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AB STRACT

FRACTURE TOUGHNESS ENHANCEMENT AND SYNTHESIS

OF ZrO2 BEARING CERAMIC ALLOYS

BY

THOMAS DALE KETCHAM

Submitted to the Department of Materials Science and
Engineering on January 8, 1982 in partial fulfillment
of the requirements for the degree of Doctor of Science

An exploratory experimental study of the synthesis and fracture

toughness of ThO2-ZrO 2 ceramic alloys and a theoretical three-dimension-

al analysis of the variation of stress intensity along a crack front

near a misfitting inclusion are presented.

The synthesis of 100% dense, polycrystalline two phase ThO 2
ZrO 2 alloys with grain sizes between 0.1-2 microns is described.

Oxide powders were obtained primarily from hydroxides and densified

by hot pressing and sintering at 1400*C to 1600*C. Dense materials

with grain sizes <0.5 micron were obtained after hot pressing and

coarser grain sizes were obtained by heat treating. Porous (92-97%

dense) specimens of ThO2-ZrO 2 with larger ZrO2 grain sizes (1-10

microns) were produced by sintering oxide powders derived from thorium

oxalate and ZrO 2. With 0.1-0.3 micron ZrO2 grains in dense material,

ZrO2 can be maintained in the high temperature (> 10700 C) tetragonal

crystal structure to room temperature. At larger ZrO 2 grain sizes

and higher porosities transformation to the lower density monoclinic

phase occurs. Toughened alloys of AlCrO3 - 40 v/o ZrO2 (KIC=6 .6 MPa
1/2 1/2

m ), 3A1203*2SiO2-20 v/o ZrO2 (K IC=4.5 MPam ) and ThO -20 m/o

(Zr 6Hf 4)09 were also produced. Fracture toughness enhancement from
.6 4 1/2 1/2~1.6 MPam for ThO2 to>3 MPam can occur in ThO 2-ZrO2 alloys with

ZrO2 contents from 15 to 46 m/o ZrO2 as measured by the microhardness

indentation technique. For ThO2-15 m/o ZrO2 alloys a high fracture
1/22

toughness of >3 MPam and good transmission of infrared light at

5-6 micron wavelengths can be obtained simultaneously.
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For the dense, submicron grain sized material the toughness

enhancement is attributed to the retention of the tetragonal ZrO2

phase and the martensitic nature of the tetragonal to monoclinic

phase transformation which can be stress induced near propagating

cracks. For the porous, coarser grained materials, microcracking

near the main crack probably contributes to the toughness. At high

density and large ZrO2 grain sizes (from 0.3 to 1 micron depending

on ZrO2 content), low toughness and spontaneous fracture occur. The

detailed microstructure of the alloy, the ZrO2 content, the ZrO2
grain size, the ZrO2 grain size distribution and porosity all effect

the tetragonal to monoclinic ratio, the fracture toughness and

spontaneous fracture behavior of ThO 2-ZrO 2 Surface compressive

stresses caused by grinding induced transformation can occur in these

alloys and increase the measured toughness. The tetragonal to

monoclinic transformation and the resulting toughening appear to be

nucleation controlled in ThO2-Zr 2 alloys.

The interaction of a misfitting inclusion and a straight front

crack is treated using three-dimensional elasticity and modelling the

inclusion as a point source of expansion. The basic formulation

results in an expression for the local stress intensity, AK, involving

a double integral. This was solved using three methods. A rigorous

method using Legendre polynomials was developed. Two non-rigorous

methods, one using Fourier series and a second using an approximate

solution for a contour integral were obtained. Numerical solutions

by the latter two methods were obtained for several inclusion positions

near a crack tip. The numerical solutions predict an inclusion with

a volume expansion that is within a region + 45* ahead of the crack

tip will promote local crack extension, while an expanding inclusion

which is further out of plane or behind the crack tip will impede

local crack extension. The accuracies and limitations of the methods

and applications of this calculation to modelling microcrack or

transformation toughening are discussed. The double integral describing
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the interaction of the crack and inclusion is very similar to integrals

describing the interaction of a straight crack front with general

point forces in three dimensions, thus the methods of solution might

be useful for a range of fracture mechanics problems.

Thesis Supervisor: Rowland M. Cannon, Jr.
Title: Associate Professor of Ceramics
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I. INTRODUCTION

A revolution has been occurring in the structural ceramics field

during the latter half of the decade of the 1970's. Prior to this time

improvements in the mechanical properties of ceramics occurred due to the

reduction in flaw sizes obtained by improved processing methods. The

intrinsic properties of structural ceramics (fracture toughness) were not

successfully altered to any great degree. Improvements in KIC (or work

of fracture) of 25% were deemed successes. Several methods now exist that

can improve KIC by 100% to 1000%. One method is the addition of a minor

amount of ZrO 2 to an oxide to produce a ZrO2 bearing ceramic alloy; KIC

can be improved 100% to 200% and with the addition of compressively stressed

surface layers, the 4-point bend strength of these ceramic alloys can be

extremely high, about 1,200 MPa (175 Kpsi) (Claussen and RUhle 1981). The

ZrO2 must be included as grains less than one micron, which demands fairly

sophisticated powder processing and densification techniques.

This work covers the use of this Zr 2 alloying technique for Th 2-ZrO2

alloys. A review (Evans and Heuer 1980) of this toughening technique has

been published and a recent book (Heuer and Hobbs, ed. 1981) contains

the current published state of the art. Fairly involved powder processing

and densification schemes are described; introductions to the engineering

(Wang ed.) and scientific aspects (Kingery et al.) are recommended to those

unfamiliar with nuances of ceramic fabrication. The mechanical results

of the sample fabrication are analyzed via fracture mechanics theory;

Lawn and Wilshaw is an introductory text and Evans and Langdon is more

advanced though neither is recent enough to contain ZrO2 bearing alloys.
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The importance of this toughening field to the use of structural

ceramics has been only slightly exaggerated by calling these alloys

ceramic steels. This toughening method may actually become more important

to ceramics than steels are to metallurgy because the important properties

of theseceramic alloys are derived from a minor (5-20 v/o) phase of ZrO 2.

Under some circumstances ZrO 2 may improve the mechanical properties enough

to allow a slight degradation of other properties of the matrix ceramic.

Lastly, the minor transforming phase may not need to be ZrO2 , any material

with phase transformations with significant volume expansion or shear

strain, or large numbers of microcracking events that occur in the stress

field of a propagating crack may exhibit toughening behavior.
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II.A. GENERAL LITERATURE REVIEW

II.A.l. Introduction

Improvement of the mechanical properties of zirconia alloys and other

ceramics by the retention of a minor phase of tetragonal zirconia is a

new field for ceramic science. Garvie et al. (1975) first clearlysuggested

the martensitic nature of the tetragonal to monoclinic phase transformation

of zirconia occurring near a propagating crack, as one mechanism by which

significant strength and fracture tougheness enhancement of zirconia

bearing ceramic alloys is possible. Many different microstructures and

alloy compositions can now be produced to utilize this T+M transformation

and the common denominator linking these microstructures is the presence

of fine, 0.1-1 micron, grains or precipitates of tetragonal zirconia. These

T-zirconia transform to monoclinic symmetry either in the high stress field

of a propagating crack (transformation toughening, Garvie et al. 1975,

Porter and Heuer 1977, Claussen 1978), or during cooling from the high

temperature used for fabrication of the microstructure. If the T+M

transformation occurs before crack propagation, microcracks need to form

to significantly enhance the mechanical properties (microcrack toughening,

Green et al. 1973, Claussen 1976, Claussen et al. 1977). Two interesting

scientific questions that need to be addressed are: (1) the exact thermo-

dynamic and kinetic conditions, including stress, that allow the retention

of the tetragonal phase at low temperatures; (2) the coupling of this

transformation to enhanced mechanical properties via transformational

toughening or microcrack production.
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ii.A.2. ZrU2 Pre-1975

Pure ZrO2 has three polymorphs: the monoclinic form is stable during

heating to about 1170*C, the tetragonal form is stable from 1170*C to

about 2370*C, and the cubic form is stable to the melting point ( 2700*C).

The high temperature cubic crystal structure is a fluorite type (Smith

and Cline); the tetragonal and monoclinic forms/polymorphs can be regarded

as distortions from the fluorite structure (Fig. 1 in Kriven et al. 1981).

Wolten (1963) was the first to suggest that the tetragonal to monoclinic

transformation was martensitic. The transformation is athermal, the mono-

clinic and tetragonal polymorphs coexist in pure bulk ZrO over extensive
2

temperature ranges and the amount of a phase varies with temperature but

not time. The transformation exhibits considerable hysteresis, with the

M+T transformation occurring at about 1000*C to 1200C upon heating and

the T-+M occurring at about 900C to 700*C during cooling. The transform-

ation within a grain proceeds at speeds approaching the sonic velocity

(Fehrenbacher and Jacobson). Experimental and theoretical crystallo-

graphic information on the transformation is available (Bansal and Heuer,

1972, 1974, Kriven et al. 1981).

The volume change for the T-M transformation is about + 3 v/o at

about 950*C (Kriven et al., 1981) with extensive shear strains in the unit

cell, some of which can be accommodated by twinning on various planes

and various structure scales (Kriven 1981). The large dilatational

and shear strains are usually not accommodated plastically due to the high

yield stress in the T-ZrO 2 surrounding the M-ZrO 2 plate. The transform-

ation upon cooling usually leads to cracking and disruption of the

17



macroscopic integrity of a dense pure ZrO 2 body of the I phase. It is this

macroscopic failure of pure zirconia bodies that prevents the successful

use of pure zirconia in anything other than powder form.

A cubic solid solution of the fluorite type with zirconia as the

major chemical constituent can be formed with a number of oxides: MgO,

CaO, Y203, and many rare earth oxides. There is considerable controversy

about the accuracy of most published binary phase diagrams (Stubican and

Hellmann). This is understandable because of the slow diffusion controlled

solid state transformations at low temperatures, the martensitic nature

of the T-+M transformation and the chemical inhomogeneity of the starting

materials (milled, large particle size oxides) used for some studies;

however Figure II.1 of the ZrO 2-MgO system (Grain) can serve as a basis

for discussion.

When about 12 m/o MgO is combined with ZrO2 at temperatures above

1400'C a face centered cubic solid solution (C ss) is formed. If the

material is now cooled to room temperature, the material remains face-

centered (cubic solid solution) because the decomposition reaction is slow.

In the ceramics literature this is called fully stabilized zirconia. This

alloy has no martensitic phase change, and the thermal expansion coef-

ficient is isotropic. The cubic solid solution is of limited use as an

engineering ceramic due to failure by thermal shock. The Css has a high

thermal expansion coefficient 9.7x10-6/C (0-12000 C Neilsen and Leipold)

and low thermal conductivity.

Manufacturers of commercial,binary alloys of zirconia solved this

problem by producing a material of about 8.0 m/o MgO (or appropriate m/o

of another oxide) in the two phase tetragonal solid solution (T ss) +

18
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fluorite cubic solid solution (C ss) region ('140O C) . This is called par-

tially stabilized zirconia. During cooling to room temperature the T+M

transformation occurs and the volume expansion associated with the trans-

formation partially compensates the thermal contraction of the C during
ss

cooling. Adequate thermal shock resistance and improved strength resulted

from this 2-phase alloy. Porter and Heuer (1979a) studied this composition

and characterized the microstructure. At room temperature, two types of

monoclinic particles are present, large intergranular grains (G.S.>> 1

micron) and small (about 0.4 micron) intragranular precipitates. In

addition, even smaller tetragonal precipitates are found between intra-

granular monoclinic precipitates. The probable sintering and cooling

steps necessary to produce this microstructure are discussed fully by

Porter and Heuer. The important point is that in commercial binary ZrO2

alloys (partially stabilized zirconia) prior to 1975, tetragonal zirconia

could exist and probably contributed to mechanical property improvement.

II.A.3. Microstructures Containing T-ZrO2

After the suggestion by Garvie et al. (1975) of the nature of the

mechanical property improvement using T-ZrO2 many groups began to inten-

tionally produce microstructures that could retain T-ZrO 2 to room tem-

perature. Five main microstructure types can be identified that do, or can,

retain T-ZrO2 to room temperature:

1. Single crystal (Y203) and large grained (20-100 micron) poly-

crystalline binary (Y203, CaO, MgO) ceramic alloys with small (0.1-0.4

micron) intragranular T-ZrO 2 precipitates have been produced.

2. Fine grained 0.1-0.5 micron polycrystalline binary ZrO2 alloys

can be fabricated in the T or T + Css region; the temperature, composition

20



and cooling rate can be adjusted to produce 90; 'I-ZrO2 (by X-ray dif-

fraction).

3. Fine grained 0.1-5 micron ceramic alloys with T-ZrO2 contained as

a minor phase in separate grains, the major phase being thermodynamically

or kinetically stable with respect to incorporation of ZrO2 have been

produced, using major phases of Al203, spinel or mullite.

4. Directional solidification of near-eutectic binary or ternary

compositions containing ZrO2 or HfO2 might produce alloys containing

T-ZrO 2 (Kennard, et al.) or T-Hf02 (Hulse). These microstructures can be

similar in some respects to both type 1 or type 3 microstructures. Toughen-

ining has not been unambiguously linked to T-ZrO 2 or T-Hf02 in this type of

microstructure.

