the Al0,/ZrO; layer caused
spreading of the transformation zone adjacent to the layer in
the subsurface regions as well as along the surface, and/or a
larger concentration of transformed material in the region ad.
jacent to the layer.

(2) Response of Multilayered Structures

The influence of multilayered microstructures on transfor-
mation zone shapes and toughening was investigated using a
specimen containing 19 layers of alternating CeTZP and
AlL;OVZr0,, cach of 35-um thickness, in the ceater of a
beam of Ce-TZP. An additional isolated 35-em layer of AlLLO,
was located ~1 mm from the multilayered region (Fig. (a)).

The toughening experienced by cracks oriented normal to
the layers was evaluated by growing a crack in a notched
beam using the loading procedure described in the previous
section. The tip of the initial crack that was introduced with
the suff loading system was about halfway between the end of

the notch and the first of the multiple layers (850 pm from
the notch and 440 pm from the first fayer). Further loading
with the more compliant loading system, which allowed con-
tinuous load measurcment, caused stable growth up to and

E 3 4
E o, /

g Al,04 / Co-T2P 1
S5 LAYER

0 0 20
DISTANCE (x/yum)

Fig. 6. Surface uphit measured from Fig 5(b) along four paths as
indicated
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Fig. 2 (a) Mulci{a?;emd region embedded within a matrix of Ce-TZP. (b) Critical applied stress intensity factor for crack growth up to and

through the multi

ayered region of {a). (c-¢) In situ optical micrographs (Nomarski interference) showing crack tip at several stages of

rowth through the multilayered region. (f) Optical interference micrographs of specimen in () to (¢) after the crack had Prown past the

solated layer. Refercnce mirror is parallel to undistorted specimen surface, so that fringes represent contours of out-¢

planc surface

displacements (the discontinuity in the lower central region is due to the joining of iwo micrographs with imperfect matching of the

reference mirror positions).

through the multipic Inyers. However, as the crack approached
the last of the layers, it extended unstably for 1.5 mm and
arrested at a position 400 um past the isolated layer.

The applied stress intensity factor, Ky, necded to extend
the crack up to and through the multiple layers is shown in
Fig. 7(b), and micrographs showing the crack tip at scveral

positions within the layers are shown in Figs. 7(c) to (c). The
critical stress intensity factor incrcased from approximately
S MPam'? in the Ce-TZP to 17.5 MPa-m'? gs the crack ap-
proached the end of the laycred region. A corresponding in-
crease in the size of the transformation zone surrounding the
crack tip is cvident in the micrographs of Figs. 7(c) to (c).
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Surface distortions due to the volume strain associated with
the transformation can he detected as far as 300 xm from the
crack plane, whereas the zone width in the single phase
Ce-TZP is only ~15 um.

The increased width of the transformation zone within the
layered region is more clearly evident in the optical interfer-
ence micrograph of Fig. 7(f), in which the fringes represent
contours of surface uplift adjacent to the crack. This micro-
graph was obtained after the load was removed at the conclu-
sion of the experiment. The surface uplift adjacent to the
crack is also larger (by a factor of about 2) within the layered
region than in the single-phase Ce-TZP, even though the up-
lift is constrained by the higher-stiffness Al,O;/ZrQ, layers,
and the average volume fraction of the Ce-ZrO, is lower in
the fayered region. Both the zone width and the magnitude of
the surface uplift adjacent (o the crack decreased where the
crack grew unstably out of the multilayered region into the
single-phase Ce-ZrO,, and increased again as the crack
passed through the isolated Al,O,/ZrO; layer.

The response of cracks oriented parallel to the layers was
assessed by loading a double cantilever beam using another
fixture on the stage of the optical microscope. The cantilever
beam was cut, as shown in Fig. 8(a), from a region of the
specimen that contained a conveniently located large process-
ing flaw, which served as an initial sharp crack {(a flat nonsin-
tered region ~1 mm in diameter at the edge of the multilayered
area). Micrographs obtained at two stages during loading are
shown in Figs. 8(b) and (c). As the load was increased ini-
tially, a zouc of material within the single-phase Ce-TZP
ahead and to one side of the crack tip transformed before the
crack began to grow, With further load increase, the crack
grew but was forced to cross the first layer of Al;0,/Zr0;,
presumably because of the compressive stresses due to the
transformation zone on one side of the crack. The crack then
grew along the first layer of Ce-ZrO; within the multilayered
region, causing transformation in an increasingly wide zone
of adjacent layers. The stress itensity factor was not ¢valu-
ated during this test because the ends of the beam were glued
into the loading fixturc rather than being loaded through

Qronce

(@)

.v_bv& NI RN
“riw N -

~ R

PP { vty
JEUSIRIIN Y.
.‘\'

IR
00 - WARRUOLTIAN I

;.‘ . N
)‘ .
1Y »

)

(©)

Enhanced Fracture Toughness in Layered Microcomposites of Ce-ZrQ; and Al,0; 2985

pins. Nevertheless, it is clear that the layers caused an en-
hancement of the width of the transformation zone, and
hence the toughness, in this orientation as well as in the nor-
mal orientation.

IV. Discussion

The results in the previous section show that the presence
of layers of Al,0; or Al;03/ZrQO; in Ce-TZP can dramati-
cally modify the sizes and shapes of the transformation zones
around cracks. Two effects have been identified. One is the
anticipated truncation of the elongated frontal zone, as dis-
cussed in the Introduction, which can increase the toughen-
ing due to crack shielding by a factor of approximately 2. The
other, unexpected effect is the spreading of the transforma-
tion zones along the regions adjacent to the layers.

The zone spreading must be driven by the modification of
the stress field outside the transformation zone resulting from
the nontransformable nature of the layers and/or their higher
elastic stiffness. Residual stress due to the difference in ther-
mal expansion coefficients of the Ce-TZP and the Al,O;-
containing layers could potentially influence zone spreading
in multilayered composites, where, for example, the magni-
tude of the stress would be as high as ~100 MPa if the layer
thicknesses were equal. However, in the present experiments,
the zone spreading was observed around cracks and indenta-
tions near isolated layers, which represented less than 1% of
the total specimen volume. In this case the residual stress in
the Ce-TZP was negligibly small and therefore was not a sig-
nificant influence on the spreading of the transformation
zones. This conclusion is further supported by observations
that layers containing 50% Al,0; or 100% Al,O; (for which
the thermal expansion mismatches with the Ce-TZP differ)
causcd the same degree of zone spreading (¢.g., Figs. 5(b)
and (c)).

The combined effects of the zone spreading and truncation
caused an increase in the fracture toughness of the layered
material by a factor of 3.5 (from S to 17.5 MPa- m'?). Noting
that the measured toughnesses are given by the sum of the
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Fig. 8. {a) Schematic diagran of double cantilever beam cut from same composite as in Fig. 7. (b, ¢) In siiu optical micrographs (Nomarski
interference) showing crack and surrounding transformation zone at several stages of growth along the layers.
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intrinsic toughness of the Ce-TZP without any transformation
zone and the crack tip shielding component, K., due to the
transformation zone, the observed toughness increase corre-
sponds to an increase in K, by a factor of S.

The Ce-ZrO, material used in this preliminary study cx-
hibited a fracture toughness of ~5 MPa- m" and a transfor-
mation zone size of ~15 um (Figs. 7(b) and (¢)). These values
are substantially smaller than the toughnesses and zone sizes
reported in more transformable Ce-ZrQ, materials'™ (Ky =
14 MPa - m"? and zone sizes of several hundred micrometers).
However, despite this relatively low starting toughness, the
multilayered microstructure was characterized by a crack re-
sistance curve that went as high as 17.5 MPa- m'?, and which
had not begun to saturate to a steady-state value when the
crack encountered the end of the layered microstructure. This
peak value of Kq is one of the highest toughnesses recorded
in a ceramic material, being surpassed only by weakly bonded
fiber-reinforced composites,’ weakly bonded laminar com-
posites,”? and by some Mg-PSZ materials immediately after
heat teeatment™* (the high-toughness Mg-PSZ materials age
and lose some of their toughening at room temperature).
There is cleatly a potential for substantially higher fracture
toughnesses in layered microstructures fabricated with the
higher-toughness Ce-TZP starting materials. Fabrication of
such materials is under way.

The mechanisms of toughening enhancement observed
here should not be restricted to the laminar geometry used
in this study. Similar effects may be expected for any high-
modulus, nontransforming microstructural unit, such as con-
tinuous or chopped fibers or platelets, distributed over a
similar spatial scale as the Layers. An example of the inter-
action of a transformation zone around an indentation with
an isolated sapphire fiber in the CeTZP matrix is shown in
Fig. 9. By direct analogy with the effect of the ALO, fayers,
the sapphire fiber caused spreading of the transformation zone
and a larger overall surfuce uplift in the vicinity of the fiber.

V. Conclusions

Laminar composites containing alternating layers of Ce-
TZP and a mixture of Al;O0, and Ce-ZrO; have been fabn-
cated using a colloidal technique. In situ observations during
controlled crack growth experiments in these microcom-
posites have yiclded the following resulis:

(1} The layers interacted strongly with the transformation
zones surrounding cracks and indentations, causing the zones

Vol 74, INO. 12

(b)
Fig. 9. Vickers indentation (200-N load) near sapphire fiber in Ce-TZP matrix, showing interaction of fiber with transformation zone: (a)
Nomarski interference, (b) two-beam interference with reference mirror parallel to specimen surface remote from indentation.

to spread along the regions adjacent to the layers and leading
to enhanced fracture toughness.

(2) Multilayered microstructures exhibited R-curve be-
havior for cracks oriented normal to the layers, with the criti-
cal stress intensity factor increasing by a factor of 3.5 from
the starting toughness of the Ce-TZP (~5 MPa-m') to a
value of at least 17.5 MPa- m'?. (This peak value had not satu-
rated to a steady state, but instead was limited by the crack
having reached the end of the multilayered region.)

(3) Zounc spreading and toughening effects were observed
for cracks growing paralle! to the layers as well as for those
oriented normal to the layers.
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THE DESIGN OF HIGH TOUGHNESS LAMINAR ZIRCONIA COMPOSITES
D.B. Marshall
Rockwell International Science Center

1049 Camino Dos Rios
Thousand Qaks, CA 91360

ABSTRACT

The development of new layered microcomposites of Ce-ZrO, and AlyOq
which exhibit enhanced transformation toughening is described. The layered microstruc-
tures were designed on the basis of transformation zone measurements and calculations

of the influence of zone shape on toughening in Ce-Zr0O, and Mg-ZrO,.

1. INTRODUCTION

Since the discovery of transformation toughening in 2¢O, in 1975, a variety
of toughened ZrO,-based materials have been developed. Magnesia-partially-stabilized
zirconia (Mg-PSZ) and cerla-zirconla tetragonal polycrystalline materials (Ce-TZP) can
now be fabricated with toughnesses in the range 10-20 MPa-m}/2,2-7

The optimization of the microstructures of these materials has occurred
together with advances in our understanding of the micromechanics of toughening and
with development of techniques that allow direct measurement of transformation zone
characteristics. In this paper, some recent direct measurements of transformation zones
in Ce-TZP and Mg-PSZ will be described, along with calculations of the effect of zone
shape on toughening, which have led to the davelopment of new layered composites with
dramatically increased toughness. Thess materials may herald a new class of dual scale
microstructures in ZrO,-toughened ceramics.
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2. TRANSFORMATION ZONES IN Ce-TZP AND Mg-PSZ

2.1 Transformation Zones and Toughening

Toughening of ZrO, ceramics is caused by a martensitic tetragonal-to-
monoclinic transformation, which is induced by crack tip stresses within a limited zone
surrounding the crack. The transforming particles (usually grains or precipitates)
undergo a shape change which comprises dilatation of ~ 4% and shear strain of ~ 7% at
the unit cell level, although the shear component of the overall particle shape change can

be partly or fully eliminated by twinning or variant formation.8

The toughening can be
understood either in terms of the direct reduction of crack tip stresses caused by the
shape change, or from an energy balance analysis of crack growth, in which the
toughening is associated with the energy required to cause the transformation.8~}!

The degree of toughening is dependent upon the distribution of transformation
strains around the crack. Although the influences of microstructural parameters, such as
particle size and stabilizer content, on increasing or decreasing zone size are known
qualitatively, quantitative predictions of the strain distributicn are not presently possible
because neither the critical stress/strain condition for transformation nor the degree of
shear strain accommodation is known. However, if 'the distribution is specified, the
toughening can be evaluated using either the stress intensity or the energy balance
approaches (which are rigorously equivalent“). Thus, if a uniform volume fraction, {, of
particles transform with net dilatation, eT. within a zone of arbitrary shape, the

toughness increase (shielding stress intensity factor) is
Kg=AEe fA ()
where E is the Youngs modulus, A is a dimensionless constant dependent on the zone

2
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shape, and w is a characteristic zone width. The shape parameter, A, can be readily
evaluated for any specified zone shape using the weight function method of McMeeking

and Evans.w If the volume fraction, £, is not uniform within the zone, the result is more

T

complicated, although for the case where e is dilatation and contours of constant f are

geometricaliy simiiar, Eq.(l1) holds with the product f/wsimply replaced by an

integral.lz

2.2 Direct Zone Measurements

Several techniques have been used to characterize transformation zones in
ZrO, materials, and thus provide critical testing of the transformation toughening
theory. Initially, x-ray wcasurements confirmed the presence of monoclinic phase on
fracture surfaces, aithough the spatial resolution is not sufficient to measure 2one shapes
near crack tips. Such crack-tip zone measurements have been obtained using several
methods that examine a specimen surface normal to the crack plane; optical interference
microscopy (Nomarski or Tolanski), which detects out-of-plane distortions caused by

)12

transformation strains near the crack (Fig. 1(a))’'% moiré interferometry and high

resolution differential strain mapping, which detect in-plane transformation strains

(Fig. l(b))D; and Raman microprobe specxroscopy.lz’“‘

which provides measurements oi
the relative volume fractions of monoclinic and teiragonal phases with spatial resolution
of several microns {Fig. 1(c)).

Examples of such measirements in Mg-PSZ are shown in Fig. . Raman
measurements (Fig. 1(c)), obtained by scanning along lines around the crack, indicate that
the volume fraction of transformed monoclinic phase decreases continuously with
distance from the crack and that the zone shape near the crack tip is approximately

semicircular.  Optical interference micrographs (Fig. 1(a)) provide a convenient
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indication of the approximate zone size and shape, although direct quantitative deduction
of zone characteristics is not simple because the out-of-plane surface distortions extend
beyond the transformation zone. Nevertheless, the results suggest an almost
semicircular zone ahead of the crack tip, consistent with the Raman measurements.
Moiré interferometry (Fig. 1(b)) and higt; resolution differential strain mapping provide
direct measurements of the strains normal to the crack plane, which are directly
responsible for shielding the crack tip, although even in this case account must be taken
of the distortion of the free surface. Calculation of these surface strains from the
Raman measurements of the distribution of transformed material (using FEM to account
for surface relaxation effects) yielded results that were consistent with the direct strain
measurements (Fig. 1(b)).

Both the Raman results and the in-plane strain measurements can be used to
calculate the shielding stress intensity factor. Such measurements in Mg-PSZ materials
that had been heat treated to yield different steady state fracture toughnesses
(16 MPa-m!/2 and 12 MPa-m!/?) indicated that large fractions of the measured tough-
nesses (8 MPa-m!/2 and 4 MPa-m!/2) were due directly to the dilatation associated with
the tetragonal to monoclinic transformation.}?

The shapes of transformation zones observed in high-toughness Ce-ZrO,
ceramics differ substantially from those in Mg-ZrO, (Fig. 2). The zones in Ce-Zr0, are
very elongated, extending ahead of the crack a distance of - 10 to 20 times the zone
width.?®  Calculations of the shielding stress intensity factors using Eq. (1) wit.
measured zone shapes and distributions of transformed material have indicated that, as
in Mg-PSZ, most of the toughening may be accounted for by shielding due to the

dilatational transformation strain.}!?
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2.3 Relations Between Zone Shape =nd Toughening

Calculations of the influence of zone shape on toughening have shown that
dilatational transformation of particles iocated within an angular range of + 60° ahead of
the crack tip causes an increase in the crack tip siresses, and thus detracts from

10,11 (The net toughening -arises from the dominant effect of particles

toughening.
outside this range.) Therefore, the elongated frontal zone in Ce-TZP (Fig. 2) is
detrimental to toughening by crack tip shizlding. Calculations of the shielding stress
intensity factors for zones with various ratios of frontal length to width (Fig,. 3) indicate
that the net toughening due tc the zone in Fig. 2 is more than a factor of 2 smaller than
it would be if the frortal zone was semicircular.!® Therefore there would be substantial

benefit if the elongated frontal zone in Ce-TZP could be eliminated.

2.4 Modification of Zone Shape

The elongated frontal zone in Ce-TZP is thought to result from autocatalytic
transformation, i.e., sequential triggering of transformation in a grain by transformation
strains in an adjacent grain. Autocatalytic effects have also been observed in other
experiments; sudden bursts of transformation t:at occur upon cooling tarough the M,
temperature (the teiperature at which spontaneous transformation occurs), and load
drops during tensile loading, which coincide with. the formation of narrow, well-defined
bands of transformed material which extend completely through the specimen in an
orientation normal to the applied tension 16,17

An approach for modifying the -srack tip zone shape Is suggested by comparing
the transformation respounses and microstructures of Ce-TZP and Mg-PSZ. The micro-

structure of Mg-PSZ may be thought of as dual scalej the individual precipitates that

transform from tetragonal to monoclinic phase are lenticular in shape (~ 300 nm
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diamcter) and are contained within grains that are larger by about 2 orders of magni-

tude. Autocatalytic transformarion also occurs in Mg-PSZ, as evidenced by the
formation of well-defined shear bands on the surfaces of specimens loaded in tension or
compression (Fig. 4).18 However, the transformation bands are arrested at the grain
boundaries rather than extending comp'etaly through the specimen. Separate initiation
of transformation is thus necessary in each grain, resulting in a smoothly increasing
stress strain curve, progressive transformation when cooling through the My temperature,
and, presumab'iy; a modified shape of the transformation zone ahead of a crack tip. In
Ce-TZP, which comprises a polycrystalline array of uniform tetragonal grains, each of
several microns diameter, there is nv such large scale barrier to arrest a developing
transformation band; in this case the transforming particles are the ii.dividual grains and
there is no larger microstructural unit. The presence of second phase grains in Aly04/
Ce-2rO, particulate composites has been shown to prevent autocatalytic
transiormatlon,” but it also leads to reduced zone width and thus reduced toughness,
The analogy with Mz-PSZ suggests that the frontal zone may be elimirated while
maintaining the large zone width over the crack wake, If a dual scale microstructure
could be created in Ce-ZrO,, with barriers distributed on a scale substantially larger
than the grain size, but smaller than the transformation zore width.

In the following section an approach for introducing such large-scale micro-
structural units into Ce-ZrO, in the form of layers of either Al,04 or a mixture of
Al;O; and Ce-2rO, is described. Based on the preceding discussion, the optimum
spacing of the layers would be ~ 20 to 100 um.

3. LAYERED MICROCOMPOSITES
Multilayered composites with alternating layers of Ce-TZP and Al;03/Ce-
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ZrO, have been fabricated using a colloidal technique for consolidation.19 The technique
involved sequential centifuging of solutions containing suspended particles to form the
green body, followed by drying and sintering. The barrier layers were composed of 50%
by volume of Al,05 and Ce-ZrO, rather than pure Al,04, in order to minimize differen-
tial shrinkage during sintering. Reasonably uniform layers with thicknesses in the range
{0 to 100 um were readily formed using this technique.

Controlled crack growth experiments using notched beams with regions of
multilayered material (or isolated layers) embedded in a matrix of Ce-ZrO, allowed the
influence of the layers to be identified. In addition to the anticipated truncation of the
elongated frontal zone, an unforeseen spreading of the transformation zone aleng the
Aly04/ZrO, layers normal to the crack plane was observed (Fig. 5. The extra
transformation in this location causes additional shielding of the crack and hence
toughening.

The applied stress intensity factor, Kp, Vneeded to extend a crack stably up to
~and through a multilayered region, coraprising layers of 33 ym thickness, is shown in
Fig. 6(a}. In this test, the crack grew under steady state conditions, at Kp = 5 MPa, in
the Ce-TZP before reaching the muitilayered region. The value of Kp then increased
almost Iineariy with crack extension as the crack grew through the layers, reaching a
value of 17.5MPa-m!/? as the crack approached the end of the layered region,
whereupon the crack extended unstably into the Ce-TZP on the other side. A
corresponding increase in the size of the transformation zone surrounding the crack tip
was observed (Fig. 6(b)).

| - Similar_results have been obtained using specimens with layers of different
thickness and with Ce-TZP mateérials of different starting toughness (the toughness of
the Ce-ZrO; used for the data of Fig. 6, Kp =5 MPa-m!/ 2, was relatively low). In all
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cases the R-curves increased as the cracks grew through the layered regions (all of width
< | mm) without any sign of saturation, and with maximum measured values of KR being
limited by unstable growth when the crack encountered the end of the layered region.
The transformation zone in one of these specimens containing Ce-ZrO, of high initial
toughness (Kg = 10 MPa-m!/ 2) is shown in Fig. 7: the zone spreading was much more
extensive. The frontal zone penetrated past the end of the layered region, with
subsequent unstable crack growth, after the crack had penetrated only half of the layers

(at Kg = 15 MPa-m'/3).20

CONCLUSIONS

Microlaminates of Ce-ZrO, with A1203/Zr02 layers exhibit dramatically
increased fracture resistancz. Development of these composites was motivated by
results of micromechanics analysis combined with direct observations of 2zone
characteristics in Mg-PSZ and Ce-TZP, which indicated that substantial toughening
would result from modifying shape of the transformation zone in Ce-TZP. Two effects
that enhance the transformation toughening in the layered structures have been
identified. One is the truncation of the elongated frontal zone that forms in single phase
Ce-ZrO, and the other is the spreading of the transiormation zone along the layers.

The toughening enhancement should not be limited to planar layered micro-
structures with cracks normal to the layers. Evidence has been presented elsewhere!d
for enhanced toughening for cracks growing parallel to the layers and for spreading of
the transformation zone near Al,O4 fibers embedded in a Ce-TZP matrix. Thus, many
other three-dimensional dual scale microstructures that enhance toughening may be
envisioned using fibers, platelets or nonplanar Aly04/2rO, layers as barriers to

autocatalytic transformation.

8
J11455HD/ejw




Acknowledgments

The work summarized here was done in collaboration with M. Shaw, B. Cox,

M. Dadkhah, W.L. Morris, J. Ratto, F. Lange and R. Cutler. Funding for the work was

provided by the U.S. Air Force Office of Scientific Research under Contract No. F49620-
89‘C"°03 10

References

L.

2,

3.

4.

R.S. Garvie, R.H.J. Hannink, and R.T. Pascoe, "Ceramic Steel?" Nature (London),

K.E. Tsukuma and M. Shimada, "Strength, Fracture Toughness, and Vickers
Hardness of CeQO,-Stabilized Tetragonal Zirconia Polycrystals (Ce-TZP),* J. Mat,
Sci. 204{4] 1178-84 (1985).

T. Sato, T. Endo, and M. Shimada, “Postsintering Hot Isostatic Pressing of Ceria-
Doped Tetragonal Zirconia/Alumina Composites in an Argon-Oxygen Gas
Atmosphere,* J, Am. Ceram. Soc. 72[5] 761-64 (1989).

R.H.J. Hannink and M.V. Swain, *Metastability of Martensitic Transformation in a
12 mol.% Ceria-Zirconia Alloy: Deformation and Fracture Observations,” J. Am.

9
J11455HD/ejw




3.

6.

7.

8.

9

10.

il

L.R.F. Rose and M.V. Swain, "Transformation Zone Shape in Ceria-Partially-

Stabilized Zirconia," Acta. Metall. 36[4] 955-962 (1988).

C-S Yu and D.K. Shetty, "Transformation Zone, Shape, Size and Crack-Growth-
Resistance (R-curve) Behavior of Ceria-Partially Stabilized Zirconia Polycrystals,”

J. Am. Ceram. Soc. 72{6] 921-28 (1989).

AH. Heuer, M.J. Readey and R. Steinbrech, "Resistance Curve Behavior of
Supertough MgO-Partially-Stabilized ZrO,," Mater. Sci. Eng. Al105/106 33-89
(1983). |

A.G. Evans and R.M. Cannon, "Toughening of Brittle Solids by Martensitic
Transformations," Acta Metall. 34[5] 651-800 (1986).

A.G. Evans and A.H. Heuer, "Review - Transformation Toughening in Ceramics:
Martensitic Transformation in Crack-Tip Stress Fields, J. Am. Ceram. Soc. 63, 241
(1980).

R.M. McMeeking and A.G. Evans, "Mechanics of Transformation Toughening in
Brittle Materials,* J. Am. Ceram. Soc. 63[5] 242-46 (1982).

D.B. Marshall, A.G. Evans and M. Drory, *Transformation Toughening in Ceramics,"
p. 289 in Fracture Mechanics of Ceramics, Vol. &, edited by R.C. Bradt,
A.G. Bvans, D.P.H. Hasselman and F.F. Lange, Plenum Press, New York (1983).

10
J1455HD /ejw




12.

13.

14,

3.

16.

17.

18.

D.B. Marshall, M.C. Shaw, R.H. Dauskardt, R.O. Ritchie, M. Readey and
A.H. Heuer, "Crack Tip Transformation Zones in Toughened Zirconia," J. Am.

Ceram. Soc., 73[9] 2659-66 (1990).

M.S. Dadkhah, D.B. Marshall, W.L. Morris and B.N. Cox, "Direct Measurement of
Transformation Zone Strains in Toughened Zirconia," J. Am. Ceram. Soc. 74[3],

584-92 (1991).

D.R. Clarke and F, Adar, "Measurement of the Crystallographically Transformed
Zone Produced by Fracture in Ceramics Containing Tetragonal Zirconia," J. Am.

D.B. Marshall, "Crack Shielding in Cerla-Partially-Stabilized Zirconia," J. Am.
Ceram. Soc. 73[10] 3119-21 (1990).

P.E. Reyes-Morel and I-W Chen, "Transformation Plasticity of CeO,-stabilized
Tetragonal Zirconia Polycrystals and I Stress Assistance and Autocatalysis,” J. Am.
Ceram. Soc. 72{5] 343-53 (1988).

J,F. Tsai, C-S Yu and D.K. Shetty, "Autocatalytic Transformation and Zone Shape
in Ceria-Partially-Stabilized Zirconia (Ce-TZP)," unpublished work.

A.H. Heuer, M, Rilhle and D.B. Marshall, *On the Thermoelastic Transformation in
Tetragonal ZrO,," 3. Am. Ceram. Soc. 73{4] 1084~93 (1990),

i1
J11455HD/ejw




19. D.B. Marshall, J.J. Ratto and F.F. Lange, "Enhanced Fracture Toughness in Layered

. Microcomposites of Ce-ZrO, and Al;03," J. Am. Ceram. Soc., in press.

20. D.B. Marshall, J.J. Ratto and R.A. Cutler, unpublished work.

12
JLL455HD/ejw




Figure Captions

1.

2,

3.

4.

5.

(a) Optical interference micrograph showing out-of-plane surface distortion
due to transformation zone surrounding crack in Mg-PSZ. Fringes represent

contours of constant displacement.

(b) Residual transformation strains in wake of crack in Mg-PSZ in the direction
normal to the crack plane. Data from moiré interference. Finite element
calculations using Raman measurements of volume fraction of transformed

phase, assuming dilatational transformation.

(c) Fraction monoclinic phase in wake of crack in Mg-PSZ, measured by Raman

spectroscopy.

Nomarski interference micrograph showing crack in Ce-TZP (specimen

supplied by Dr, D. Shetty).

Crack tip shielding stress intensity factor for steady-state cracks with various

frontal zone shapes.

Nomarski interference micrograph of surface of Mg-PSZ loaded in

compression, showing transformation bands.

Arrested crack near A1203/Zr02 layer (darker regicn) in Ce-TZP showing

spreading of the transformatlon zone adjacent to the layer.
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6.

7.

(a) Critical stress intensity factor for crack growth through multilayered

region of Ce-TZP/(Al,04-2rO,) composite.

(b) Nomarski interference micrograph showing enlargement of transformation
zone (outlined by broken line) during crack growth through multilayered region
of (a).

Nomarski interference micrograph showing enlargement of transformation
zone caused by multilayered region of composite with high toughness Ce-TZP

matrix.
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CRACK RESISTANCE CURVES IN LAYERED Ce-Zr0,/Al1203 CERAMICS
D.B. Marshall, J.J. Ratto and F.F. Lange
Rockwell International Science Center

1049 Camino Dos Rios
Thousand Oaks, CA 91360 -

ABSTRACT

Crack resistance curves have been measured in layered Ce-ZrO2/Al3C3 composites with

. various layer thicknesses and with Ce-ZrO materials of two different initial fracture toughnesses.

Increasing the transformability of the Ce-ZrO» phase shifts the R-curves to higher values of stress

-intensity factor. However, the slopes of the R-curves were relatively insensitive to layer thickness

over the range examined.
1.  Infroduction

A recent study has shown a strong enhancement of transformation toughening in Ce-ZrO;
materials containing layers of either AlyO3 or a mixture of Al;03 and ZrO2.1 The presence of these
layers modified the shape and size of the crack tip transformation zone in two ways, both of which

- increased the degree of crack shielding: the transformation zone spread along the region adjacent to

the layers, thus increasing the zone width of a normally incident crack by up to a factor of 10, and
the elongated portion of the transformation zone that forms ahead of a crack in uniform Ce-ZrO2

‘was truncated by the layers. The toughening was evaluated using controlled crack growth
experiments in composites containing multilayered regions embedded within uniform Ce-ZrO;.