5. Plasma sprayed coatings based on ZrO2 are gaining wide acceptance.

This type can be similar to types 1, 3 and 4 microstructures. Plasma

sprayed coatings may exhibit non-equilibrium microstructures due to the

large change in P from plasma gun to surface, and high cooling rates

from the melt (Miller, et al.). Plasma sprayed coatings typically have

some porosity (Bratton and Lau).

*
Type 1 microstructures can be produced by skull-melting in a high

temperature C region to produce a single crystal, sintering or solution

annealing a previously sintered polycrystalline sample in the C region;

rapid quenching of the C to a lower temperature within the C -T region

suppresses intergranular nucleation and growth of T and thereby enhances

the nucleation rate of intragranular T precipitates. Single crystals are

*
Ceres Corp., Waltham, Mass.
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available with Y 203 (Bender and Ingel) and the large grained material has

been made and examined by Hannink 1978, Porter and Heuer 1977, and Garvie

et al., 1978. Nearly fully tetragonal fine grained, 0.1 to 0.5 micron,

tetragonal solid solution ZrO2 (microstructure type 2) have been produced

by sintering or hot-pressing in the T or T + Css region with Y203 (Gupta

et al., 1977, Reith et al., Scott and Reed, 1979).

Other ceramic matrix materials can be used to maintain the T-ZrO 2

phase to room temperature. They include Al203 (Claussen 1978, Lange and

Green, 1981) mullite; spinel and ZnO (Claussen and RUhle, 1981). Most of

these materials- are two phase systems with a small volume fraction of ZrO 2.

These alloys sometimes contain a small amount of a third "stabilizing"

oxide. This can reduce the -AGo available for the T-+M transformation

when the sample is cooled. The zirconia grain size distribution and the

spatial distribution of zirconia (i.e., is the ZrO 2 grain isolated in the

matrix material or is it adjacent to other ZrO 2 grains?)seem to be important

aspects of this type 3 microstructure to avoid macroscopic fracture. Most

authors attempt to obtain the narrowest grain size distribution and most

uniform spacial distribution (i.e., isolated ZrO2 grains) possible. P.

Becker has intentionally made a bimodal ZrO2 grain size Al203 -Zr02 alloy

with the fine ZrO2 grains <1 micron and the large ZrO 2 grains (3-10

microns) in an effort to produce microcrack toughening and crack branching

(Rothman 1981). A second unusual microstructure has been reported by

Claussen and RUhle (1981). This Al 203-8 v/o ZrO2 alloy has large A1203

grains >10 microns, which when growing entrap ZrO2 grains of size 0.1

to 0.8 micron within them. In addition, there are the more usual Zr02
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grains along the Al2U3 grain boundaries. The exaggerated Al 2U3 grain

growth in the presence of this volume fraction of zirconia might be

attributable to sulfur impurities remaining from fabrication as sulfur

seems to be associated with exaggerated grain growth in Al203 (Cutler

1976).

II.A.4. Grain Size for T-ZrO2 Retention Observations and Theories.

In most microstructures it is generally observed that fine ZrO2

particles tend to remain T and only coarser ones transform to M on

cooling. Methods used to observe the phase distribution directly are

TEM, X-ray diffraction and Raman scattering. Indirect methods include

thermal expansion measurement and elastic modulus measurements, especially

when microcracking might be present. Although observations of the

"critical sizes" for room temperature transformation seem to be consistent

for a given microstructure and author, they do not seem to be consistent

between different matrix materials given the matrix elastic moduli and

thermal expansion coefficients for type 3 microstructures even within

the same research group (Claussen and RUhle 1981, Table 1). The elastic

strain energy originating from thermal expansion mismatch modified by

the T+M phase transformation can significantly influence the energetics

for the phase transformation. In particular, the large volume increase

(about 3% at 950*0C) for the T-+M transformation and associated distortion-

al strains provide enough strain energy that the transformation cannot

occur at the stress free equilibrium temperature, Te (1150*C to about

700*C depending on chemical composition of the. T phase). If the

distortional strains were fully relaxed, but the dilatational strains
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were accommodated elastically for typical particle shapes, the strain

energy would be too high to allow transformation except at significant

undercooling below T . The undercooling must be sufficient to make the

chemical-free energy change, -AG, which drives the transformation,

greater than the strain energy change AU. If both the dilatational and

distortional strains were completely unrelaxed and accommodated elastical-

ly, then AU may be larger than -AG at any undercooling for typical

dispersed ZrO 2 particles. The conditions for transformation then depend

on either deformation by slip or twinning within the transforming ZrO 2 '

plastic deformation in the matrix or matrix cracking to relax the misfit

strains. Even in a very weak or compliant matrix some internal stress

relief from slip or twinning may occur within the transforming ZrO 2

particles to maintain coherency across the habit plane during transform-

ation.

Both thermodynamic and kinetic (nucleation) hypotheses for the size

dependence of transformation of T-ZrO2 in ceramic matrices have been

proposed. As M-ZrO 2 plates have been observed to grow extremely rapidly

within individual grains, there are no kinetic growth hypotheses for the

T+M size dependence. Thermodynamic hypotheses include:

1. The interfacial energies of the transformed particles, including

twin boundary or fault energies, are higher for M than for the T ZrOl

(Garvie, et al., 1981, Lange and Green, 1981).

2. Slip or twinning within the transforming ZrO2 particles cause

partial relief of the shear strains within the ZrO2 particles for larger

particles but not at the particle/matrix interface and so there is a

critical particle or grain size, dt, above which transformation is
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favorable (Evans, et al. 1981b).

3. Matrix or interfacial microcracking partially relieves the stresses

for particles larger than a critical size, dm, and this microcracking

allows transformation (Lange and Green, 1981).

Kinetic (nucleation) hypotheses include:

4. Nucleation is heterogeneous and the population of nuclei depends

on the particle volume. For fine particles/grains the transformation

is nucleation limited by the absence of embryos and does not occur in

some particles (Anderson and Gupta, 1981).

5. For T particles which are coherent precipitates in a cubic ZrO 2

matrix, transformation only occurs at sizes large enough that coherency

is lost; this could be related to the interfacial efficiency in nucleating

the transformation or to surface energy differences (Hannink, 1978).

6. Nucleation is heterogeneous, rate controlling and occurs at

dislocations (Olson and Cohen, 1976, Cohen and Wayman, 1981), the growth

which is not rate controlling might be described by dislocation reactions

(Olson and Cohen, 1976).

For fine powders (particles unconstrained by a matrix) the "critical

size" for retention of T-ZrO2 can be 100 A (Garvie 1965) whereas in dense

materials it is more typically 0.1-1 micron. Approximate calculations,

suggest that surface energy considerations (# 1) are not the dominant

factor controlling the critical size for constrained particles. Significant

amounts of hydroxyl ion impurities also occur in some T-ZrO 2 powders

(Mitubashi, et al., 1974). Although initial considerations focused on

microcracking in dense materials, attention has already switched to

deformation mechanisms within the transforming ZrO2 particles (# 2) which

can relax strain energy and allow transformation. This may be reasonable
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since the distortional strains are large and slip and twinning more

effectively relieve them whereas several radial microcracks in the matrix

can relieve dilatational strains more effectively than distortional strains.

However, the arguments presented to date for strain energy relief

based on either deformation or cracking are incomplete as they neglect

the effect of particle size or nucleation and assume complete transform-

ation of particles. The nucleation condition must depend on stress

relief by deformation and appropriate nucleus shape; however it is

difficult to understand a direct coupling between nucleation of the

martensite and microcracks. In type 1 microstructures (partially sta-

bilized ZrO2) in which there are coherent T particles in a cubic matrix,

there appears to be a correlation between the particle size for loss

of coherency and for transformation. However, the particle sizes at

which transformation occurs for incoherent particles in fine grained

T-ZrO2 (type 2 microstructures) or other matrices (type 3 microstructures)

are similar, so coherency is apparently not the dominant issue in

preventing transformation.

For any of the proposed mechanisms the critical size for transform-

ation would depend on undercooling, as the chemical driving force

approximately depends on undercooling as -AG m - AS AT (Figure 11.2) In

the simplest cases dependent on creating higher energy surfaces (including

cracks), the critical size would depend on undercooling as d c r/ASAT-AU

where r includes surface energies, surface energy differences, or

differences in strain energy terms which are proportional to particle

area; AU includes the difference in strain energy terms which are pro-

3
portional to d .However, for many cases the dependence on undercooling
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Td Tf Tb T= Tequilibrium

Tf

Figure II 2 A. AG vs. temperature schematic T-Zr02+M-ZrO2 : free

particle, a; dilational constraint on T-ZrO 2 , b; dilational and

shear strains unrelaxed, c; as for c but with shear strains

partially relaxed by internal twinning, d; as for d but with

Xmatrix <T-ZrO 2

B. Transformational toughening with conditions as for f

above. Narrow ZrO 2 grain size distribution, A; wide Zr02 grain

size distribution, B.
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could be more complex and could depend sensitively on the chemical com-

position, both intentionally added oxides and impurities, and the micro-

structural details, such as the dislocation density or the density of

microcrack initiation sites such as pores. The energetic considerations

for both slip/twinning and for microcracking depend on volume fraction

of T-ZrO2 because the transformation of a nearby T-ZrO2 affects the

local stress state. In all cases applied stresses can alter the trans-

formation energies and so the critical size for transformation. This

means that appropriate applied stresses can facilitate the transformation

and that cooperative effects are expected as well as simpler dependences

on particle concentration.

Observations indicate that transformed ZrO 2 particles generally have

stacking faults such as twins (Porter and Heuer, 1977, 1979). TEM

examination indicates that not all transformed particles are associated

with microcracks (Porter and Heuer 1977, Claussen and RUhle 1981). The

second observation suggests that, at least in some cases the critical size

for transformation, dt, can be less than a critical size for -microcracking,

d.
m

There are no unambiguous experimental results that support thermo-

dynamic hypotheses for the T-ZrO 2 grain size dependence. One experiment

other than coherency observations seemsto support the arguments for

nucleation control. Heuer et al. (1982) have examined Al 20 3-ZrO 2 alloys

with both intergranular Zr 2 grains and intragranular Zr02 particles and

determined fraction M vs T for a given ZrO2 grain/particle diameter as a

function of temperature by TEM. For intergranular ZrO2 grains, there seems

to be a critical grain size, d , for transformation. This critical grain
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size decreases with temperature. For intragranular particles, there is

not a critical particle diameter for transformation. All particle

diameter classes contain a mixture of T and M at both 273*K and 20*K.

Annealing this microstructure at 1500*C for 30 hrs. increased the %

tetragonal in all particle diameter classes of intragranular particles

while the size distribution of the intragranular particles remained

constant. Although a chemical explanation can be offered, Heuer et al.

conclude that these observations indicate a nucleation phenomenon.

II.A.5. Mechanical Property Enhancement--Observations and Theories

Significant toughening has been obtained for several oxides with

dispersions of T or M ZrO 2 including C-ZrO2, Al 203 and mullite. The

toughness depends sensitively on the ZrO 2 size and can be a maximum at

some (peak) particle size, dp (Evans et al., 1981b). When the ZrO2 is

very fine it remains T, the toughness is not particularly high, and there

is little evidence for microcracking. At much larger sizes than d all
p

the ZrO2 is essentially M, usually there is extensive microcracking,

and often, but not always, samples spontaneously fracture. With finer

ZrO2 particles the toughening is accompanied by significant strength

increases.

Four reasons have been postulated for the toughening and strength

effects:

1. KIC increases because of the stress induced transformation of

T-ZrO2 in a local zone around the crack tip (Evans, et al., 1981b, Garvie

et al., 1975, Porter et al., 1979b).

2. KIC increases because of the stress induced microcracking and

crack branching in a local zone near the crack (Green et al., 1973,
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Claussen et al., 1977).

3. Fracture strength is increased by the high compressive stresses

in a near surface zone which result from transformation induced by

grinding or polishing (Garvie et al., 1978, Gupta, 1980).

4. KIC can increase because of crack bowing and branching due to the

elastic moduli and thermal expansion mismatch of the matrix and the

ZrO2 (Evans and Laugdon, 1976).

Increases in strength and the measured fracture toughness due to the

third effect have been demonstrated. The extent to which local stress

induced transformation and microcracking contribute to toughening and

high strength is unresolved and a matter of considerable controversy.

The greatest toughening is expected to occur for particle sizes just

smaller than those which would spontaneously transform (or crack). This

situation should give the largest transformation (or microcrack) zone

around the crack tip. If only stress induced transformation were important,

it would be expected that d pd . If both stress induced transformation
p t

and microcracking are important, then it may be that d <d <d , if d and
t p t

d are different.
m

The toughness obtained will be strongly temperature dependent since

the driving force for transformation depends on undercooling, Figure 11.2.

There may be little toughening near or above T , and the toughening will

increase with undercooling. It may reach a peak and dramatically decrease

below a temperature at which significant transformation and/or micro-

cracking spontaneously occur, Figure 11.2. The anticipated temperature

dependence of KIC would be quite different among the various mechanisms

proposed to explain the toughening mechanism and size dependences and may

30



show a temperature hystersis.

Different models for microcracking give different guidelines for

developing microstructures. Evans and Farber (1981b) produced a microcrack

model based on the energy absorption of circumferential microcracking

occurring in the stress field of a macrocrack around spherical inclusions

that are in tension from thermal expansion coefficient mismatch stresses.

No radialmicrocracking is allowed, no compliance effect due to the micro-

crack is included and macrocrack-microcrack linking is ignored. From this

specialized microstructure and these particular microfailure events

the model predicts a high KIC from a narrow distribution of inclusion

sizes just under the size needed for spontaneous microcracking. If macro-

crack-microcrack linking is allowed and if the inclusions have sharp

corners the distribution of inclusion sizes may need to be wide to obtain

high KIC'

Hoagland and Embury (1980) have produced a model in which microcracks have a

given fracture strength and when they crack they have a predetermined

length that is constant for all microcracks. The microcracks are loaded

by the stress field of a macrocrack and compliance changes due to the

microcracking are included. The direction of propagation for individual

microcracks was determined before loading and was random or preferentially

textured parallel and perpendicular to the macrocrack. With random

microcrack directions the stress at which microcracking occurs was given

three distributions. Macrocrack-microcrack linking was not allowed.

Macrocrack extension was defined somewhat arbitrarily by the length of

contiguous microcracks resolved on the crack plane. Hoagland and Embury

suggest the microcrack strength distribution (ZrO2 grain size distribution
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or pore distribution) has little effect on toughening. Urienting thu

microcracks perpendicular to the macrocrack increased the toughening; this

result is not surprising given the definition of macrocrack extension.

McClintock and Zaverl (1979) developed a model for brittle failure

in polycrystalline bodies by microcrack linking based on a distribution

of grain boundary strengths. No macrocrack was used other than that

produced by the microcracks themselves. For uniaxial tension they found

that improved failure strengths for the entire body resulted from a

moderately narrow distribution of grain boundary strengths. If a similar

model is used for a constant intensity stress field decaying as r , a

wider distribution of strengths is needed to produce considerable micro-

cracking near the stress singularity (Evans et al., 1977). Implications

for microcrack toughening via ZrO2 are not extremely clear but a wide

distribution of microcrack strengths (ZrO2 grain sizes?) is probably

preferred.

Most toughening models use the strain energy absorption of a single

transforming/microcracking particle in a two-dimensional stress field

near a propagating crack to find a strain energy release rate. By

summation of all transformation/microcrack events and not allowing either

the transformation or microcrack events to alter the crack tip stress

field (compliance) for the next event, a simple computational scheme

is achieved. An energy needed for crack propagation is derived based

on the energy absorption of transformation/microcrack events occurring

during a maincrack extension increment. Some models directly calculate

the stresses near transformation/microcrack events to obtain K IC's, but

are limited to two-dimensions. No single model includes both transform-
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ation and microcrack toughening occurring simultaneously and none treat

the essentially discrete three dimensional aspects of the problem

appropriate for dispersed particles.

The two dimensional models developed for transformational toughen-

ing are the most satisfactory from a fracture mechanics viewpoint.

Both GC and KIC calculations have been applied to T-ZrO 2 bearing alloys.

The models assume the T+M transformation occurs in a zone around the

crack tip; the zone size is the region where the applied stress is

sufficient to make the free energy of transformation of T-ZrO 2 inclu-

sions to M-ZrO2 while constrained in an elastic matrix zero or negative.

These calculations give the same result significant toughening can

occur with T-ZrO 2 with only a small transformation zone (Evans et al.

1981a, Evans et al. 1981b). These calculations suggest the hypothesis

that the maximum toughening occurs when the size of the T-ZrO 2 inclu-

sions is at or slightly smaller than the inclusion size for the spontaneous

T+M transformation with no applied stress, d Z dt. These calculations

are unsatisfactory because they do not treat the T-M transformation

kinetics and neglect the possibility of the reverse, M+T, transformation.

More recently improved calculations have been done in which the

stress to stimulate the transformation is taken as a variable which is

bounded by the thermodynamic limit, but depends on the transformation

kinetics. The results preserve the feature that KIC increases with

transformation strain and zone size and that the zone size and KIC

increases as the stress necessary to stimulate transformation decreases

(Evans and McMeeking, 1982). The increase in KIC can also depend on

the form of stress necessary for nucelation and growth of the T-M
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transformation (Hutchinson, 1982). These models treat the transformation

zone as homogeneous in two dimensions in order to calculate a AK and

thus neglect the effects of local stresses. For the more recent models

the conditions required to initiate transformation are left as parameters.

These parameters can be approximated using simple T-ZrO2 inclusion

size arguments but are not fully understood.

Experimentally obtained evidence regarding the contributions of

transformation and/or microcracking to toughening is limited. Trans-

formation around crack tips has been observed in TEM foils in partially

stabilized Zr02 (type 1 microstructures) by Porter and Heuer (1977)

and in situ with TEM by Ruihle and Kraog (1981) in Al203-Zr 2 (type 3

microstructures). The transformation zones are small <5 microns.

Deconvolution of x-ray diffraction measurements of fracture surfaces

of Al2 0 3-ZrO2 also suggest a transformation zone size of <5 microns

for toughened Al2 0 -ZrO2 (Claussen and RUhle, 1981). A dependence of

toughness on T-ZrO2/M-ZrO2 precipitate size has been assumed because

aging studies at high temperature on type 1 microstructures (PSZ) show

that toughness increases then decreases with increasing annealing

(aging) time at temperature, Figure 11-3. The low toughness at short

annealing times may be a combination of fine precipitates and a low

volume fraction of T-ZrO 2 phase. The higher toughness at longer

annealing times may be a combination of larger T-ZrO 2 precipitates

and a higher volume fraction of T-ZrO2 phase, as this microstructure

is being produced by a non-equilibrium, sub-eutectoid decomposition

reaction. For type 2 or 3 microstructures high strength and toughness

with fine T-ZrO2 grains and lower strength with larger Zr02 (T or M?)
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grains has been interpreted as a KIC vs. Zr)2 grain size relation such

as could be assumed from figure 11-3. Measurements of high KIC or

work of fracture on PSZ (Green and Nicholson) and Al203-Zr 2 (laussen

et al. 1977) have been attributed to microcrack toughening as these

materials had larger T-Zr 2/M-ZrO2 inclusion/grain sizes and had lower

fracture strengths than materials in which transformation toughening

has been shown to occur.

II.A.6. LITERATURE SUMMARY

Tetragonal zirconia can exist in ceramic alloys to temperatures as

low as 20*K.' ZrO2 precipitate, grain or particle sizes of less than 1

micron are necessary to maintain the T phase to room temperature. There

is no adequate theory to account for the T-ZrO2 size for transformation

to M-ZrO 2. The martensitic transformation of T-ZrO2 -+ M-ZrO2 can enhance

the mechanical properties of ceramic alloys containing ZrO 2 T-ZrO 2

M-ZrO 2 particle transformation near crack tips has been demonstrated.

Microcrack toughening is also probably occurring in some microstructures.

The modelling of transformation and/or microcrack toughening is incomplete;

different models predict different ZrO2 grain size distribution effects.
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11. B. INTENDLI) RESEIARCH

Most microstructure types presented in the literature review were

developed to improve the mechanical properties. The research presented in

the following sections had several goals:

1. to improve the mechanical properties of an optical quality ceramic

for IR wavelengths between 3-5 microns,

2. to provide experimental information on fracture toughness when

the volume fraction and/or the grain size distribution of ZrO2 was varied

in a single well-characterized matrix material, and

3. to develop a single three-dimensional model for fracture toughness

including both transformation and microcrack toughening.

The use of a material for optical purposes places constraints on the

porosity and purity levels for any ceramic. When using a two phase

material, the index of refraction mismatch must be minimized, the volume of

second phase minimized, the size of the minor second phase minimized, the

grain size distribution should be narrow and the shape of the second phase

should be nearly spherical if the two phases indices of refraction are

isotropic and no preferential grain/precipitate texturing occurs (see

Appendix A).

Several systems appeared to have potential for toughening at the start

of the program (Musikant, 1978). Some potential systems were binary

zirconia alloys of microstructure types 1 or 2, or a ThO 2-ZrO 2 binary

alloy of microstructure type 3. The Th0 2-ZrO 2 binary had the advantage

of allowing the ZrO2 v/o to be varied independent of composition, and hence

-AG0 , unlike microstructure types 1 and 2. Pure ThO 2 is cubic, and trans-

parent to a wider range of IR wavelengths and the IR cutoff decreases in

wavelength more slowly with increasing temperature than does Css-ZrO 2. In
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addition, Th02 was matrix material unexplored for ZrU2 toughening.

ThO2 is not a good matrix material for optical quality ZrO2 bearing

ceramics for two reasons: the index of refraction mismatch between the

two oxides is large (about 4%), and ThO 2 is radioactive. Because of the

index mismatch, as well as for mechanical property considerations, it was

initially thought necessary to obtain ZrO2 grain/particle sizes signifi-

cantly below 1 micron. This put a premium on powder processing. If the

thermodynamic theories for the size effect for the retention of T-ZrO2 and

its coupling to toughening theories were true, then pure ZrO2 would give

a higher KIC than any T-ZrO 2 solid solution using CaO, Y203, etc. as the

ZrO 2 grain size decreased. The smallest grain size possible was needed

for optical scattering considerations. The effect of alloying with other

oxides on the index of refraction of T-ZrO2 or Css -Th021 was not clearly

apparent, thus only the ThO 2 -ZrO 2 binary was studied in detail.

Because of the high atomic number of thorium (90), thorium oxide

has a large absorption coefficient for X-rays (Cullity) and electrons.

The difference in absorption coefficients for ZrO2 and Th 2 prevents the

use of X-ray diffraction for ZrO2 phase identification in the bulk. Thin

TEM foils (200 A - 800 A) must be used in Transmission Electron Microscopes

of limited power (100 Kev).
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11I. SAMPLE PRODUCTION

III.A. PROCESSING LITERATURE REVIEW

III.A.l. ThO 2-ZrO2 Binary Phase Diagram

A suggested Th 2-Zr 2 phase diagram is presented in Figure III.1

(Duwez and Loh, Mumpton and Roy). There are two options open for producing

a toughened Th0 2-ZrO 2 alloy with fine, 1 micron, ZrO2 grain sizes.

1. Produce a microstructure similar to type 1 by skull melting or by

annealing previously sintered ThO 2-ZrO2 in the single phase Css or two

phase C -ZrO + C -ThO region, at temperatures greater than 2200*C

with the ZrO2 content at about 50 mole % or less. Rapid quenching into

the two phase T-ZrO2 + Css-Th 2 region between 1500*C to 1200C might pro-

duce a high nucleation rate and small coherent or semi-coherent T-ZrO 2

precipitates.

2. Use advanced powder processing techniques to make a type 3 micro-

structure. If the powders have a small particle size, then sintering or

hot-pressing in the T-ZrO2 + C 0ssTh 2 region might produce the necessary

grain size and lack of porosity.

Option 1 was not pursued as the high temperature (>2200*C) oxidizing

furnaces were not immediately available, the size and coherency of the

postulated T-ZrO2 precipitates was open to question and radioactive con-

tamination via vapor phase transport due to the high temperatures needed

seemed possible.

Option 2 was pursued as oxidizing furnaces for lower temperatures

(%1700*0C) were available, as was an induction heated hot-press. The author

was familiar with traditional ceramic powder processing and densification

techniques, hence success seemed more likely with option 2. Airborne

radioactive contamination due to the fine particle size needed in the
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powder was still a problem.

III.A.2. Sintering and Hot Pressing - General

Sintering and hot pressing are methods that use ceramic powder (par-

ticle sizes can range from 50 A to about 10 microns) to form solid bodies.

Sintering utilizes the slight surface energy difference between a powder

and a solid body to produce a body with less surface area via solid state,

liquid phase or vapor phase diffusion. In some systems (glasses) viscous

flow or plasticity can also be important. Hot pressing at least adds

pressure transmitted through the solid to the driving force for densific-

ation (Coble 1970). In addition, the applied pressure may aid in particle/

agglomerate rearrangement for better packing at high temperatures during

initial stage sintering.

Engineering criteria for successful sintering or hot pressing to full

density for oxide materials are: fine particle size, small agglomerate

size (several to thousands of particles that, by physical, electrical or

chemical bonding, act as a single physical and mechanical unit), regular

packing of agglomerates, few density gradients in the unsintered but

compacted powder mass, and a high density for the unsintered body. During

final stage sintering, the pores should contain no gas or a gas that is

soluble in the body and/or diffuses rapidly. If grain growth occurs too

rapidly during the final stage, pores are often trapped within grains.

After this entrapment densification is usually much slower as diffusion

rates for the gas or vacancies through the lattice are usually much slower

than along the grain boundaries.

Hot pressing is useful in avoiding pore entrapment. The applied

pressure increases the densification rate for any temperature and thus
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lower temperatures can be used to densify bodies in reasonable time periods.

Grain growth rates are not usually affected by pressure, but commonly drop

as temperature is lowered. By adding pressure and reducing temperature

hot pressing retains reasonable densification rates while reducing pore

entrapment by grain growth. Hot pressing is thus very useful in producing

dense ceramics with small grain sizes. For two phase materials with the

minor phase greater than about 10%, pore entrapment is less likely because

the second phase inhibits grain boundary motion.

There are three general types of hot pressing (Leipold): (1) uniaxial,

using graphite,-metal or ceramic dies, (2) isostatic, using a fluid, usual-

ly a gas, to transmit pressure, and (3) pseudo-isostatic (Lange and

Terwillinger, 1973), where a uniaxial die contains a pressure transmitting

powder (graphite or boron nitride) or fluid (glass). When open porosity

is present, iso- and pseudo-isostatic hot pressing need a pressure transmit-

ting seal around the powder body being densified. Evacuation of the gas

in the porous body is also recommended.