The critical stress intensity factor needed to grow a crack was found to increase from
~ 5§ MPasm1/2 within the Ce-Z¢O, to more than 18 MPaesm1/2 after growing through ~ 18 layers
of 30 um thickness.
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In this paper, we investigate the effects of varying the dimensions of the layered regions,
increasing the number of layers, and increasing the starting fracture toughness of the Ce-ZrO;

material.
2.  Experiments

Composites of Ce-ZrO2, with layers containing a mixture of 50% by volume of AlyO3 and

Ce-ZrO9, were fabricated using a colloidal technique as described previously.! 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.,3 and Chang et al.,4 in which an aqueous clectrolyte
(NH4NO3) was used to produce short range repulsive hydration forces and to reduce the
magnitudes of the longer range electrostatic forces between the suspended particles. Such
conditions produce a weakly attractive network of particles which prevents mass segregation
during centrifugation, but, because of the lubricating action of the short range repulsive forces,
allows the particles to pack to high green density. Two ZrO3 powders containing 12 mole% CeO»
were used, one from Tosoh (TZ12Ce) and the other an experimental powder from Ceramatec. The
Ceramatec powder was chosen because other. studies have shown that high toughness
- (~ 14 MPa+1/2) can be achieved. In our previous work with the Tosoh powder, the fracture
toughness of the Ce-ZrO; was ~ 5 MPaem!/2, The alumina powder was from Sumitomo
(AKP30). The composites contained multilayered regions sandwiched between regions of uniform
Ce-ZrO as illustrated in Fig. 1, in order to allow continuous measurement of crack growth, first
through the Ce-ZrO; then through the layered region,

Crack growth experiments with notched beams were done in two steps, using two diffemm
loading fixtures, which operated on the stage of an optical microscope and allowed high
magnification observation of the side of the beam during loading.! All experiments were done in a
dry nitrogen atmosphere. The dimensions of the beams were approximately 28 x 6 x 1 mm, with
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the initial notch of 170 pm width and approximately 2 mm depth. First, a stable crack was initiated
from the root of the notch under monotonic loading, using a very stiff fixture that made use of
WC/Co flexure beams in series with the test specimen.! The beams were equivalent to very stiff
springs in paralle] with the specimen and thus acted as a crack arrester. The initial crack growth
was induced without use of a load cell, in order to stiffen the loading sysiem further. After thus
growing the crack for ~ 500 pm, the loading system was changed to include a load cell with
conventional four-point loading through rollers in order to allow measurement of the fracture
toughness (or crack growth resistance). As the cracks grew stably through the layered composites,
the stress intensity factors were evaluated from the measured loads and crack lengths (obtained

from optical micrographs) using the expression from Ref. 5.

3. Results

Composites were fabricated using the Tosok powder with the layer arrangement of Fig. 1
with four different layer thicknesses, as shown in Fig. 2. The critical stress intensity factor, Kg,
measured as a function of crack growth up to and through the layered regions are shown in Fig. 3,
with the crack position being measured relative to the beginning of the layers to allow direct
comparison of the responses of the different layer thicknesses (crack growth in the Ce-ZrQz up to
the layers thus corresponds to negative position in this plot). Three of the specimens contained 20
layers and one contained 40 layers. In all cases, KR increased almost linearly as the cracks grew
through the layers. The peak value of KR coincided with the onset of unstable growth as the crack
approached the end of the layered region and the transformation zone penetrated the Ce-ZrO;
beyond. Therefore, since there is no indication in these data of KR saturating to a constant value,
the maximum toughnesses are limited by the finite extent of the layered regions. The slopes of the
R-curves are all similar, although there is an indicatior: that the slope is maximum at a layer

thickness of ~ 35 um.
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The cracks used for the quasi-static resistance curve measurements of Fig. 3 were all
surrounded by transformation zones that increased in width from ~ 15 um in the Ce-ZrOs to
~ 200 um at the end of the layered region. These transformation zones were observed by optical
interference microscopy, which detects out-of-plane surface distortions due to the transformation
strain. Increasing zone widths have also been observed for cracks that were growing unstably
through the layers. An example is shown in Fig. 4 for a crack that grew unstably during initiation
frorn the initial notch and arrested after penetrating the first three layers of Aly03/ZrO2 (the fringes

in this micrograph-correspond to contours of constant surface uplift).

Resistance curves from two composites fabricated with Ceramatec powder are shown in
Fig. 5. One of these composites was sintered almost to full density and contained 21 layers,
whereas the other contained 10% porosity and 41 layers. In both composites, KR increased almost
linearly, with similar slope, as the cracks grew through the layers. However, in the fully dense |
composite, the R-curve was displaced to larger values of KR by an amount (~ 4 MPasm!/2) equal
to the difference in fracture toughnesses of the Ce-ZyO; materials (= 5-6 MPasm!/2 in the low
density material, c.f., 9-10 MPasm!/2 in the higher density material). The peak values of Kg were
limited by unstable crack growth as the cracks approached the ends of the layered regions and
transformation zones penetrated the uniform Ce-ZrO;.

The widths of the transformation zones in the compositc containing the higher toughness
 Ceramatec Ce-Z:0, were much Lurger than in the other materials. The initial zone width within the
Ce-Zr07 was ~ 200 pum (Fig. 6(a), c.f., ~ 15 pm in the Tosoh material). After the crack had
penetrated ~ 10 of the layers, the transformation zone had spread to a width of ~ 3 mm (Fig. 6(b)).
At this stage, the front of the zcne penetrated the uniform Ce-ZrQ beyond the layered region. The
crack then grew unstably and arrested after extending ~ 1 mm into the Ce-Zv0;. The zone width
within the Ce-ZrO; beyond the layered region (Fig. 6(c)) was tnuch larger (~ 1.5 mm) than the
steady-state zone width for a crack growr. in this Ce-ZrO2 material (such as in front of the layers,
where the zone width is ~ 200 pm), but smaller than the zone width within the layers. This result
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suggests that the zone width of the unstable crack as it exits the layered region is determined by the
applied stress intensity factor, as it would be for a quasi-statically growing crack (zone width
approximately proportional to K2). The measured increase in zone width from 200 pm to 1.5 mm
would correspond to an increase in K by a factor of approximately 2.7, roughly consistent with the

observed increase in K at the point of instability.

4. Discussion

All of the composites tested exhibited crack resistance curves that increased almost linea-ly
as the cracks grew through the layered regions. The slopes of the R-curves were similar in
composites with various layer thicknesses, although the slope of the R-curve from the composite
with intermediate thickness layer (35 um) was significantly higher than the others. Althougk the
range of layer thicknesses tested was not large (~ 25 um to 70 um), these results do show that the
previously observed toughening effect is not limited to a narrow range of layer thicknesses. The
peak toughnesses measured were in the range 14-18 MPaem!/2, limited in all cases by the finite
extent of the layered regions (there was no evidence of an approach to steady state in the R-

curves).

The large transformation zones obscrved in the composite with the higher toughncss
Ceramatec ZrO32 suggest that very high fracture toughnesses could be achieved in a composite
containing more layers. With the observed zone width (which had not saturated) of 3 mm and the.
relation Kg & Yw,6.7 where K is the steady-state shiclding stress intensity factor and w is the i
zone width, a fracture toughness of more than 30 MPaem!/2 would bs predicted. Lo
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FIGURE CAPTIONS
Layered composite test specimen,

Optical micrographs of multiiayered composites fabricated with Tosoh powder: darker
phase is AlO3, lighter phase is Ce-ZrOs.

Crack resistance curves from the composites shown in Fig. 2. Data labeled by layer
thicknesses of Al203/ZrQ; in microns.

Optical interference micrograph showing transformation zonc around crack that initiated
unstably in the Ce-ZrO; and arrested in the layered region.

Crack resistance curves for multilayered composites fabricated from Ceramatec Ce-ZrOs
powder. Data labeled by Al2O3/ZrO; layer thickness in microns.

In situ optical micrographs (Nomarski interference) from specimen of Fig. 5 (25 um
Al0y/Z10O; layer thickness, 50 um Ce-ZsO2) at several stages of crack growth:

(a) crack within uniform Ce-Z1O,,
(b) crack extended partly through multilayered region, and

(c) aftsr crack grew unsiably out of multilayered region.
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TRANSFORMATION ZONE SHAPE EFFECTS ON CRACK SHIELDING
IN CERIA-PARTIALLY-STABILIZED ZIRCONIA (Ce-TZP)-ALUMINA -
COMPOSITES '
Cheng-Sheng Yu and Dinesh Shetty
Department of Materials Science and Engineering
University of Utah
Salt Lake City, UT 84112
Michael C. Shaw and David B. Marshall
Rockwell International Science Center

1049 Camino Dos Rios
Thousand Oaks, CA 91360

ABSTRACT

Crack tip shielding is evaluated for observed transformation zones in Ce-TZP/Al203
composites, in which the transformation zone sizes were changed significantly by varying the
sintering temperature to control the transformation yield stress. The calculated shielding effects are
consistent with an observed insensitivity of crack resistance curves to transformation zone size;
smaller zones in materials with higher yield stress were associated with larger ratics of wake length
to zone width and comespondingly higher nommalized shielding stress intensity factor. Shielding
due to the dilatational component of the transformation strain accounted for most of the toughening
observed in these materials.

1. INTRODUCTION

In a recent study, Yu and Shetty! measured crack resistance curves (R-curves) in a series
of Ce-TZP/A1203 materials that had been sintered at various temperaturss to vary the
transformation yield stress within the range 190-390 MPa. Tho specimen geometry used for these
measurements allowed stable crack growth for the initial, rising part of the resistance curve
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(typically for crack extensions of 1 to 2 mm). However, unstable crack growth occurred before
reaching a steady-state toughness. The widths of the transformation zones at the instability points -
varied from ~ 30 pm in the material with the highest yield stress to 300 yum in the material with
the lowest yield stress. Despite this large variation in zone size, the R-curves were almost the same
in all of the materials, with instability occurring at an applied stress intensity factor of

~ 15 MPaem1/2,

Calculations of the crack tip shielding due the observed transformation zones in the material
with the lowest yield stress have shown that the. measured stress intensity factors were consistent
with most of the toughening being due to shielding associated with the dilatational component of
the transformation zone.2 In this paper we present more extensive calculations to investigate
whether the measured R-curves for these materials are consistent with shielding, and especially to

rationalize the observed insensitivity of the R-curves to the transformation yield stress.

2. MATERIALS AND TEST PROCEDURES

The processing, microstructures, and mechanical properties of the Ce-TZP/Al203 materials
used in this study are described elsewhere. 13 The nominal compositions were 12 mole % CeO2-
ZrO; + 10 weight % AlLO3 + 2 weight % proprictary dopant. The same notation as in a previous
paper is used to identify materials fabricated from two powder batches (I and II) and sintered at
1500, 1475 and 1450°C (A, B and C) (Table 1).

R-curves were measured using single-cdge-notched bend specimens as described
elsewhere.! In all cases the specimens were precracked under monotonic loading and then
anncaled to climinate the transformation zone. The R-curves were then evaluated using incremental

loading, with unloading at various stages to allow measurement of the transformation zone.

2
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The transformation zone dimensions-were measured from optical Nomarski interference
micrographs which highlight surface uplift caused by dilatation within the zone. The relative
concentrations of monoclinic and tetragonal phases adjacent to the cracks were measured by x-ray
diffraction from the fracture surfaces.# In a material made from a third batch of powder and
annealed at 1500°C (i.c., type IIIA), Raman spectroscopy was used to measure the relative
distributions of monoclinic and tetragonal phases within transformation zones. These
measurements were obtained using a microprobe system (~ 2 um lateral resolution) which was
scanned along several lines traversing transformation zones that were formed during interrupted

R-curve tests.
3. ZONE SHAPES AND R-CURVES

The large differences in sizes of the crack tip transformation zones in the various
Ce-TZP/Al;O3 materials at given applied stress intensity factor, Kg, are shown in Fig. 1. For the
purpose of the shielding calculations in the following section, the zunic shapes can be approximated
as shown in Fig. 1(e), with triangular shapes ahead of and behind the crack tip. The zone size is
then characterized by the width w, and the shape by the normalized lengths I/w and d/w.

The measured R-curves for these four materials are shown in Fig. 2(a), and the
corresponding zone dimensions are shown in Figs. 2(b)-(d). Despite the large differences in zone
width at given K,, all of the R-curves are almost the same. The parameter I/w, which defines the
frontal zone, is roughly constant during crack growth and is the same for all materials, most values
failing within the range 9 to 13. The wake zone parameter w/d decreases with crack extension for
a given material and increases with decreasing yield stress at given crack extension.

3
J1148THM/ejw




The vaﬁaﬁon of the volume fraction of monoclinic phase with distance from the crack, as
measured by Raman spectroscopy, is shown in Fig. 3. -A continuous decrease in f with distance
is evident, similar to that reported in MgO-ZrO; materials,> with a significant amount of
transformed material lying outside the zone boundary that was inferred from the Nomarski
interference image. This difference arises because the contrast in Nomarski interference is caused
by changes in inclination of the surface rather than absolute surface displacement; the highest
contrast occurs where f changes most rapidly. X-ray measurements from the fracture surfaces of
the specimens used for Figs. 1 and 2 (Table 1) suggest that the fraction of monoclinic phase
adjacent to the crack decreases slightly with increasing yield stress. However, these measurements
represent values averaged over the penetration depth of the x-rays (~ 20 um). For the material
with the lowest yield stress, the gradient in f is not significant. However, for the other materials,
with smaller zone widths, a significant decrease in f occurs within the penetration depth (assuming
that the zone profile of Fig. 3 scales with the zone width). With this spatial variation in €
accounted for, the x-ray results would indicate that the value of f at the fracture surface is

approximately the same for all of the materials (f = 0.8).
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4. CRACK SHIELDING CALCULATIONS

For a transformation zone with the shape depicted in Fig. 1(e), containing a uniform
volume fraction, f, of transformed material with a net hydrostatic transformation strain, T, the

shielding stress intensity factor, Ks, can be written

Ks (1-V) = W ﬂ)
eTE tvwW

(1

where v is the Poisson’s ratio, E is Young’s modulus, and x is a function of the zone shape
parameters.” The function x can be evaluated using the weight function methed of McMeeking
and Bvans,5 as described for zones of similar shaps in Ref. 2. This expression can bs readily -
modified tc account for nonuniform f within the zone, if contours of constant f are geometrically

similar. In that case, f& in Eq. (1) is mplaced by

“1(x) " g(xiw)
W - | L wo | S22
YW [, 5 dx & fvw [ 2Wd(w) o

where €(x) is the volums fraction of transtormed material as a function of diswnce, x, from the
crack. In the normalized expression on the right side oi Eq. (2), fo is the value of f(x) adjacent to
the crack (x = 0), z(x/w) is the normalized function f(x)/f,. end w i3 5 length scale that can be
chosen arbitrarily. For the following calculations we take w as tiic zone width measured by
Noma:ski interforence (as indicated in Fig. 3), and assume that g(«/w) is given by Fig. 3 for all
of the materials. Then, evaluation of the integral in Eq. (2) gives

" For the zone shaps of Fig. 1(e), r.isnmsmclly m&pmdcmofvasmszwmemrmmvm by M‘;M&hnb
and Evans. However, the variation with v is very weak (< 2% for v« 0. M}J}
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] 90 i) = 0.
o W

2Vx/ 3)
With f, = 0.8 from the x-ray measurements, Eqs. (1), (2) and (3) give
=QENW Jw W
Ks == "(l 'd) @)

where [ =0.7.

The shielding stress intensity factors evaluated from Eq. (4) using the measur:d values of
zonc parameters w, w/d and lJw (Pigs. 2(b) to (d)), with E=200GPa, v =0.3 and
eT = 0.04, are compared with the measured R-curve data in Fig. 4(a). The values of K fall on a
curve with shape that is similar o that of the R-curve but displaced by a constant amount to smailer
values of K. The diffessnces, Kq-Ke, for all of the data are plotsed in Fig, 4(b). The difference is

 approxirmately constant, most values falling within the range 4 to 5 MPasm-:2,

5. DISCUSSIGN

The crack resistance, Kg, at any point on the R-curve is given by the sum of the following

~cuntributions: the toughness, Ko, of the transformed ZsOz; the shielding stress intensity factor,

Ks, due to the dilatational component of the transformation strain; shielding due to the shear
component of the transformasion strain; and contributions from other toughening mechanisms.

The value of Ko would be expected to be ~ 3 MPasm!/2, Therefore, since the results in Fig. 4

. show that KR - Kg « 4 10 6 MPa'm1/2, it is evident that the measured values of Kg are almost
fully accounted for by the sum of Ko and K. The results also indicate that the observed
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insensitivity of the R-curves to the transformation yield stress (i.e., transformation zone size) is

consistent with the values of Ky calculated with the observed zone sizes and shapes.

The insensitivity of KR to transformation yield stress warrants further examination. During
initial loading in these experiments, the transformation zone extends behind the crack tip a distance
do before the crack begins to grow, as indicated in Fig. 1(e). After the crack extends by Aa, the
wake zone length, d, is

d=do+Aa ©)

where the values of dg range from 80 to 150 pm (but not systematically with yield stress). Thus,
if we take d,, as approximately constant (valid for sufficiently large crack extensions), the value of
d at given crack extension is approximately' the same for all materials. Moreover the values of Yw
are approximately the same for all of the zones measured in this study (Fig. 2). Therefore, the
relative zone shapes in different materials at given crack extension are roughly as shown
schematically in Fig. 5. The tendency for K; to increase with increasing zone size (Ks a vW,
Eq. (1)) is thus cancelled by the effect of changing zone shape, which causes x in Eq. (1) to
decrease (as the zone geis larger in changing to materials with lower yield stress, the fiontal shape
remains constant, but the relative extent of the wake zone (d/w) decreases (Fig. 2)}. The

combined effect of these two changes is conveniently cssessed by rewriting Eq. (4) as
(1 -v) [\/_ K(d )] (6)

so that Kg is proportional to the term in square brackets a: given Aa (i.e., given d). This term is

plotted in Fig. 5 as a function of w/d for fixed I/w = 13. Over the ranges of w/d observed in the
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four materials of this study {as marked in Fig. 5), this term varies slowly, thus explaining the

observed insensitivity of Kg to the value of w/d.
EEA gven vy g 5 .
With the value of ! given by Fig. 5, Egs.(5) and (6) provide an

approximate expression for the R-curve:
Ko [BEFIVE ) ] ] Sovda )

The edges of the shaded regions in Fig. 4(a) are defined by Eq. (5), evaluated using values of T,
W oW W
E, v, and ' as defined earlier, and with [\/_d_ K‘d l)] = 0.022 and 0.035, representing the

approximate extremes within the ranges of w/d indicated in Fig. 5.

Materials with w/d far out of the range of the present experiments would not exhibit the
insensitivity of the R-curve to yield stress, since the curve in Fig. 5 decreases rapidly with
changing w/d outside this range. Morcover, since the slope of the R-curve is proportional to
N—— <o \!] materials with w/d out of the range of the present experiments would also have R-
curves of Jower slope. Finally, we emphasize that all of the resuits discussed here pertain to the
initial, rising part of the R-curve, where the zone shapes are appreximately as depicted in
Fis. 1{¢). At larger crack extensions, the R-curves would be expected to diverge and approach
steady state values, corresponding to wransformation zones with uniform widths over the crack

wakes. The steady state values of Kr would be expected to increase with increasing zone size.
6. CONCLUSIONS

1. The insensitivity of micasured initial nising portions of R-curves in Ce-TZP/Al203 materials

to variations in transformation zone size is consistent with the calculated effect of zone shape on
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crack shielding. The smaller zones were more efficient in shielding the crack tip because of their

larger ratio of wake length to zone width.

2. Most of the measured toughening in Ce-TZP/Al20~ can be accounted for by crack tip
shielding due to the dilatational component of the martensitic tetragonal-to-monoclinic

transformation,
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Table 1
Ce-TZP/Al,03 Composites

Composite Type Sintering Temperature (°C) Yield Stress (MPa) £+
IA 1500 1905 0.85
A 1500 23613 0.82
B 1475 2806 0.81
IIc 1450 3269 0.78

*Volume Traction of monotonic phase on the fracture surtace, determined from x-ray diffraction
analysis.
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Figure Capti

1. Nomarski interference micrographs shewing crack tip transformation zones in SENB
specimens of four types of Ce-TZP/Al202 composites, at applied stress intensity factor of
10 MPasm!/2: (a) type IA, (b) type IIA, (c) type IIB, (d) type IIC, (¢) schematic of zone
shape.

2, (a) Crack resistance curves for the materials of Fig. 1, measured using single-edge-
notched-beam specimens. (b), (c) and (d) transformation zone dimensions (as defined in

Fig. 1(e)) corresponding to the data of ya).

3. (a) Variation of volume fraction of monoclinic phase adjacent to crack in type IIIA
Ce-TZP/Al1203 composite, measured by Raman spectroscopy. (b) Crack tip

transformation zone used for (a) showing scan line.

4, (a) Comparison of resistance curve data from Fig. 2(a) and calculated shiclding stress
intensity factors. Shaded bands are representations of Eq. 5. (b) Differences between

measured applied stress intensity factors and the calculated shielding stress intensity factor.

5. Variation of shielding stress intensity factor with zone shape parameter, w/d. Inset shows
relative zone sizes and shapes at given crack extension in Ce-TZP/Al;03 materials of
different yield stress.
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Crack Shielding in Cerla-Partlaliy-Stabilized Zirconla

David B, Marshali*

Rockwell Internailonal Sclence Center, Thousand Oaks, Califoinla 91360

The crack tip shielding stress intensity factor has heen cal-
culated for several elongated transfcimation 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 ol a steady-state crack is
shown ‘o decrease the degree of shielding compared with
that of & zone with semictrenlar frontal shape and equiva-
lent width by 8 facter of zhout 2. [Key words: fracture
toughness, ‘etragonal zivcon.a Lolycrystals, cericm, shield-
ing, trausfusmarionsy

I. Introduction

IpvERAL 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 mattensmc transformation from
tetragonal to monoclinic phase.™ ‘!owevcr, the shapes of the
transformation zones surrounding cracls in these materials
are very different from those in other zirconia materials
of comparable toughness; in magnesia-partiaiiy-stabilized <ir-
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 clongated, extending ahead of the crack a
distance ~10 to 20 times the zone 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. ™ Morcover, in une of these studies® it
was specifically suggested that the crack tip shielding mecha-
nism, which is generally accepied as the source of toughening
in othet toughened zirconia matsrials, is not applicable
for CoTZP
Calcujations of the crack Up shielding duce to transforma-
tion zones with the shapes observed in Co-TZP are presented
here, with two purposes in mind. One is to determine
wh.cther such shiclding is indecd consistent with the measured
fracture toughness. The other is to assess whather a substan-
tial increase in toughncss might be possible by medifying the
microstrastuce to climinate or reduce the =xtended fromal
zone. The large frontal 2one is detrimental to toughening by
crack tip shiclding, siice dilatational tronsformation of ma-
terial located within an angular range of *60“ ahcad of the
crack causes an increase in creck tip stresses. ™

H. Analysis

Crack tip thielding cccurs when the transformation
strains within the zoae sutvounding the crack act to reduce the

W, Chea - contriduting editor
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stress intensity iactor nnear the crack tip, as characterized by
Ku'p = K, + K, (1)

where K, is the applied stress intensicy factor and K, is the
shielding stress intensity factor due to the zone. The condi-
tion for crack growth is taken as K, = Ky, 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 1o compute
the stress intensity factor due to the body forces, T, needed to
cancel these tractions:

K, = I T-hds @)
. r

where ds is an eloment of the zone boundary I, v is Poisson’s
ratio, and h is the weight function, given, for mode | lnadtng
in an isotropic hoawgeneom body in plane strain, by*

L]

{h;} * 273::’(1 Ve
cos (#72){2e ~ 1 + sin &2 sin 3872) o)
sin (B2 ~ 2 ~ cos B2 cos 3672)

when: » and 8 are pasition coordinatea relative to the crack tip.

To assesy the role of the extended frontal zone on crack tup
shielding, Eq. (2) was evaiuated for the steady-state (i.¢., con-
stant zoae width in wake of crack) zones shown in Fig. |, as
dopicted by Rose and Swain.' Vhe net transformation sirain
within the zone was taken to be hydrostatic dilatation, so that
the tractions T conaist of cutward acting pressure P normal to
the zone boundary {including the crack surfaces) as shown in
Fig. I(B). The pecssure is related to the unconslrained trans-

~—~TRANSFORMED
7 PARTICLES

4

{8)

g. 1. (A) Sieady-#ate traniformation zone shape in CoTZP
(fmm Ref. 3). (B) onc boundary sa4d tractior use i for shielding
calcviabiogs of Fig. 2




formation strain e” and the volume fraction, f, of material
transformed within the zone by™

p = feTE/3(t - 20) “)

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

K1 = v)fe"Ef Viw = k(d/w) (5)

where the function x(d/w) is plotted in Fig, 2. At djw = 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 — o) K, approaches zero, but it does so very
slowly (x = -0.033 at d/w = 1000 and « = —0.0033 at
diw = 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 sip
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 doubtle the toughening due
1 transformation shielding.

To ascertain whether the measured fracture toughness of
Ce-TZP is consistent with a shielding mechanism, X, was cal-
culated for two transformatior: zones from the paper by Yu
and Shetty,! who also measured the parameters needed to cal-
culate the shiclding. 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 wrn 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., ¥ = 0.22 in Eq. (5)), gave K, =
45 MPa * m'2, much larger than the measured fracture tough-
ness.* However, the observed zc»¢ shapes of Fig. 3(A) differ
from the shape corresponding to this result, both in their
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Fig. &. Crack tip shiclding stress intensity factors for steady-state
cracks. Solid curve refers to zones with the shape dopicted in
Fig. 1(B) with various relative zone dimensions, d,'v, ahead of the
crack. Kesults for zones defined ahead of the cnc‘( by a semicircle
and by a contou. of constant hydrostatic stress in an el*-tic rack
tip field are also shown,

d J

(B)

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 pm, broken lines at crack exiension of 1.3 mm.
(l?)( I%)one shape and tractions used to calculate K; for the zones
of (A).

form aheasl of the crack tip cnd in the absence of fully devel-
oped steady-state wake regions. To evaluate K, 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 k = ~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 —11 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 usually de-
creases with distance from the cra-%.% 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 K, (9.9 and 14.5 MPa-m"), in
the sense that the magnitude of X, is smaller than, but a sub-
scantial fraction of, K,: Eq. (1) with these two values of X,
gives Ko = 5.2 and 3.5 MPa-m"® for the toughness of the
fully transformed material.

1. view of these results, it is worthwhile contemplating
microstructural changes 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 .cen observed in many other expuriments.
These include sudden buists of transformation that occur
upon cooling through the M, temperature, as well as load
drops that occur during tensile loading experiments, 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 aiso undergoes auvtocatalytic
wransformation, as seen by well-defined bands on the surfaces
of specimens loaded in either tension or compression.'?
However, rather than extending completely through the
specimen, tiic bands arrest at grain boundaries. Because the
bands are arrested, separate initiavion 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 gm in diameter) of cubic phase, whereas the Ce-TZP
consists simply of a polycrystalline array of tetragonal grains
of uniform size (several micrometers) without any barriers to
arrest a band of autocatalytically transforming grains once it
forms. Tsa?, Yu, and Shetty'* 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 modifying 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,O4
and fabrication of layered structures.

IIl. 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
is also consistent with the reported* linear dependence of
the zone width on the square of the appiied 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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Direct Measurement of Transformation Zone Strains in

Toughened Zirconia

Mahvyar S. Dadkhah,* David B. Marshall,* Winfred L. Morris, and Brian N. Cox*
Rockwell Sclence Center, Thousand Oaks, California 91360

Residual strains responsible for crack tip shielding have
been measured within transformation zones surrounding
cracks in Mg-PSZ. Two techniques were used for strain
measurement: moiré interferometry and high-resolution
image matching. Both methods provide maps of differential
in-plane displacements within the specimen surface inter-
sected by the crack, the latter method with the higher reso-
lution. The resuits are compared with finite-element
analysis to assess surface relaxation effects, and the meas-
ured strains are used to evaluate the crack tip shielding
stress intensity factor. Calculetions based on the assumption
that the unconstrained transformation strain is hydrostatic
dilatation yielded results that were significantly smaller
than the measured toughness increases. [Key words: par-
tially stabilized zirconia, transformation toughening, crack
tip, shielding, finite-element analysis.]

I. Introduction
'EE high fracture toughness of certain zirconia-containing
eramics has been attributed to shielding of crack tips by
transformation strains."'® The strains result from shape
changes associated with the martensitic tetragonal-to-mono-
clinic transformation within limited zones surrounding the
cracks. The existence of such zones has been detected by sev-
eral techniques: X-ray diffraction,*!""* transmission electron
microscopy,*'** and Raman spectroscopy,'™? all of which
detect the presence of the monoclinic transformation product.
If the net transformation strain were known unambigu-
ously, these zone measurements would allow calculation of
the degree of crack tip shielding, and hence a direct compari-
son of transformation tougzhening theory and experimental
toughness measurements.'®-2’ The transformation strain is
composed of both shear (16%) and dilatational (4%) compo-
nents.>*® 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 2 in calculating the toughening."” Elimination of this
uncertainty requires direct measurement of transformation
strains within the crack zone. Indirect measurements of the
strains have been obtained from optical interference measure-
ments of out-of-plane surface distortions due to the transfor-
mation strains.*"#-* In this paper, we present measurements
by high-resolution displacement mapping and moiré interfer-
ometry of transformation strains normal to the crack plane
within the wake of the crack. This technique could potentially
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be used, in conjunction with out-of-plane displacement meas-
urements and finite-element modeling, to deduce the net
transformation strain directly. In the present work, prelimi-
nary measurements and finite-element analysis are used
to evaluate the crack tip shielding, assuming purely dilata-
tional strain.

II. Experimental Procedure

(1) Materials and Crack Growth Experiments

The test material was a partially stabilized zirconia* con-
taining 9 mol% MgO (Mg-PSZ), as used in previous stud-
ies.2%2! Fabrication, heat treatment, and microstructure are
described by Hannink® and Hannink and Swain.” Two final
heat treatments, which involved subeutectoid annealing at
1100°C, were used to make materials with steady-state frac-
ture toughnesses of 11 and 16 MPa - m'2. The microstructures
were composed of cubic ZrO, grains of ~50 um 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 8-phase, Mg2ZrsO),, both at the precipitate boundaries
and throughout the matrix.»**

Cracks were grown stably under measured loading condi-
tions in compact tension fracture mechanics specimens of di-
mension 25 mm X 30 mm 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) Out-of-Piane Displacement Measurements

Out-of-plane displacements of the specimen surface adja-
cent to the crack (u; in Fig. 1) were measured by optical inter-
ference microscopy. The interference measurements were
obtained from the surface of the compact tension specimen
which had been polished flat before introduction of the crack.

(3} In-Plane Strain Measurements

Transformation strains, e}, normal to the crack plane
(Fig. 1) were measured by two techniques (the superscript S
denoting strains measured at the s?ecimen surface). One
technique was moiré interferometry,” which involved gluing
a diffraction grid to the surface of the compact tension speci-
men before growing the crack, and then, during loading to
extend the crack, illuminating the surface with a He-Ne laser
(wavelength 632 nm) in the configuration of Fig. 2. In this
setup, 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 pro-
duce a virtual reference grating. The combination of this ref-
erence 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

*Nilcra Ceramics, Elmhurst, IL.
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Fig. 1. Schematic of crack surrounded by dilatational transforma-
tion zone.

fringes, which represent contouts of constant displacement in
the x; direction, the increment between adjacent fringes being
equal to the period of the reference crating (0.417 um). In the
present experiments, this technique allowed strain resolution
of 1073 over gauge lengths as small as 40 um.

The second technique of in-plane strain measurement en-
tailed 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 corre-
sponding features within the “before” and “after” images.
This technique (referred to as HASMAP) has been described
more fully in Ref. 36. In the present experiments, the speci-
men surface, which had been highly polished after heat treat-
ment, was coated with a thin (~100 A) layer of gold then
decorated with submicrometer MgQ crystallites (from smoke
of burning Mg), which provided the reference features for
image matching. Then a set of optical micrographs were ab-
tained from the regions ahead of the notch while the speci-
men was in the loading fixture, before the load was applied.
After the load was applied and a crack of sufficient length to
reach steady state (in toughness and transformation zone size)
had grown, another set of micrographs, which exactly
matched the first set in position and imaging conditions, was
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Lases Cameg
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Fig, 2. Setup for moiré interferometry.

obtained. Analysis of these micrographs provided x;-x, dis-
placement maps with relative displacement resolution of
~100 A (substantiaily smaller than the point-to-point image
resolution). The usable gauge length for strain measurement
was as small as 10 pm, substantially smaller than that achiev-
able by moiré interferometry.

III. Experimenta] Results

(1) Moiré Interferometry

Moiré interference micrographs from a compact tension
specimen containing a steady-state crack are shown in
Figs. 3(A) and (B). The crack was grown stably from the
notch a distance of 5 mm, unloaded (Fig. 3(A)), then reloaded
and extended a further 1.7 mm (};ig. 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,” increasing crack resistance curves for the initial 1 to
2 mm of crack extension and transformation zones of ~1 mm
in width (from Raman spectroscopy) were reported.

The fringes in Figs. 3(A) and (B) represent contours of con-
stant displacement in the direction x; normal to the crack.
Therefore, in these micrographs, an area of constant normal
strain, e{, in the x, direction would give rise to equally spaced
horizontal fringes; an area of pure rotation or shear, e,
would cause equally sgaced vertical fringes; and areas of
mixed normal strain e and either rotation or shear would
give inclined fringes. (To distinguish rotation and shear a sec-
ond moiré image would be needed with the plane of incidence
of the lascr rotated by 90°.) Several zones 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 micro-
graphs), 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 ej is compressive. The compressive strains
are caused by Poisson's contraction, associated with out-of-
plane displacements of material outside the transformation
zone (see Section IV). The difference in fringe spacing in
Figs. 3(A) and (B) gives a measure of the difference in crack
opening in the loaded (Fig. 3(B)) and unloaded (Fig. 3(A))
states.

The out-of-plane displacements were measured from opti-
cal 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 scparation of the specimen
surface and an inclined reference mirror: equally spaced hori-
zontal fringes represent a flat specimen surface, whereas the
fringe deflections toward the bottom of the micrograph indi-
cate surface uplift. The narrow region (~20-um width) imme-
diately adjacent to the crack in Fig. 4(A), where the fringes
deflect in the opposite direction, toward 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 (B) near the
crack where the moiré fringes become indistinct.

The residual in-plane and out-of-plane displacements, u,
and u,, obtained from the steady-state wake region of
Figs. 3(B) and 4(A), are compared in Fig. 4(B); the distances
from the crack plane over which u; and u; are nonzero are
similar. The corresponding variation of the normal strain e}
with distance from the crack is shown in Fig. 4(C). Also plot-
ted 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 1V).

(3) High-Resolution Displacement Field Mapping

The image matching technique was used for generating in-
plane displacement maps for the lower-toughness material;
because of the smaller transformation zone, the higher resolu-
tion of this method was needed to obtain information from
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Fig. 3. Moiré interference micrographs from high-toughness Mg-PSZ compact tension specimen: (A) crack grown S mm from notch then
applied load removed; (B} crack extended further 1.7 mm and applied load held constant while micrograph recorded.

within the zone. Optical interference micrographs from the
steady-state crack used for analysis are shown in Figs. 5(A)
and (B); these micrographs were obtained with the reference
micror parallel to the undistorted specimen surface, so that
the fringes reprasent contours of constant out-of-plane dis-
placement, at increments of Au; = 270 nm. The degree of
uplift in the uniform wake zone (approximately 0.8 um adja-
cent to the crack) and the measured steady-state fracture
toughness, K¢ = 12 MPa-m'?, are the same as in nominally
identical materials used in two previous studies,®®® and re-
ferred to therein as “mid-toughened.” Rows of indentations
visible in Figs. 5(A) and (B) near the crack were introduced
using a Vickers indenter at 2-N load, to provide references for
precise alignment of the micrographs taken before and after
crack growth.

Results of the displacement analysis from the region adja-
cent to the crack in Fig. 5(B) are shown in Fig. S(C). The
strains e§ normal to the crack are plotted on the vertical axis,
and the x;-x; plane corresponds to the area marked on
Fig. 5(B). The actual micrographs used for analysis (not
shown) were obtained at a magnification of 280% using a X25
objective lens with numerical aperture 0.45. The residual

strain e} is tensile within approximately 50 um of the crack
and compressive beyond. The strain distribution is qualita-
tively similar to the result from moiré interferometry 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 sensitivity of the measurements. Morcover, there is a one-
to-one correspondence between the nonuniformity of the
strain e} and areas in Fig. 5(B) where the cut-of-plane dis-
placements are larger than average (as indicated by the bulges
in the interference fringes adjacent to the crack). These varia-
tions in out-of-plane displacements 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 ef
in Fig. 5(C) is not an artifact duc 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
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Fig. 4. (A) Two-beam optical interference micrograph (wavelen?lh 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-planc and out-of-plane displace-
ments from Figs. 3(B) and 4(A). (C) Normal strains e{ from data of (B% and finite-clement rosults from Fig. 8(A) (see Section V).

Fig. 7(A) at each distance from the crack arc compared with tion, the residual strain normal to the crack is (Appendix)
the average out-of-plane displacements from Fig. 5(B) in g = (1 + v)e’/3 @)
Fig. 7(B). The results are qualitatively similar to those in

Fig. 4(B) for the higher-toughness material, but the width Further from the crack, analytical solutions relating the
of the zone of residual displacements is smaller. The average surface strains to e* arc not available. Therefore, to evaluate
in-plane strains e} are shown in Fig. 2(C), along with a finite- the effect of surface relaxation in this region, finite-clement
element calculation taking into account free surface relaxa- calculations were done (using the program ABaqQus) for the
tion (see Section IV). geometry shown in Fig. 8(A) (inset), which simulates a trans-

formation zone of width w, within which the unconstrained
transformation strain e"(x,) is a function of distance x, from

IV Anslyais of Surface Displacements aud Sirains the crack plane, but is uniform in the directions x; and x, over

The shielding of the crack tip by a transformation zone has the wake of the crack. The following boundary conditions
been expressed in terms of the unconstrained transformation were imposed: normal displacements u; = 0 everywhere, nor-
strains within the zone (see Section V), In the interior of the mal displacoments u, and u; zero along the right and bottom
specimen, where uniaxial strain conditions exist within a edges, respectively, and normal stresses zero along the crack
steady-state wake zone formed by hydrostatic dilatational and specimen surfaces. Elements within a distance w of the
transformation, the unconstrained transformation strains are crack plane were given a hydrostatic dilatational transforma-
related straightforwardly to the residual strain in the wake. tion strain (some resuits for nonhydrostatic strain are given in
For transformation with hydrostatic dilatation T, the residual the Appendix) with magnitude unity adjacent to the crack
strain normal to the crack plane is (Appendix) and decreasing to zero at x/w = 1, as shown in Fig. 8(C).

. The function in Fig. 8(C) was obtained by assuming that

el = (1 + V) e ) ¢"(x,) is proportional to the volume fraction of material trans-
1-v/3 formed at x;, as measured by Raman microprobe spec-

troscopy on similar materials. Alternatively, we could have

where » is Poisson’s ratio and the superscript I denotes a po- taken various trial functions for ¢"(x,) and chosen the func-
sition adjacent to the crack plane in the interior of the tion that gave closest agreement between calculated and meas-
specimen. However, experimental strain measurements by ured values of ef(x,), as described in Ref. 31. Then,
techuiques reported here are restricted to the specimen sur- comparison of the optimum function with the Raman meas-
face and are influenced by surface relaxation, as indicated urements would provide an independent experimental
schematically in Fig. 1. At the edge of the crack, uniaxial verification of the consistency of the strain and Raman meas-

stress conditions exist and, for the dilatational transforma- urements and the assumption that the transformation strain is
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Fig. 5. {A) Optical inter{erence micrograph of midioughness Mg-
PSZ compact tension specimen containing a crack grown stably un-
der monotonicully 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-
magnification optical micrographs). (C) Residual strains normai to
the crack plane within the area outlined in (B).

proportional to the volume traction of material transformed.
With the procedure used here, comparison of the calculated
and measured strains e{x,) affords a similar verification.
Computed displacements and strains are shown in
Figs. 8(A) and (B) for v = 0.3. The in-plane and out-of-plane
displacements, u7 and « ¥, are qualitatively similar to the ex-

Vol. 74, No. 3

Fig. 6. Nomarski interference micrographs from the area of
Fig. 5(B) at two different specimen orientations.

perimental results of Figs. 4(B) and X(B). The strain ¢, adjn:
cent to the crack plane (i.c., at x; = 0) is consistent with
Eq. (1) at the interior and Eq. (2) at the top corner. The mag-
nitude of the strain e} in the imerior decreases with distance
from the crack plane, to zero at the edge of the zone. How-
ever, the strain ¢} at the surface decreases to zero, and be-
comes compressive within the zone, with the maximum
compressive strain occurring close to the edge of the zone
(x/w = 1). Therefore, the experimentally observed compres-
sive residual strains outside the region of residual tensile
strains are accounted for by surface relaxation. It is also note-
worthy that the surface relaxations are such that the net dis.
placement of the edge of the crack is negative (i.c., increased
separation of the crack surfaces), whereas in the interior of
the specimen, the net displacement s, of course, positive
(i.c., closure).

The computed strain distrittions e3(x,) are compared
quantitatively with the experimenval measurements in
Figs. 4(C) and 7(C), with the values of zone width, w, and
transformation strain, e (0}, adjecent 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 um and e'(0) = 0.01. With the dilatational compo-
nent of the transformation strain in the individual Leaneforite
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ing particles being eq = 0.04, this value of e'(0) corresponds
to a volume fraction of transformed phase of f = «‘(0)fed =
0.25. For the strain mapping measurements from the lower-
toughness material of Fig. 7(C), the fitted parameters were
w = 100 um and €"{0) = 0.01. In both cases, the computed
and measured strain distributions show reasonable agreement.
Moreover, the fitted parameters are consistent with values ob-
tained from the above-mentioned Raman measurements from
similar materials in Ref. 21: w = 900 pm, f = 0.22 for the
higher-toughness material and w = 200 pm, f = 0.19 for the
lower-toughness material.

V. 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 transiormations and, hence, the tough-
ness increase. The reduction in stress at the crack tip is ex-
pressed in terms of a shielding stress intensity factor, K23

Kl(p = K, - K, 3)

where Ky, is the local stress intensity factor at the crack tip
and K, is the applied stress intensity factor. The criterion for
crack growth under monotonic loading is taken as a critical
value of Ky, (i.c., Ky = Ko, where K is the fracture tough-
ness in the absence of transformation shiclding). The corre-
sponding value of K, (K, = K. = K, + K,) is the fracture
toughness measured in the presence of shielding, and K, is
the toughness increase.

For & steady-state crack (i.c., crack growth at constant K,),
with a wake zone of constant width, w, containing a uniform
volume fraction, f of transformed particles, the shielding
stress intensity factor under planc strain conditions is?P%

AEe™Vw

1-v

K. = (A)

where £ is Young's modulus, 7 is the unconstrained transfor-
mation strain of the entire zone (e¥ = fed where ef is the
unconstrained transformation strain of the individual trans.
forming particles within the zone), and the constant A is de-
pendent upon the shape of the zone ahead of the crack l{pi, as
well as the nature of the transformation strain. 1f ¢’ is
isotropic dilatational strain and the frontal zonc is defincd by
a contour of hydrostatic tension in the elastic crack-tip ficld,
then A = 0.22. However, if the frontal zone is semicircular,
as suggested by several observations in Mg-PSZ (Fig. 5(A)
and Ref. 21), then A = 0.25.

Previous studics of Mg-PSZ™ (sce Fig. 8(C)) have shown
that the fraction of particles transformed within the zone de-
creases continuausly with increasing distarce from the crack
(corresponding to a subcritical transformation in the notation
of Ref. 24). In this case, the transformation strain e is not
uniform. However, provided all the contours of constant e’
around the crack tip and wake are geomctrically similar and
the net transformation strain is isotropic dilatation, the
shiclding stress inteusity factor can be obtained by integration
of EQ- (4):31.”.“

K= 25 [Tt avin ()
(1]

l~»

where x, is the distance from the crack planc. With Eq. (1) this
result can b2 expresscd alternatively in terms of the residual
strain e}, in the steady-state wake of the crack

E (7,
K= L elx) 4V (6)

With the finite-clement results of Fig. 8(A) being used to
relate the sirains ef(x,) and e{(x,), the integral in Eq. (6) was
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evaluated from the experimentally measured surface strains
ei(x,) of Figs. 4(C) and 7(C). These results, along with the
parameters A = 0.25 for the semicircular zone front,
E = 200 GPa, and v = 0.25 give K, = 9 MPa-m'? for the
moiré results from the high-toughness material and K, =
3 MPa - m'? for the strain mapping measurements in the lower-
toughness material. These results are similar to the values 8.8
and 3.9 MPa-m'? deduced directly from Raman meas-
urements (also with the assurption of hydrostatic dilatational
strain) from nominally identical materials in Ref. 21.

V1. Discussion

The results described in the previous sections provide di-
rect 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.c., long-range shear strains are relieved by twinning), we
have used the measured residual strain components normal to
the crack plane in two materiais of different toughness to cal-
culate the crack tip shielding stress intensity factors. The re-
sults agree closely with values obtained from similar materials
using Raman microprobe measurements of the distributions
of transformed monoclinic phase within the transformation
zones, with the same assumption of a hydrostatic transforma-
tion strain.” Both of thesc calculations also implicitly as-
sumed 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 preliminary Raman microprobe meas-
urements have been done to test this approximation.™ This
entailed growing a crack completely through a compact ten-
sion 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 lines normal to the crack at various depths below the
original surface. Tho results of these scans were not signifi-
cantly different from those on the original surface.

The assumption of hydrostatic dilatational transformation
strain in this and other studies is rationalized mainly an the
obiservation by transmission electron microscopy of extensive
twinning in the transformed monoclinic particles within
transformation zones. '™’ However, possible thin-{oil relax-
ation offects cast some doubt as to whether such observations
are representative of the behavior in bulk material. Moreover,
the magnitude of K, obtained with this assumption, here and
in other studies, does not appear to account {ully for the ob-
served toughening: with the values of K, from Section V (3
and 9 Ml’rm"’? and the measured fracture toughnesses gt
and 16 MPa-m'?), Eq. (3) gives X, = 7 and § MPa-m'?
These values of K are substantially larger than expected for
the fracture toughness of the material without any ioughen-
ing. One possible source of this discrepancy is the existence
of nonhydrostatic and nonuniform strains in the transforma-
tion zone,™™ although other toughcning 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 distin-
guish these possibilitics.

The techniques used here could potentially be used to de-
termine the deviatoric components of transformation strain
within the zone. In-plane residual shear strains ¢y can be ob-
tained directly from the image matching data that were used
1o generate the results in Figs. S and 7, or from moiré images
obtained with two-dimensional gratings. Short-renge, nonuni-
formly distributed shear strains ¢y, were observed from the
strain mapping data, but their magnitudes were smaller than
6 x 1074, an order of magnitude lower than the strains e} ad-
jacent to the crack. With the transformation of two sets of
orthogonally oriented precipitates, an elongation dus to shear




strain components that is equivaleut to plastic deformation on
two slip systems is possible, without giving a long-range shear
strain ey;. In this case, the relative magnitudes of the strain
components {eT,e7,e3) of the unconstrained transformation
could be determined from comparison of the in-plane and
out-of-plane displacements u; and u,. This would involve
measurement of u; and u; as in Figs. 4(B) and 7(B), measure-
ment of the distribution, f(x), of transformed material within
the zone by Raman microprobe spectroscopy, and super-
position of the fimte-element solutxons of Fig. Al with the
relative magnitudes of e, e], and e] adjusted so as to build
up a zone consistent with both the Raman results and the
measured values of u; and u,. Such an analysis was not at-
tempted here because of the variability in the amount of
transformation at different positions along the crack wake
(Fig. 7(A)). However, materials with more uniform zones may
be amenable to analysis.

VIiI. Conclusions

Moiré interferometry and high-resolution strain mapping
by image correlation have been used te measure directly the
residual transformation strains that exist adjacent to cracks,
and are responsible for toughening, in two Mg-PSZ materials.
The residual strains were consistent with Raman microprobe
measurements of the volume fraction of material trans-
formed. Substantial variabiiity in the residual strains along
the crack path was detected. The average strains were used to
calculate directly the crack tip shiclding stress intensity fac-
tor, with the assumption that the unconstrained transforma-
tion strain is hydrostatic dilatation. The results are consistent
with other equivalent calsulations besed on Raman micro-
probe measurements o the distribution of transformed mono-
clinic phase, which also assumed that only the hydrostatic
component of tie transformation strain contributes. How-
ever, the calculated shielding is significantly smaller than
the measured toughneys increase, suggesting that cither non-
hydrostatic components of the transformation strain aro sig-
nificant or other toughening mechanisms operate. An
approach was suggested for resolving this issue using the
strain measurement methods described herein,
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specimen surface resulting from uniaxial unconstrained transfor-
matioa strains in the three directions x,, x3, xy.

APPENDIX
Residual Transformation Strains

Consider a slab of material adjacent to a crack, as in Fig. §,
which undergoes umform transformation with unconstrained
normal strains (eT,e],e]). At positions near the crack but far
from the specimen surface, the following conditions exist:

el=el=0 =0 (A-1)

where e' is measured relative to the untransformed state
Therefore the elastic strains e; and e, are equal to ~eJ and
~-¢3, respectively, and Hooke’s law results in

Ee, = —vo; — voy (A-2)
Ee; = oy - voy (A-3)
Eey= —voy + oy (A—4)

Additica of Eqgs. (A-3) and (A-4) and substitution into
Eq. (A-2) gives

e = (lf )(f-’z +e]) (A-5)

for the elastic strain. The total strain e} is the sum of this and
the transformation strain:

- )(ez‘+e§)
1=y

For hydros(auc dilatation of magnitude e¥ = 3e], with
el = ¢] = e}, Eq. (A-6) becomes

(o [\t
@ MY )
At the edge of the specimen surface and the crack, the
following uniaxial stress conditions exist:
el (A-8)
In this case, application of Hooke's faw gives

el=el + ( (A~6)

(A-7)

0130320‘

el = el + )
which, for hydrostatic dilatation becomes
efa (1 +0)e'3 (A-9)

Results of finite-clement computations of the strain ef at
the specimen surface as a function of distance from the crack
plane are shown in Fig. Al for the three stress-free transfor-
mation strains €1.0,0), (0.0,1). and (0,1,0). The resuits for
the more geacral *ransformation straia (e, e],e]) can be ob-
tained by superpositiva.
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Trausformation zones surrounding eracks in several tough-
ened magnesia-partially-stabilized zirconia ceramics are
characterized by optical interference measurements of sur-
face uplift and by Rarnan microprobe spectroscopy. The

measurements demonstrate that the volumc fraction of .

transformation is nosuniferm withia the zone zad that the
extent of the frontal zone is approximately the same as that
‘of the wake. Resuits are used io evaluste the crack-tip
shielding stress intensity facior and to compare with the

measured fracture toughress. [Key words: cruck tp, par.

tlally stabilized z{rcoale, Rawen spectroscopy, transforma.
tivus, ioughness.)

L. Introduction

HE fracture toughness of ZrO.-based coramics can b
, increased by an order of magnritude (from ~2 to

20 MPa - m'?) by manipulating their microstructures to
change the stability of the rctained tetragonal phase.™ It
is reasonahly well established that at least a substantial por-
tion of this toughening vesults from shielding of crack tips
from ths applied load by the strains resulting from a marten.
sitic transformation from tetragonal to monoclinic symmetry
within limited zones surrounding the cracks.”™ Such zones
have been detccted by several techaiques: X-ray diffrac-
tion,*"""" transmission olectron microscopy (TEM),4%V
Raman spectroscopy,’™® and observations by optical inter-
ference methods of surface distortions dug to the transforma-
ton straing. ™ However, these mintliods have not yet been
used to provide sufficiently quantitadve measurements of
tiansformation zone parameiers (i.c,, distributions of the

transformation products, net transformation strain) for a -

coruplete calculation of the toughening due to shielding.

In this paper, ¢ preseat detatled measucemants of distei.
butions of iransformation products within zones around eracks
that were grown under controlled and known atruss intensity
fsctoes, and pecliminary correletions of the amount of shield-
ing with fracture mechanics predictions. Previous attempis at
such cosvelations have been at best oider-of-nagnitude esti-
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mates because of the difficulty of measuring zone parameters:
most have used X-ray measurements from fracture surfaces of
broken test pieces to estimate the zone size, assuming a
steady-state crack with a constant amount of transformation
inside the zone and none outside.%>%* We will show that,

“for MgO-partially-stabilized zirconia materials, the distribu-

tion of moaoclinic phase is not well approximated by 2 step
function. Mcreover, unless the fracture surface is formed by
crack growth st constant applied stress intensity factes, zone
width measurements from a large arca of the fracture surface

© (as is the case for X-ray measurements) may be misleading.

I1. Shieiding Ciack Tips by Transformution Zoues

Rigurous fracture mechanics analyses have been derived to
relate the toughness increass Gue to a crack-iip transformation
zone to the zone parameters. % Two aquivalent spproaches
havs been used, one being based on an energy-balance analy-
sit and the other involving calculation of the reduction in
crack-tip stresses by the transformation strains. In the latter
fermulation, the satelding effect of the transformatisn zone is
dofined by a stress intensity factor, K, such that the crack-tip
stress intensity factor, Ky, is given by

de =K, - K, ()
where K, is the applicd stress intensity factor. The criterion
for crack growth under uasi-static, monotonic loading is
taken as Ky, = K, where K, is the fracture toughness in the
absonce of ghielding. The corresponding vatve of K, (K, =
K. = Ky + K,; is the fracture toughness measured in the
presence of shiclding,

Fot & steady-state crack (i.c., crack growth at constant X,),
with a 2one containing a uni{orm volume fraction, £, of trans
formation product over a distance w from the crack surface,
the shicliting stress intensity factor is™

 AfEe™Nw
1~

K, (2)
where E is Young's modulus, vis Poisson's ratio, e is the trans-
formation strain, and the constant A is dependent upon the
shape of the zone ahead of the crock tip, as well as the nature
of transformation strain. If e” is an isotropic dilatations! strain
(i, all long-range shear strains relicved by twinning) and
the fronta! zone is defined by a contour of constant hvdro-
siatic tension in the elastic crack-tip ficdd, then A = 0.22.2 Y
ths amount of transformation is not uniform, but contours of
constant f in the wake and around the crack tip are il geo-




2660 Journal of the American Ceramic Society — Marshall et al.

metrically similar (and the net transformation stress is
dilatational), then K, can be evaluated by integration of
EQ~ (2):10.15.31.32

_ AEeT (% f(x)
K’—l—vjo 2—\7;dx @

where f(x) is the function representing the variation of the
volume fraction of transformed product with distance x from
the crack surface and w, is the distance from the crack at
which no transformation occurs, It is important to note that
Egs. (2) and (3) are restricted to steady-state cracks, with wake
zones of constant width. In general, initial growth of a crack
in these materials is dictated by an R-curve, with increasing
zone width as the crack grows.2-2** Calculations of these
R-curves indicate that the steady-state zonc width is achieved
after the crack grows a distance several times the width of the
steady-state zone.®?*% It is also noteworthy that, while the
fracture mechanics analyses are available to relate toughness
to zone parameters, predictions of the zone parameters such as
f(x), the frontal shape, and the net transformation strain are
presently not available. These parameters are determined by
the initiation condition for transformation and the degree of
relaxation of shear strains by twinning and variant formation.

Since the stresses outside the transformation zone are
dominated by the applied stress intensity factor, K,, the size
of the transformation zone in a given material is dependent
- upanK,. Therefore, the degree of shiclding is diminished if
crack growth occurs at K, < K, {e.g.. slow crack growth in-
duced by cyclic loading or reaitive envircament), or enhanced
if growth occurs at K, > K. (unstable crack growth, if dy-
nami¢ ¢ffects do not reduce the zone width). The dependence
of X, on K, can be estimated by assuming that transtormation
initiates at a position corresponding to a critical stress o, in
the elastic fizld dsfined by K,. Then the zons width is
Vw & &, /., aind the shiclding stress intensity factor (Eq. (2)
or {3)) becomes

K, = 8K, @

w;xcrc Bis a constam for a given material (Le., for given o,
¢’ By

IIl. Experimeants

Partially stabilized zirconia containing 9 mol% MgQ (My-
P82) was chosen s the test material because the fracture
toughness (and acmount of shislding) can be varied vver a wide
range by subeutectoid heat treatraent. Fabrication, heat treat-
ment, and rolcrostructures have been described by Hannink™
and Hannirk and Swain:” the microstructures are composed
of cubic ZrO, grains --50 pm in diameter containing tens-
shaped tetragonal pitates (~40) vol%) with largest dimen-
sion ~300 nm. The subscutectoid heat treatment does not
significantly alter the microstructural dimensions, but it is
known to cause a decompasition reaction resalting in growth
of an intermedigte (8) phase, Mg, Zx,0y;, at the precipitate-
mattix boundaries, which is thought to destabilize the tetrag-
onal phase.

Transformation zones surrounding cracks grown under
known loading conditions (poth cyclic and :nonotonic) in com-
pact teasion fracture mechanics specimens were characterized
by two methods: interfercnce microscopy and Raman spectros-
copy. The optical interference measurements were oblained
from the faces of the compact tension specimens which had
been polished prior to introduction of the cracks. The out-of-
plane surface displacements detected by this technique provide
an Indication of the transformation strains. The Raman spec-
tra from the same surface provide direct measurements of the
fractions of tetragonal and monoclinic phases.”

Two optical interference methods were used: Momarski
interference and coaventional interference. Noma.ski inter-
ference provides a qualitative indication of charges in the
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inclination of the surface, whereas the conventional interfer-
ence provides a direct quantitative measure of the normal sur-
face displacement.*

Raman measurements were obtained using a microprobe
system with lateral and depth resolution of ~2 pm. Typical
Raman spectra from regions adjacent to a crack and remote
from the crack in a material of high toughness (K. = 16 MPa-
m'?) are shown in Fig. 1. In most experiments, the specimens

*Interference microscopy uses a Michelson interferometer to form an
image anterfeunce of light from the specimen surface and a flat reference
mirror. Variations in the distance between the specimen surface and refer-
ence mirror then show up as fringes corresponding to contours of constant
separation, with increments of hﬁf of the wavelength of the light.
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Fig. 1. Raman spectra from Mg-PSZ wiih (A) mostly tetragonal

(remote from crack) and (B) mostly monociinic (sdjacent to crack)
recipitates. (C) Comparizon of Raman intensity ratios with the
raction of muavclinic phase evaluated from X-ray measurenieats.
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were scanned using a motorized stage, with the intensities of
the monoclinic and tetragonal peaks being measured as a
function of distance from the crack, along lines normal to the
crack, on the polished surface. The fraction of monoclinic
phase was calculated from intensity ratios, using a calibration
with X-ray measurements."” The calibration was done by com-
paring X-ray and Raman measurements from a series of
specimens that were heat-treated (1100°C) for various times
to change the amount of tetragonal-to-monoclinic transforma-
tion throughout the butk.’

IV. Results

(I) Raman Calibration

The volume fractions of monoclinic phase in the series of
heat-treated specimens were evaluated from the integrated
X-ray intensities from the monoclinic (111) and (111) and the
tetraponal/cub’c (111) peaks. The integrated intensitics were
derived from area measurements obtained by subtracting the
background and fitting Pearson VII functions.’® These re-
sults are compared with intensity ratios for the monoclinic
(179 cm™') and tetragonal (145 cm™') Raman peaks in Fig. 1(C).
Similar calibration curves were obtained from the area ratios
using the combined peaks 179, 189 cm™ for the monoclinic
phase and 145, 265 cm™ for the tetragonal phase. In all cases
the calibration curves were nonlinear. In previous studies that
used Raman measurements to evaluate the volume fraction of
transformation in ZrO,, a linear relation was assumed.

(2) Crack-Tip Zone Shape
Nomarski and conventional interfeience micrographs of
‘the crack-tip region in a high-toughness (K, = 16 MPa-m'?)
“material are: compared in Figs. 2(A) and (B). The conven-
tional interference micrograph was obtained with the refer-
ence mirror set parallel to the undistorted surface, so that the
fringes represent contours of constant out-of-plane surface
displacement, separated by half of the wavelength of the
monochromatic illumination (A/2 = 2700 A). Surface uplift is
detected to a distance of ~1.5 mm from the crack plane, and
the contours ahead of the crack appear to be approximately
semicircular in shape. These out-of-plane displacements
given an approximate idea of the transformation zone dimen-
sions. However, the contours do not provide a one-to-one cor-
respondence, because the transformation strains cause elastic
surface uplift outside the zone. Moreover, the displacements
are influenced by constraint conditions, which differ near
the crack tip and in the wake. Therefore, the width of the
uplifted region is larger than the actual transformation zone,
and the uplift adjacent to the crack is smaller near its tip than
further behind the tip (Figs. 2(A) and 3(A)).