III.A.3. Densification of ZrO2 and ThO2

To obtain the high density and the fine grain sizes necessary for

optical properties and the retention of the T-Zr02 phase, normal powder

production and processing are ineffective. Brook (1981) reviewed ZrO 2

preparation and Claussen and RUhle (1981) briefly noted some processing

methods used for ceramics containing T-ZrO 2 *

Both ThO2 and ZrO2 are good oxygen ion conductors, so under no

conditions do we expect that oxygen diffusion would be the rate controlling

step for sintering. At the fine grain sizes needed, we might anticipate

that cation transfer via grain boundary diffusion would be faster than
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cation transfer by lattice diffusion. Under some conditions of temperature

and P02, ZrO2 and ThO 2 can become electronic conductors, and can become

slightly oxygen deficient. We do not anticipate much change in stoichio-

metry from grain boundary midpoint to neck surface. The free energy change

needed to produce extensive non-stoichiometry in this system is probably

much larger than the free energy driving forces from sintering.

Mazdiyazni et al. (1967) have been able to produce fine ZrO2 20 3

powders from alkoxides. After preparation of the organo-metallic complexes,

exposure to water produces an oxide. The oxide at this stage has a
0

particle size of about 50 A. After calcination at 350*C for 30 minutes,
C

the particle size is 100 to 400 A. This material has a registered trade-

mark, Zyttrite and has been used in subsequent studies. Haberko (1979)

recently coprecipitated Zr + Y hydroxides from chloride salts. Washing

with alcohol proved critical in avoiding hard agglomerates. Dole et al.

(1978a) also recommend washing hydroxide precursors prior to calcining

with organic fluids.

Rhodes and Haag (1970) produced a massive study on sintering and hot

pressing Zyttrite . The main observation was that to obtain the full

benefits of the small particle size, powder agglomerates must be eliminated.

When agglomerates are avoided, a 0.2 micron grain size 99.5% dense ZrO 2

solid solutions can be obtained by sintering at 1100'C (Rhodes 1981).

This is hundreds of degrees less than usual ZrO2 sintering temperatures,

and a higher density than is usually obtained. Both Scott and Reed

(1979) and Haberko have also shown the importance of eliminating agglomer-

ates to obtain dense ZrO2 at low sintering temperatures. These authors

also stress the importance of eliminating chlorine ion impurities from
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their chloride derived powders, evidently because chlorine may promote

gas phase transfer during calcination and initial stage sintering.

Fine grain sized dense ThO2 can be obtained by the sol-gel method

(Furgeson et al., 1964). Bannister (1968) has measured particle sizes

in ThO 2 gel (150 A) and reviewed the sintering mechanisms (1975) in

ThO2 gel, concluding grain boundary diffusion of Th was rate controlling.

Currently, ThO2 microspheres are made at Oak Ridge by a form of hydroxide

precipitation via urea decomposition.

Summary

Fine grain'size dense ceramic bodies of ZrO 2 or ThO2 can probably

be obtained from alkoxide or hydroxide precursors. Elimination of

agglomerates is crucial to both methods. Washing hydroxide gel with

organics seems to be important in eliminating agglomerates. Hot pressing

can achieve higher densities and finer grain sizes than sintering.

III.B. EXPERIMENTAL METHOD - PROCESSING

III.B.la. Powders Derived from Hydroxides

*
Pyrex glassware and teflon coated magnetic stirring bars were used

**
for the aqueous chemistry steps. The Millipore glass filter apparatus was

used during the nitrate solution filtration. A porcelain buechner funnel

or a Pyrex glass fritted filter were used in the hydroxide filtration

step. Fused silica crucibles were often used during calcining and glass

stirring rods were often used to manipulate the nitrate powders or hy-

droxide gels. This labware was cleaned with concentrateci hydrochloric acid

*
Corning Glass Works, Corning, N.G.

**
Millipore, Bedford, MA.
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or concentrated chromic-sulfuric acid, washed with distilled water aind

dried with acetone. Polypropelene jars used were washed with distilled

water and acetone.

Since thorium is radioactive, standard precautions were taken. When-

ever loose powder was not in a container, it was in a fume/dust hood. Two

layersof gloves, a lab coat and a dust mask were worn when loose powder was

being handled, and often a face mask or goggles were worn when acid was

present. To the greatest extent possible, powder which could beome air-

borne was kept moistened by liquid to prevent airborne contamination

problems.

Figure 111.2 is a flow chart of the "best" sample production method.

Known masses of reagent grade thorium nitrate and zirconyl nitrate

were heated to greater than 1000*C in air for one hour to convert the

hydrous nitrates to oxides. The water of hydration was determined by

weighing the remaining oxide. Appropriate amounts of thorium nitrate and

zirconyl nitrate for a given mole % ZrO2 in the end product oxide (Omlo

M/ 

2

to 4 6 o) were dissolved into distilled water. Concentrations of salt

solutions varied by a factor of 3; from 0.24 molal to 0.73 molar for

0 m/o Zr and 0.3 molal to 0.9 molal for 46m/o Zr with intermediate m/o Zr

concentrations at molal values between these two limits.

The thorium nitrate dissolved easily but the zirconyl nitrate often

would not dissolve completely under a moderate stirring action provided

by a teflon coated magnetic stirring bar. Lumps of zirconyl nitrate were

usually broken by hand using either a glass stirring rod, a glass stirring

rod covered by a rubber "policeman" or a wooden tongue depressor. Early
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0.9 molar aqueous solution

of Th + Zr nitrates

Filter through 0.3 micron

filter

Precipitation Concentrated

of Th + Zr NH 4OH

hydroxides

Wash Acetone

Wash Toluene

Calcine 6000C 2 hr

to oxides Air

Mill Acetone or

Methanol

ZrO2 media

2 hrs.

4
Filter milled oxide through

48 micron screen

4
Dry 20-250 C

20 hrs.

ILShake by hand to break

"mud cakes"

4
Hot press 14000C to 16000C

34-55 MPa

30 min.

100% dense

ThO
2-Zr 2

ZrO2 grain size 0.1-0.3

micron

Figure III 2 - Flow chart for powder and sample

preparation from hydroxide precursors
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samples were produced directly from nitrate solutions. In later samples

either the zirconyl nitrate was filtered through a 0.2 micron teflon

*
filter (H-85-J, H-85-K, H-85-L) before adding the thorium nitrate, or the

entire nitrate solution was filtered through a 0.3 micron nitro-cellulose

filter.

The nitrate solution was precipitated into concentrated reagent grade

ammonium hydroxide or concentrated ammonium hydroxide diluted with an

equal volume of distilled water. An extremely large excess of ammonium

hydroxide, a volume equal to the nitrate solution, was used. The ammonium

hydroxide was used in pint bottle quantities to minimize the potential

for ammonia evaporation. If a small amount of ammonium hydroxide is

stored in a large container that is repeatedly opened to the atmosphere,

then the concentration of the ammonium hydroxide will be reduced. The

precipitation technique was varied from rapid mixing (75 ml/l sec) of

concentrated reactants to slow drip precipitation (75 ml/2 hrs) of low

molal nitrate solutions into diluted anmonium hydroxide.

Batch size varied from 75 ml to 150 ml of nitrate solution. During

the slow precipitation, the ammonium hydroxide and the hydroxide precipitate

were stirred by a teflon coated magnetic stirring bar. The precipitation

was usually performed at room temperature, but several samples were pre-

cipitated at 0*C by immersing the ammonium hydroxide and nitrate solutions

in ice baths prior to precipitation.

The hydroxide precipitate was separated from the liquid products and

excess ammonium hydroxide by filtering. An 11 cm buchener funnel with

*
Millipore Corp., Bedford, MA.
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11 cm black label filter paper was used with most sample batches, while in

later samples a glass fritted filter was used. A water asperator connected

to a filter flask provided a vacuum to speed the filtering.

Most hydroxide precipitate was washed with acetone then toluene.

However, some material was not washed, and other material went through

washing cycles of water, acetone, toluene and acetone. Early hydroxide

batches were washed in the buechner funnel, the hydroxide gel and washing

fluid stirred with a glass stirring rod or wooden tongue depressor. The

hydroxide gel occupied about half the volume of the funnel, and the washing

fluid was added until the funnel was full. The hydroxide gel was washed

three to four times with reagent grade acetone, then another three times

with reagent grade toluene. Between each wash, the hydroxide was vacuum

filtered. Later hydroxide batches were washed by transferring the gel to

a large 300 ml beaker then adding the washing fluid. Stirring was

accomplished with a magnetic stirring bar. Again the gel was filtered

between washes, three acetone and three toluene.

The resulting hydroxide gel was calcined to an oxide under various

conditions, but most was calcined at 600*C or 750*C in air for two hours.

The extremes of calcining temperature were 450*C and 900*C. Some early

hydroxide batches were calcined under a slight vacuum of about 100 microns

of pressure. The furnace used for the vacuum calcining was a rapid

quench furnace utilizing a fused silica furnace tube which was used for

direct visual observation of the calcining powder. Fused silica boats

and aluminum foil boats were used to hold the calcining powder in this

furnace. Most hydroxide gel was calcined in commercial laboratory
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furnaces under ambient atmosphere. Fused silica crucibles with alumiiia

covers were used with the covers slightly ajar to allow the decomposition

products to escape.

After calcination, the oxide powder for most of the samples was

milled, either in a vibratory mill for 2 to 20 hours, or in a labscale

"attrition" mill for 2 hours. Stabilized ZrO 2 media 3/16" in diameter

was used. All milling was done in a fluid, either acetone, methanol or,

in one case, distilled water with the Ph adjusted to about 1.5 with HCl.

The attrition milling was performed by placing two layers of ZrO 2 media,

a 10 to 20 gram powder charge and the milling fluid in a 2" polypropelene

jar with a magnetic stirring bar to provide the milling action.

For early samples, the organic fluid was allowed to evaporate and

milling media was removed. In later samples the powder slurry was washed

through a 48 micron nylon screen to remove the milling media, milling media

debris and large agglomerates. The organic fluid was either burned or

allowed to evaporate for 20 hours. One sample's powder was passed

through both 48 micron and 15 micron nylon screens as an aqueous slurry

of a pH of about 1.5. The water was eliminated from this slurry by

repeated dilution with acetone; the acetone was allowed to evaporate.

The soft "mud cake" structure left from all the fluid evaporations

was broken by hand, in early samples by a spatula as the powder was poured

into a die and in later samples by shaking the powder while it was in a

polypropylene jar before any die pressing.

III.B.lb. Powders produced from oxalates

Thorium nitrate was dissolved in distilled water and an appropriate
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mass of unmilled, unstabilized ZrO2 with an average particle size of 0.3

micron was added to produce powders with 0 m/o to 20m/o Zro2 remainder

ThO2 in 5m/o ZrO2 increments. The agglomerated ZrO2 was dispersed in the

nitrate solution by stirring only. This suspension was slowly dripped

into a stirred excess of a concentrated aqueous solution of oxalic acid,

precipitating thorium oxalate around the ZrO2 agglomerates. The precipi-

tate was filtered and washed while in the filter with acetone and

toluene.

Simultaneous precipitation of thorium and zirconyl oxalate from

thorium/zirconyl nitrate solutions was attempted. The thorium/zirconyl

nitrate solution was slowly dripped into a stirred, saturated aqueous

solution of oxalic acid (75 ml/l/2 hour to 2 hours). The precipitate was

filtered and washed with acetone and toluene. Precipitation of zirconyl

oxalate, from dilute and saturated aqueous solutions of zirconyl nitrate,

and zirconyl chloride, was attempted. Concentrated aqueous solutions of

oxalic acid were used. The acid was introduced into the hitrate and

the nitrate into the acid. After filtering and washing, the oxalate pre-

cipitate was calcined at 750*C in air for 2 hours in fused silica cru-

cibles. None of the oxalate derived powders were milled.

III.B.lc. Densification of powders

(i) Sintering

Oxide powders derived from both hydroxide and oxalate precursors

were used for sintering studies to obtain dense samples for subsequent

characterization. Oxalate-derived powders were uniaxially die pressed

at 60 MPa in a single acting piston steel die lubricated on the die and

piston surfaces with oleic acid. A small amount of acetone was used

50



as a powder lubricant/binder. These pressed pieces were then wrapped in

aluminum foil, placed in a rubber bag, the air evacuated from the bag

and isostatically pressed at 200 MPa.

Powders derived from hydroxides were uniaxially die pressed at 7 MPa

*
in a graphite die lined with grafoil using a small amount of acetone

as a powder binder/lubricant. These pellets were isostatically pressed

in a manner similar to the oxalate-derived samples, but at a higher

pressure, 275 MPa.

The samples derived from oxalates were wrapped in platinum foil

(not air-tight).and sintered at 1700C in air for 24 hours. The furnace

was at temperature and the green pieces were introduced to the hot zone

in less than 15 minutes. The samples were withdrawn from the hot zone

in 20 to 30 minutes. A horizontal molybdenum wound H2 furnace with an

alumina tube with manual temperature control was used. The temperature

was read by a Pt-10% Rh, Pt thermocouple and potentiometer checked by

an optical pyrometer.