In the Nomarski intcrference micrograph (Fig. 2(B)), the
same gencral surface uplift is evident adjacent to the crack,
but the extent of uplift is not resolved as scnsitively as in
conventional interference. In addition, there is a general ap-
pearance in Nomarski interfercnce of small transformation
bands oriented at an angle of ~45° to the direction of crack
growth, suggestive of a frontal zone defined by shear stress
contours. These small transformation bands are also visible in
Fig. 2(A), as jagged outlines of the contours which would
othcrwise be smooth. It is clcar from this micrograph that the
bands arc only a small perturbation on the overall displace-
ments duc to the transformation zone.

A more definitive determination of the frontal zone shape
is obtained from Raman microprobc measurcments along
scans ahcad of, and beside, the crack {Fig. 3(B)). These re-
sults indicate that the decrease in volume fraction of trans-
formed monoclinic phase with distance from the crack is
approximately the same ahcad of the crack tip as in the crack
wake. Therefore, the zone shape (as defined by any contour
of constant f) is approximately semicircular ahead of the
crack tip. This shape differs significantly from that of a hydro-
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static stress contour, which is often assumed, and which woald
extem:l2 6furthc:r anead of the crack than to the side by a factor
of 1.5.

(3) Initial Zone Development

The crack shown in Fig. 2 was grown initially from a saw
notch with a monotonically increasing stress intensity factor,
following the resistance curve shown in Fig. 4: the critical
applied stress intensity factor increased from an initial value
of ~7 MPa- m'? o a steady-state value of ~16 MPa-m'” over
a crack extension of ~4 mm (with 90% of the increase occur-
ring within the first 2 mm). The corresponding increase in
size of the transformation zone is clearly evident in the inter-
ference micrograph of Fig. 2(A): the outer limit of detect-
able surface displacement increased from an initial value of
~50 pm from the crack plane to ~1.5 mm over the same
region of crack growth. The out-of-plane surface displace-
ments, obtained from Fig. 2(A) at several positions along the
crack, both within the region of initial growth and within the
steady-state region, are plotted as a function of distance from
the crack in Fig. 3(A). Corresponding Raman measurements
of the volume fractions of monoclinic phase are shown in
Fig. 3(B). The increasing size of the transformation zone with
initial crack growth is reflected in both measurements.

(4) Steady-State Transformation Zone

Transformation zones were characterized in regions adja-
cent to cracks that had been grown under steady-state condi-
tions in two materials, one with a steady-state toughness of
10 MPa-m'? and the other with toughness of 16 MPa-m'~.
Both monotonic and cyclic loading conditions were used in
order to allow comparison of zones developed under different
values of K, in a given material. Details of the cyclic loading
experiments and fatigue crack growth characteristics are de-
scribed in Ref. 36. For monotonically loaded cracks, measure-
ments were obtained from regions where the cracks had grown
at constant X, for distances larger than 5 times the transfor-
mation zone width. Under cyclic loading, the cracks were
grown at constant velocity over a similar distance, with K,
varying between fixed values K., and Kpmi., with Kau,n/
K..x = 0.1. Under such conditions, fatiiue crack growth
occurs for Kn,, 2 K./2 in these materials.

Interference micrographs are shown in Figs. 5(A) and (B)
for steady-state cracks that were grown under monotonic load-
ing. These micrographs were obtained with the reference
mirror tilted so that the undistorted flat surface appears as
parallel equally spaced fringes normal to the crack, and out-
of-plane surface displacements appear as displacement of the
fringes in a direction paraliet to the crack. The areas shown
were well behind the crack tip, where the displacements were
not influenced by the near-tip constraint mentioned above.
The displacements measured from Figs. S(A) and (B), as well
as from steady-state cracks grown under cyclic loading. are
plotted in Fig. 5(C). Large differences are evident in both the
magnitude of the displacement at the crack planc and in the
cxtent of the displacement field from the crack.

Corresponding Raman measurcments of the fraction of
transformed precipitates as a function of distance from the
crack planc are shown in Figs. 6 and 7; intensity measurc-
ments (with background subtracted) from a single scan from
the highcr-toughness matcrial are shown in Figs. 6(A) and
(D), whercas averaged data from scveral scans, converted to
fraction transformed, are plotted as a function of Vv in
Fig. 7. The shiclding contributions to the fracture toughnesses
(Eq. (3)) arc proportional to the arcas bencath the curves in
Fig. 7. Scveral results from these figures arc noteworthy:

(1) The minor peaks in the individual scans of Figs. 5{A)
and (B) arc genuine variations in the (raction of monociinic
and tetragonal phases, both within the transformation
zone and remote from the crack. (Statistical fluctuations in
thc Raman intensities arc smaller than these variations by a
factor of approximatelv 5) The spatial scale of the variations
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(

is approximately equal to the grain size (as are the widths of
the irregularitics in surface distortions observed by inter-
ference microscopy), suggesting that the crystallographic
orientation relative fo the crack-tip stress ficld affects the
amount of transformation.

{2) Compicte transformation of the available tetragonal
phase was never observed in regions adiacent to the crack; the
maximum intensity ratio [, /(. + 1) = 0.8 observed for the
high-toughness material corresponds to a volume fraction of
~0.35, whereas the total fraction of tctragonal and monoclinic
phases is ~0.45. Moreover, with the background (preexisting)
monoclinic content subtracted, the largest volame fraction of
transformation induced by the crack is only fo = 0.25.

(3) Both the fraction of transformed monoclinic phase
adjacent 10 the crack and the width of the transformation zone
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. 2. {A) Optical interference micrographs (A = 5400 A) of crack-tip region and region of initial crack growth in high-toughness Mg-PSZ
Hd - 16 Pa-mm). Reference mirrorogpanucl to undistorted wtfacc.p(B)ENoa 8 ; ¢

narski tnterference micrograph of crack tip in (A).

are Jarger in the higher-toughness material than in the lower-
toughness material, and larger under monotonic loading than
under cyclic loading in a given matcrial (note that crack
growth under monotonic loading involves a larger applied
stress intensity factor than under cyclic loading).

V. Discussion

Previous calculations of crack-tip shiclding have assumed
that the amount of transformed moncclinie phase adjacent o
the crack is cqual to the fraction of tetragonal precipitates in
the original material (~0.45).%*" This was bascd on trans-
mission electron microscopy observations which showed all
precipitates transformed near the crack 2™ The results in
Section 1V(4) indicate that the frection transformed is al-
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ways less than this (maximum 0.25), thus suggesting that the
reduced constraint of a thin TEM foil allows additional
transformation. Thess results indicate that calculation of
‘transformation zone sizes based on X-my measurements, with
the sssumption of te transformation (or even uniform
volusre fraction of transformed phase) within the tone, would
give substantial underestirnates. Moreover, since the zone
sizes evident in Figs. 3(B) and 7 are much larger than the
penetration depths of X-rays," the zone depths could not be
characterized by X-r»~ measurements from {racture surfsces,
regardless of whethe. ot not any sssumptions were made about
tbe zuuc profile,

The shape of the zone ahead of the crack has been pee-
dicted to have a large cffect on the degree of shielding *®
For example, with a given zone width in the wake of the
crack, a froatal zone defined by a contour of constant maxi-
mum crack-tip shear stress (4 = 0,38 in Eq. (2)) resulls in a
cakulsted toughness increase larger by a factor of 1.7 than
that due to a frontal zone defined by a contour of constant
hydrostatic stress (A = 0.22).% The results of Fig. 2 suggest
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Fig. 4, 2Crack growth resistance curve for initial growth of crack
in Fig. 2,

APPLIED STRESS INTENSITY FACTOR, K, (MPa-mY/2)

that in Mg-PSZ the zone shape is approximately semicircular
ahead of the crack tip. Local bands of transformation within
the zone show strong contrast in Nomarski interference be-
cause of large local changes in slope of the surface. Such ob-
servations could be taken to suggest a zone defined by a shear
stress contour. However, both the surface displacement and
Raman measurerents indicate that these bands are only a
small fluctuation within the overall transformation zone (al-
though it is noted that they may be a critice! step in the
mechanism for determining the total size of the zone).
Evaluation of K, for a dilatational transformation strain
within a zone of constant width in the wake of the crack and
semicircular sha;x ahead of the crack tip yields A = 0.25 in
Eqgs. (2) and (3).

The results in Fig. 7 can be used with Eq. (3) to evaluate
the shielding stress intensity factoss, if we assume that the net
transformation strain is purcly dilatational (e7 = 0.04) and
take the frontal zone to be semicircular. The calc-lated val-
ues of K, (using £ = 200 GPa for Mg-PSZ) for the four sots of
data in Fig. 7 arc plotted as a function of the maximum ap-

ed stress intensity [actor (K, for monotonic loading, Ko

cyclic loading) in Fig. 8.

In both materials the dependence of the calculated values
of K, on K,, for crucks grown under monotonic and cyclic
loadling, is consistent with Eq. (4). This corrclation implics
that, provided the assumed transformation straing are the
same in both losding conditions, the shielding from the trans
formation zone is dictated by the maximum value of K, and is
not influenced by the cyclic nature of the load. Thevefore, the
fatigus crack growth mechanism must involve reduction of
the intrinsic toughness, Ky, rather than degradation of the
transformation toughening. This conclusion is supported in-
dependently by crack growth data which have been shown to
exhibit a velocity that is determined uniquely by the crack-tip
stress intensiiy fector range 4Ky, = Kou ~ K, in these two
materials, as well a3 in several others that were heat-treated to
give different degrees of toughening ™

The transformation straing in monotonic and cyclic loading
can be compared by cotmbining the Raman and ssrface uplift
measurerents of Figs. S(C) and 7. Qualitatively similur dif-
ferences between the four sets of data within cach of these
figures are evident. Direct comparison of the dispiacement, wg,
adjscent to the cracks, with values of X, caleulated from the
Raman measurements is shown in Fig. 9. Borh ue and X, must
be monotonically increasing functions of £ and zone width,
as measured from the Raman data. However, the measured
values of up are influcaced also by the actual transformation
strains, e, whereas the calculated values of K, are not affected
by e becsuse a constant value was sssumed in catculating X,
from the Raman dats. Therefore, if the transformation strains
differed in monotonic and cyclic loading (¢.8., different
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amounts of twinning resulting in different shear components
in e"), the data in Fig. 9 would fall on two separate curves for
motntotonic and cyclic loading. Since all of the data fall on a
single curve within the measurement accuracy, it is concluded
that the transformation strains in cyclic and monotonic load-
ing do not differ significantly.

The magnitudes of the shielding stress intensity factoss
may be compared with the measured toughness using Kq. (1):
fitting this equation to the data for monetonic loading (bro-
ken curve in Fig. 8) gives Ko = 7 MPa-m*. This is larger
than the value Ko = 3 MPa-m'® measured from overaged
material in which transformation toughening is eliminated,
implying that the calculated values of K, do not fully account
for the measured toughness increases. Several possibde causes
of this discrepancy are (1) partial reversibility in the transfor-
mation, (2) a shear compuacnt in the net transformation
strain (i.c., transformation shear strain a0t tully relieved by
twinning), and (3) contributions from other toughening
mechanisms. Whether or not there Is a shear compenent in
the transformation strain can in principle b detertained by

coparisen of measured surface displacement profiles such as
Fig. 5 with displacements calculated using varioug trial com-
binattons of dilation nad shesr t the stradi ¢ ¥ und the (rsction
of transforvaation, f(x), measured by Rigman specivossopy
Preliming - <Nietletioes with o nesumed to be purcly dile-
tional suggestea tnat a component of shear ay uxist, espe-
cially in the regicn close to the cruck;™ funitier calcuistions
with a shear componert added e e7 are neaded 10 resolve
this izsve. Other in dtu 20ne messurcments during loading
and unloading are also needed to deteimine whether there
are any changes in zone shape during unlozding.

Finally, it i3 noteworthy that the interference measure-
ments of surface uplift such ax ia Fig. 5 are a very sensitive
indivater of changes in zone size and toughness. The relative
increases in the uplift, Au, at the crack and in the width, wy,
of the zone are both larger than the relative toughness n-
crease between the two materigis. Since Au scsles with jw
and, fram Eq. (1), X, scoles with /' Vw, both du and w shouid
scale approximately with {AX\) (since the variation in f is
etatively small). This is consistent with the results in Fig 3.
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V1. Conclusions

Characterization of transformation zones around cracks in
several toughened Mg-PSZ ceramics by optical interference
measurements of surface displacements and by Raman micro-
probe spectroscopy has provided the following results:

(1) The shape of the transformation zone ahead of the
crack tip is approximately semicircular,

(2) The volume fraction of stress-induced transformation
from tetragonal to monoclinic symmetry is not uniform within
the transformation zone.

(3) Transformation of all of the tetragonal phase was
never observed by Raman spectroscopy in regions adjacent to
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Fig. 7. Fraction of material transformed from tetragonal to mono-
clinic phasc by the steady-state cracks of Fig. 5(C), as a function of
divtanee from the cracks
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cracks, contrary to TEM observations (the maximum amount
transformed was approximately 80% of the original tetrago-
nal phase).

(4) The reductions in crack-tip stress intensity factor (K,)
due to shielding from the transformation zone were calculated
from the Raman measurements of the zone profile, assuming
that only the dilation component of the transformation re-
mains (i.e., that the shear component is relieved by twinning).
The values of K, were significantly smaller than the measured
toughness increases. This result implies that either there are
other toughening mechanisms operating or there is a signifi-
cant component of transformation shear strain that is not re-
lieved by twinning.

(5) In cyclic loading, the size of the transformation zone
is determined by the maximum stress intensity factor and the
crack-tip shielding is not influenced by the cyclic nature of
the load.
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The subcritical growtk of fatigue cracks under (tension-
teasion) cyclic loading is demonstrated for ceraniic materials,
based on experiments ustag compact C(T) specimens of 2
MgO-partially-stabilized zirconia (PSZ), heat-{reated to vary
the fractuse toughness X, from ~3 to 16 MPa.-m'? and
tested in inert and moist environments, Analogous to behav-
iar in metals, cyclic fatigue-crack rates (over the =ange 107"
to 107 m/cycle) are found to be a function of the stress-
intensity range, cavironment, fracture toughness, and lesd
ratio, and to show evidence of fatigue crack closure. Unlike
toughness behavior, growth rates are not dependent on
through-thickness coastraint. Under variable-amplitude
eyclic loading. crack-growth rates show transient accelers.
tions following tow-high block overloads and transient re-
" tardntions following high-low bleck overloads or single
tensile overloads, again analogous to bebavior commonly
abserved in ductile metaly. Cyclic crack-growth rates are
ohserved at stress intensities as tow as 5G% of K, and nre typi-
vally some 7 orders of magnitude faster than corresponding
siress~corrosion crack-growih rates uider sustained-loading
conditlons. Possible mechanisms for cyclic crack advance in
ceramic materials are examined, and the practical implica.
thaps of such “cerumlc fatigue™ are briefly discussed. [Key
wends: mechanical properties, slrconla: partiatly stabilized,
. sagoesia, cracks, fatigue.)

1. 1otreduction

ts projected use of ceramics rather than metallic materials

for structural applications has been motivated in part by
the progpect that they may b insensitive to degradation from
cyclic fatigue.™ However, soveral investigations®™ using
smooth specinicns, sometimes containing indentation flaws,
tested under rotating bending, four-point bending, of by re-
peated thermal stressing, have shown reduced lifetimes for
atumina, zirconta-alumina, TZP, and silicon nitride under
cyclic, as opposed to static, loading conditions. Morcover,
subcrical cracking has been reported for several monolithic
and composile ceramics containing aotches and tested under
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Ahdough a redundsnt exprestion in meratlurgical teeerinotogy, the term
%in'o'c fatigue” iy used Bere to dininguith from othes pheammens tracdition.
ally tefered to in the ceramics literasiute as fatigue, (e, Qatic fatigue aad
dyaamic fatigue.
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far-field cyclic compressive loads.’-% Here, limited crack ex-
tension occurs from a notch due to residual tensile stresses;
mechanistically, it is still uncertain whether this process is
similar to crack growth under applied tensile loads. However,
there are few direct observations of fatigue crack growth in
cyclic tension~tension loading in ceramics.

The refuted existence of true cyclic fatigue has been based
primarily on the absence of crack-tip plasticity. However,
other inelastic deformation mechanisms such as microcrack-
ing, martensitic transformation, or frictional sliding between
a reinforcement phase and the matrix may exist in the vicin-
ity of a crack tip. Direct cvidence of cyclic fatigue-crack
growth under tension-tension loads was first reported® in
MgO-partially-stabilized zirconia (Mg-PSZ) that had been
toughened slight'y hy martensitic transformation (fracture
toughness, K, = 5.5 MPa-m". Crack-growth rates were
found to follow a power-law function of the stress-intensity
range (with exponent ~24), were sensitive 1o frequency and
load ratio, and exhibited crack closure, analogous to that in
metals.® The existence of fatigue cracking under tension-
tension loads was confirmed in Mg-PSZ! with higher tough-
ness; ™ cyclic crack growth rates as a function of AN have
also been reported for alumina wnder tension-compression
loading.® Moreover, limited cyclic fatigue-crack growth data
have been recently veporied for several other ceramics, in-
cluding alumina, % §t,N,® SiC-reinforced alumina™® and
Y-TZP/ALO,™ composites, and pyrolytic carbonigraphits.®

In the present study, a more extensive examination of
cycle fatigue-crack growth in Mg-PSZ ceramics is under-
taken to investigate the dependence of growth rate o (i) frac-
ture toughness, (i) the environment, (it} through-thickness
constraint, and (iv) variable-amplitude cyclic loading se-
quenees (i.e., past-overload behaviar). The resulis are com-
pared with direct measurements of transformation zonc
characteristics in order tv provide some elucidation of the
mechanisms of cyclic fatigue.

1l. Exparimentsl Procedure

() Material

Precipitated, partially stabilized zirconia, containing
9 mol®% magnesia (Mg-PSZ), was selected as the test material
for its well-characteria 3 and controliable transformation-
toughening behavior.®! The microsttucture consists of cu-
bic Zr0; grains, ~50 pm in diameter, with approxiinately
30 vol% téns-shaped tetragonal precipitates of maximum size
300 nm. The tetragonal phase undergoes a stress-induced
martensitic transformation to 3 monoclinic phase in the pres-
ence of the high stress field near a crack tip. The reselling di-
latant transformation zone in the wake of the crack excris

iS-grade Mg-PSZ, Nilees Cetamics, Etmbueia, 1L
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compressive tractions on the crack surfaces and hence
shields' the crack tip from the applied (far-field) stresses.
The reduction in crack-tip stress-intensity factor, X,, is de-
pendent upon the volume fraction, f, of the transforming
phase within the zone, the width w of the zone, and the dila-
tional component of the transformation strain s7:%%

Kipp= K- K, (1a)

where Ky, and K are the local (near-tip) and applied (far-
field) stress-intensity factors, and

K, = E'e” fw'? (1b)

with E' = E/(1 - v}, E being Young’s madulus and » Pois-
son’s ratio.

The Mg-PSZ was examined in four microstructural condi-
tions, achieved by subeutectoid aging at 1100°C to vary the
fracture toughness from 2.9 MPa-m** in the overaged (non-
transformation-toughened) condition to 16 MPa- ' in the
peak-toughened (TS) candition. The heat treziments, to-
gather with ambient-temperature mechanical properties, are
iisted in Table 1. Furiher details of the microstructures and
mechanical properties of these materials are described else-
where ¥

(2) Tezt Methods

(A} Cyclic Farigue:  Cyclic fatigue-crack propagation was
measured using compact C(T} zpecimens, containing leng
(>3 mm) through-thickness crucks, in general ac ordance
with the ASTM Standard B 647-86a for mcasuwiement of
fatigue-crack growth rates in mctallic materials.* Most test
pieces were 3 mm in thicksess, although thicknesses «f 1.5
and 7.8 mm were also tested to examing ihe role #f through-
thickness coastraint. Specimens wese gyclically doaded at a
load ratio {ratio of minimum to maxireum leadsj of 0.1 and &
frequeacy of 50 Hz (gine wave) in high-resolutive, computes-
controlisd electro-senva-hydraulic testing machines, operating
under closed-loop displaceiment or stress-inensity  Cone
trol. Testing was nerformed in zontrolled mom air (22°C,
45%: rh), dehumidified gascous nitrogen, and distilled water
ciivivonments.

Blectrical pofntial meastrements across ~0.1-ga NiCr
{oils, evapomated onto the specimen surfate, wvere used in situ
1o monitor crack lengths to a resolution better thiin 22 um ™7
Unloading compliance measurements using back-face gauges
were also used o assess the extent of fatigue crack closuse in
terms of the far-field stress intensity, Kq, at first contact of
the fracture surfaces during the unloading eycle® The Ko
value {s calculated from the highest load where the elastic un-
loading cosnpliance line deviates from lincarity. However, it
should be noted that for a transforming material such as PSZ,
a local measure of the clesure stress intensity will differ from
the measured (far-ficld) value by an amount equal to the
shielding stress intensity (Eq. (la)). The test satup &s illus-
trated in Fig. 1.

Crack-tip thielding mechanitems od1 t¢ impede crack advaace by lowering
the bocel “erack driving Torce™ eaperienced in the vicinily of the crack tp
te.g.. Raf. 23), Eramples include vansformstion snd sicrocrack toughenia
in cernmics {Refe. M, &), crmck bcid% in composites (Ref. 42) aad o
closute during fatigus-crack grouth (Ref. 43).
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Crac-growth rates, da/dN, were determined over the
range ~107" to 107 m/cycle under comgputer-coatrolled
K-decreasing and K-increasing conditions. Data are presented
in terms of the applied stress-intensity range (AK = Ky —
Knin, where Kpee and K, are the maximum and minimum
stress intensities in the fatigue cycle). By considering the of-
fect of crack closure, an effective (near-tip) stress-intensity
range can also be estimated as AKyy = Ky — K.

A fatigue threshold stress-intensity range, AK;x. below
which crack growth is presumed dormans,” was defined as
the maximum value of AK at which growth rates did not ex-
ceed 107 m/cycle, consistent with the mose conssrvative
ASTM E 647 procsdure. Thresholds were approached by
varying the applied loads so that the instantaneous vajues of
crack length, a, and stress intensity range, AK, changed ac-
cording to the equation®

AK = AK; exp{C*la — a0)) 2

where 2, and AKX, are the initial values of g and AKX, and C*
is the normalized K-gradient {(1/K) (dK/da)) which was set to
+0.08 mm™. For the C(T) geometry, stress intensities were
computed from handbook sotutions, in terms of the applied
l“a‘fﬁ P, crack length a, test-piece thickness B, and width W,
as

K = (PBW " g(o/ W)
where
g(a/W) = {[2 + {a/W))10.880 + 4.64(a/W’)
- 1332e/WY + WT2e/WF
- S6{a/WYHM - (/W7 3

Owing to the brittieness of tha materials, initiation of he
precrack was onc of it most eritical procedyses in the test.
In the current woik, as peeviously, ™ this was achieved by
machinog a wedge-shaped farter notch and carefully grow-
tng the crack roughly 2 min cut of this region by fatigue ua-
der displacament conted. Thus, alf seasummenis reposted
fese involved cracks that had built up a waks of uansformes
waterial.

{B)  Fracture Ysughnerss: Following completion of the -
tigue crack-growth tests, fiactuie toughnesses wess -Seler-
mincd by loading monotonically (with displacement control)
o guresate a sexistance curve, Kqfdd). Procedures ossentially
conform to ASTHRY Standard B 399.87 for the measurement of
the toughness 41 crack ingietion, K% In eddition, 2 mari-
mum toughoess, K, wis measured 21 the steady-state platean
or peak of the R-curve. Since these tests all invalve sharp
cracks, the measured toughnesses muy be smaller than val-
ues obtained from other methods thyt rely on a machined
notch as the initial crack.® On the other hand, test specimens
that lead to instabdlity of the crack in the rising part of the
R-curve would give lower apparent toughnesses than those
reparted hore.

Il Results and Discussion
{8) Role of Fracture Toughness
(A) Growth-Rate Behavior: Resistance curves foe the four
microstructures are illustrated in Fig. 2. The overaged ma-
terial contains only transformed monoclinic precipitates and

Table I. Heat Trestmeats and Tensile Properties of Mg-PSZ
. Appeat. Feacture
Hew antes & hengih rongheess (MPy: o)
Coadition {grade) treaiment {GPs) {MFa) K, K,
Overaged 24 b at 1100°C <200 300 A3 29
Low toughness (AF) As received 208 300 30 55
Mid toughness {MS) 3 hat 1100°C 208 600 30 118
Peak toughness (TS) 7 h at 1100°C 208 400 s 160

X, and K, are tbe initiation (from Res 335) sad platean toughorss valoes from the R curve.
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Fig. 1. Experimental techniques used to monitor continuously crack length and the stress intensity, K at crack closure
during cyclic fatigue-crack propagation tests are schematically illustrated in (a). Actual back-face strain data indicating
points of marked (point A) and marginal (point B) deviations in lincarity of the compliance curve are shown in (b).

shows only a very shallow R-curve with K, = 2.9 MPa-m'2
The other materials exhibit various degrees of transformation
toughening, with toughnesses (plateau K.) of 5.5 to
16 MPa-in'”2. Note that the results in Fig. 2 do not represent
the entire R-curves, since measurements were obtained di-
rectly after fatigue testing, with the first measurement being
taken at the K., of the previous fatigue loading cycle.

Cyclic fatigue-crack propagation data are plotted in Fig. 3
as a function of the stress-intensity range AKX, for a controlled
room-air environment. As in metallic materials, growth rates
can be fitted to a conventional Paris law relationship:®

dafdN = C(AK)" @

However, the exponent m is considerably larger than re-
ported for metals, i.e., in the range 21 to 42 (as opposed to 2
to 4 for metals), and the constant C scales inversely with the
fracture toughness. It is especially noteworthy that the over-
aged material, in which the nonlinear deformation behavior
associated with transformation plasticity has been removed,
displays extensive cyclic fatigue-crack propagation, with a
power-law dependence on the stress-intensity range similar to
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Fig. 2. Fracture-toughness hehavior of Mg-PSZ, suh.

eutectoid aged to a range of K. values from 2.9 to
15,6 MPy-mi” showing Kof da) resistance curves.

that of the toughened materials. Moreover, the present data
indicate that the overaged material exhibits fatigue-crack
growth at stress intensities below that required for crack ini-
tiation under monotonic loading on the R-curve (K; values
from Ref. 35 in Table I). In fact, each set of data shows an ap-
parent threshold below which crack growth is presumed dor-
mant (i.e., <107 m/cycle) at a value, AKyy, approximately
50% of K.. Values of C, m, and AKyy for each micro-
structure are listed in Table Ii. These results show that resist-
ance to cyclic fatigue-crack growth in Mg-PSZ is enhanced
with increasing fracture toughness.

The data in Fig. 3 for the low-toughness (AF) material were
shown previously® to be a true cyclic fatigue phenomenon,
with growth rates proportional to the range of stress intensity,
rather than subcritical cracking at maximum load. These tests
involved monitoring crack growth rates at constant K., with
(i) the load cycled between Kq,, and Knin (R = 0.1) compared
to being held constant at K,,,, (Fig. 4(a)), and (ii) the valie of
K..i» being varied (Fig. 4(b)).

e 2 iisoud g

o

Py W)

Crack Growth Rate, da/dN (m/cycle)

1 0
Stress Intensity Range, AK {(MPa-m'")

Fig. 3. Cyclic fatigue-crack growth behavior, in terms of
growth rates per cycle, dajiN, as a function of the stress.in:
tensity range, AK, for Mg-PSZ, subeutectoid toans

of K, ioughnesses from 2.9 to 15.5 MPa-m'” Data were ob-
tained on C(T) samples in a room-air environment at 50 W
frequency with a load ratio (R = KL /K. Yol 00
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Table II. Values of C and m (in Eq. (4)) and the Threshold AKy; in Mg-PSZ
K. C AKyy®
(MPa'm'*?) (mfeycle (MPa-m'®)™) m (MPs ' m'™)
Overaged 29 2.00 x 1074 21 1.6
Low toughness (AF) 55 4.89 x 1072 24 30
Mid toughness (MS) 115 5.70 x 1072 24 52
* Peak toughness (TS) 16.0 1.70 x 107 42 1.7

*AKy defined at a maximum growth rate less than 10 m/cycle.¥?

(B) Fractography: The transgranular nature of crack paths
was clearly evident from optical microscopy of etched sur-
faces (Fig. 5) in which grain boundaries were decorated with
monoclinic zirconia phase. Crack paths additionally show
evidence of frequent crack deflection, branching, and un-
cracked ligament bridging behind the crack tip. The degree of
crack tortuosity, however, appears progressively diminished
with decreasing toughness, as evidenced by the comparatively
flat crack path in the overaged microstructure (Fig. 5(b)).
Cortesponding scanning electron micrographs (Fig. 6) indi-
cate that the fracture-surface appearance under cyclic loading
is nominally identical to that under monotonic loading; more-
over, unlike many metals and polymers, no evidence of fa-
tigue striations or crack arrest markings are apparent on the
fatigue fracture surfaces."

(C) Fatigue Crack Closure: In addition to possible crack-
tip shielding from crack deflection and bridging noted above,
fatigue-crack growth in PSZ ceramics shows evidence of
crack closure, analogous to behavior in metals.2*** Such clo-
sure involves premature contact between the crack surfaces
during the unloading cycle, which raises the effective K
(=K.), thereby lowering the effective AK.* Global (far-field)
K, values, calculated from the highest load at the onset of
marked deviation from linearity of the back-face strein com-
pliance measurements (point (A) in Fig. 1(b)), show increasing
K.1/K ey ratios as the threshold AK7yy is approached (Fig. 7),
characteristic of (contact) shiclding by wedging (which is en-
hanced at smaller crack opening displacements). In view of the
deflected nature of the crack paths, it is suggested that such
closure results primarily from the wedging action of fracture-
surface asperities (roughness-induced crack closure).****" This
would also be consistent with the progressively higher levels

HSimilar results have been obtained in graphite/pyrolytic carbon lami-
nates, where cyclic fatigue fracture morphologies are also indistinguishable
from those of monotonic overload fractures (Ref. 30).

of crack closure seen in the higher toughness microstructures,
which exhibit the roughest crack paths. Moreover, the in-
creasingly dilatant transformation zones in the tougher
materials act to reduce the crack opening displacements,
which further encourages premature crack-surface contact
on unloading.

(D) Observation of Transformation Zones: The influ-
ence of transformation-zone shielding on fatigue cracking
was investigated by comparing wake zones in the mid- and
peak-toughened materials. Two techniques were used to char-
acterize the zones: interference microscopy and Raman spec-
troscopy. The Raman spectroscopy provides a direct measure
of the fraction of tetragonal and monoclinic phases within the
zone, with a spatial resolution of ~2 um (using a microprobe
system).®-* The optical interference measurements from the
polished face of the compact tension specimens provide a
measure of normal surface displacements due to the transfor-
mation within the zone. The displacements are dependent on
both the fraction of transformation and the net transforma-
tion strain %

Raman measutements of the volume fraction of material
transformed to the monoclinic phase, within zones adjacent
to cracks that had been grown under cyclic loading at con-
stant AK or under steady-state, monotoric loading (i.., at
K = K.), are shown in Fig. 8. The results indicate that the
fraction of transformed material is in all cases nonuniform
and smaller than the total available fraction of tetragonal
phase (~0.4), even adjacent to the fracture surface.

The shielding stress-intensity factors, K, corresponding to
the data of Fig. 8 can be calculated by integration of Eq. (1b)
(which is valid for a step-function zone profile):*

H1ntegration of Eq. élb) to obtain Bq. 55) requires that all contours of con-
stant f in the wake and around the tip of the crack be geometrically simijar.
Other Raman measurements confirm that this requiremsnt is satistied.
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Fig. 4. Effectin low-(oughn;s; hl\dngSq ,‘)AF) microstructure of (a) sustained and cyclic loading conditions on the crack veloc-
-y, 'a* »

ity, de/dt, at constant X,
(34.2/Mi>a - miA) [after“ﬁ'e((. 22].

and (b) varying applied stress-intensity range 4K on crack velocily at constant Kay
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Fig. §.  Optical micrographs of the morphology of cyelic fatigue-
crach paths in Mg-PSZ, showing (a) an increasimgly deflected
crack path in the mid-toughened (MS) microstructure at AK -
6 MPa-m'? compared to (b) an exsentially hinear crack path in the
overaged material at 3K -~ 2 MPa-m' " Note the transgranulat
fracture morphology and evidence of crack branching 1n the M$
microstructure. Arrow indicates general direction of crack growth.

A Y s

K, = AE's L 2\/[«11 (3
where the constant A is dependent upon the shape of the 2one
ahead of the crack tip as well as the wansformation strain
«"® For a purely dilitional transformation stram (i.c., all
long-range shear strains relicved by twinning) and a frontal
zone delined by a contour of constant hydrostatic stress in the
crack-tip field, A is equal to 0.22.% The values ot K, evaluated
from the {our sets of data in Fig. 8, using Eq. (5) with £ =
Ff(1 - ) = 272 MPa and ¢ = 0.04, are compared by plot.
ting K, as a function of the maximum applied stress intensity
fuctor, K (K for cyclic loading, K for monotonic loading), in
Fig. 9. For cach material, the values of K, under monotoaic
and cyclic loading conditions arc consistent with the relation

Streaser outside the trasvdormanon fone_are defined spprosimately
the apphied stres intemay factor. o+ A" Therefre. il the tramforma
oo ueguis at aviotiabtress o i grven matenal, then the sone widih s
w oo A and Fq b bevomes K, ¢ K Rel o8
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FATIGUE

Fig. 6. Representative scanning electron macrographs of the nom.
wnally identical fracture susface morphologies obtaned 1o Mg-PSZ
(M3 grade) fo (a) overload fracture under monotome laids at AKX ~
115 iﬂ’a : m‘ “.and (b) fathigue fracture under eyche loads at K -
6 MPa-m'’. Note, in contrast to metals, the absence of striations
ar ¢rack-arrest markings on the fatigue fracture surface. Arrowin-
dicates general direction of crack growth

K, = K expected from Eq. (101" Therefore, if the frontal
zone shapes and the transformation strains ¢ 7 are the same
i cyclic and monotonie loading, the micromechanisms of
fatigue-crack advance clearly do not involve 3 reductin in
transformation-zone shiclding.

A comparative assessment of the transformation strains i
monotonic and (atigue Joading can be obtained {rom optical
interference measurements of the surface uplift at the loca-
tons frem which the Raman data of Fig. 8§ were obtained.
The results plotted in Fig. 10 show differences between the
four locations gquahitatively similar to those of the Raman
datn. Companson of the measured displacement, uq, adpcent
to the cracks with the values of K, caleulated trom the Raman
data, 15 shown in Fig. 11, Both te and K, must increase with
increasing £ and zone width, However, the measured vialues of
w, are dependent on the transformation strains, ¢ 7, whereas a
constant value of ¢7 was assumed n cakeulating K,. There-
fore, the data i Fig. 11 would fall on different curves for
cyehic and monotonie loading if the transformation strains dif-
fered for these two Joading condivions (¢.g., diftcrent amaeunts
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Fig.7 Experimentally measured variation in fatigue crack clo-
sure cormgonding to cyclic crack-growth rate data at R = 0.1, for
the L}gl’s microstructures plotted in Fig. 3. Results, baszd on
back-face strain compliance measurements, show the ratio K /Ku.
as a function of the applied stress-intensity range, AKX,

of twinning resulting in different shear components in &7}.
Since al! of the dats f2il on a single curve within the measure-
ment accuragy, it is concluded that the transformation strains,
in cyclic and monotonic loading de not differ significantly.

(2} Role of Environment

It has becn suggested that cyclic fatigue effects in ceramics
may be the result of stress-corrosion cracking.' < To ex-
amjuc this hypothesis, cyclic crick-growth rates in the low-
toughness AF material were measured in inert (dehumidificd
nitrogen ges) and corrosive (distilled water) environments; re-
sults ars plotted as a function of AX in Fig. 12. Growth rates
are fastor in moist room air and water than in inert nitrogen,
indicating a marked corrosion-fatigue effect which pre-
sumsbly {nvolves the weakening of atomic bonds at the crack
tip by the adsorption of water molecules. However, crack
growth is observed in the insnt atmosphere, implying that,

, to behavior in metals and consistent with the ob-
servations cited above, cyclic fatigue in the ceramic is a me.
charically induced cyclic process which may be accelerated by
the esvironment.

Another comparison of the effects of mechanical load cy-
cling and cavircamentally essisted cruck growth is illustrated

VoksTe Frachin of Transionmration, ¢

Fig. & Raman measurements of vwlume of material tratiformed
from tetragons! to monoclinic phase in Tones sdjacent to cracks
grown under both mosoionic aad eydlic loading conditions (o the
eaid- (MS) and peak- (TS) toughened rmaterials, as s fuactioa of
distance s from the crack pisce.
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ﬂf‘ 9. Estimates of the shiolding stress-intensity factor, X;, cal-
cuiated from Eq. (5) for the transformation zones presented in
Fig. 8, as a function of the applied stress-intensity factor, K. Values
of X, undei both monotonic ind cyclic loading are conslstent with
the relation K, = K, where the slope of the curve g is dependent
on the material.

in Fig. 13 for the MS material tested in moist air. Cyclic crack
velocities, expressed in terms of time (da/de), are compared
with corresponding stress-corrosion crack velocities meas-
ured under sustained loads; at equivalent K levels at this fre-
quency, cyclic crack-growth rates age up to 7 orders of magni-
tude faster (or at equivalent velocities, Ku., is smaller by
about 40%: for cyclic loading). )

It would thus appear that nonconiservative estimates of the
suberitical advance of incipient cracks, and scrious ovaresti-
mates of lifetimes, may result if defect-tolerant peedictions are
based solely on sustained-load (stress-cosrosion) and fracture-
toughness data and do not coasider a cyclic fatigus effect.

=
Poak Tougivwes (T5)
¥ o W von' pangent
N, * W WPea iepuic
H -1

Surtacs Upif Displacement, ug, (1m)

r;l'ld Toughnaas (MS)

Re Vi pPem'®
ST Y
Q 1 2
Distanca from Crack Plane, x (mm)

fSg. I Variation in surface upiift gisplacement, vy, adjacent to
2&&0 a3 calculated from opiical interference nu;‘umnu. show.
ing quelitatively similar diiferences between the four loctlions as-
sessed using Raman Lpeciroscopy shown u Fig. 8.
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Fig. 11. Comparison of the surface uplift displace-
ments, ug, immediately adjacent cracks, with the values
of X, calculated from the Raman data, for cracks grown
under monotonic and cgclic loading conditions. The re-
sulting linear relationship implies that the transforma-
tion strains under cyclic and monotonic loading do not
differ significantly.

(3) Role of Through-Thickness Constraint

Recent work® on R-curve behavior in Mg-PSZ has indi-
cated an important effect of test-piece thickness on the frac-
ture toughness. Specifically, the plateau toughness was 22%
higher and the slope of the R-curve steeper in samples with a
thickness of 4 mm compared to 1 mm. This trend is opposite
to that accompanying the transition from plane stress to
plane strain in metals, where the toughness decreases with in-
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Fig. 12, Cychic fatigue-crack growth rates, da/dIN, as a

furction of the applicd stress.intensity range. AK, in low.

toughness (AF) Mg-PS7, in dey nitrogen gas. room air, and

distiflzd water envitonments, showing an acccleration in

srovath rates et water vapor. C(T) tests were performed
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Fig. 13.  Subcritical crack-growth behavior in mid-toughness
(MS) Mg-PSZ, showing a comparison of crack velocities
da/dt, as a function of K..,, measured under monotonic and
cyclic loading conditions in a moist air environment. Note
how the cyclic crack velocities are up to 7 orders of magni-
tude faster at equivalent stress-intensity levels.

creasing thickness, but is consistent with expectations for
shielding due to transformation.

To examine whether such through-thickness constraint
effects are important in influencing fatigue behavior, cyclic
fatigue-crack growth rates and R-curves were measured using
C(T) specimens of the TS-grade material® with thicknesses of
1.5 and 7.8 mm (Fig. 14). The K. fracture-toughness values
are larger in the thicker specimens by approximately 9%
(Fig. 14(a)). However, no significant difference in the cor-
responding fatigue-crack propagation rates was detected
(Fig. 14(b)).

(4) Role of Variable-Amplitude Loading

The results described above pertain to constant-amplitude
cyclic loading; to examine the influence of variable-amplitude
loading, single and block overload sequences were appli ‘4
during steady-state fatigue-crack growth in the MS- anu
TS-grade materials. Results for high-low and low-high block
overloads in mid-toughness (MS) material are shown in
Fig. 15. Over the first ~2.5 mm of crack advance, the crack-
growth rate remains approximately constant at constant
AK(=5.48 MPa-m'?). On reducing the cyclic loads so that
AK = 5.30 MPa-m"* (high-low block overload), a transient
retardation is seen followed by a gradual increase in growth
rates until the (new) steady-state velocity is achieved. Simi-
larly, by subsequently increasing the cyclic loads so that
AK = 5.60 MPa-m'? (low-high block overload), growth rates
show a transient acceleration before decaying to the steady-
state velocity. Such behavior is analogous to that widely ob-
scrved in metals,” where to the first order the crack-growth
increment affected by the overload is comparable with the ex-
tent of the overload plastic zonc. In the present experiments,
the affected crack-growth increments are ~500 um, approxi-
mately 5 limes the measured™® transformed zone width of
~85 to 108 um. This is consistent with zone-shielding cal-
culations in which the maximum steady-state shielding is
achieved after crack extensions of approximately § times the
zone width %>

Similar crack-growth retardation following a high-low
block overload (AK = 9.5 10 8.5 MPa-m') is shown for

MALTS im!e tatcrials are prone to ALEOOM lempetatare, resulung i
Towet mu§ nts, tedtt on these (wa thicknesses were condwcted at a ermy.
e fxederned ofme orravim st v Ueanes 3 £ e Reat toggoim o vt




18.0

18.0
16.0
“o
13.0
2.0
"o

10.0 bl
00 05 10 18 20 28 30 35 40 45 80
Crack Extension, Aa (mm)

(@)
10* " v v T——T
Peak Toughness (TS - Mg-PS2)

Stress Intensity, K) (MPa m*?)
3
(=]

H e A i 1 i

$=73mm

6.
e

o TR L.

-l
O,
-
»
Do

1 lattise

Crack Growth Rate, da/dN im/cycle)
i

&fﬂ‘éﬂ

ot A A n Iy

10
Stress Intensity Range, AK (MPa-m")
(b)

Fig. M.  Effect of through-thicknes constraint on (a) Ka{As) frac-
ture-t hum resistance curves sad (b) cyclic fatigue-crack
behavior in high-toughoess (TS) Mg-PSZ, tested in a

room- alr eavironment, Noto the higher toughness, yet relatively
unaffected crack-growth rates, in tbe 7.8-ram-thick C(T) sataple,

compared to the 1.5-mm-thick

peak-toughness Mg-PSZ in Fig. 15(b); in addition, significant

retardation can be seen following a single tensile ovetioad to

2 Ko 0f 12,3 MPa-m'?, Such results can be rationalized in

wd&mmuﬂwmﬁmmm
2000

(<]

IV.  Mechkaulsms of Cyclic Fatigue

Mechanisms of fatigue crack growth may be coaveniently
classified into two categories; intrinvic mechanisms where the
unloodin,gponiononbecyclemwluin enhanced micro-
structural " ahead of the crack tip (as in metals), and
extringic mechanisms where the unioading acts to diminish
the effect of a crack-tip shielding process, theredy increasing

the near-tip stress intensity compared to equivalent mono-

tonic loading conditions. In transforming ceramics, such an
extrinsic taechanism could result from a reduction of the de-
gree of transformation toughening under cyclic loading, re-
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'n'amlent m ue-crack growth beh;vior ia (s) mid-

oi:?hnea (MS, -toughuess ue to

ltude cyclic loads, showing immediate crack-growth

retardations fotlowln; high-tow block overloadn. immedliate accel-

emiom lol!owiaa ow—b b block overloads, aud delayed retarda-
ton follow lo overload.

sulting from chaages in the €33-20N¢ morpho!og y, cyclic
accoounodation of the teansformation strains (related to the
type of martensitic twin varients that form), or changes {n the
degree of reversibility of the transformation. Alternatively, it
bn ing by frictional/igeometrical interlocking of microstruc.

y rough fracture surfaces*™ contributes significantly to
thetwghneu.cycﬁc losding may result in progressive degra-
dation of the bridging zone.

In the oresent study, however, several observations argue
against such racchanisms, and suggest instead that an intrinsic
mechlnism is mq)onubb for fatigue-crack growth in Mg-PSZ.

n%'ev:dcnce is that crack growth under
cyclicloadingmexh ited by the overaged material in which
stress-induced transformation cannot occur. Moceover, the
atck-gmmhmamnlltbemuemhanbechownwbc
uniquely related to the local (neardip) stress-intensity range,
AKy,, regardless of the degree of transformation toughening.
Evaluation of AK,, must include the effects of both zone
shiclding and premature crack closure due to contact of
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asperities." The maximum and minimum near-tip stress-
intensity factors are related to the ccrresponding far-field
applied (measured) values, Kn,. and Ky (using Eq. (1a)):

(Kup)m = Ky — K, (6)
(Kupluin = Ka — K, )

K, is assumed to remain constant during unloading and was
shown in Section IU(1) to be given by

K, = BKnus 8

where B is a constant for a given material.

Equation (7) requires K4 2 K,, that is, in the absence of
roughness-induced closure, the transformation shielding
causes crack-tip closure at K; = K,, whereas the presence of
sufficiently large roughness effects could cause contact be-
hind the crack tip at larger values of K;. However, the closure
stress intensity factors from Fig. 7 (measured from point (A)
of the compliance curve of Fig. 1(b)) are smaller than the cor-
responding values of X, in Fig. 9. This suggests that the values
in Fig. 7 represeiit roughness-induced contact well behind the
crack tip, at a lower applied load than that which allows ini-
tial, near-tip closure. Closer examination of the present un-
loading compliance curves reveals a marginal change in
linearity after unloading ~20% to 30% from the maximum
load (point (B) in Fig. 1{b)). Such behavior is consistent with
the notion that, during unloadiug, crack-surface contact oc-
curs first over a short distance (cf the order of micrometers)
behind the crack tip,"™ befors roughness-induced crack con-
tact over the remaining crack surfaces. Estimation of the clo-
sure stress infensitics from these higher closure loads yields
Ky values within 5% of K,. Therefore, it appears that initial
tip closure occurs at K, = K, and the tip-stress intensity
range is given by

AKyp = Kuas = K, ©)

The crack-growth rates for all materials are plotted in
Fig. 16(a) in terms of A&waluated from Eq. (9), with X,

obtained from Eg. (8). All fall close to a universal curve
of the form
dajdN = A(AK,) (10)

where n = 22 and A = 3.5 % 107 m®~V*: cycle™! - MPa ™",
Tho growth-rate data may be normalized equivntently in
terms of the steady-state toughness, K., This may be readily
~ demonstrated by noting that X, = K, + K, where K, Is the
intrinsic toughness (without transformation shielding), from
which X, = Ky/(1 ~ 8) from Eq. (8). With this icsult, Eq. (9)
can bo written
'AK.;, - Ka(%) {1lie)
“, R
Ky [aK _
- AKyy = - R)(K. (115)
whero AK » K,,(1 -~ R), and Eg. (11) becontes
. ,....!‘.9'...(&’5 )
dN (1 - RM\K,

According to Eq. (12), a universal curve is oblained by shift.
ing the data for each materisl in Fig. 3 along the AX axis by a
constant multiplying factor, Kof{K.(1 ~ R)). The vesult of

12

TWhere the near-(ip stress-nleasity range is ostimated b? considering the
effect of crack closure caly, Ky, is commonly referred to in the fatigue it
erature 83 AR g, & defincd In Section 1.

Note that macroscopic back-face sirain complisnce techniques for de-
tecting crack closure ace global in aature and are wnk sentitive
to local crack-sutfece coatact occurring near the crack tip.
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Fig. 16.  Cyclic fatigue-crack growth rates for Mg-PSZ fn the four
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notmalizing tho data in this manner {3 shown in Fig. 16(b).
An amalogous result for envirommentally assisted crack
growth has been discussed by Lawn,®

The Raman and surace-uplift measurements of Section Iil
further suppost the contention that transformation-zone
shiciding is not affected by the cyclic nature of he loading.
Specificaily, the resulta in Figs. 9 and 11 indicate that for
steady-state crack growth under cyclic or monotonic loading,
K, is determined by the maximum applied stress-intensity fac-
tor (Bq. (7). Although these results pertain only to the con-
tribution to K, from the wake region of the zone (detailed

of frontal zones have not yer been completed),
preliminary estimstes indicate that the frontal zone in fatigue
loading would need to be enlarged by a factor of 4 compared
with that in monotonic loading in order to make s significant
differcnce to the above conclusions, -

Potential intrinsic mechansims of fatigue include sccumu-
lated damage in material ahead of the crack tip in the form
of localized microplasticity, or microcracking, particularly in
grain boundary and precipitate/matrix interface regions.
Matrix microcrscking assoclated with che formation of trans-
formation shear bands has also been suggested. Such
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microcracking could be enhanced by the cyclic movement of
twin boundaries in transformed monoclinic particles in
response to cyclic loading. In fact, cyclic stress vs strain (hys-
teresis) behavior has beeu demonstrated for several trans-
forming zirconia raaterials.” Other mechansims may include
Mode II and I cracking, due either to the wedging action of
crack-surface asperities on unloading or to changes in the lo-
cal stress state induced by Mode I opening on the loading cy-
cle. In addition, crack extension during loading may permit
relaxation of residual stresses in specifically orientated grains,
with subsequent development of additional tensile and shear
stresses upon unloading because of the inability of the relaxed
grains to be accommodated in their original positions.*”
These effects are likely to be a strong function of residual
stress states arising from thermal expansion anisotropy (in
noncubic systems),’ elastic anistropies of the grains,” and the
nature of cyclic accommodation of the transformation strains
when these are present in the material.

V. lmplications for Design

The results of this work provide evidence of the premature
failure of zirconia materials under tension-tension cyclic
loading. In engineering design with ceramics, however, such
cyclic fatigue phenomena have been rarely considered. With
the damage-tolerant approach, for cxample, component life-
times are predicted on the basis of fracture-toughness and
subcritical crack-growth behavior (i.e., stress—corrosion and
creep data) determined under monotonic loads. In view of the
high vyclic crack velocities observed, far in excess of those
under sustained loads at equivalent stress-intensity levels, and
the occurrence of fatigue-crack growth at stress intensities as
low as 50% of K., the results of the present study imply that
ignoring cyclic fatigue in design and life prediction may have
dire consequences.

For design procedures based on crack propagation, as in
many safety-critical applications involving metallic compo-
nents, allowance for the cyclic fatiguc effect can be achieved
by estimating the time to grow preexisting defects to critical
size through integration of the cyclic fatigue-crack growth re-
latinnship (e.g., Bq. (4)). However, with the very high expo-
nents (m) and resultant extreme sensitivity of the projected
lifetime to the agpliod stresses (albeit over only a narrow
range of stress), this may not be a sensible approach. More-
over, the transient effects demonstrated in Fig. 15 imply that
Eq. {4) Is adequate only for constant AK loading: in general,
the fatigus-crack growth relationship (and hence lifctime) is
dependent upon loading history as well as the instantancous
AK. A more practicablo approach may be to base design on
crack initiation, with allowance being made for the existence
of a cydlic fatigue threshold for crack growth as low as ~50%
of the fracture toughness. However, it must be noted that, in
ceramic components, suberitical crack growth and subsequent
instability may involve very small cracks. Since it s well-
known for metallic materials that such “small” (<500 um)
cracks may prooagate at rates significantly faster than those
of “long" cracks (e.g., Refs. 46 and 73), it is vital that future
studies on ceramics address the role of crack size in influcnc-
ing cyclic behavior.

V1. Coaclasions

Based on a study of the growth of fatigue cracks in Mg-PSZ
~= .=ics under tension-tension cyclic loads, the following
& 5i0ns can be drawn:

Fatigue-crack growth in overaged and partially stabi-
zed (transformation-toughened) zirconia Is unequivocally
demonstrated to be a mechanically induced cyclic process,
which is accelerated in moist air and distilied water environ-
ments. Growth mates (da/dN) can be described in terms of a
power-law function of the stress-intensity range (AK), with
an exponent m in the range of 21 to 42.
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{(2) Resistance to cyclic crack-growth increases when the
fracture toughness (X) of Mg-PSZ is increased; the apparent
threshold for fatigue-crack growth (AKpy), below which
cracks are presumed dormant, is approximately 50% of K..

(3} Cyclic crack growth in ceramics shows evidence of
crack closure in addition to other crack-tip shielding me-
chanisms (crack deflection, uncracked ligameni bridging,
transformation toughening). Moreover, when subjected to
variable-amplitude cyclic loading, fatigue cracks in Mg-PSZ
experience transient crack-growth retardation immediately
following high-low block overloads, transient acceleration im-
mediately following low-high block overloads, and delayed
retardation following single tensile overloads. Such behavior
is analogous to that commonly reported for metallic materials
and consistent with expectations of crack-tip shielding due to
transformation.

(4) Cyclic crack velocities in Mg-PSZ are found to be up
to 7 orders of magnitude faster, and threshold stress intensi-
ties almost 40% lower, than stress-corrosion crack velocities
measured in identical environments under sustained-loading
conditions. Such observations may have serious implications
for defect-tolerant life predictions in zirconia ceramics.

(5) Although the dctailed mechanism of cyclic fatigue-
crack growth has not been identified, an intrinsic mechanism
is implicated by several observations; that is, the mechanism
does not appear to involve cyclic reduction in the degree of
transformation toughening.

Acknowledgments: The authors thank Drs. R.M. Canzon, M.V.
Swain, and W. Yu for invaluable discussions, Dr. D, K. Veirs and M. Shaw
for assistance with the Raman studies, and Madeleine Penton for hor licip in
preparing the manuscript.

References

'A.G. Evans, “Fatigue in Ceramics,” Int. 2 Fract., 16 {6] 48598 (1980).

JA.G. Evans and M. Linzer, “High Frequency Cyclic Crack Propagation
in Ceramic Materials,” Ins. Z Fract, 12 [2) 217-22 (1976).

3F. Guin, “Cyclic Fatigue of Polycrystalline Alumina in Direct Push.
Pull,” 2 Mater. Sci. Lett., 13 [6) 1357-61 (1978},

D. Lewis, “Cyclic Mechanical Fatigue in Ceramic-Coramic Composites —
An Update,” Ceram. Eng. Sci. Proc., 4 [9-10) 874-81 (198)).

R.W. Rice, “Capabilities and Design Issues for Emerging Tough Ce-
ramics,” Am. Ceram. Soc. Bull,, 63 (2} 256-62.

*H. N. Ko, “Fatigue Strength of Sintered Al;O) under Rotary Bending,”
J Mawer, Sei. Lett, 8 (4) 46466 (1936).

1. Kawakubo and K. Komeys, “Static and Cyclic Fatigue Behavior of a
Sintered Silicon Nitride at Room Temperature,* £ Am. Ceram. Sox., 10 [6)
400-05 (1987).

. Odu, M. Matsui, and Y. $oima, “Dynamic Fatigue of Sintered §iN,";
pp. 1149-54 in Proceedings of 1987 Tokyo Intl. Gay Turbine Congress, 1987,

M.V, Swain and V. Zelizko, “Comparison of Static and Cyclic Fatigue on
Mg-PSZ Alloys”; pp. $95-606 in Advances in Ceremics, Vol. 24, Science
and Technology of Zirconia 111, Edited by 8. Somiya, N. Yamamoto, sud
H. Yanagids. American Ceramic Soclety, Westerville, OH, 1988,

¥T. Kawakubo, “Static and Cyclic Fatigue in Ceramics”; in Structural
Cennmics/Fracture Mechanics, Procecdings of the MRS laternmivnal Meot-
ing on Advanced Materials, Vol. S, Tokyo, Japan, June, 1988, Edited dby
Y. Hamano, O. Kamigaito, T. Kishi, and M. Sakai. Materials Rescarch
Society, Pittsburgh, PA, 1989.

K. Ohya, K. Oguta, M. Takatsu, and H. Kamiyas, “Cyclic Fatigue Test of
PSZ Using & Pierockctric Bimorph Actuator — Bffect of Stress Amplituds
and Frequency™; in Structurel Ceramics/Practure Mechanics, Proceedings
of the MRS Internations! Mecting on Advanced Materials, Vol. $, Tokyo,
Japan, June, 1983, Bdited dy Y. Hamano, O. Kamigaito, T. Kishi, sod
M. Sakai. Matcrials Rescacrch Soclety, Pitisburgh, PA, 1989,

M.V, Swain, V. Zelizko, S. Lam, and M. Marzach, “Compariaon of the
Static and Cyclic Fatigue Behaviour of Mg-PSZ and Alumina in Ringery
Solution™; to be pubdlished in Biomaterials, Proceedings of the MRS later-
aational Meeting on Advanced Materials, Vol. 1, Tokyo, Japan, June, 1988,
Materials Research Society, Pittsburgh, PA, 1989,

YT, Soma, M. Masuds, M. Matugi, and 1. Oda, "Cyclic Fatigue Testing of
Ceramic Materials™ to be published in Proceedings of Conference on Me-
Bhamu Testing of Enginecting Ceramics st High Temperatures, Londoa,

LK., 1988,

"5, Horibe, “Cyclic Faligue Crack Growth from Indealation Flaw in
SiyN., " 1 Maier. Sci. Leit, 7(7) 728-27 (1988).

UM, Masuds, T. Soms, M. Matsui, and 1. Oda, “Fatigue of Cesamics
{Part 1) - Farigue Behavior of Sintered SiyN, under Teasion-Comptestion
Cyclic Stress, “ 2 Ceeam. Soc. Jon. Inicr. Ed., 96, 275-80 (1968).

“L. Ewart and S. Suresh, *Dynamic Fatigue Crack Growth in 2odycrys-
talline Alumins under Cyclic Compression,™ 1 Maser. Soi. Leet, 514) 774-78
(1986).




April 199

1§, Suresh., L. X. Han, and J. P. Petrovic, “Fracture of Si;N,-S$IC, Com-
posites under Cyclic Loads,” J. Am. Ceram. Soc., 71 (3] C-158~C-151 (1988

WL, Ewart and S. Suresh, “Crack Propagation in Ceramics under Cyclic
Loads,” J Mater. Sci., 22 [4] 1173-92 (1987).

¥].R. Brockenbrough and $. Suresh, “Constitutive Behavier of 2 Micro-
cracking Brittle Solid in Cyclic Compression,” J. Mech. Phys. Solids, 38 (6]
721-42 (1987).

%§. Suresh and J. R. Brockenbrough, “Theory and Experiments of Frac-
ture in Cyclic Compression: Single-Phase Ceramics, Transforming Ceramics
and Ceramic Composites,” Acta Metall., 35 (6] 145,70 (1988).

nK. J. Bowman, P. E. Reyes-Morel, and 1.-W. Chen, “Reversible Transfor-
mation Plasticity in Uniaxial Tension-Compression Cycling of Mg-PSZ"; in
Materials Research Socicty Symposium Proceedings on Advanced Struc-
tural Ceramics. Edited by P.F. Becher, M.V. Swain, and S. Somiya. Ma-
terials Research Society, Pittsburgh, PA, 1986.

BR. H. Dauskardt, W. Yu, and R. O. Ritchie, “Fatigue Crack Propagation
in Transformation-Toughened Ceramic,” L Am. Ceram. Soc., 70 (10} C-248-
C-252 (1987).