The isostatically pressed pellets of powder derived from hydroxides

were sliced into wedge-shaped sections with a razor blade prior to

sintering. The sections were sintered in a vertical molybdenum wound H2

furnace with an alumina tube and manual temperature control at 1500*C and

1600*C for times between 0.5 and 2 hours. The sintering atmosphere was

either 02 or high purity H2 dried by silica gel and a liquid N2 cold

trap to eliminate residual H20 and thus 0 In oxidizing atmospheres, the

samples were suspended by Pt-10% Rh wires; in reducing atmospheres the

*
Union Carbide, Chicago, Ill.
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samples were contained in an alumina crucible suspended by tungsten wire.

The temperature was monitored by an optical pyrometer or a Pt-10% Rh,

Pt thermocouple and potentiometer. In reducing atmospheres, the thermo-

couple was encased in an alumina thermocouple protection tube. Insertion

and withdrawal times from the hot zone were between 15 and 40 minutes.

(ii) Hot Pressing

*
Hot pressing was performed in an inductively heated vacuum hot press

operating at 10 kilo Hertz. Both temperature and pressing pressure were

controlled manually. Graphite dies were used, a 1" inner diameter, 6"

outer diameter die of ATJ graphite and a 2" inner diameter, 6" outer

diameter die of HPD - 1 Poco graphite +. Both dies were machined such that

a gap of about 12 thousandths of an inch was available for graphoil++

which lined the die wall and plunger faces. In later sample runs, the

die and graphoil were washed with methanol prior to use.

Temperature measurement was by optical pyrometer or a Pt-10% Rh,

Pt thermocouple encased in an alumina protection tube. The optical

pyrometer was focused on the die wall side, midway down the die, the

highest temperature taken as the sample temperature. Observation port

windows were cleaned every second run. On several runs, a mirror made

from a glass slide and sputtered Pt was used to sight into a 1/8" hole

drilled to mimic a "black body radiator."

At room temperature, a pressure of 60 MPa was applied to the die

to compact the powder, then released. The chamber was brought to a

*
GCA, Vacuum Industries Inc, Somerville, Ma.

Union Oil Co., Poco, Decatur, Tx.

union Carbide, Chicago, Ill.
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vacuum of less than 10~4 torr before heating began. A period of 15 minutes

to 2 hours was necessary for this. During heating, a hold at about 600%C

for 15 minutes to 1 hour was usually necessary to complete outgassing

to about 5 x 10~4 torr. Various pressing pressure and heating rate cycles

were used. Typically, as the temperature neared about 800*C, the pressing

pressure was slowly increased at about 20 MPa/minute , while the tem-

perature increased at 10 to 30*C/minute. In less than an hour, the tem-

perature was raised to between 1400 to 1700*C; temperature and pressure

were held as constant as possible. Densification was monitored by a

micrometer headmounted to the load train. When the run was complete,

the power was shut off and the die and sample were allowed to cool.

Typically, the pressing pressure (34 to 55 MPa) was reduced slowly and

was zero when the die cooled to about 1200*C.

Several experiments were modifications of the usual sintering or hot

pressing procedures. Two samples were uniaxially pressed in a graphite

die to 7 MPa, and heated to 900*C in air for two hours to eliminate

carbon impurities and volatile compounds. One was then heated for two

hours in a high purity H2 atmosphere that had been dried by silica and

liquid N2 cold trap. These samples were then wrapped in Pt foil and hot

pressed. Only a small amount of shrinkage occurred during these firings,

so that the sample plus the foil were snug in the hot pressing die.

Several sintered samples that had reached greater than 93% were

pseudoisostatically hot pressed. The sintered samples were wrapped

in Pt foil, embedded in carbon powder in a uniaxial hot pressing die and

hot pressed at about 1600*C. The carbon provides some lateral constraint

but does not flow like a liquid so the stress on the sample is not
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completely isostatic.

III.B.ld. Annealing

Annealing was performed for two reasons: to increase the grain size,

and to correct the oxygen deficient stoichiometry of hot-pressed samples.

Temperatures used in annealing ranged from 900C to 2300*C in atmospheres

of air, oxygen, nitrogen, argon, normal "welding grade" hydrogen, high

purity hydrogen and carbon monoxide. In "inert" or reducing atmospheres,

the samples were often wrapped with graphoil or carbon felt during

annealing. The high purity hydrogen was dried by silica gel and a liquid

nitrogen cold trap. The carbon monoxide was dried by silica gel and an

acetone-solid carbon dioxide cold trap. The gas flow system was construc-

ted with copper tubing and swageloc fittings; the gas exit had a two

flask bubbler to stop any back diffusion of air. The cold trap was

simply twenty turns of copper tubing placed in a large-mouth dewar.

Several furnaces were used for annealing. For air atmospheres

and temperatures 900*C to 1200*C, commercial lab furnaces were used.

Chromel-alumel thermocouples were sometimes used to check the temperature

calibration of these furnaces. A carbon element resistance furnace, with

the furnace tube being the element, was used for temperatures from 1200C

to 2300*C in argon atmosphere. Temperature in this furnace was con-

trolled manually. The hot press and die were used for several annealings

at 1500 to 1600C in a vacuum. Temperatures in the carbon tube furnace

and hot press were measured by an optical pyrometer.

The furnace used for most annealings was an alumina tube with

molybdenum windings protected from oxidation by hydrogen. Temperature

was controlled manually via a variac for most annealings, but during the
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last series of annealings, the temperature was controlled with an "on-off"

*
controller switching between two variacs with slightly different power

settings. The power settings were adjusted manually for each temperature.

The temperature was measured by Pt,10% Rh -Pt thermocouples protected

from the reducing atmospheres by alumina protection tubes. The thermo-

couple leads were run through a 0*C ice bath and voltage read with

**
a potentiometer or a digital voltmeter.+

In addition to the graphoil or carbon felt often used with reducing

atmospheres, a mixture of carbon and unstabilized zirconia was used to

buffer the CO gas equilibrium. Gas flow rates for hydrogen and carbon

monoxide were low, less than 2x10-3 cm/sec over the sample. Before

introduction or withdrawal of the sample from the hot zone (when using

reducing gases) in the hydrogen-moly furnace, the existing gas was purged

for about 5 minutes by argon. The samples were held in an alumina

crucible and lowered, raised, and often suspended by a tungsten wire.

In the last annealings, the crucible was supported in the hot zone by

alumina rods. Heating and cooling rates were about 20* to 100*C./minute,

but not noted or monitored with precision.

III.B.le. Sample preparation

Because the mechanical testing, Section IV and some sample charac-

terization steps were simple, Section III.B.2, sample preparation was

limited to cutting or breaking hot-pressed samples to a size useful for

characterization and producing flat parallel surfaces. Some hot

*
Honeywell-Pyr-O-Vane, Minneapolis, Minn.

**
Leeds and Northrup - 8690.

+HP-3465A.
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pressed pieces were simply broken by hammers or pliers to produce smaller

pieces. Later samples were cut into 5 to 7 mm squares with a diamond saw

with the thickness of the sample given by that of the "parent" hot-pressed

sample. Usually both sides perpendicular to the hot pressing direction

would be ground to flat surfaces, but only one surface would be polished.

Most flat surfaces were prepared by hand, using light grinding with a

silicon carbide media with grits of 240, 320 and 600, and by polishing

with 0.3 micron and 0.06 micron alumina. Water was used as a coolant

and alumina slurry medium. Later samples were polished using diamond

paste from 9 microns to 0.25 micron on a commercial automatic polisher.

Kerosene was used as a cooling fluid for both the diamond saw and

diamond polisher.

III.B.2. Sample Characterization

In addition to mechanical KIC testing, Section IV, some solid

specimens and powders were characterized by SEM/FDAX 'TEN, X-ray diff-

raction, high and low magnification optical microscopy, infra-red

spectrometry, and BET. Some zirconia grain sizes were estimated from

photographs obtained by SEM or TEM.

Fracture surfaces and polished surfaces were ultrasonically cleaned

in methanol and coated with Au, Ag, or Pt for examination with SEM/EDAX.

The particular metal coating used would often mask peaks of major

elements and minor impurities of particular interest in the EDAX mode.

Normal secondary electron and backscattered electron modes were used in

SEM.

TEM specimens were made by slicing about 0.3 mm thick disks with

*
J.H. Schneibel did all TEN work
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a diamond saw, grinding to about 0.1 mm using 20 micron silicon carbide

powder, then polishing with 6, 3, 1 and 0.25 micron diamond paste on both

sides. When the polished thickness reached about 50 microns, the samples

were mounted on 3 mm diameter copper disks and ion-beam milled at 6 KV

with argon ions until perforation occurred. Radiation damage on the

sample surfaces and surface roughness were removed with 2 KV ions. The

surface was coated with carbon and the samples were examined in a Philips

Em 300. Most samples examined were 15m/o ZrO 2-85 m/o ThO 2

X-ray analysis was performed on powders and dense samples with a

*
commercial diffractometer using copper radiation. Infra-red absorption

spectra were obtained using a fast Fourier transform spectrometer. I.R.

measurement usually encompassed a circular region about 1/4 inch in

diameter. Spectra with and without a sample in place were obtained and a

transmittance curve derived from this. The surface area of several early

**
powder samples were obtained via BET. Many different optical microscopes

were used. Densities were measured by the Archimedes technique using

toluene as the fluid, or estimated from microscopy.

III. RESULTS - PROCESSING

III.C.l. Powder and Samples made from Hydroxide Precursors

III.C.la. Powder
0

An oxide powder with a particle size of less than 150 A and a surface

area of greater than 30 m 2/gr can be made from thorium-zirconium hydroxide.

Precipitation speed and the concentration of the reactants significantly

*
G.E. and Diano

**
Work performed by Tom Coyle
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alters the grain size of the alloy and zirconia distribution after the

powder has been hot pressed. Hydroxide calcined without organic washing

produces large hard agglomerates that make densification difficult. In

contrast, hydroxides calcined after organic washing are large, soft

agglomerates that are easily milled to smaller sizes and thus make

densification to low porosity levels possible. The fluid medium the powder

is milled in and the method of drying the fluid/powder slurry also alters

the zirconia distribution in a hot pressed specimen. The results of some

powder production and processing steps on zirconium distribution and

agglomerate hardness are interpreted from the hot pressed specimen utiliz-

ing a particular powder. This is unfortunate because of the intervening

densification step. The analytical machines (STEM with excellent reso-

lution) necessary to determine chemical composition on the scale of the

particle size of these powders (150 A) in an undensified powder mass are

unavailable at present. .

The "best" sample production method to which variations of powder

processing will be compared is as follows (Figure 111.2). Hydroxides were

precipitated during rapid mixing, 75 ml/sec, of filtered concentrated

nitrate solutions (about 0.9 molal) and undiluted ammonium hydroxide.

The resulting hydroxide precipitate was thoroughly washed with acetone

and toluene. As the toluene replaces the acetone, the gel becomes clear.

Toluene is not allowed to fully evaporate at room temperature and the

hydroxide gel is calcined at 600 0C in air for two hours. The oxide is

attrition milled for two hours in methanol or acetone and screened.

After the organic fluid evaporates, the powder is hot pressed at about

1600C (for 15 mole % zirconia) for one half hour. The zirconia grain size

58



is fine and well distributed (Figures III. 3. and III. 4., samples H-85-I

and H-85-Thl, respectively).

When reagent grade thorium and zirconyl nitrate were dissolved in

water, often a metallic appearing material of about 1/2 mm length would

accumulate on the magnetic stir bar. In addition, the zirconyl nitrate

contained material that would not dissolve in about two hours at room

temperature at the high concentrations of nitrate used. A filtering step

through a 0.3 micron filter was introduced to eliminate these insoluble

impurities.

Some hydroxide precipitations of thorium-zirconyl nitrate used a

factor of two excess of ammonium hydroxide necessary for the formula

Th(OH)4 - Zr(OH)4 (Table I). The precipitation results in gel difficult

to filter if only a small excess of ammonium hydroxide is used. Later

samples used a large excess (1500%) of ammonium hydroxide and the gel

was easier to filter. If, at this stage, the precipitate is calcined in

air, a powder with extremely large (about 1 mm), hard, transparent agg-

lomerates will be formed at temperatures between 450C - 900*C. Two

samples of similar processing histories (see Section III.C.lb and Tables

I and II), except for washing the hydroxide with acetone and toluene in

one case (H-54-B) and no washing (H-54-C), were hot pressed. H-54-B was

100% dense, H-54-C was porous, less than 95% dense.

Several powder batches were washed with combinations of water-acetone-

toluene-acetone. The washed hydroxide was calcined at 600*C and powder

evaluated by rubbing between gloved fingers. The acetone-toluene com-

bination had large agglomerates but they were extremely soft and friable.

The resulting crushed powder was extremely fine. Other combinations of
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Figure III 3 Grain size of as hot pressed Th02-15 m/o Zr02, sample

H-85-Il. TEM foil and picture by J. Schneibel.
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Table I

Sample Nomenclature

85

Powder precurcor and densification
Mode

0 - oxalate/sintered

OH- oxalate/hot pressed

H - hydroxide/hot pressed

HS- hydroxide/sintered

HSF-hydroxide/sintered then
pseudo isostaticly
hot pressed
or
hydroxide/prefire
hot press with Pt wrap

Mole % ThO2
Parent Sample Individual

Sample #

H I

M~

3



Table I

ThO 2-ZrO2 Produced from Hydroxide Precipitation

Powder processing #

NHOH O Wash Calcine

15x Acetone/ Vacuum
Toluene 6000C 2

2x H 2 0/Ac.
tol./
Ac.

Vacuum
6000C
2 hr.

H-100-Al

H-100-Bl

H-100-Cl

15x Ac./tol. Air
6000C
2 hr.

Mole %
ZrO

2

HP-16000 C.4hr.
34 MPa

HP-1600*C/0.5 hr.
34 MPa

Estimated
density Comments

Sample fabrication
conditions*

hr. HP-1410*C/0.5 hr.

HP-1560*C/0.5 hr.

HP-1500*C/0.5 hr.

n,9 8%

n98%

No pressing pressure
until 1350*C then
34 MPa hot tears.
Large height/dia-
meter ratio 2-3

3.4 MPa applied fro71
room temp. to 1600'c
then 34 MPa. Large
height/diameter
ratio 2-3. Hot tears

5 2x H20/Ac./ Vacuum
tol./Ac. 6000 C

2 hr.

HP-1450*C/0.5 hr.

+Factor of NH OH in excess of that needed for stoichiometric precipitation

all 0.6 molal nitrate solutions except H-85-G, H-85-F

$0.3 molal nitrate solution
*
all hot pressings at 55 MPa except as noted; HP-hot pressed, An-annealed

".90%

Sample

0

0

0 2x H20/Ac. Vacuum
tol./Ac. 6000C

2 hr.

15x Ac./tol. Air
6000C
2 hr.

U.)
H-100-E 0

0H-100-F

H-95-Al ^.90%



Mole % ZrO 2

10

10

NH4 OH

2X

Wash

Unknown

TABLE I

Calcine

Vacuum
5000C
2hr

2X Ac/tol Vacuum
5000C
2hr

Samples fabripation
Conditions

HP-14000C/l hr

Estimated
density

%99

An-11000C 29hr.Air

HP-13250C/l hr b90

An-1100*C 20hr Air

Comments

Fractured during
annealing

Did not fracture
during annealing

2X Ac/tol Air 5000C HP-15000 C/l hr
2 hr An-11000 C 20hr Air

2X unknown Vacuum HP-16000 C/l hr
An-9000 C 20hr Air

H-90-Cl

H-85-Al

H-85-F z

H-85-G #

H-80-Al

H-54-C

Ac/tol Air
6000C
2 hr

Ac/tol Air
6000C
2 hr

Ac/tol Air
4500C
2 hr

10

15

15

15

20

46 Air
6000C
2 h4

HP-15850 C/0.5 hr 34 MPa

HP-1630*C/0.3 hr 34MPa

HP-1300*C/0.5hr + 1500*C/
5 min
An-1150*C 15hr Air

HP-14250 C/0.5 hr 34 MPa

93

93@

,~9 5

-95

Fractured during
annealing

Surface layer
oxidized and spalled,
inner layer still
reduced with few
Lange cracks

Milled in 1.5 ph

H20. Extremely
nonuniform ZrO2distribution

Wide ZrO grain size
distribu~ion

Outgassing as temp.
raised from 13000 C

Hydroxide intentional-
ly not washed with
organics

@ measured; # 0.3 molal nitrate solution; z 0.45 molal nitrate solution

Sample

H-90-Al

H-90-Bl

15X
but
diluted
50%

15X
but
diluted
50%
15X

15X none



TABLE II

ThO2-ZrO Samples from Hydroxides Standard Processing

Mole % ZrO2
Sample

H-100 D @

H-97-Th

H-95-B

H-90-D@

H-90-Th

H-85-B@

H-85-C@

H-85-Dl+

H-85-E+#

H-85-H

*
Fabrication Conditions

HP-1580*C/0.5 hr/55 MPa

HP-1620*C/0.5 hr/34 MPa

HP-1560*C/0.5 hr/55 MPa

HP-1580*C/0.5 hr/55 MPa

HP-1540*C/9.5 hr/55 MPa

HP-1580*C/0.5 hr/55 MPa

HP-1700*C/0,5 hr/55 MPa

HP-1650*C/3 hr/34 MPa
An-1500*C/4 hr Vac/C

HP-1580*C/0.5 hr/34 MPa
HP-1600*C/8 hr

HP-1500*C/1.0 hr/34 MPa

Sample Mole % ZrO2

0

3

5

10

10

15

15

15

15

15

H-85-I

H-85-J

H-85-K

H-85-L

H-85-Th

H-80-B

H-80-C+#

H-80-Th

H-75-Th

H-70-A

H-70-Th

H-54-A

H-54-B

H-54-C x

15

15

15

15

15

20

20

20

25

30

30

46

46

46

+Calcined at 6000 C under slight vacuum
Calcined at 750*C; precipitated from solutions of half normal concentrations

*HP-hot pressed; An-annealed
#Fractured after heat treatment

xxProcessing very similar to H-54-B except no acetone-toluene wash of hydroxide

ON'
Un

*
Fabrication Conditions

HP-1620*C/0.3 hr/55 MPa

HP-1550*C/0.5 hr/34 MPa

HP-15500 C.9.5 hr/34 MPa

HP-l1530*C/0.5 hr/34 MPa

HP-r1600 0 C/0.5 hr/55 MPa

HP-1560*C/0.5 hr/55 MPa

HP-1625*C/1 hr/34 MPa
An-1600*C/13 hr Ar. + CO

HP-14650 C/0.5 hr/55 MPa

HP-14450 C/0.5 hr/55 MPa

HP-1500*C/0.5 hr/55 MPa

HP-1430*C/0.5 hr/55 MPa

HP-15250 C/0.5 hr/34 MPa

HP-14250 C/0.5 hr/34 MPa

HP-14250 C/0.5 hr/34 MPa



washing gave powders with harder agglomerates; some agglomerates could not

be broken by hand and cut the rubber gloves.

Washed hydroxide, with some toluene remaining in the gel, was calcined

in a silica tube furnace attached to a mechanical vacuum pump. At about

15000 in the hot zone, ammonia precipitated on the cool end of the tube.

At about 300*C, water began precipitating at the cool end. Evindently,

any organic liquid evaporated before the ammonia came off. As the tem-

perature rose from room temperature to between 450*C and 900*C, the gel

continuously collapsed, ending at about one-half to one-third the orignal

volume. Under vacuum, the powder was light brown, but if air was allowed

in at high temperature, the oxide became white. Normally, after calcining

in air, the oxides would be white to whitish yellow; the yellow tinge

increasing with the zirconia content.

Powder made from acetone-toluene washed hydroxides calcined at 60000

to 7500C had a BET surface area of 30 to 60 m 2/gram. TEM photographs show

0

a particle size of less than 150 A (Figure 111.5). The individual par-

ticles are agglomerated on a 0.1 micron scale and these agglomerates

form larger structures of greater than 2 microns, (Figure 111.6). There

are powder agglomerates of sizes greater than 50 microns before milling

and screening.

X-ray diffraction of any powder revealed only three broad peaks

centered on the main peaks for thoria. Evendently this is due to particle

size broadening as the contrast in the TEM made the individual particles

appear crystalline. There did not appear to be any major influence of

calcining temperature between 6000C and 750*C, or atmosphere of air vs.

a poor vacuum on powder samples (Table I).
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Figure III 5 Particle size of powder made from hydroxide gel.

picture by J. Schneibel.
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Figure III 6 Agglomerate structure of powder made from hydroxide gel.
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As the speed of the precipitation is slowed from 75 mi/sec to 37

ml/hr, and the concentration of the nitrate in aqueous solution lowered

from about 0.8 molal to about 0.27 molal, the average zirconia grain

size is larger and the grain size distribution is wide (H-85-G, Figure

111.7). Samples with similar composition, calcining and hot pressing

conditions but higher concentrations of nitrates in solution (Figure

111.4) had smaller grain sizes and narrower distributions. H-85-G

also contained some porosity, probably as a result of the wider grain

size distribution. Grain sizes larger than expected for the hot

pressing conditions were seen in other samples (H-80-C, H-85-D, H-85-E).

This was attributed to precipitation conditions.

When using acetone during milling, the oxide powder would often

change color from white to light brown, indicating some chemical reaction

might have been occurring. During vibratory milling the larger agglo-

merates tended to settle on the bottom of the milling jar and remained

unmilled. The attrition milling did not have this problem as the stir

bar and milling media created extremely turbulent conditions in the

milling jar.

After milling and filtering, the organic fluid would evaporate from

the powder in shallow aluminum foil pans over 20 hours. The powder

settled during this evaporation and left a powder compact resembling

"dried mud". Only in later samples, afrer H-85-F, was there much effort

to crush this structure before hot pressing as it was soft and the

researcher thought that it would crush under the action of the hot

pressing pressure. In at least two cases, H-85-F and H-85-Th, the

researcher was mistaken.

The powder for one sample, H-85-F, was milled for two hours in water
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Figure III 7 Example of large Zr0 2 grain size and wide Zr0 2 grain size

distribution in as hot pressed Th02-15 m/o Zr02. This microstructure

was obtained by a slow hydroxide precipitation, low concentration

of nitrate salts (0.27 molal) and diluted NH40H, sample H-85-G.

25pm

Figure III 8 Extremely non-uniform Zr02 distribution in as hot pressed

Th0 2 -15 m/o Zr02. Distribution was a result of oxide floculation

by acetone dilution of an aqueous suspension of oxides and drying

the acetone and residual water from the oxides.
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with the pH adjusted to between 1.5 and 2 with HC1. The powder was then

filtered through 48 micron and 15 micron screens. The milled powder did

not pass through the 15 micron filter easily. A large amount (250 ml)

of pH adjusted water was used to wash the powder (about 20 grams) through

the filter. The resulting dispersion was allowed to stand over 2 days

in a sealed container and no significant settling occurred. The dis-

persion was repeatedly diluted with acetone to promote floculation, and

the fluid allowed to evaporate. No significant efforts were made to break

the resulting "dried mud" structure. The resulting zirconia distribution

in the hot pressed piece is shown in Figure 111.8. This sample has

extremely nonuniform zirconia and porosity distributions. Outlines of the

"dried mud" structure can be seen. The unusual aspect of this is that

both H-85-G and H-85-F have not spontaneously fractured after 1.5 years.

Evidently methonal also can produce a nonuniform zirconia distribution

as H-85-Th had several areas where this "dried mud" structure could be

seen in Fig. III. 9.

The 48 micron filtering step was introduced after the sample H-85-E

fractured after hot pressing because debris from the grinding media were

hot pressed into the sample along with the powder.

Although not central to the main theme, two observations were inter-

esting. When a powder that had just been calcined but was at room

temperature was sprayed with acetone prior to milling often the acetone

would ignite. When this happened, the temperature would often reach

high enough for the powder to glow red (about 700C to 800*C). If the

powder did spontaneously ignite the acetone, then the powder after milling

was brown. When methanol was used it did not ignite and the powder

remained white.

70



- * .- : -

-- -' ;. -

NIs

- -e - * * - - -~ - * -* -

7,0

--- -- - - - - *- -4 -- .Z 5 ~ .
- ---.- ; -- .

25im

* 9

B.

100jim

Figure III 9 Non-uniform ZrO 2 grain size distribution. Milled oxide

powder dried from methanol. Annealed 10 hours, 1600*C, CO

atmosphere, sample H-85-Th 40.
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One method to produce a high density green ceramic body is slip

casting. A methanol slip of milled oxide with a low solids density was

placed in the millipore filter apparatus and a filtration casting was

attempted. The resulting green body was opaque on the bottom, but a

surface layer of about 3 mm deep was translucent to transparent. The

top surface was very shiny and extremely good powder packing can be seen

in an SEM micrograph (Figure III.10). No information regarding the zirconia

phase distribution was obtained, however. This green body was not care-

fully dried; drying cracks appeared at approximately every 150 microns

after a week at room temperature and uncontrolled humidity.

III.C.lb. Samples made from Hydroxide Precursors

For thoria + 5 mole % - 46 mole % zirconia, by hot pressing oxide

powders made from coprecipitated hydroxides, dense (greater than 99%)

two phase samples can be obtained which have a submicron grain size and

an average zirconia grain size of 0.3 micron or less. Sintering can also

produce submicron grain sizes, but densities were lower (about 95%).

Annealing hot pressed materials at high temperatures (greater than 1300*C)

to increase the zirconia grain size must be done in a reducing atmosphere

to prevent bloating. If a hot pressed material must be oxidized to

increase I.R. transmission, the temperature must be low enough to prevent

bloating, but high enough to avoid spontaneous fracture. If the grain size

is too small and the material heavily contaminated with carbon, then

the material will still bloat at 1200*C. At zirconia sizes under one

micron, there is significant I.R. transmission for some 15 mole % zirconia

materials.

72



O.3pm

Figure III 10 Surface of a slip cast/settled green body. Extremely

good powder packing and small average pore size resulted in a

3 mm deep transparent to translucent surface layer before any

densification.

73



111.C.1c. Hot Pressing

There were three major problems associated with hot pressing fine

particle size powders to produce thoria-zirconia alloys. If the powder

is incompletely calcined, or if the powder has been exposed to the room

atmosphere for a period greater than a few days before hot pressing,

extensive outgassing occurs as the temperature is raised (H-80-A, H-85-A,

Table I). Even though thoria is the oxide with the highest melting point,

densification of fine particle size powders can occur between 800%C and

1000C. If a high pressure is not maintained on the hot press ram, then

shrinkage by sintering occurs in the sample before hot pressing begins.