BR. 0. Ritchie, “Mechanisms of Fatigue Crack Propagation in Metals,

Ceramics, and Composites: Role of Crack-Tip Shieiding, ™ Mawr. Sci. Eng,
103 [1] 15-28 (1988). ’

HUL.A. Sylva and S. Suresh, “Crack Growth in Transforming Ceramics
uader Cyclic Tensile Loads,” J. Mater. Sci., 24 [S] 1729-38 (1989).

EM. J. Reece, F. Guiu and M. F. R. Sammur, “Cyclic Fatigue Crack Prop-
agation in Alumina uader Direct Tension-Compression Loading,” . Am.
Ceram. Soc., T2 [2) 348-52 (1989).

¥T. Hoshide, T. Ohara, and T. Yamads, “Fatigue Crack Growth from In-
dentation Flaw in Ceramics,” Ine. J Fract., 37 [1} 47-59 (1988).

M. R. James, Rockwell International Science Center, Thousand Oaks,
CA; unpublished work,

¥L.X. Han and S. Suresh, “High-Temperature Failure of an Alumina-
Silicon Carbide Composite under Cyclic Loads: Mechanisms of Fatigue
Crack-Tip Damage,” J. Am. Ceram. Soc., 72 [7] 1233-38 (1989).

BR. H. Dauskardt and R. O. Ritchie, University of Californis, Berkeley,
CA; unpublished work.

®R. 0. Ritchie, R. H. Dauskardt, W. Yu, and A. M. Brendzel, “Cyclic
Fatigue-Crack Propagation, Stress-Corrosion and Fracture-Toughness Be-
havior in Pyrolytic Carbon-Coated Graphite for Prosthetic Heart Valve Ap-
plications™; to be published in J Biomed. Mater. Res.

YA.G. Evans and R.M. Cannon, “Toughening of Brittle Solids by
Martensitic Transformations, ™ Acta Meall, 34 [5] 761-800 (1986).

BR.H.J. Hanaick and M.V. Swain, “Magnesia-Partia)ly-Stabilized Zirco-
aia: The Influcnce of Heat Treatment on Therinomechanical Propertises,”
X Aust. Ceram. Soc., 18 (2] 53-62 (1982).

Rp. B. Marshall, *Strongth Characteristics of Transformation-Toughened
Zirconia,™ £ Am. Ceram. Soc., €9 (3) 173-80 (1985).

M. B. Marshall snd M. R. Jame3, “Reversible Stress-Induced Marteasitic
Trsnsformation in Z0;,” L Am. Ceram. Soc., €9 [3) 215-17 (1986).

30, B, Marzhall snd M.V. Swain, “Crack Resistonce Curves in Magnesia-
Pertially-Stabilized Zirconls,™ L. Am. Ceram. Soc., 71 {6} 399407 (1968).

R, M. ‘acMeeding and A.G. Bvans, “Mechanics of Transformation
Toughening in Brittle Materials,” J Am. Crram. Soc., 65 (3] 242-46 (1982),

"B. Budlansky, J.W. Hutchinson, and 1.C. Lambropoulos, “Continuum
Theory of Dilatant Translormstion Toughening in Ceramics," /at. X Solids
Strier,, 19 [4) 337-55 (198)).

8, C. Lambsopoulos, *Shear, Shape, and Orieatation Bifects in Transfor-
mation Toughening,® 2ar. 2 Solids Struct., 32, 1083-106 (1986).

BLW. Chen and P.B. Reyes-Morel, “lmplications of Tvansformation
Plusticity in 2r0:-Containiog Ceramics: 1, Shear and Dilatation Effects,”
L Am. Ceram. Soc., 69 (3] 191-89 (1986).

“L.R. F. Rose, “The Mechaaics of Transformation Toughening,” Proc.
&R Soc. Londom, A, €11 165-97 (1987).

Y)W, Hutchinsoa, “Crack Tip Shielding by Micto-Cracking ia Brittle
Solids, " Acikr Mesall, 35 [7) 1608-19 (1987).

4D, B. Macshall, B. N. Cox, and A. G. Evans, “The Mechanics of Matrix
Cl;csqu in Brittle-Matrix Fiber Compoaites,® Actw Mesall, 33 [11) 201321
(1985).

93, Suresh and R.O. Ritchie, *NearThreshold Fatigue Crack Propaga-
tion: A Perspective on the Role of Crack Closure,” pp. 227-61 in Fatigue
Crack Growth Threshold Coacepts. Edited by D.L. Davidson und
S. Suresh. The Metallurgical Society of the American lastitute of Mining,
Metstlurgical, and Petroleum Bagincers, Warrendale, PA, 1984,

HASTM Standard E. 647889, “Standard Test Method for Measuremeat of
Fatigue Crack Growth Rates™; pp. 899~926 in 1987 ASTM Annual Book of
Standards, Vol. 3.01. American Society for Testing and Materials, Philadel.
phia, PA, 1987,

Yp. K. Lisw, H. R. Hartmann, and W. A. Lodgson, "A New Transducer to
Monitor Fatigue Crack Propagation,” 2 Test. Eval, 11 {3) 202-207 (1983).

“R.0. Ritchie and W. Yu, “Shott Crack Effccts in Fatiguc: A Conse-
quence of Crack-Tip Shiciding”; pp. 167-89 tu Small Fatigue Cracks. Edited

Cyclic Fatigue-Crack Propugation in Magnesia-Partially-Stabilized Zirconia Ceramics 903

by R. O. Ritchie and J. Lankford. The Metallurgical Society of the Ameri-
can Institute of Mining, Metallurgical, and Petroleum Engineers,
Warrendale, PA, 1986.

“R.0. Ritchie, “NearTureshold Fatigue Crack Propagation,” Int. Met.
Rex, 20 [5-6] 205-30 (1979).

4A_Saxena,S.J. Hudak, Jr., J. K. Donald, and D. W, Schmidt, “Computer-
Coutrolled Decreasing Stress Intensity Technique for Low Rate Fatigue
Crack Growth Testing,” X Test. Eval,, 6 {3} 167-74 (1978).

). C Newman, Jr., “Stress Analysis of the Compact Specimen Including
the Effects of Pin Loading”™; pp. 105-21 in Fraeture Analysis (8th Confer-
ence), ASTM STP 560. American Society for Testing and Materials,
Philadelphia, PA, 1974.

%J.E. Srawley, “Wide Range Stress Intensity Factor Expressions for
ASTM Method E 39¢ Standard Fracture Toughness Specimens,” Int. [
Fract, 12 [6] 475-76 (1976).

SR.H. Dauskardt and R.O. Ritchie, “Cyclic Fatigue Crack Growih
Behavior in Ceramics,” Closed Loop, 17, 7-17 (1989).

ASTM Standard E. 399-83, “Standsrd Test Method for Plane-Strain
Fracture Toughness of Metallic Materials®; pp. 680-715 in 1987 ASTM
Annual Book of Standards, Vol. 3.01. American Socicty for Testing and
Materials, Philadeiphia, PA, 1987,

3P, C. Paris and F. Erdogan, “A Critical Analysis of Crack Propagaticn
Lawsg, ™ £ Basic Eng., Tra.is. ASME, 85, 528-34 (1963).

AW. Elber, “The Significance of Fatigue Crack Closurs™; pp. 230-42 in
Damage Tolerance in Aircraft Structures, ASTM STP 486. American Saci-
ety for Testing and Materials, Philadelphia, PA, 1971,

N, Walker and C. E. Beavers, “A Fatigue Crack Closure Mechanism in
Titanium,” Fatigue Eng. Mater. Struct., 1 {1} 135-48 (1979)..

¥K. Minakawa and A.J. McEvily, Jr., “On Crack Closure in the Near-
Threshold Regios,” Ser. Metall, 1§ [6] 633-36 (1981).

8. Suresh sud R. O. Ritenie, “A Qeometric Model for Fatigue Crack Clo-
sure Induced by Fracture Surface Roughness,” Mewll Trans. A, 13A (9]
1627-31 {1982).

3D.R. Clarke aad F. Adar, “Measurement of the Crystallographically
Yransformed Zone Produced by Fracture in Ceramics Coataining Tetrago-
nal Zirconia,” J Am. Ceram. Soc., €5 [6] 28488 (1932).

¥D. B. Marshall, M. C. Shaw, R. H. Dauskardt, R. O. Ritchis, M. Readey,
and A. H. Heuer, “Crack Tip Transformation Zones in Toughened Zirconia™;
unpublished work.

©R.H. Dauskardt, D.K. Veirs, and R.O. Ritchie, “Spatially-Resolved
Raman Spectroscopy of Transformed Zones in MgO-Partially-Stabilized
Zirconia,” 1 Am. Ceram. Soc., T2 (7] 1124-30 (1989).

“B.N. Cox, D.B. Marshall, D. Kouris, and T. Muna, “Surface Displace.
ment Apalysis of the Transformed Zone in Magnesia Partislly Stabilized
Zirconia," 1 Eng. Mater. Technol,, 110, 105-109 (1988).

4D, 8. Marshail, A. G. Bvans, and M. Drory, “Transformation Toughen.
ing in Ceramics™, pp. 289-307 in Fracture Mechanics of Coramics, Vol. 6.
Bgﬂcd by R.C. Bradt, A.G. Evans, D. P. H, Husolman, and F. F. Lange.
Plenum Press, Now York, 1983

9L.8. Williams, “Fatigue and Ceramics”; Chapter 18 in Mechanica! Prop.
erties of Engineering Ceramics. Bdited by W.W. Kriegel and H. Palmour 1.
Interscience Publishers, New York, 1961.

“D.A. Kiohn and D.P. M. Hasselman, “Static and Cyclic Ftigus Behav.
toz of a Polycrystalline Ajuining,” £ Am. Cerem. Soc,, 85 [4) 20811 11972).

YA H. Heuer, M. J. Readey, and R. Steinbrech, “Resistance Cutve Be-
havior of Supertough MgO-Partially-Stabilized ZrO, (Mg-PSZ)™ to be pud-
lished in J Am. Ceram Soc.

YR.W. Hertzberg, Deformation and Fracture Mechanics of Engineering
Matetinls, 3d ed. Wiley, New York, 1989.

YR, H. Dauskardt, W.C. Carter, D. K. Viers, and R.O. Ritchie, “Tran.
sieat Subcritical Crack Growth Behavior in Yvunsformation-Toughened
Cesamics™, to be published in Acwa Metall.

4p.L. Swanson, C.J. Faitbanks, B.R. Lawn, Y.W. Mai, snd B.J.
Hockey, “Crack-Interface Grain Bridging as » Fracture Resistance Mecha-
aism in Ceramics: [, Experimontal Study oo Alumins,™ 2 Am. Ceram. Soc.,
0 {4] 27989 (1587).

¥R, Knchans and R.W. Steindrech, “Effect of Grain Size on the Crack
Resistance Curves of Al O, Bend Specimens™; pp. 613-19 in Science of Ce-
ramics, Vol. 8. Edited by R. C. Bradt, A. Q. Evans, D. P. {l. Hauselman, sad
P.F. Lange. Pitaum Press, Now York, 1986,

;B. R. Lawn, “Physics of Fractuse,” / Am. Ceram. Soc., 64 [2) 83-91
(1983).

HQG. Grathwodl, "Pnll:ue of Ceramics under Cyclic Loading™ (in Ger)),
Macerialwiss. Werksioffiech., 19, 113-24 (1988),

RV. Tvergastd and J.W, Hutchinson, “Microcracking i3 Ceramica In-
duced by Thermal Expansion or Elastic Anlsotropy,™ £ Am. Ceram. Soc.,
{3) 157-66 (1948).

NSmall Fatigue Cracks. Edited by R. O, Ritchie and ). Lankford. The
Mztallurgical Society of the American Institute of Mining, Maatlurgical,
sad Petroleum Englacets, Wasrcadaie, PA, 1986, Q




Sclence Center
SC71002.FR

6.0 TRANSFORMATION THERMODYNAMICS AND REVERSIBILITY

19
C11585HM/ejw




‘l' Rockwell Internationa

Science Center
SC71002.FR

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

published in J. Am. Ceram. Soc.

20
C11585HM/ejw




J. Am. Ceram. Soc., 73 [2] 474-76 (1992)

Recovery of Crack-Tip Transformation Zones in Zirconia

After High-Temperature Annealing
Michael C. Shaw* and David B. Marshall*

Rockwell International Science Center, Thousand Oaks, California 91360

Arthur H. Heuer* and Eric Inghels*

Department of Materials Science and Engineering, Case Western Reserve University,

Annealing at temperatures between 500° and 1000°C re-
verses the stress-induced tetragonal-to-monoclinic phase
transformation in precipitates within crack-tip zones in
MgO-partially-stabilized ZrO; (Mg-PSZ). The stability of
such reverse-transformed tetragonal precipitates during sub-
sequent room-temperature aging has been examined using
Raman speciroscopy, surface displacement measurements,
and crack-opening measurements. Partial spontancous re-
transformation of material within the original zone {rom
tetragonasl-to-moroclinic symmetry occurred over periods of
several months. (Key words: zirconia, partiailly stabilized
(PSZ), magnesium, crack tip, transformstions, annealing.)

1. Imtroduction

ECENT studics have shown that large residual crack open-

ings are associated with the presence of transformation
zones surrounding cracks in MgO-partially-stabilized ZrO,
(Mg-PSZ)."? The residual opening is a result of the dilatation
associated with the stress-induced tetragonal-to-monoclinic
(¢t — m) transformation, which causes both wedging near
the tip of the crack snd bending of the arms of (racture-
mechanics test specimens. 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, if the crack begins with no transformation zone, in-
creases with crack extension. Removal of the transformation
zone by cutting along the crack with a saw blade eliminates
the residual opening displacements, as does anncaling in the
tzi)mpieu'wrc range 500° to 1000°C for times as short as
20 min.

This last obscrvation provides evidence that heat treatmeni
in this temperature range causes the reverse monoclinic-to-
tetragonal (m —e 1) transformation. In this paper, we use
several techniques to examine the subsequent stability, at
room temperature, of precipitates within such a zone that had
undergone transformation to tetragonal symmetry during heat
treatments at 600° and 800°C. During this room-te ture
aging, complete recovery of the original residual crack-

openiag displacement occurred, whereas only partial recovery
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was observed in surface uplift and monoclinic content (as de-
termined by Raman spectroscopy).

Il. Experimental Procedure

The material examined was a commercial 9-mol%-Mg-PSZ
{MS grade Mg-PSZ, Nilcra Ceramics, Ltd., Victoria,
Australia) that had been heat-treated by us at 1100°C for
20 min (subcutectuic aging>*) to promote ready transforma-
tion of tetragonal precipitates to monoclinic symmetry and,
thus, formation of large transformation zones around cracks.
The specimen geometry and loading coaditions used to intro-
duce cracks are described in detail elsewhere.'* A “short
DCB" specimen' was polished on one side and notched using
a 100-pm-thick saw blade. After loading to form a stable
crack, the specimen was unloaded and annealed at 1000°C to
rotransform any material that had transformed to monoclinic
symmetry back to the tetragonal structure, then reloaded to
grow the crack a further 4 mm. During reloading the meas-
ured fracture resistance increased from an initial valuc of
~11 MPa-m'? t0 ~15 MPa- m'?, sfter ~2 mm of crack exten-
sion (R-curve behavior), and remained constant thereafter.

The transformation zone was then characterized using sev-
eral methods. The residual crack opening was measured at
two locations: (1) the rout of the notch and (2) along the load-
ing linc 15 mm from the notch root. Raman spectrosropy*
was used to medsure the (raction of monoclinic phase as a
function of distance from the crack plane at several locations
behind the crack tip. Finally, from optical interference micro-
graphs of the polished specimen surface, the out-of-planc dis-
placements due to the transformation zone were measured in
the region surrounding the crack ™

The specimen was then anncaled ot 600°C for 20 min, and
the measurements were repeated 7 d after cooling. The speci.
men was anncaled again at 800°C for 20 min, and the meas-
urements were repeated 17 d later. These results indicated
that partial recovery of the transformation zone had occurred.
Therefore, to characterize the effect systematically, the speci-
men was enncaled again at 800°C and the measurements were
repeated at various intervals during the succeeding 15 moaths.

1L Results

Both Raman spectrascopy and measurements of surface
uplift indicated that a transformation zone with dimensions
spproximately as shown in Fig. | surrounded the crack in its
initinl state. The zonc width increased over the firt 2 mm of
crack growth corresponding to the measured increase in crack
resistance and consisieat with previous obscrvations of zone

'Similat to a compact teasion tpecimen, dul with dimensions 30 mm X
¥ mm x dam.
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Fig. 1. Schematic diagram of (a) test speciinen and (b) crack
geometry showing dimensions and shape of transformation zone.

development in nominally identical matetial.’ Measurements
of the surface uplift and the fraction of monoclinic phase
along a line normal to the crack within the steady-state re-
gion, as indicated in Fig. 1, arc shown in Fig. 2. These are
also similar to previous obsetvations.’

The variation of the crack-opening displacement at the
notch root during the sequence of room-temperature aging
and repeated anncaling is shown in Fig. 3. After the first an-
ncal at 600°C, the displacement w.  educed from the initial
value of $4 um to 38 pm, consistent with results in Ref. 1. The
specimen was then anncaled at 800°C and left for 17 d at room
temperature, whercupon the displacement had increased to
50 um, close 1o its original value, Immediately after the see-
ond 800°C anneal, the displacement was reduced to 29 uwm.
Measurements at regular fntervals during room-lemperature
aging over the next 17 months (Fig. 3) showed that the resid-
ual crack-opening displacement completely recovered, the re-
covary beirg most rapid during the first several days.

Interfercitice measurements of the surface uplift along the
line OY normal to the steady-state crack of Fig. 1 are shown
in Fig. 2(a) for scveral stages during the rovm-temperature
aging. Corresponding measurements of the volume fraction
of monoclinic phase by Raman spectroscopy are shown in
Fig. 2(b). Both measurcments indicated that most of the
trans{ormation zone was eliminated alter anncaling at 800°C,
consistent with the observed reduction in residual crack open-
ing. The subsequent surface uplift measurements pmmd
clear evidence that partial recovery of dilatation within the
original zone (associated with the 1—+ m transformation)
occurred spontancously during room-temperature aging. The
Raman results also suggested that some forward ¢ -» m trans-
formation occurred during aging. Howaver, the results were
not as clear in this casc because of microstructural nonuni-
formity; the Reman measurements indicated that the volume
fraction of monoclinic phase varied from grain 1o grain (i.c.,
over diﬁmccs .:u‘sl "‘5‘?‘ Mmg hyl up to 0£$|. ‘.fl"‘l? measurements
e vipusly it a similar material. ¢ data for each
scm‘re zeptmwd in Fig. 2(b) by a smoothed curve with
the “error bars” indicating this =0.025 fluctuation. Morcover,
with the background subtraction method used in analyzing
the data, the smoothed curves in Fig. 2(b) are true represen-
tations of the decrease in locally averaged muonuclinic content
along u given scan, but there is an crror of 20,025 in the
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absolute values. Thus, to allow comparison, the curves in
Fig. 2(b) were shifted vertically to coincide in the region far
from the crack.

The results in Figs. 2 and 3 suggest a corrclation between
the recovery of the residual crack-opening displacement and
the retransformation of material within the original crack-tip
zone to monoclinic symmetry. However, the magnitudes of
the relative recovery of the surface uplift and the Raman sig-
nal arc both much smaller than the relative recovery in crack
opening. After 17 months the recovery in crack-opening dis-
placement was complete, whereas less than one-half of the
original susface uplift adjacent to the crack was recovered,
and the increase in the fraction of monoclinic phase in regions
around the crack (compared with those rcmote from the
crack) was smaller than it was before annealing.

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 parallel to the line OY in Fig. 1(b), 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 OY and corresponding to different
depths in the original specimen. The resultant zone profiles
did rot differ significantly from that measured at the speci-
men surface.

IV. Discussion

The measurements of the previous section suggest that,
whereas annealing of Mg-PSZ at 600” to 800°C causes the re-
verse m — 1 transformation, and thus removal of the transfor-
mation zone surrounding a crack, subsequent aging at room
temperature without any applied stress causes partial retrans.
formation of some precipitates within the original zoae to
monoclinic symmetry. This implies that defects associated
with the forward stress-induged marnwusitic transformation
must remain after anncaling in order to provide nucleation
sites (or driving forces) for retransformation. Microcracks,
which are known to accompany the transformation of te-
tragonal precipitates to monoclinic symmetey in this and
other transformation-toughencd ZrO; materials,” are a likely
source of such defects.!

The overall macroscopic shape change of the specinen, a8
characterized by the residual crack-opening displacement, is
similar to that of a two-way shape memaory effect,” albeit
with an activation barrier to the tranaformation that occurs
after cooling. However, the crack-opening displacement meas-
utements sloae do not necessarily imply a true shape memory
effect (which requires recovery of shear strains'} in the ma-
teriol, since the obscrved displacement variations could be
induced by purely hydrostatic transformation steains within
the confincs of the crack-tip zone. However, complcte recov.
ery of the residual crack opening in this case would require
complete recovery of the transformation within the zone,
contrary (o the observations from Raman spectroscopy and
inter{erence microscopy. Therefore, the shape strains associ-

.

*We have also contidered, snd ce‘}ected. the postibility that Sefects gener.
aizd from or sssociated with the farge crach-lip strenves, such v dikoes.
tions, might be lavolved in the tamaformation during room-temperatyte
sging. No such dislocations have ever heen observed in the eatemtive TEM
sludies of ransiormation-tougiseatd 210, matenals.

hd

ated with the initial stress-induced transformation appear to
be different from thosc associatcd with the thermal transfor-
mation occurring after subscquent annealing cycles—a given
extent of transformation during crack growth causes less
residual opening than the same amount of transformation
during room-temperature aging. This could occur because of
a dircctional bias imposed by the crack-tip stress ficld on the
shape strain of individual precipitates. Such bias would be
absent during the transformation that occurs during uging.

The isothermal character of the transformation occurring
during room-temperature aging is also interesting. Previesss
examples of isothermal room-temperature transformation in
Zr0O;, alloys have been noted (Mg-PSZ, Ref. S and Ca-PSZ,
Ref. 16). In all cases, autocatalytic nuclcation appears to be
involved." Unfortunately, the precipitates in these “super-
tough” ZrO; materials are so transformable that transmission
electron microscopy is not uscful to study this phenomenon—
parasitic stresses occurring during foil-making causce transfor-
mation of any untransformed particles. However, this subject
is certainly worthy of further study.
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On the Thermoelastic Martensitic Transtormation in

Tetragonail Zirconia

Arthur H. Heuer,* Manitred Ruhle,*! and David B. Marshall**
Departmeni of Mat-sicls Sclence and Engineeting, Case Western Reserve University,

Recent evidence is summarized shewing that the tetragonal
{f) — monociinic {m) martensitic transformation in ZrQ,
can oceny thermoelastically in certain ZrQ;-containing ce-
ramics, and that microcracking accompanying the transfor-
mation is more common than had previously been recognized.
The implications of these new data for the conditions under
which the stress-induced transformation is irreversible, and
for the particle size dependence of the transformation start
(M,} temperature, are discussed. [Key words: martensite,
zirconis, transformations, particle size, nuclsation.]

I

RANSFORMATION toughening via the martensitic tetragonal

(#) to monoclinic (m) transformaiion in ZrQ, is one of the
most effective ways of improving the reliatélity and structurai
integrity of engineering ceramics. The m.ureensitic nature of
the ¢ = m transformation itseli bas not been an issuc for a
number of years,! but the crystallog:xphic, thermodynamic,
and kinetic aspects of the transformation remain areas of con-
siderable research interests™ :.ad even of some controversy.

One subject that is still no: -horoughly understood is the
particle size dependence of the “martensitic start” or M, tem-
peratuzc. In the past, it has been argued that, like martensitic
transformations in mealiic syste:ns, the martensitic transfor-
mation temperature must be understood in i:lation to the
effect of particle morphology (both size and shape) on the nu-
cleation of the transformation, and possibly on the presence
of defects t permit hetercgeneous nucleation.”® The notion
of nucleation control appears to be widely shared,* although
contrary opinions do exist.'*"

The purpose of this puaper is to discuss & variety of new data,
in particular the discoveries that (1) the transformation
exhibits a degree of stress reversibility,** (2) that in some
partially stabilized ZrO,’s (PSZ’s) an apparent general transfor-
mation of a fruction =7 +ZrO, particles occurs under load
prior to fracture and causes inelastic stress—strain curves and
permanent deformation (~0.1% strain),'>**" and (3) that mi-
crocracking associated with transformation is more common
than has been previously appreciated. During this discussion,
we will reexamine the particle size dependence of M.

Introduction

IL. Reversthie Transformation

Lee and Heuer™ and Mecartney and Ruhle! induced the
t = m transformation in thin foils using stresses introdvced
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by electror. illumination in the transmission electron micro-
scope (TEM). In Y.O;-containing #ZrO, polycrystals
(Y-TZP)," martensitic laths nucleated at grain boundaries
(Fig. 1), presumabiy at sites where stress concentrations ex-
isted, and grew in apparent thermoelastic equilibrium across
individual grains. When a martensite lath grew completely
across a grain, it was stopped at a grain boundary and the re-
sulting stress concentration caused a differently oriented lath
to nucleate and begin to grow, sometimes back into the par-
tially transformed grain. If, on the other hand, the lath ex-
tended only partly across the grain, and the electron beam
was defocused to reduce the beam-induced stresses, the lath
shrank and left a defect-free untransformed grain without
any evidence that the grain had been partially transformed
(Fig. 1(d)). In fact, repeated stressing of the foil by refocusing
the electron beam sometimes caused differently oriented
martensite laths to form, presumably because of differences
in the biaxial stress distribution from one focusing experiment
to the next.

Similar experiments were done on both r-ZrO, grains and
t-Zr0, precipitates in a ternary MgO-Y,0,-ZrO; alloy.” The
1-Z1O, precipitates in this alloy were platelike and could also
be made to transform by beam-induced stresses, and strong
autocatalytic transformation occurred. Transformation of a
single particle generated a stress field which caused neighbor-
ing particles to {ransform until the entire illuminated region
contained monoclinic (m) particles in the cubic (¢) ZrO;
matiix. The m-ZrQ; was invariably twinned, with the twin
spacing being much smaller at the end of each transformed
precipitate than in the bulk of the precipitate (sce Fig. 7 of
Ref. 13(b)). Partially transformed precipitates also existed.
More significantly, several examples were shown of the /m
Interface of partially transformed precipitates retreating when
¢!« foil was removed from the microscope and “aged” at room
temperature for several days; it is clear that reversible trans-
formations can occur in either +-ZrO, grains or in +ZrO;
precipitates in ¢-ZrQ; matrices,

A roversible ¢ = m transformation under stress in bulk
Mg-PSZ has been detected from in situ X-ray diffraction ex-
periments.4'? The material had a background m-ZrO; content
of approximately 13 vol%, but the m-ZrO; cont+nt was re-
versibly increased (or decreased) by ~3 vol% during tensiie
loading (or unloading) using a fixture mounted on the X-ray
diffiaction apparatus. When these same specimens were
mouated on a loading stage in an optical microscope and
viewed with Nomarski interference, reversible surface rough-
ness a%;mred on loading. The surface roughness was inter-
preted'* as indicating the ouset of ¢ —» m transformation in
favorably oriented grains; the scale of the surface roughness
corresponded roughly with the grain size (~50 pm). Calcula-
tions showed that the magnitude of the surface distortions in
these experiments was consistent with that expected from the
transformation strain associated with the fraction of ¢ —» m
transformation measured in the X-ray experiments.™

*The X-ray oxperimeuts sample approximately 3 tam ¥ 3 mm x 20 um of
matorial,
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F ';I‘Z PIn situ TEM observations of growth (a, b) and shrinkage (c, d) of a martensitic lath with monoclinic symmetry
in Y-TZP.

More recent measurements* have deraonsirated that the
surface distortions are a combination of displacements dus to
the t —» m transformation and to elastic anisotropy (Fig. 2).
The contribution from elastic anisotropy arises because an
applied stress parallel to the free surface of a polycrystalline
body cuuses contraction normal to the surfuce by an amount
that is dependent upon the grain orientation. The results in
Fig. 2, which compares distortions in toughened and non-
toughened materials, indicate that at stresses below ~200 MPa
the distortions are due solely to elastic anisotropy, whereas, at
higher stresses, anisotropy and traneformation coatribute
about equally to the displacements in the toughened material.
Calculations of the directions of maximum and minimum
Young's moduli and Poisson's ratios indicate that the orienta-
tion dependences of the distortic :s due to clastic anisotropy
and the ¢ — m trausformation are similar if the transforma-
tion strain and the applied stress are coupled (sce the Ap-
pendix). This is consistent with observations that the same
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Fig. 2. Surface distortions measurcd by
optical interterence microtcopy from
lou*‘tened sad nontoughened Mg-PSZ
(Ref. 15).

grains are uplifted or depressed throughout the load range of
Fig. 2; i.e., the magnitudes of the relative suriace displace-
ments increased monotonically with load everywhere. Hys-
teresis in the magnitudes of the surface displacements upon
un'vading could not be detected from interference measure-
ments, provided the applicd load did not exceed ~350 MPa.
This observation suggests that the transformation occurs
close to thermoelastic equilibrium.

The reversible transformation tn Mg-PSZ has also been ob-
served in regions under compressive loading. This is illus-
trated in Fig. 3, which shows the area between inner loading
points of 8 beam loade-d in four-point flexvre, (The inner
loading points are at the upper right and lower right corners
of Fig. 3(a; l.¢., the tensile and compressive surfaces are the
left and right {orders of the photo.] The applied stress in-
creases linearly with distance from center (neutral axis) of the
beam, with the outer fibar stress bsing 300 MPa. Correspond-
ing increases In surface distortions are evident in Fig. 3 on
both the tensite and ¢ ive sides of the beam, and the
surface distortions are of similar magnitudes on both sides.
Reversing the sense of loading, as in Figs. 3(b) and (c), causes
grains which are “proud” of the surface in tension to be
depressed in compression and vice versa (see the arrowed
grains in Figs. 3(b) and 3(c)). These observations that
the reversible transformation is governed by the applied shear
stress and is relatively insensitive to the hydrostatic stress
component.

Reversible surface transfcrmation has also been obscived
in a series of heat-treated Mg-PSZ materials with {racture
toughnesses that ranged between 8 and 14 MPa-m':* The
lowest toughness material in this series exhibited neither in-
elastic yielding nor steble microcrack growth, whereas the
highast toughness material showed both. The amount of re-
versible transformation at given applied stress did not vary
within this series of materials with vastly different me-
chanical propertics. Instcad, an inverse correlation was found




1086 Journal of the American Ceramic Society — Heuer et al.

Vol. 73, No. 4

hak]

A

i . !,‘; &,\\t\.\s‘m '

RN

Fig. 3. (a) Optical micrograph from side of beam of Mg-PSZ loaded in four-point flexure (area
hetween inner foad lings), showing surface distortions on Eolh the tensile and compressively loaded
regions. Quter fiber stress 300 MPa. (b) Enlargement of (a) showing area from tensile side of beam.
() Same area as (b), but after unloading and reloading, with the sign of bending reverzed to gencrate
compressive streas. (The arrowed grains show the reversal of the sense of uplift on reversing the
stress.) The Nomarski imaging conditions were identicat {or the micrographs of (b and (c), giving the

impression of low-angle illumination from the top right of the micrographs.

between the fracture toughness and the stress required to cause
permazent or irreversible transformation, indicating that it is
the stebilization of the transformation product that is the key
to obtaining high toughness and good damage tolerance.”

IIL.  lrreversible Transformution in Mg-PSZ

Tensile loading of the high-toughness Mg-PSZ causes only
reversible transformation, provided the applicd stress does
not exceed ~ 350 MPa. Athigher stresses, permancat transfor-
mation and microciacking develop (see the arrowed features
in Fig. 4(a)), which appear to be correlated. The permanent
transformation occurs in localized regions (encompassing sev-
cral grains), which are elongated on the surface in the direc.
tion normal to the applied stress. Etching of the surface with
HF reveals that these regions are composed of a substructur
of well-defined, parailel-sided bands (Fig. 4(b)). Individual
bands arc confined to single grains, and the vplified arcas
visibie without etching contain arrays of adjacent grains with

near-parallel bands. The surface traces of the bands are all
oriented approaiiately normal to the applied stress.
Loading in compression also causes permanent transfor-
wation, but the stiess required is considerably higher
(~1200 MPa) than in tension. Therefore, the critical stress to
cause permanent transformation is strongly dependent on the
hydrostatic stress component, in contrast to the response of
the reversible transformation. The development of permanent
transformation in compressive loading can be seen in the
series of micrographs in Fig. §, taken at vatious stages during
adfunload cycles' (Fig. $(d)). The surface roughening in

"The strevses appopniate for the load- time cutves of Frg $(d) cannot be
specificd with certainty The tpecimen was a disk loaded along 3 hameter,
with a steath gauge mounted 10 the center and the micrographs taken from
an arca about 174 of the ditance between the strain gauge and the loading
porat The strcss stram curve alfter the onset of transfarmation 1s nonlinear,
so stresses calculated from hinear elasticaty at Jow toads, and subsequenm
scale up, would be musleading The sreas at which tramformation began
(pannt A)ss 1200 MPa
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ss of 420 MPa, showing uplifted regions

Fig. 4. (a) Polished surface of Mg-PSZ after applying tensile stre
tion. {b) surface in (a) after etching for
s within individual grains.
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Fig. 5(a) was similar to that shown quantitatively in Fig. 2 and
was reversible upon unloading. At increasing applied load
(Figs. 5(a) to (c)), well-defined bands with more severe sur-
face uplift than that associated with the reversible transfor-
mation developed within certain grains. With continued
loading, individual bands increased in width and length, the
number of bands within individual grains increased, and
bands formed in new grains. Upc+ unloading (Figs. 5(¢) and
(£)), all of the transformation bands remained, but all of the
other surface distortions disappeared.

The surface traces of the bands all lie at angles between
~30° aud 90° to the direction of the applied stress (horizontal
in Fig. 5). Therefore, if these traces represent the intersections
of the specimen surface with planar transformation bands, all
of the bands could lie on planes of high resolved shear stress.

The shear nature of these transformation bands is also sug-
gested by the shape of the associated surface distortions. An
optical interference micrograph from the area of Fig. 5(f} is
shown in Fig. 6; the dark fringes in this micrograph represent
contours of constant height separated by A/2 = 270 nm. The
surface uplift along A-B is plotted in Fig. 6(b). Within the
bright bands in Fig. 5(f), the surface is tilted at a constant
angle, thus implying a large component of shear in the trans-
formation strain.

A one-to-one correlation is evident in Figs. 5(a) to (c) be-
tween grains that were uplifted in Fig. 5(a) and grains that
subsequently developed transformation bands in Figs. S(b)

e, SRR
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and (c). This observation establishes a direct connection be-
tween the reversible and permanent transformations.

IV. Microcracking and Twianing

A martensitic transformation proceeding in thermoelastic
equilibrium generates very large residual stresses which op-
pose further transformation and lead to reverse transforma-
tion on unloading. To prevent the reverse transformation,
relief of these residual stresses must occur, which in the
present systems involves twinning and microcracking.

Microcracking has been observed around transformed
m-ZrO, particles in the three types of transformation-
toughened ZrO,-containing ceramics of commerical signifi-
cance. Examples from ZrO;-toughened Al,O; (ZTA),
Mg-PSZ, and Y-TZP are shown in Fig. 7. In ZTA and Mg-
PSZ, both tangential and radial microcracks can occur (radial
and tangential are defined with respect to the Al;03/ZrO, or
precipitate/matrix interfaces). Tangential microcracking is
the more common, with the microcracks appearing to be nu-
cleated by stress concentrations at the intersections of twin or
variant boundaries with the Al,0,/Zr0, or rec1p1tate/matrix
interfaces. Observations by several authors'®® indicate that
tangential microcracking occurs if the thickness of individual
twin plates exceeds ~50 nm and if no “domains of closure”?®
form. Analysis of the smgular stresses associated with the
termination of such twin plates” indicated that spontancous
initiation of microcracks cannot be explained using linear

300

160

SURFACE UPLIFT (nm)

POSITION

(b)

6. (a) Optical interlerence m(crognph (A = 540 om) from arca of Fig. 5(f).

(b fSumce uplift along line A-B in




Fig. % Microcracking (srrowed features) associated with trans-
{ormed m-ZrO, pacticles in (a) ZTA, (b) Mg-PSZ, and (c) Y-TZP.

clasticity, Microcrack nucleation either requires the presence
of lattice dofects (e.g., dislocations) oﬁnvo!vcs nonlinear
bond displacerseat in response to the very high stress concen-
trations.? Fusther nucleation studies are needed to address
these possiblities.

In YTZP, vadial microcracking is observed around trans-
formed grains. In the example of Fig. 7(c), the material had
been heat-treated in the two-phase (-ZRO, + ¢-Z10O;) phase
field to form some high-solute-content (~10.5 wi% Y,0,;)
¢-ZrO; grains in equilibriom with some low-solute-content
(~3.5 W% Y;0,) +-210; grains, with M, above room tem-
perature. Microcracks are visible around the transformed,
low-Y;Oy-content grains. The cracks are evidently caused
by transformation-induced strésses, augmented by thermal
expansion anisotvopy stresses which are enhanced at grain
facet corners.

Alternatively, the transformation stresses can be relaxed by
the formation of closure twins® or by twinning occurring
subsequent to the transformation.? These have been ob-

Thermoelastic Martensitic Transformation in Tetragonal Zirconia 1089

served in ZTA, YTZP, and Mg-PSZ. An example already
cited and identified by high-resolution lattice imaging in a
low-solute precipitate in a ternary MgY-PSZ is shown in
Fig. 8.

V. Transformation Reversibility and
Size Dependence of M,

The in situ transformation experiments (e.g., Fig. 1) clearly
demonstrate that stress-induced reversibility in thin foils can
arise from partial transformation. The glissile nature of the
martensitic interfaces between parent and product (t- and
m-Zr0;,) is one of the hallmarks of martensitic transforma-
tions, and this phenomenon is not surprising. These examples
further demonstrated that partial reversible transformation
did not lead to any transformation debris. It is clear that the
strains resulting from partial transformation cause stresses
which oppose the apz?lied stresses, leading to a state of thermo-
elastic equilibrium. ™ We now discuss the implications of
such thermoelastic equilibrium on (i) the size dependence of
M, and (ii) the conditions under which permanent irreversible
transformation can occur.'t

(1) Size Dependence of M,

In certain Mg-PSZ samples, the matrix contains some par-
ticles of m-ZrO,, which had transformed during cooling (in
the absence of any applied stress), and some particles of
t-Z10, capable of reversible transformation. These observa-
tions may imply an intrinsic size dependence. However,
rather than a surface energy argument for this size depen-
dence of M, as suggested by Garvie and Swain," we postulate
that the difference may involve the effect of particle mor-
phology on the strain energy arising from the transformation.

The elastic strain energy, F, associated with a transformed
inclusion {s in general dependent upon its size and shape. For
an oblate spheroid (axes a = b < ¢) with unconstrained dila-
tion and shear transformation strains, e” and ef,, the elastic
energy in the matrix and inclusion after transformation can
be expressed (after Eshelby)” as

99(1 = ») gﬁ)’
F = [VE@")/50 - ”)][1 Ty (er ] ®

We use a simplified spproach in which an isolated particle in an isotropic
matsix is considered. Important considerations such lg&m(c anisotropy®*
and thermal expansion and clastic modulus mismatchi# betwsen particle
and matrix are ignored. While these simplificaijons prohibit a quantitative
treatment, they should not ebscure thglphydcs uaderiying transformation
revensibllity or the size depondeace of Af,.

Fig. 8. High-resolution TEM image showing closute iwins in
M%) o2 (Ret 13 "8
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where V is the inclusion volume, E Young’s modulus (assumed
equal for inclusion and matrix), v Poisson’s ratio, and vy is a
function of the aspect ratio a/c. The first term in Eq. (1) is the
contribution due to the dilation component of the transfor-
mation strain, and the second term arises from the shear
component. The variation of F/F; (the strain energy normal-
ized by the zero shear case) with aspect ratio is shown in
Fig. 9 for several values of the ratio efy/e”; efy/e” = 0 corre-
sponds to pure dilational transformation (i.e., complete relief
of shear strains by twinning), whereas el; = 0.07, & = 0.04 is
appropriate for the unit cell shape strain. For pure dilation,
the strain energy per unit volume is independent of inclusion
shape, whereas the contribution due to the shear strain de-
creases with increasing aspect ratio. Since this elastic strain
energy provides the resistance to transformation, and the
chemical driving force per unit volume is independent of in-
clusion shape, the degree of undercoolirg needed for the
transformation to become thermodynamically favorable de-
creases with increasing aspect ratio. Therefore, this effect
could provide a rationale for an apparent size-dependence
of M, if the precipitate aspect ratio increases with precipi-
tate size.

Observations of Farmer and Heuer? are consistent with
this hypothesis. They found that in Mg-PSZ, +-ZrO, particles
with aspect ratios s4 had M, well below room temperature,
those with aspect ratios between 4 and 5 still had M, < room
temperature but were sufficiently unstable that they often
transformed to an orthohombic (o) form of ZrO, during TEM
examination,*?* and specimens that were heat-treated to en-
courage some precipitate growth had transformed particles
with aspect ratios >3,

Of course, this explanation is restricted to precipitation-
toughened systems such as Mg-PSZ and is not appiicable to
the equiaxed TZP%s.

(2) Stabilization of the Stress-Induced Transformation
Product

From the in situ TEM observations (¢.g., Fig. 1), it is clear
that reversible transformation in Y-TZP and MgY-PSZ
involves reversible, stress-induced movement of tetragonal/
monoclinic interfaces. Stabilization of the monoclinic phase
in theso exporiments was obssrved oaly whou a lath grew

WThis ditfusionless ¢ ~ o translormation oggyrs artifactually ia TEM
usscd elsowhere.

thia foll specimons, aad is dise

(]
3
5
g
&
3
3
:
g, 9
0 1 1
0 3 10 15

ASPECT RATIO, #/¢

Fig. 9. Plot of clastic strain encrg in matrix and inclusion for
an oblate spheroidal inclusion with aspect ratio a4 and uncoa-
strained dilation and shear transformation strains e” and ef;.
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completely across a grain in the Y-TZP, and when the precipi-
tates in the Mg,Y-PSZ transformed completely. These obser-
vations are consistent with the notion that permanent
transformation requires microcracking or the formation of
closure twins, as discussed in Se.ction IV.

Similar observations of partially transformed precipitates
have not been made in Mg-PaZ. Therefore, experiments to
date cannot distinguish whether the reversible transformation
seen in the X-ray experiments involves partial transformation
of all precipitates or convlete transiormation of some irdi-
vidual precipitates. However, the direct connection between
reversibl; and permanent transfor:aation (Fig. 5) does confirm
a previcus suggestion'? that irreversible transformation re-
quires a higher applied stress than does initiation of the forward
transformation. Moreover, stabilization of the monoclinic
phase in Mg-PSZ is always associated with bands that tra-
verse grains, suggesting that precipitate interactions leading
to strain localization are associated with the stabilization
event, either as the cause or as a consequence.

If the reversible transformation in Mg-PSZ involves com-
plete transformation of some individual precipitates, the
observed continuous increase in surface distortions with in-
creasing applied stress must be due to increasing numbers of
transformed precipitates, according to a distribution of trans-
formation stresses. In this case, stabilization would require ir-
reversible, stress-relieving events to reduce the driving force
for reverse transformation. This could be achieved by twin-
ning and microcracking, both of which have been found by
TEM to be evident at transformed precipitates in thin foils
(Section IV). However, a connection between this mechanism
of stabilization and the formation of transformatior vands is
not apparent. A more likely critical event for stabilization is
the actual formation of a shear band of transformed precipi-
tates; Fig. 10 shows schematically the basic idea, in that spa-
tially correlated transformation, i.c., a transformation shear
band, is necessary for irreversible transformation; the shear
band would lead to a reduction in the shear strain encrgy as-
sociated with each precipitate. Formation of the shear band
requires interaction between precipitates and would be dic-
tated by the statistical occurrence of a nucleus composed of
a critical number of adjacent transformed precipitates. The
mechanism does not preclude subsequent twinning and micro-
crack formation and Is therefore consistent with all of the
observations.

If, instead, the reversibility involves partial transformation
of many or all precipitates, with reversible movement of the
tetragonal/moncclinic interface under an applied stress, then
stabilization could also occur by microcracking or twinning.
However, again, it is not evident why such a mechanism
would lead to the bands of transformation observed in the ex-
periments discussed in Section III.

It is uzeful at this point to consider the thermodynamics of
transformation. The total change in free energy, AF, of the
system upon transformation of a volume, ¥, can be writtea™-%

&F = AG + AUy + AU + AU, ()

where AG is the decrease in chemical free encrgy, AUr is the
transformation strain energy, AU, is the interaction energy
under an applicd stress o, and AU, is the change in surface
energy (which may include strain cnergy associated with twin
terminations at the precipitate boundary). The variations of
the individual cnergy terms and the total energy with trans-
formed volume, | are shown schematically in Figs. 11(a) and
(b). If the shupe of the transformed volume remains geometvi-
cally similar with increasing size, the first three terms in
Eq. (1) arc proportional to V, whereas AU, is proportional to
V¥, and a size effect exists, (i.¢., the energy change AF is
negative for valumes larger than a critical value, V., and posi-
tive for V < ¥, Fig. 11(b)). This is the argument used by
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. 10. Schematic diagram illustrating reversible and irrevers-
ible transformation of precipitates in sMgoPSZ: (a) zero stress,
2!? reversible transformation (isolated precipitates transformed),
c) permanent transformation (autocatalysis causes formation of
transformation band).

Garvie and Swain to explain the observed size effect in spon-
taneous transformation (i.e., in the M, temperature). Alterna-
tively, if the particle shape does not remain constant with
increasing volume, the size effect is obtained without invoking
the surface energy term, because AUy increases more slowly
with increasing V, as discussed in Section V(1). The requisite
increasing aspect ratio with increasing transformed volume is
exhibited by a growing lath, as in Fig. 1, and by partly trans-
formed precipitates, as in Mg,Y-PSZ and Mg-PSZ.

In either case, the total energy change varies with volume
and applied stress, as indicated in Fig, 11(b). The energy
maxima, AF*, in these plots represent a homogeneous nuclea-
tion barrier, and the curves predict complete transformation
of precipitates with volumes larger than the critica! value, V;
(V. decreases with increasing applied stress), provided AF* is
overcome. This is consistent with the response depicted in
Fig. 10. However, stable movement of a transformation inter-
face within a precipitate (Fig. 11(¢)) is not consistent with

“Fig. 11(b). Such & response requires an additional energy term

AU, with the form represented in Fig. 11(c), as would arise
from an interaction strain energy with a localized stress con-
centration. In Mg-PSZ, stress concentrations have beon ob-
served at very small precipitates of Mg-rich 5-phase that form
near the surfaces of the tetragonal precipitates.™ It has also
been suggested that stress concentrations occur at the edges
of the precipitates because the profile is sharper than that of
an oblate sphesold.”’ ‘The total energy change in this case is
shown schematically in Fig. 11{d). Spontancous transformation
is cted for restricted volumes less than V; within a par-
ticle. Morcover, V5 increases continuously (and reversibly)
with applied stress, as required for stable movement of the
transformation interface. At the applied stress o represented
in Fig. 11(d), the transformation extends indefinitely and irre-
versibly, thus defining the condition for nent transfor-
mation, This description of the reversible transformation is
sitoply the nucleation stage of transformation. Foe this mech-
anism to bs consistent with the observations of Section III, it
would be for the stress ficld surrounding the pre-
* cipitate after unstable transformation to cause transformation
at adjacent precipitates, leading to the formation of a transfor-
mation band. Such autocatalytic transformation has been ob-
served in in situ experiments in MgY-PSZ (Section II), and &s
postulated to occur also in bulk Mg-PSZ.

VL. Coaclusions

The stress-induced ¢ —» m transformation in ZxrO; can occur
cither reversibly or irrevenibly. The irreversible transforma-
tion requires microcracking or twinning to avold retranafor-
mation on unloading. The thermodynamics of stress-induced
transformation require inclusion of an interaction energy
term with a localized stress conceatration for explanation of
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Fig. 11, (u) Variation of energy changes associated with tetra-
nal-to-monoclinic tranaformation in a coastraining matrix with
e volume transformed. (b) Changa of total free energy of system
with volume transformed. (c, d) Energy changes i the presonce of
a localized stress concentration. {e) Mechanism of reversible trans-
forination by streus-induced movement of the tetragonal/monoclinic
interface within a precipitate.

all experimental observations. Wz have also suggested that
the particle size dependence of M, iavoives variation of parti-
clo shape with particle size, rather than an intrinsic size ef-
fect due to surfice energy arguments.

APPENDIX

Relations between Surface Distortious and
Trausformation Strains

The surface distortions associated with the reversible
transformation were of opposite sign in uniaxial tension and
on. This observation is consistent with a si

deration of the transformation strains, assuming coupling

of the strains to the applied shear stress. Each grain in
Mg-PSZ contains small, lens-shaped precipitatss of tetragonal
Z:0; in a solute-rich cubic ZrO, roatrix. The tetragonal ¢ axis
of the pitates is paralle] to their smallest dimension. The
precipitates are in three orientations, cach with the tetragonal
¢ axis paralle] to one of the cube axes, If we assume a single
Iattice correspondence for the martensitic ¢ — s transforma-

tio, (e.g., lattice correspondence C for which the tetragonsl




¢ axis becomes the monoclinic ¢ axis,® then an applied stress
along a [110] cube direction (Fig. Al) provides the most favor-
able orientation for coupling with the shear strains. Then two
sets of precipitates are oriented with Schmid factors of 0.5 for
{001)/[100] transformation shear, and the third set has zero
shear stress on the (001) plane. In this orientation, transfor-
mation of equal numbers of the two sets of favorably oriented
precipitates to single untwinned variants uniformly through-
out the grain causes a total unconstrained strain of the grain

& = f(xy2 + €7/3)
& = f(F9/2 + €7/3)
&= f’f3 (A-1)

where the upper sign refers to tensile and lower one to com-
pressive loading, f is the volume fraction of the grain that
transformed, and y(=s{) and e” are the unconstrained shear
and dilation strains of the transformation (0.16 and 0.04, re-
spectively).®® The magnitudes of the strains for tension and
compression are shown in Fig. Al.

Surface distortions arise from variations in the transverse
strains, &, and &, in adjacent grains. In compressive loading,
both of the transverse strains are positve, indicating that the
surfaces of transformed grains are always uplifted. In tensile
loading, on the other hand, transformed grains can be either
uplifted or depressed (s, < 0, &; > 0). However, the grains
which experience the largest surface distortions (i.e., those
oriented with s, normal to the specimen surface) are de-
pressed in tensile loading and uplifted in compression, consis-
tent with the observations of Section III. Moreover, equal
velume fractions of transformation in tension and compression
(as would be implied by a critical shear stress criterion) would
causs larger distortions in compression than in tension, as
observed.

Relative axial and transverse transformation strains result-
ing from permanent transformation have been measured di-
rectly by Chen and Reyes-Morel® using strain gauges in
uniaxial compression sxperiments. From the measured ratio
of ~2/3 (i.e., 2&,/(g, + &)), the shear strain calculated from
Eq. (A-1) is y = (5/3)e” = 0.07. Therefore as concluded by
these workers, ~50% of the available shear strain appeared in
the macroscopic strain measurements in this case.

It is interesting to note that for the volume fraction of re-
versible transformation in uniaxial tension measured previ-
ously using X-ray diffraction (~3%)," the magnitudes of the
strains in the direction of the applied load (s, = --0.0018 in
compression and s, = 0.0027 in tension) are similar (but of
opposite sign) to the applied strain (~£0.0015). This implics
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that in a fixed grips loading, the applied stress would be
approximately relaxed by the transformation. Moreover, as
shown previously,’ the corresponding transverse strains s, ~
0.002 over a depth of about one grain diameter (~50 pm)
would produce surface displacements ~100 nm, consistent
with observations.
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Mechanical loading of polycrystalline
ZrQ, ceramics causes reversible, out-
of-plane distortions at free surfaces
that are parallel to the direction of
applied stress. These distortions have
been measured using optical interfer-
ence microscopy, and the separate
contributions due te elastic anisotropy
and reversible martensitic transfor-
mation have been identified. [Key
words: zirconia, magnesium, me-
chanical properties, phase transfor-
mations, stress.]

EVERAL studies have shown that the
mantensitic transformation in ZrQ;, be-
tween tetragonal and monoclinic phases,
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can occur reversibly with stress under cer-
tain conditions.'™ This observation is im-
portant for understanding the initiation
condition for the transformation, which in
turn determines the extent of the transfor-
mation zone around a crack and hence the
degree of toughening.

The first indication of reversibility
came from observations, by Nomarski in-
terference, of surface distortions caused
by varying amounts of transformation in
adjacent grains. These measurements,
from the polished surface of polycrys-
talline Mg-ZrQ,. were confirmed by in
situ X-ray diffraction.' In situ TEM ob-

servations have also revealed reversible
transformations in other ZrO. alloys.?*
Although the surface distortion measure-
ment remains the most sensitive of these
methods for dctecling smat! amounts of
transformation, it is complicated by the
fact that distortion of the surface under ap-
plied load can also be caused by elastic
anisotropy. In this paper, measurements of
the separate contributions to surface dis-
tortions i Mg-PSZ from clastic aniso-
tropy and reversible transformation are

1530

EXPERIMENTAL OBSERVATIONS

Surface distortions were compared in
one transformation-toughened 9 mol%
MgO-Z10; material* and four related, non-
toughened materials: (1) a fully stabilized
cubic Mg-ZrO; (14 mol% MgO); (2) 10.9
mol% MgO-ZrO, which contained tetrag-
onal precipitates that were not sufficiently
transformable to cause significant transfor-
mation toughening; (3) an overaged 9
mol% MgO-2Zr0, in which all precipitates
were of monoclinic phass; and (4) the
toughened 9 mol% MgO-Zr0, which hed
undergone a cooling cycle in liquid nitrogen
to transform most tetragonal precipitates
to orthothombic phase.® Of the nontough-
encd materisls, the 9 mol% Mg0O-ZrO;
cooled in liquid nitrogen possessed the
highest strength (500 MPa, compared with
approximately 250 MPa for the others)
and therefore allowed comparisons with
the toyghened material aver the widest
range of stresses. It was also closest to
having a microstructure identical to that of
the toughened material, byt with the trans-
formability switched off.

Beams of cach material (~50%3x%
3 rum) were loaded ia beading using a fix-

-plane suiface distortions in (A) transformation.
borizoalsl, average strain 0.0015.
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* whil¢ being viewed either with Nomarski
interference or with conventional interfer-
ence using monochromatic light. While
Nomarski interference is the more conve-
nient and possibly the more sensitive of
these two methods of observing surface
distortions, it is only qualitative. On the
other hand, quantitative measurements of
surface displacements are obtained from
the conventional interference measurements.
In the present experiments cemparisons of
the different materials were made using
microgranhs obtained with identical meas-
urements settings and film/print process-
ing. Applied siresses were monitored in
all cases, using strain gages attached to
the surfaces of the bea:ns.

The tensile surfaces of all five mate-
rials exhibited reversible distortions during
loading. Observations in the fully stabi-
lized, overaged, and 10.9 mol% MgO ma-
terials were limited (by their strengths) to
applied stresses below approximately 200
MPa (i.e., strain <0.001). Over this range
of stresses the magnitudes of the surface
distortions were indistinguishable in all of
the materials. However, at larger applied
stresses the magnitudes of the surface dis-
tortions were higher in the toughened ma-
terial than in the material that had besa
cooled in liquid N;. Nomarski interference
micrographs from these (wo materials are
compared in Fig. | and meusured surface
displacements from conventional {uterfer-
ence micrographs are shown in Fig, 2.
(Tbe relative suface displacements in Fig.

gruenl measurements of the largest

difference within subaress approxi-
mmiy 200%200 am on the tessile sur-
faces.) These results suggest that, st stresses

-below ~200 MPa, the surface distoitions
result from clastic anisolrupy, but that at
higher stresses in the toughened material,
transformation strains snd elastic anisot-
ropy contribute about equally to the sur-
face distortions. -

In situ obtervation during continuous
loading of the toughened matesial indi-
cated tha the same grains wese either up-
lified or depressed over the entire range of

stralng in Fig. 2; Le., the magnitudes of
mcsu:!weduphcemuuimmedmno— '

tonicatly with load everywhere. Thir bndic
cates that the crystallogn phic orieniations
of distortions due to elastic aniso-tropy and
transformation sraing e similar,

Elastic Anisotropy

An applicd stiess pesallcl to the susface
of a polycrystlline body causes contrsction
nosmal 10 the suiface by an amount which,
becatse of elastic anisotrapy, is dependent
Gpon the grain oricnlation. Therefore, the
surface must become distorted where
grains of different oricnistions meet. A
detsilsd calculation of the nuagnituse of
thzse distortions would e complex be-
cause all components of local stress and
ctraln are wouuniform and depeadent upoa
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relative oricntations of all adjacent grains.
However, a rough estimate of the maximum
distortion can be obtained by calculating
the maximum and minimum Poisson ratioz
assuming uniform strain paralie! to the ap-
Por cubic ZrQ, with elastic stiffoess
coanstants C), =417 GPa, C;;=82 GPs, and
Cu=47 GPa,*" Young's moduli and
maximum and minimum Polsson ratlos for
applied stresses in the directions [100),
[110], and {111] are listed in Table i.
Qualitatively, the elastic respoase of this
material is similar to that of a structwee
composed of rods along the edges of &
cube and hinged at the corners; it is
stiffest when loaded along {100], soft
when loaded aloag [111) ard [110), and
the tranaverse contraction (fw tenstle load)
when loaded aloag (110) is large along
{(110] and very small aloag [O01]. There-
fore, the largest difference in ecmuncuuo
should be between grains with [110] pare
led to the spplicd stress and {1 0]0:(001]
normal to the surface. For stradn of Q.004S
paraile! to [110], the difference in contrac-
tton (uncoasteained) of the two graios

(u-mouved) and noo-

lations of the previous section, sn upper
bound can be estimated for the relative
surfuce displacements due to tranisforma-
tion, assuming coupling between the
transforrnation strain and the applied shear
strees. Each grain in Mg-PSZ contairs
small, lens-shaped precipitates of tetrago-
aal 210, in a solute-rich cubic matrix,
with the tetragonal ¢ axis of the precipl
tates paraliel to their smalles) dimension.
The precipitates are in three orieatations,
each with the {etragona! ¢ axis panliel to
one of the cuble axes. I o single-latiice
cosrespondance for the martensitic t~em
uansformation is assumed (¢.g., latice
cotrespondence C for which the wtmoml
¢ aris becomes the monoclinic ¢ axis),!
thea applied stress along a {110) direction
provides the most favoratide orlentation for

- coupling with the thear strafns. Than two

sets of precipitates are oriented with
Schmidt factors of 0.5 for 901 ) 100)
transformation stear, and the thivd set
have zero theas stresd on the (001) plane,
1t this oricntatioy, transformation of oqual
owmbers of the two sets of favorably oni.
exted preciphates uniformly throughout

would be Ae=0.0007. The grain sive of  (he grain causes total uncenstrained staing
this material & ~S50 um. Mm@a of the grain, .
difference in surface displacements . :
be ~350 A (~35 ), consistert with the ~ &=2f(e"/3+/2). (1)
measurerents in Fig. 2 for the magetial wf(e’/3~y/2
that had been cooled in liquid i, “ﬂ:? V3 V:"’)
Swrface Disicetions and Traxsformasion - a=fe’/ He)
Strains where =, y, and 2 conespond to {110],
In the spirit of the appeoximate calcu- (1765, and (001), f is the volumse fraction
Table 1. Young's Modutus asd Poisson's Ratio of Cubie 20,
E . v
Swress directicon OF) Marx Min
{100 3%0 0.16 _
19 156 0.66 (110) 0.08 (00}
il 130 0.39
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of transformed precipitates, and y and e’
are the unconstrained shear and dilation
strains of the transformation. The dilation
strain is fixed at ~0.04, whereas the shear
strain, which con be partly relieved by
twinning, could take any value between
zero and that of a single untwinned variant
(0.15). Therefore, the largest depression
of the surface occurs at grains with un-
twinned precipitates and oriented with
(110] parallel to the applied stress and
{110} normal to the surface. This is the
same orientation as for the largest depres-
sion from elastic snicctropy, and is there-
fore consistent svith the observations of
the previous scotion. An upper bound for
the magnitude of the surface distortion
(unconstrained) due to transformation in
these grains is given by the difference of
&, and &, in Eq. (1): with f=0.03 at applied
strain 0.0015, as measured previously
using X-ray diffraction,’ this gives As=
0.002. Therefore, for a grain size of 30
um the difference in surface displacement
is =1000 A (=100 um). This is adequate
to acoount for the observed displacements
due to transformation (Fig. 2).