The low partial pressure of oxygen and the high carbon activity in the

graphite hot pressing die at temperature can lead to incorporation of

carbon in the oxide specimen as well as making the specimen oxygen defi-

cient in stoichiometry. This carbon incorporation from the hot pressing

die is in addition to any carbon which might have remained as a residue

from milling the oxide powder in an organic fluid (all hot pressed spe-

cimens were affected by this problem).

The outgassing problem can be solved by increasing the calcining tem-

perature and when hot pressing raising the temperature slowly and not

applying the pressing pressure until the maximum temperature is reached.

Unfortunately, both these steps can lead to larger grain sizes in the

dense specimen. Not applying the pressing pressure until the maximum

temperature is reached leads to the powder shrinking away from the die

wall. This is due in part to the low density, 20 to 40%, of the green

sample. When the pressure is applied at a high temperature, 14000 C to

1600*C, the sample often fractures because the sides are unconstrained
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(H-100-E, H-100-F, H-80-B, Tables I and 11). The compromise reached

between these conflicting goals was to calcine the powder at 600*C to

750*C, outgas the powder up to 800*C, and then apply the pressing pressure

that was held continuously until the pressing was complete.

Hot pressing runs are compiled in Tables I and II. Table I contains

the early samples where most variations in powder processing were tried.

Table II contains samples that have more consistent processing variables.

The powder processing/hot pressing conditions in Table I are too

scattered to determine whether the low densities of most samples on

Table I are due to hot pressing temperature, the type of washing the

hydroxide received or annealing in air. Since H-90-A and H-85-A had

high densities, the amount of excess ammonium hydroxide seems to be un-

important in achieving high density. During calcining the atmosphere and

temperature (between 600*C and 750*C) seem to have no major effect on

densification. Calcining temperatures lower than 600*C lead to some

outgassing problems (H-80-A). The samples on Table I were not character-

ized for grain size or zirconia distribution.

As the -zirconia content went up, the hot pressing temperature

needed to maintain a zirconia grain size below 0.3 microns dropped from

about 1600*C for 15 mole % zirconia to 1425*C for 46 mole % zirconia.

The densities of the samples in Table II were judged to be 99 to

100% of theoretical by microscopy. Very few triple points have

detectible pores in TEM. No pores were found in SEM and observations via

optical microscopy suggest that most residual porosity is isolated and

associated with original interagglomerate pores or packing inhomogeneities.

Most of the zirconia grains in these samples were well distributed

and similar in size as can be seen in Figures 111.4 and III.11. The fine
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Figure III 11 ZrO2 grain size and grain size distribution in ThO2-
15 m/o ZrO2 annealed at 1600*C for 19 hrs. in a reducing atmosphere.
Sample H-85-H9.
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grain size in as-pressed samples can be seen in Figures 111.3 and 111.12.

The scarcity of twins or faults in the TEM foil.suggests there is little

if any monoclinic zirconia in the bulk for as-hot-pressed 15 mole %

zirconia. Electron diffraction in the TEM confirms this. X-ray dif-

fraction shows a mixture of tetragonal and monoclinic zirconia in addition

to the cubic thoria for a carefully polished surface of as-pressed 15

mole % zirconia with a 0.1-0.3 micron zirconia grain size. The zirconia

grains are between the thoria grains, not entrapped within them, and the

zirconia grain size is typically somewhat smaller by a factor of 2 to 3

than the thoria grain size. Annealing appears to increase both the zirconia

and thoria grain sizes without significantly changing the relative

morphology of the microstructures.

The major deficiency in the microstructures is the presence of occa-

sional zirconia grain patches as large as 5 to 10 microns in size.

Frequent occurrence of large patches of zirconia may cause flaws from

microcracking, leading to low strength or even spontaneous fracture. It

was thought that the undissolved material from the zirconyl nitrate

solution might be large particles of zirconia or undissolved zirconyl

nitrate that would lead to large zirconia patches in the hot pressed piece.

To attempt to eliminate the undissolved matter, the zirconyl nitrate

solution was filtered through a 0.2 micron filter in samples H-85-J,

H-85-K, H-85-L before hydroxide precipitation. In samples as noted in

Table II, both nitrate solutions were filtered through a 0.3 micron filter

before hydroxide precipitation. Filtering the nitrate solution may reduce

the size and number of isolated large zirconia particles. However, the

hydroxide precipitation speed and reactant concentrations and how the

77



41

0.3 pm

Figure III 12 Grain size in as hot pressed Th0 2-15 m/o Zr0 2 , sample
H-85-H1. TEM foil and picture by J. Schneibel.
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oxide is milled and milling fluid evaporate seem to be the major factors

controlling the zirconia spatial variability.

III.C.ld. Other Densification Schemes

Because of the problem of carbon contamination and oxygen deficiency

of the oxide alloy during hot pressing and bloating of the material

during reoxidation (see next section), several other methods of attaining

a high density were tried: sintering, sintering and pseudo-isostatic

hot pressing and hot pressing with a platinum barrier between the sample

and die. Samples produced by these methods are listed in Table III

The powder for an initial (unlisted) sintered specimen was calcined

at 6000C and prefired in air at 650*C for two hours after the green body

was formed. After about 12 hours at room temperaturethis sample spon-

taneously fractured even though the sample was only 40% dense. The

fractures were of sufficient energy to toss about 3 mm diameter pieces over

30 cm away from the main sample. Evidently, the calcining at 60000 and

prefiring at 650*C left a sufficient amount of metastable tetragonal

zirconia that transformed, upon cooling to room temperature, to shatter

the porous body.

Powder for subsequent samples was calcined at 8000C in an effort to

have a majority of monoclinic zirconia. Sintering at 1500%C - 1600*0

gave zirconia grain sizes under 0.5 micron. Increasing temperature and

time gave increased density and liquid nitrogen dried, high purity

hydrogen atmosphere seems to give a higher density than does oxygen. The

section of surface that was originally the surface of the pressed pellet

was dense on sample HS-85-A6 but the interior was somewhat porous with

the pores being 2 to 8 microns in diameter and spaced every 10 to 20 microns
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TABLE III

ThO 2-ZrO2 Samples, Sintered

Sample

HS-85-Al @

HS-85-A2@

HS-85A5@

HS-85-A6@

HSF-85-A3

HSF-85-A4@

HSF-85-A8@

HSF-85-A9R

HSF-85-B

HSF-85-C

Mole % ZrO2

15

15

15

15

15

15

15

15

15

15

Pref ire

800*C/1 h/0 2

800*C/1 h/0 2
800*C/1 h/02
8000C/1 h/02

HS-85-Al

HS-85-A2

HS-85-A5

HS-85-A8

900*C.2hr/Air

9000C.2hr/Air
1000*C/2hr/H 2

*
Fabrication Conditions

S-1500*C/2.5 hr/O 2

S-1600*C/2.5 hr/0 2
S-1600C/2.5 hr/H2

S-1600*C/0.5 hr/H2

PIP-1630*C/0.3 hr/34 MPa

PIP-16100 C/2hr/34 MPa

PIP-1600*C/2hr/34 NPa

An-12000 C/0.5hr/0
2

HP-1600*CO.5hr/34 MPa

HP-1600*C/0.5hr/34 MPa

Density %

93.5 +

95.0+

97. 5+

94.5+

98.4+

99+

99 1

99 #

95 1

98.5+

Comments

White

White

Black

Surface Black Interior

Grey

Light grey near

surfaces

Extensively cracked

Translucent in
uncracked portions

Grey

Black as HP'ed
Translucent after
1200*C/2hr/O2 anneal

@Calcined at 8000 C
*
HP-hot pressed; S-intered; PIP-pseudo-isostatically pressed, i.e., wrapped in Pt foil and embedded

in C powder; An-annealed.
**
Wrapped in Pt foil.

Measured.
#Estimated.



(Figures III.13a and III.13b). The effect of increasing time from 0.5

hours to 2.5 hours at 1600*C was the gradual elimination of these pores

(Figures III.14a and III.14b). Evidently the large pores are from poor

packing of large agglomerates, the isostatic pressing of the green body

crushes the agglomerates filling the pores near the exterior of the sample

but not in the interior.

An effort was made to increase the density of three samples by hot

pressing/forging the sintered pieces. As the porosity in the sintered

specimens was closed, isostatic hot pressing would be an attractive means

of increasing the density. An isostatic hot press was not available.

Pseudo-isostatic hot pressing was tried instead. The platinum surrounding

each sample kept carbon contamination to a minimum. The densities did

increase and the least porous sample, H-85-A8, was oxidized afterwards.

The grain size remained under 1 micron (Figure 111.15). This sample was

heavily fractured; Edax indicated a large excess of zirconia on the

fracture surfaces. The oxidation did not increase the cracking and

several small (about 3 mm diameter) pieces were translucent after oxidation.

Two hot pressing runs were made where the powder was wrapped in

platinum foil. The green pellet of HSF-85-B was prefined in air at 900*C

to eliminate organic residues left from milling the powder. The density

was low and thoria grain size was about 2 microns after hot pressing.

When two prefired treatments were made, the air firing to eliminate

organic residue and the H2 to reduce the oxygen activity during hot

pressing, a higher density was achieved. One difficulty encountered

with the platinum wrapping was folding or extrusion of the platinum into

the sample. This was especially severe in HSF-85-B and HSF-85-C since the

initial density was about 40%, hence there was about a factor of 2 too much
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Figure III 13 Th02-15 m/o Zr0 2 sintered at 16000C, 1/2 hr., in dried
high purity H2. Dense surface, A and porous interior B. Porosity
in interior from agglomerates uncrushed by room temperature
isostatic pressing. Sample HS-85-A6.
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Figure III 14 Large interagglomerate pores are gradually eliminated

by increasing sintering time at 1600*C, A. 1/2 hr., sample HS-85-A6,
B. 2-1/2 hrs., sample HS-85-A5.
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Figure III 15 Grain size of sintered, pseudo isostatically hot pressed

then oxidized Th02-15 m/o Zr0 2. Sample HSF-85-A9.

1 pm

Figure III 16 Fracture surface of extremely bloated Th02-20 m/o Zr02'
Sample was oxidized for 4 hrs. in air at 1600C after hot pressing.
Before oxidation density was greater than 99%. Sample H-80-BlO.
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platinum for the area of the sides of the samples and this was folded into

the samples during densification.

III.C.le. Annealing

The main scientific objective of this study was to develop KIC vs

zirconia grain size curves for different volume fractions. The main

engineering objective was to develop a method for reliably producing high

toughness I.R. windows (and toughness seemed to be a function of zirconia

grain size). The quickest way to produce dense samples of varying grain

size was to hot press a fine 0.1 to 0.2 zirconia grain size material and

anneal at high temperature allowing the grains to grow to desired sizes.

In addition, if nonstoichiometry caused by hot pressing or sintering

caused absorption in I.R. frequencies, then the samples would need to be

oxidized at high temperature to meet the engineering objective.

Samples sintered in H2 or hot pressed in graphite are black, indica-

ting one or both of the ZrO2 or ThO2 has become oxygen deficient. For

both sintering and hot pressing, higher densities were obtained with

reduced material. Thus, to obtain ultra-fine-grained, dense material, it

is desirable to sinter in a reducing atmosphere. Further, annealing for

grain growth, or oxidation seems to be affected by residual carbon.

Thus, it is useful to summarize the observations from over five hundred

annealing experiments.

Oxidation of hot pressed materials to translucency requires annealing

times of a few hours at 1200C and five to ten times longer at 1000*C.

Appreciably shorter times are required to oxidize material which has been

H2 sintered or presintered and hot pressed in a Pt wrap. Assuming oxida-

tion is diffusion controlled, a few experiments indicate that at 1200C
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6 2 2the annealing time for hot pressed material is t ,, 3 x 10 x - s/cm (where

x is the sample half thickness) and H2 sintered materials t nu 1 x 10 x -

2
s/cm2. Presumably, longer reoxidation times are required for hot pressed

samples because both a change in stoichiometry and oxidation of entrapped

carbon must occur. Generally, oxidation can occur at temperatures below

those necessary for grain growth or sintering. For moderate grain growth

and coarsening of ZrO2 particles to 1 micron or so, 1600*C is convenient

for 15% ZrO 2, but it may be appreciably too high for higher ZrO2 contents.

Thus, if fracture occurs below 1200*C, and it often did (see Table I), the

effective temperatures range where oxidation can be accomplished without

creep or gain growth is limited.

At higher temperatures (1500-1600*C), bloating during oxidation can

cause the density to drop below 80% (Table IV); the pores are irregularly

spaced and some are extremely large, Figure 111.16. At lower temperatures,

extremely fine pores (n,500 A) are found along grain boundaries after

oxidation, Figure 111.17. Apparently, these fine pores result when the

temperature is too low for significant creep of the materials. Thus, after

oxidation at 12000C fine-grained (about 0.2 micron) materials have larger

pores (H-85-I) whereas larger grained (about 1 micron) materials may only

have very fine pores. As the .zirconia content increases, the creep

rate should increase, if grain size remains constant.

Several factors suggest that the bloating of hot pressed material

is primarily caused by internal oxidation of carbon. Bloating at 16000C

has been observed in air, N2 and H2 and apparently occurs in any atmos-

phere except when the P is low enough to prevent oxidation of carbon.