Communications of the American Ceramic Society

COoNCLUSIONS

Mechanical load applied parallel to
the free surface of polycrystalline Mg-ZrO,
ceramics causes reversible distortions of
the surface. In nontoughened materials,
and in transformation-toughened material
at low loads (<200 MPa), the distortions
are a result of elastic anisotropy and rela-
tive grain misorientations. At higher loads
in the transformation-toughened material,
reversible martensitic transformation causes
superimposed displacements with a similar
magnitude and grain orientation depend-
ence as the displacement due to elastic
anisotropy. Therefore, although in situ
observation of these distortions is a conven-
ient method for detecting reversible trans-
formation, care is needed to separate the
influence of elastic anisotropy when inter
preting the results. Furthermore, the ob-
servations of surface distortions due to
clastic anisotropy serve to illustrate the
nonuniformity of local stresses in poly-
crystatline bodies, even those with cubic
structure, and the potential role of these
local stresses in initiation of strcngth-

Vol. 72, No. 8
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Structural and Mechanical Property Changes in Toughened
Magnesia-Partially-Stabllized Zirconia at

Low Temperatures

David B. Marshall,* Michael R. James, and John R. Porter*
Rockwell Intemational Science Center, Thousand Oaks, Califomia 1360

The mechanical properties of high-toughness magnesia-
partially-stabilized zirconia were found to be dramatically
altered by a single cooling cycle between room temperature
and - 196°C, Raman spectroscopy and X-ray diffraction
were used to correlate the changes in mechanical properties
with structural changes that occur at temperatures below
~ = 100°C. Most of the tetragonal precipitates that are respon-
sible for toughening transformed to an orthorhombic phase
with unit-cell volume intermediate between those of the tetrago-
nal and monoclinic phases. The orthorhomkic phase was
stable with heating to 300°C, but it transformed back to the
tetragonal structure when heated to 400°C. Surprisingly, the
orthorhombic phase was not readily transformable by stress,
with the consequence that, after the cooling cycle, most
of the high-toughness properties of the original tetragonal-
containing material were lost. [Key words: mechanical
properties, zirconia, magnesia, phase transformations,
heat treatment.]

1. Introduction

IKCONIA-CONTAINING ceramics can be toughened dramatically

by the martensitic tetragonal-monoclinic transformation in
locatized zones around cracks.'"" However, high toughening re-
quires a very narrow range of microstructures in which ZrQO, grains
or precipitates arc on the verge of spontancous transformation.
Since the transformability of constrained ZrQ, particles is sensi-
tive to the depree of undercooling from the unconstrained M, (mar-
tenitic start) temperature, both the degree of toughening and the
stability of the microstructure are expected to be very sensitive to
temperatire changes.
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The highest-toughness ZrO, ceramics are from the magnesia-
partially-stabilized zirconia system (Mg-PSZ).**" In cptimally
aged materials, with toughness up to 18 MPa-m'?, the tetrago-
nal precipitates are so close to spontaneous transformation at
room temperature that a fraction do transform during cooling,
and others begin to transform under applied tensile stresses as
low as 300 MPa.'™"" The purpose of this paper is to examine
whether cooling below room temperature causes further transfor-
mation of these precipitates, and thereby a loss of toughening at
cryogenic temperatures, or even more importantly, degradation of
room-temperature mechanical properties after a single cooling
cycle. Swain''" has shown previously that the fracture tcughness
of such materials is reduced at temperatures below about ~100°C
and that thermal expansion measurements indicate a vclume in-
crease in the temperature range ~80° to —~100°C. Morcover. the
tetragonal- monoclinic transformation after cooling in liquid ni-
trogen has been inferred from X-ray measurements in several
Mg-PSZ ceramics,'* although the mecasured phase differcnces in
that work approached the limits of experimental emror. We will
show that cooling does indecd cause a transformation, but that the
transformation product is not the monoclinic structure. Instead, it
is an orthorhombic phase of 21O,

II. Experimental Procedure

The material of primary interest in this sty is & high-toaghness,
9-mol%-MgO-partially-stabilized zircomia (Mg-PSZ). which was
fabricated by sintcring at 1700°C, with controlled covling to
room temperature, {ollowed by subeutectoid heat treaiment at
1100°C. Specimens that had been given several different heat
treatments to produce various degrees of transformation toughen-
ing were examined (Table 1). These materials contairncd lens-
shaped, MgO-depleted precipitates, ~ 200 nm in diameicr. i a
fully stabilized (MgO-rich) cubic matrix. In the high-tozghness
material, most of the precipitates were of the tetragonal stizciure.
but some (13 vol®) had transformed to the monociin:e phase
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Table I. Materials Tested

A

Heat treatment Steady-state fﬂxun]( True

toughness. strength strength

Material 1100°C 1400°C (MPa * m'?}) (MPa)* (MPa)
High toughness:‘ 24h . 13 620 400
High toughness By manufacturer 13 620 400
Intermediate toughness* 7h 10 700 600
Low tougpness* 0 6 540 540

Overaged 48 h 3

*Specimens supplied by M. V. Swain. "Nilcra Ceramics (USA), Inc., St. Charles, IL. *Calculated from elastic beam theary; larger than true strength for material with non-

linear stress-strain response in teasile loading (Ref. 11).

during cooling. Some of this material was overaged by heating to
1400°C for 2 d, resulting in transformation of all preciitates to
monoclinic structure upon cooling. Two other Mg-2rO, ceram-
ics, with different compositions and heat treatments, were also
tested for comparison: 14 mol% MgO-ZrO, which was all sta-
bilized cubic phase, and 11 mol% MgO-PSZ whici contained
tetragonal precipitates that cannot be transformed to monoclinic
phase by applied stress.

The room-temperature my chanical properties of the 9 mol%
MgO materiais were reported in detail elsewhere.” In tensile
loading of specimens of the high-toughness material with polished
surfaces, the stress-strain response was nonlinear because of
stress-induced transformation and microcracking at stresses above
~300 MPa. The sequence of damage development is shown in
Fig. 1. Stresses below 300 MPa caused reversible surface roughen-
ing, which was correlated with tetragonal-monoclinic transforma-
tion, whereas higher stresses resulted in permanent transformation
and the formation and stable growth of microcracks to lengths up
to 1 mm. The stable crack growth was attributed to a resistance
curve (R curve) that increased with crack extension. The steady-
state fracture toughness was ~13 MPa-m'?, and transformation
zones ~100 pm in width around cracks were readily observed be-
cause of surface uplift dus to transformation strains (Fig. 1(B)).
The material with 9-h heat treatinent had a steady-state fracture
woughness of ~9 MPa-m'? and also exhibited nonlinear stress—
strain response, R-curve behavior, and transformation zones
around cracks, but all less extensive than in the 24-h heat-treated
material. The material that was not heat-treated at 1100°C did not
thow nonlinear load-deflection response or stable microcrack
growth during failure testing, but a snull transformation zone
was observed around tie crack that caused failure. Transforma-
tion zones were not detected around cracks in the 11 and 14 mol%
MgO-Zr0; matevials.

Structural changes occurring during cooling to ~ 196°C were
monitored in situ for some materials by optica) microscopy and

Raman spectroscopy, using a small cooling stage with a quartz
window. Optical microscopy was done with both Noinarski inter-
ference and conventional interference methods to allow detection
and measurement of surface distortions produced by transformation
strains. Raman spectroscopy was done using a microprobe with a
spot size of ~20 um when the specimen was in the cooling stage
aud ~1 te 2 um otherwise.

X-ray diffraction was done at room temperature, using Cu or
Cr radiation and an energy-dispersive detector. Step scanning was
used with counting times ~20 h over the range 28 = 10° to 90°
and with S000 counts accumulated at each 0.05° step. Diffraction
peak positions and peak half-breadths were aobtained by fitting the
profiles to Pearson VI functions after background subtraction.
Angles were calibrated using a silicon standard.

III. Results

(1) Optical Observations

The polished surface of a peak-toughness Mg-PSZ after cooling
in liquid N, is shown in Fig. 2, Surface distortions similar to those
produced by stress-induced tetragonal-monoclinic transformation
(Fig. 1) arc evident in the Nomarski interference micrograph,
Quantitative measurements using conventional inierference mi-
croscopy indicated that the amplitude of the distostion (~50 nm)
was larger than that due to the reversible transformation at low
applied stresses (~-20 am) (Fig. 1(A)), but smaller than that due
to permanent transformation (~100 to 200 nm) (Fig. 1(B)).

The stress-induced transformation caused relatively uniform
uplift of arcas that span several grains (presumably, those grains
most favorably oriented relative to the applied stross), whereas
cooling to liquid N; caused general uplift of most of the surface
except for isolated arcas <20 pm in diameter. The areas of sur-
face depression were found o comespond to reglons, usually near
the conters of grains, that contained comparatively lurge precipi-
tates which transformed to moaoclinic structvre during cooling

Fig. 1. Nomanki interference micrographs of polished suface of Algh-toughness Mg-PSZ: (A) during loading with tensile stress 300 MPy; (B) stress

0 3830 Mfa.
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(Fig. 2(B)). Formation of these large precipitate regions has been
discussed by Hughan and Hannink.”

During in situ experiments using the cooling stage, the distor-
tions in Fig. 2 were found to develop over the temperature range
—80° to —120°C and then remain unchanged as the temperature
was lowered to —196°C and increased to +96°C. Subsequent
heating in a separate furnace for 10 min at 300°C also left the sur-

face distortions unaltered. However, after 3 min at 400°C, most .

of the distortion disappeared. The témperature range over which
surface uplift developed coincides with the temperature range
over which Swain'” previously observed a volume increase from
thermal expansion measurements. The persistence of the volume
expansion upon heating to room temperature is also consistent
with Swain’s results. .

Similar response was observed in the intermediate-toughness
i1g-PSZ, but the surface distortions appeared at lower tempera-

18) Mg-PS2
(TETRAGONAL
+ CUBIC)

COUNTS

{8) My PS2 COOLED
10 -1968°C

1€1 OVERAGED
IMONOCUINIG
~ s CUBIC)
“\'\NVJ*.W'JV"\ (D) 14% Mg P2
C ic
e YOPV) feumicy
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WAVE NUMBERS tem 1y

Fig. Y. Raman spectra (roam temperature) from high-tonughness Mg PS/
(polished wurface) before and after conling o 196°C, overaged Mg P&/
tmanoachnre and cubic phasesy, and 14% Mg-PS7 (fully stabilized
cubic phase
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Fig. 2. (A) Polished surface of high-toughness
Mg-PSZ after cooling to —196°C; Nomarski inter-
ference micrograph. (B) Scanning electron micro-
gr:gh showing large precipitates within a region of
surface depression in (A).

tures (—120° to —160°C), again consistent with Swain’s thermal
expansion measurements., Comparison of polished surfaces of the
other materials in Table I did not reveal any surface distortions.

(2) Raman Spectroscopy

Raman spectra from the high-toughness Mg-PSZ before and
after immersion in liquid N, are shown in Fig. 3. Also shown for
comparison are spectra from 14% Mg-ZrO, (cubic structure) and
the overaged PSZ (cubic matrix with monoclinic precipitates).
The spectrum obtained after cooling to —196°C contains at least
11 peaks in the range 100 to 700 cm™* that were not present before
cooling, and the original tetragcnal peaks are all present, but greatly
reduced in intensity. Two of the new peaks (338 and 480 cm™")
coincide with peaks of the monoclinic phase (Fig. 3(C)), but the
remaining nine do not belong to any of the tetragonal, mono-
clinic, or cubic phases. Moreover, there are several strong peaks
in the monoclinic spectrum of Fig. 3(C) that do not appear in
Fig. 3(B) (e.g., 177, 384 cm™"). Therefore, cooling to ~190°C
caused transformation of most of the tetragonal precipitates to a
phase that does not have the monoclinic structure.

Results from in situ Raman measurements during cooling of
the high-toughness Mg-PSZ are shown in Fig. 4. The mansforma-
tion occurred over the temperature range ~80° to — 120°C. corre-
sponding to the temperature range over which volume expansions
and surface roughening were observed. Moreover, after the heat
treatment at 400°C, when the surface distortions disappeared. the
Raman spectrum retumed 1o the same as before cooling (Fig. 5).
In situ measurements from the intermediate-toughness Mg-PSZ
yielded stmilar results, with the transformation occurmnng over the
range —120° 1o —160°C, again consistent with the surface rough-
cning and thermal expansion results. Raman measurcmcnts from
the other materials in Table 1 did not reveal any charges in the
spectra before and after immersion in liquid N,

(3} X-ray Measurements

X-ray diffraction patterns obtained at room temperatare for the
high-toughness material before and after cooling i tigusd N, are
compared in Fig. 6. The specimen was located in the same position
and otientation for both X-ray scans. Before cooling. the material
contained ~13% monoclinic precipitates, ~ W% tetrazonal pre-
cipttates, and the remainder cubic matrix. After coehing. there
was no change in the intensities of the monoclinic peks e g .
(111Y and (111)) and very little change in the superimposed cubic-
tetragonal peaks. However, the tetragenal peaks that were wpa-
tated from the cubic peaks (e, (002, 22y, (112), 254 (OO8)
almost disappeared. and many new peaks appeared (haded n
Fig 6 and listed in Table 1h
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of the new reflections could be accounted for by indexing a

tetragonal (or orthorhombic) unit cell with dimensions @ = b =

0.5073 nm and ¢ = 0.5260 nm. The comparisons between ob-
served and calculated d spacings are shown in Table II. Also
shown in Table II are the calculated positions of reflections that
overlapped with cubic peaks and reflections that were missing,
but which if present would not overlap with cubic peaks. The op-
timum cell dimensions were obtained using a cell-fitting routine
with observed reflections that did not overlap with cubic peaks.
The cell-fitting routine was constrained to a unit cell witha = b,
because none of the reflections that would split for a # b were
observed to do so. Two further approaches were taken to deter-
mine whether a difference between a and b could be resolved. In
one, Cr radiation was used to measure the (310)/(130) peak at
higher resolution than with Cu radiation; a single peak was ob-
tained and an upper bound for the difference between @ and b
was estimated t2 be 0.0005 nm. The second approach was to plot
the peak half-widths (determined by fitting Pearson VII functions
to the profiles) as a function of 26; peak broadening should exist
for reflections of the type (kkl), (khl) if @ # b, whereas reflec-
tions of the type (#hl) would not be broadened. However, a sig-
nificant difference between the peak widths of these two types of
reflections was not observed. This result also placed an upper
bound of approximately 0.0005 nm on the difference between a
and b.

The absence of any restrictions on the allowed non-zero (hkl)
indicates that the lattice is primitive, with either tetragonal or or-
thorhombic space groups. The missing refiections of the type
(0dd, odd, zero) indicate the existence of a glide plane, a/2, and/or
5/2 on (001). However, s tetragonal space group would require
bath of these glide directions, which would restrict the allowed
(hk0) reflections to those with both h and k even. Therefore, the
existence of the (230)/(320) reflection ¢liminates a tetragonal
space group. Analysis of the other allowed reflections (i.e., (011)
and (013) present, (001) and (003) missing) indicates either a
glide plane ¢/2 on (100) with mirror plane (010), or a glide plane
¢/2 on (010} with mircor plane (100). Therefore, the possible
space groups relative to the sbove axes are Pmca, Pcma, Pemb, or
Pmcb. Rotation of the axes converts each of thess to one of the
standard forms Pbem or Pbam. These two space groups cannot
be distinguished using our data.

Close examination of the X-ray diffraction patterns revealed
that the orthorhombic phase was present in the as-received mate-
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~rial in very small Quantiﬁeé which 'may normally go unnoticed
" An enlargement of the region around the (113) peaks is shown in

Fig. 6(C): peaks of similar relative size, just above the limit of
detection, were identified in the as-received material for all of the
otier orthothombic reflections. From the relative peak areas, the
initial volume fraction of orthothombic phase is estimated to be
=2%. Similarly, the amount of residual tetragonal phase remain-
ing after cooling in liquid N, was estimated to be ~6 vol%.

(4) Mechanical Properties

The steady-state fracture toughness of the high-toughness
Mg-PSZ was recently measured™ at —196°C and found to be re-
duced from ~13 MPa - m'? at room temperature to ~7 MPa - m'?.
This toughness is higher than that of the overaged material
(3 MPa-m'?, Table I), indicating that, although the degree of
transformation toughening was reduced at —196°C, toughening
was not completely eliminated. The steady-state toughness is
similar to that of the low-toughness Mg-PSZ (Table I) that was
not given the subeutectoid heat treatment.

(A) Flexural Loading: Flexural loading of the high-toughness
Mg-PSZ after cooling to —196°C and warming to room tempera-
ture resulted in a linear stress—strain curve to failure and a strength
of 520 MPa. There was no permanent transformation or stable
microcrack growth during loading, although in one experiment a
microcrack ~50 pm in length initiated and was stable for ~2 s at
constant load before extending unstably. Postfailure examination
of the surface that was stressed in tension revealed surface uplift,
indicative of the presence of a transformation zone, around the
crack that caused failure, and around several cracks that branched
from the main one (Fig. 7(A)). However, the width of the trans-
formation zone was substantially smaller (~10 pm) than in the
specimen which had not been cooled to —196°C (100 pm). The
transformation zone width was about the same as in the low-
toughness Mg-PSZ that was not heat-treated at 1100°C, implying
that the steady-state toughness is =6 MPa+m'? and therefore
similer to the toughness measured at ~196°C.

After heating to 400°C for 3 min, mechanical behavior that it
characteristic of the high-toughness Mg-PSZ was restored, During
loading, permsnent transformation developed and stable micro-

~ eracks grew to ~1 mm before failure. The stress-strain curve was

nontinear, with (he apparent flexural strength of 600 MPa and a true
failure stress of 400 MPa.* Stabls microcracks and permaneat tr.s-

, T Nomarski interference micrographs from
:‘:ﬁk surfaces of bars of high-toughness Mg-PSZ
that were broken in flexure: (A) after being cooled
10 = 196°C, wenmed t room tempersture, and pol-
hbgd:?)ya&e:bdrumded 1o ~196"C, hesied to
L6 fin 3 min, cooled to room tempersture, and

inges in Toughened Magnesic-Part

y-Stdi;iIizéd Zirconia af Low Temperatures
" Table . Compsrison of Cheerved and Calculited - .

d Vaiues for Ortiorhombic ZrO,;
a= b= 050% am, ¢ = 0.5260 am
hkl®
Overlap with cubic Not overappi d (am)
e ns with cubi : % ons Measured Calculated
oY) t 0.5260
019 0.506 0.5073
{011) 0.3654  0.3651
©(110) ot 0.3587
(1) 0.2964
(002) 0.2634 0.2630
(020) . 0.2536
012) 0.2338 0.2335
(21 0.2285
(129) 0.227 0.2269
i 0.2120 0.2121
(121) 0.2083 0.2083
- o) 0.1824 0.1826
(220) 0.1793
(003) T 0.1753
(i22) 0.118 0.1718
(221 ¥ 0.1697
(030) b4 0.1691
©13) 0.1657 0.1657
- (03)) - t 0.1610
(130) t 0.1604
. (113) 0.1575 0.1575
131 0.1534
(222) 0.1482
- (023) $ 0.1442
(032) 0.1422 0.1422
(230 0.1407 0.1407
(123) 0.1387 0.1387
(132) b 0.1369
(231) i 0.1359
(004) 0.134 0.1315
(040) 0.1268

T &N} 15 unverstood to mean (A1) andior (K1), WOvtharhombic peak not Geteted

hic
“but caleulated podition overlaps with monaclinke peaks. 'Peak not detected and cal-

.cu!l(c‘c:1 posit:on does not overlap with any precristing peaks in the as-recoived
waterlal.

formaticn, as well a3 a larger transformation zone around the main
crack, are evident in the postfailure micrograph of Fig. 7(B).
(B) Indentation Experimemts: Indentations (300-N Vickers)
made in the high-toughness Mg-PSZ before and after cooling to
= 156°C and after heating to 400°C are compared in Figs. 8(A) to
(F). Cooling of the high-toughness material containing an inden-
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TAY trote that contrast due W Nomarshi mterference v loswer with the bgher poser obyective tensi 1Dy lugher magim
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Table IIl. Comparison of Lattice Parameters of Orthorhombic and Tetragonal Phases of Zirconia*
a (nm) b (nm) ¢ (nm)
lnw-tem{:eramre (Mg-PS;) ortho 0.5073 0.5073 0.5260
TEM foil (Mg-PSZ) ortho 0.5088 0.5071 0.5184
TEM foil (Mg-PSZ) ortho 0.508 0.508 0.518
High-pressure (ZrO; and Y,0;-ZrQ,) orthof 0.5042 0.5092 0.5257
Tetragonal Mg-PSZ 0.5080 0.5190

*Note that in this table cell dimensions have been chosen with ¢ < b < ¢. To express the space group of the orthorhombic phases in the standard form, Pbcm, it is necessary
to rotate the axes so that b is the largest. *Data from Hannink.2® *Data from Hever ¢! af . "Data from Suyama er al .2

tation (Fig. 8(B)} caused surface distortions as in Fig. 2(B)
remote from the indentation, but did not change the surface dis-
tortions associated with the tetragonal-monoclinic transforma-
tion around the indentation (compare Figs, 8(C) and (D)). These
surface distortions around the indentation are also much larger
than those due to the tetragonal-orthorhombic transformation,
consistent with the observations in Section III(1). Indentation after
a cooling cycle to —196°C and back to room temperature induced
& much smaller area of tetragonal-monoclinic transformation
(Fig. 8(E)), similar in size to that in the low-toughness Mg-
PSZ."” Indentation after subsequent heating to 400°C and cooling
to room temperature (Fig. 8(F)) resulted in a transformation zone
similar in size to that in the original material. These results indi-
cate that the propensity for stress-induced transformation de-
creases upon cooling to —196°C and is restored by heating to
400°C, consistent with the results obtained in flexural loading.

IV. Discussion

The results of the previous section have directly linked the for-
mation of an orthorhombic phase of ZrQ, to dramatic changes in
mechanical properties of high-toughness Mg-PSZ. A single cool-
ing cycle from room temperature to ~100°C results in transfor-
mation of tetragonal precipitates to the orthorhombic phase, with
an accompanying reduction in fracture toughness and elimination
of both nonlinear stress~strain response and R-curve behavior.
However, the original high-toughness properties can be restored
by a subsequent heating cycle to 400°C, which causes transfor-
mation of the orthorhombic back to the tetragonal structure,

Orthorhombic phases of ZrO; have been observed by trans-
mission electron microscopy (TEM) in thin foils of all of the
transformation-toughened ZrO, ceramics.” ™ A high-pressure or-
thorhombic phase has also been observed in ZrQ,, both at high
pressurc®* and at atmospheric pressure after quenching from
high pressure and temperature®®¥ (although a hbi‘gh-pmssum modi-
fied tetragonal structure has also been proposed™). In hoth the thin
foil and high-pressure studics, the space group Pbcm was assigned;
this is one of the two possible space grnups for the present low-
temperature orthorhombic phase. Moreover, there are some simi-
larities (but also some significant differences) in the cell
parameters (Table 1II); the a and b dimensions for the orthorhom-
bic phase in thin foils of Mg-PSZ are closs to the values for the
low-temperature phase, but ¢ is smaller, whereas the largest
dimension for the high-pressure phase (¢ = 0.5257) is closs to
that of the low-temperature phase, but a and b differ. Raman
spectra have also been obtained fur the higg-xmssum phase, both
at high pressure using a dinmond anvil cell®* and at atmospheric
pressure in materials with quenched high-pressure phase.? These
spectra differ from that of the low-temperature phase (Fig. 3).
However, the total number of peaks is similar, consistent with the
space group determinations.

The tetragonal-orthorhombic transformation in the preseat
experiments is accompanied by an incresse in unit-cell volume of
1.19% (unit-cell dimensions listed in Table IIT), which is about a
quarter of the volume increase accompanying the tetragonal-
-monoclinic transfoimation. Combined with the measured volume
fraction of transformation (~30%), this implies a total volume
change of 0.4% upon cooling the material through the phase
transformation. This agrees well with the thermal expansion data
of Swain,"” who measured 0.13% linear expansion when cooling

similar material through the temperature range ~70° to —160°C.
It is also consistent with the magnitude of the surface distortion
observed after cooling (Fig. 2). The surface distortions are asso-
ciated with regions ~20 um in diameter which were monoclinic
phase and did not transform during cooling. A volume strain of
0.4% in a region of this siz¢ would correspond to linear expansion
of 30 nm, which is reasonably close to the measured depression
depth of ~50 nm.

The present experiments are the first to have identified the for-
mation of an orthorhombic phase in bulk material at atmospheric
pressure, In the TEM foils, the transformation occurred at atmos-
pheric pressure, but it was observed only in the thinnest regions
(i.e., thickness < precipitate diameter), thus leading to the sug-
gestion that it was an artifact of the special constraint configuration
of the thin foil and the foil preparation techniques. In support of
this suggestion, Muddle and Hannink® showed directly that ion
heam thinning can induce the tetragonal—orthorhombic transfor-
mation. The transformation in the present experiments is believed
to occur throughout the bulk rather than only at free surfaces for
the following reasons: (1) the bulk volume change calculated
above on the basis of the measured unit-cell parameters agrees
with bulk expansion measurements; and (2 the penetration
depths for the X-ray measurements were ~10 pum, and the
amount of orthorhombic phase detected by Raman spectroscopy was
the same using either high- or low-magnification lens systems
that collect from depths of ~2 and ~20 um, respectively. For
these depths, which are up to 2 orders of magnitude larger than
the precipitate size, the effect of the free surface on the elastic
strain energy associated with u transformation is negligible.

The stability of the orthothombic phase determines its influence
on mechanical properties of the caramic. In both TEM foils and
quenched high-pressure materials, the stress-induced orthothombic-
monoclinic transformation occurred readily (in the TEM foils by
stresses caused by thermal cycling of adjacent regions with the
electron beam,™® and in the quenched material by grinding in a
mortar®®). In contrast, the low-temperature orthorhombic phase ap-
pears (o be very resistant to stress-induced transformation to mono-
clinic structure, as reflected in the changes in room-temperature
mechanical properties after cooling in liquid N;. Moreover, the
arthorhombic-monoclinic transformation could not be detected
by Raman spectroscopy on surfaces that had been ground after
the cooling cycle to —196°C, Since the tetragonal phase in this
matorial transforms very readily to the monoclinic structure, the
formation of the orthorhombic phase cannot be an essential inter-
mediats step in the tetragonal-monoclinic transformation.

There is, however, some indirect evidence to suggest that the
orthochombic~monoclinic transformation can occur at high stresses,
After cooling In liquid N,, the degree of toughening is reduced,
but toughening is not eliminated altogether, and small transfor-
mation zones adjacent to cracks are evident. These zones could
arise from transformation of either the orthorhombic precipitates
o7 the small fraction of tetragonal precipitates that survive the
cooling cycle. Since transformation during cooling occurs oaly in
the two Mg-PSZ materials that exhibit high toughness, it may be
argued that the precipitates that transform to the new phase during
cooling are the same ones that are most easily transformed by
stress, and which give rise to the large toughening. Raman messure-
ments from regions adjacent to cracks in the high-toughness
Mg-PSZ indicate that only some of the tetragonal precipitates
(approximately half) transform to monoclinic structure. More-




226 Journal of the American Ceramic Society—Marshall et al.

COUNTS x 103

Vol. 72, No. 2

2 ¢ + - + 4= t }
106 120 140 180 180 200 220 240
WAVENUMBERS (cm™1)

over, the fraction of tetragonal phase remaining in the crack tip
zone is larger thaa the fraction remaining after cooling to 196°C
(compare Figs. 3(B) and 9). These results imply that all of the te-
tragonal precipitates remaining after cooling should also remain
uniransformed in the crack tip zone and therefore that the crack tip
transformation zone arises from the strass-induced onhorhombic—
monoclinic transformation.

An attempt was made to identify the source of residual tough-
ening after cooling to —196°C by comparing Raman spectra from
areas adjacent to, and remote from, the crack that caused failure
in flexural loading (Fig. 10). An increase in the signal from the
monoclinic phase is evident (shaded peaks), confirming that it is
indeed transformation to the monoclinic phase that gives rise to the
transformation zons. Howover, the sensiiivity is not sufficieatly

260 280 Fig. 9. Raman s m from region adjacent to
crack in high-tou Mg PSZ.

high to determine whether this transformation corresponded to a
decrease in tetragonal or orthorhombic phase.

A single cooling cycle for high-toughness Mg-PSZ to tem-
perature below ~—100°C causes sovere degradation of room-
temperature mechanical propenies The fracture toughness is re-
duced from ~13 to ~6 MPa * m'?, the tensile stress—strain response
becomes linear up to failure instead of being nonlinear, and the
R-cusve characteristic of high-toughness Mg-PSZ is lost. How-
wejéoﬂ%omim high-toughness properties are restored by heating
to s

The degradation in mechanical proporties coincides with the

ADJACENY
Q}\CNAC&
J REMOTE Fig. 10. Raman spectra from regions adjacent
o2 : . . . N "\ FROMCRACK  {o'Snd temoe rom i crak n Fig. T(A) high-
100 200 300 400 800 00 bmihntﬂ Mg-PSZ cooled to ~ 196°C, polished, then

WAVENUMBERS (cm*Y)

en in flexure). Shaded areas represent mono-
peaks (rom arca adjacent to crack.
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transformation of most of the tetragonal precipitates to an ortho-
rhombic phase with unit-cell volume between those of the tetrago-
nal and monoclinic phases. The orthorhombic phase is stable
upon heating to at least 300°C, but at 400°C (for 3 min), it trans-
forms back to the tetragonal structure. Traces of the orthorhombic
phase were also detected in the as-received material that had not
been cooled below room temperature.
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