The lack of bloating under sufficiently reducing conditions also suggests
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Table IV

Effect of Air Annealing Hot Pressed ThO 2-ZrO2

Sample

H-85-B

H-85-B2

H-85-B3

H-85-B4

H-85-B5

H-85-B6
00

H-85-B7

H-85-B8

H-85-B9

Mole % ThO2

85

85

85

85

85

85

85

85

85

+
Anneal Condition

1400C/1 hr.

1400C/4 hr.

1400C/16 hr.

150OC/1 hr.

1500C/1 hr.

1500C/16 hr.

1600C/16 hr.

1600C/13 hr.
in Ar + CO,
+ 1200C/2.5 hr.

Density

g/cc %

9.45 (99.7)

9.30 (98.1)

9.35 (98.6)

9.15 (96.5)

9.15 (96.5)

8.55 (90.2)

8.90 (93.9)

7.00 (73.8)

9.36 (98.7)

+Annealings in Air Unless Noted.

@Theoretical Density Approximated Using 10.0 g/cc for the ThO2 and for ZrO2 the average of
5.56 g/cc and 6.10 g/cc for the monoclinic and tetragonal phases.
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Figure III 17 Fine pores (-500 A) along grain boundaries caused by
oxidation at 1200*C. Sample H-85-D2. TEM foil and picture by
J. Schneibel.
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H 20 or other residual gasses entrapped in the ceramic do not cause

significant bloating. The presumption that the residual carbon is present

in hot pressed material as a condensed phase or in solution, and that

it is oxidized to CO2 under an oxidizing anneal, is consistent with an

IR absorption peak at 2350 cm~ which is evident in the IR spectra of

oxidized material H-85-D2, H-85-B9, OH-95-Al, OH-95-A2. There were no

absorption peaks in an as-pressed sample, H-70-A (see Figure A.A.2 in

Appendix A).

The source of the entrapped carbon is unclear. It may come from the

graphite dies. However, several observations suggest that an additional

source of carbon may be residue from organic solvents. Sometimes acetone

washed hydroxides are dark colored if calcined below 700*C. Also, powders

milled in either acetone or methanol are sometimes darkened upon addition

of the organic or after heating in the 200-600*C range. Darker areas

in H-85-Il correlated with more intense bloating during oxidation of the

as-pressed piece at 12300C; in H-85-Il the residue from organic solvents

was exceptionally heavy. Presumably the organic solvents was exceptional-

ly heavy. Presumably the organic residue can be oxidized and removed

during sintering or prefiring in oxygen, perhaps even in H2, but remains

during hot pressing in graphite.

Annealing thoria-zirconia alloys under extremely reducing conditions

can cause difficulties also. At about 1630*C ZrC becomes stable with

respect to ZrO2 at a CO partial pressure of about 1 atmosphere (JANAF

Thermodynamical Tables). ZrC was detected by X-ray diffraction on the

surfaces of several samples. Hence, careful control of the annealing

atmosphere is necessary for materials contaminated with carbon. An
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annealing atmosphere of C) buffered with a carbon-zirconia mixture and

temperatures below about 1630*C was adequate to prevent ZrC formation

and minimize bloating during grain growth anneals.

When the temperature and atmosphere precautions were taken, then

for 15 mole % zirconia specimens the zirconia grain size could be varied

from as hot pressed (as small as 0.2 micron) to greater than one micron

after about 60 hours at 1600*C. Longer times would be used for materials

with less than 15 mole % zirconia and shorter times and lower temperatures

for higher mole %. This was sufficient to cover the zirconia grain sizes

of interest for KIC measurement and spontaneous fracture behavior,

Section IV.

III.C.2. Results on Samples Produced from Oxalate Precursors

Densities of samples sintered with oxide powders derived from thorium

oxalate and suspended ZrO2 are given in Table V. The ZrO2 phase in the

bulk could not be identified from standard X-ray diffractometry using

Cu radiation because of the ThO2 background radiation masked the ZrO2

peaks; a layer only about 10 microns deep yields diffraction information.

Further, the solubility of ZrO2 in ThO2 is not known but is estimated to

be 3%. Thus the theoretical density for each composition can also only

be estimated. From these estimates of the theoretical densities the

porosities in the sintered samples was 1 to 7% with higher values for the

higher ZrO2 contents; metallographic and SEM examination was consistent

with these estimates. Higher ZrO2 content led to lower densities. Optical

and scanning electron microscopy (SEM) indicated the ThO 2 grain sizes

were typically 6 to 12 microns, with finer sizes in the samples with higher

ZrO 2 contents. Many ZrO2 particles were 0.5-2 microns, but some were as
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Table V

Th 2-Zr 2 Samples Produced from Oxalate Precipitation

Sample

OS-80-A

OS-85-A

OS-90-A

OS-95-A

OS-100-A

OS-100-B

Sintering ConditionsMole % ThO2

80

85

90

95

100

100

24

24

24

24

24

24

hr

hr

hr

hr

hr

hr

Density *
g/cc %_

8.65 (93.0)

9.10 (96.0)

9.39 (97.2)

9.56 (97.2)

9.91 (99.1)

9.64 (96.4)

Comments

Using unmilled

ZrO
2

OH-95

0H-95

-A %99-95 H.P. 1525C/45 min/
55 MPa

-Al %99-95 + An. 100OC/20 hr

*
Theoretical Density Approximated Using 10.0 g/cc for

Attempted to co-

precipitate oxalates
Transparent9.90

the Th
5.56 g/cc and 6.10 g/cc for the monoclinic and tetragonal phases.

02 and for ZrO2 the average of

17000 C

17000 C

17000 C

17000 C

1700*C

17000 C



large as 10 microns.

Several powder batches were prepared by precipitating zirconyl and

thorium oxalates from nitrate solution and calcining at 750-8000 C. It

was found that mixing zirconyl nitrate solution with a concentrated

solution of oxalic acid gave a precipitate which soon redissolved. Thus

it was concluded that the zirconium content in the oxalate "coprecipi-

tated" samples was much less than expected from the Th:Zr ratio for the

salts, and coprecipitation of oxalates was discontinued.

One hot-pressed sample was fabricated using this low Zro2 content

powder, however (Table V). After hot pressing, this sample (OH-95-A) was

black. This sample was transparent after oxidation at 1000*C for 20 hours

in air (Appendix A, Figure A.2). A grain size of about 1 micron was

measured during SEM examination and there was no evidence of a second

phase. After 13 hours at 1600C in a carbon tube furnace under flowing

Ar followed by an oxidizing annealing at 1200*C for 2.5 hours, the sample

was not transparent but weakly translucent (Appendix A, Figure A.A.2).

After annealing at 2300%C in the carbon tube furnace, SEM examination

showed the existence of a second phase. Whether the second phase was

zirconia, zirconium carbide or thorium carbide was not determined.

III.D. Discussion, Powder Processing Sample Fabrication

The method previously described for producing fine grained ThO2-ZrO2

samples from hydroxide precursors was adequate for most objectives of

the study. Variations in processing can produce different grain sizes

and grain size distributions. Gross control over the grain size distri-

bution was achieved but minor variations still occurred. Segregation of

zirconium/zirconia can occur at many stages during powder processing:
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precipitation, washing with organic fluids, milling and settling from

milling. Carbon contamination was not completely eliminated. Fabrication

of useful samples for the engineering objective from oxalate precursors

failed but the samples produced had microstructures appropriate for

mechanical property study.

Fine particle size (150 A) thorium-zirconium oxide powder can be

obtained by rapid mixing of concentrated aqueous nitrates and ammonium

hydroxide. After hot pressing the grain sizes are larger and zirconia

distribution is wider if lower concentrations and slower mixing is used.

The precipitated gel is probably individual thorium hydroxide and zirconium

0

hydroxide particles that calcine to the 150 A oxide particles. There are

several possible combined effects on the precipitate gel when a slow

dilute precipitation is used. The dilution reduces the supersaturation

which can lower the nucleation rate leading to larger individual hydroxide

particles. During precipitation the pH changes slowly and individual

hydroxide part'icles may preferentially agglomerate with like hydroxides.

The length of time used in the slow precipitation may allow segregation

of the hydroxides independent of the range of pH change. Ostwald

ripening may also take place during a slow precipitation. Some segregation

agglomeration, or Oswald ripening may also occur during washing with

organic fluids.

With the exception of H-85-F, organic fluids were used during milling

to promote agglomeration (soft) of unlike oxides while milling to reduce

the size of the hard agglomerates from calcining. Reducing the hard

agglomerate size too much was deemed undesirable as the scale of the

zirconia distribution after calcining was unknown. The segregation of
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zirconia for both 1-85-F and H-85-Th 40 seems to have occurred at least

during evaporation of the organic fluid immediately before hot pressing

because the segregation appeared to be remnants of a "mud cake" struc-

ture. Carefully controlled pH changes in an aqueous suspension of throium-

zirconium oxides might result in the desired uniform zirconia distribution.

Drying and calcining of hydroxide gel or an oxide suspension from a

polar fluid medium can produce large agglomerates. As the polar fluid

dries the hydroxide/oxide particles rearrange themselves into local areas

of dense packing. When the hydroxide is calcined these densly packed

areas sinter at the calcining temperature because of the fine particle

size, forming large dense agglomerates. Washing the hydroxide gel with

acetone and toluene replaces the polar fluids, changing the solvents

dielectric constant and probably changing the surface charge on the

particles. As the toluene evaporates and burns, hydroxide particle re-

arrangement does not occur to the same magnitude as occurs with a polar

medium. Burning the toluene may also "blow" the hydroxide apart or leave

a carbon layer on the hydroxide particles (Hong and Coble). Hence during

calcination the hydroxide/oxide does not sinter at the same rate. This

results in large but soft agglomerates. If an oxide is being slipcast,

ions or salts in the water can deposit at contacts between particles

(Cannon 1981). This can be useful if the green body is easily broken but

harmful as the ions or salts may increase vapor phase transport causing

coarsening during initial stage sintering.

Hot pressing specimens in graphite dies and controlling the atmos-

phere during grain growth annealing was adequate to obtain a range of

grain sizes for the scientific objectives of the study. It was not
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completely adequate for the engineering objectives. The oxidation of

carbon contaminated samples at low temperatures often results in a

fractured or bloated sample and appears to be successful only for limited

ranges of grain size, temperature and zirconia composition. No samples

large enough for I.R. and KIC tests were produced by sintering and

pseudo-isostatic hot pressing. The zirconia grain sizes obtained by

this method were in the useful range.

One question that was not answered was whether the carbon or a low

partial pressure of oxygen was necessary to maintain a small grain size

during densification. The last samples densified (Th in sample designa-

tions) were not fired in oxygen prior to hot pressing because of this

uncertainty. Available SEM pictures indicated no major effect of atmos-

phere on the grain growth rate, aside from bloating effects.

The carbon contamination came from both the graphite die and from

the organic fluid used during powder milling. The best method of

achieving theoretical density, a small grain size and no carbon contamina-

tion appears to be oxidation of a green body, sintering to the closed pore

stage and isostatic hot pressing to full density.

III.E. Conclusions

1. Fine grain size (< 0.5 micron) dense ThO2-ZrO2 can be obtained

for a wide range of ZrO 2 compositions by hot pressing oxide powders from

hydroxide precursors.

2. Washing the Th-Zr hydroxide with organic fluids produces soft,

easily milled agglomerates.

3. Carbon contamination can be a problem.
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promising.

5. Gross ZrO2 grain size distribution and spatial distribution can

be controlled; exacting control over the ZrO 2 grain size/spatial distri-

bution was not achieved.
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IV. FRACTURE TOUGHNESS AND PHASE TRANSFORMATION

IV.A. Introduction

Griffith provided the basic understanding for the subsequent field

of fracture mechanics; in brittle materials fracture originates at flaws

or cracks. Irwin provided the basis by which the resistance to fracture

of brittle materials could be compared, the stress intensity concept.

If the flaw size distribution and stress distribution within a ceramic

body are known, the fracture stress can be quantitatively predicted

from the critical stress intensity factor (Evans and Langdon). Other

mechanical properties of ceramics such as thermal shock and thermal or

stress cycling fatigue can be at least qualitatively related to fracture

toughness, flaw size distribution, slow crack growth velocity vs. stress

intensity curves and relevant thermo-elastic properties. Erosion and

wear are not as quantitatively related to KIC due to the complex

elastic-plastic processes occurring during erosion but KIC is still an

important materials property.

Fracture toughness can be measured by many sample geometries and

methods (Evans and Langdon). Double cantilever beam, double torsion

and single edge notched beam are particularly suited to ceramic materials

due to their simple sample geometries. A new method now routinely

applied to ceramics is the Vickers microhardness indentation test

(Evans and Charles). This method is particularly simple and allows the

use of small sample sizes.

That surface compressive stresses can exist when T-ZrO2 bearing

alloys are ground or machined was noted in Section II. With the diamond

machining that must often be used with these ZrO2 toughened ceramics,
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compressive stress zones would be expected in all fracture toughness

geometries unless extreme care is taken to eliminate these stressed

zones after machining. The microhardness test needs an optically

reflective smooth surface and a surface with minimal curvature.

Compressive surface stresses can exist during microhardness testing.

If a compressive layer of a large depth is present then a unique bulk

KIC will not be found. A linearly rising KIC vs. C1/2 dependence would

be expected for a microhardness test on a surface with a compressive

stress layer which is deeper than the crack (Marshall and Lawn, 1977).

Virkar (1981) has predicted and found experimentally that even without

any surface stress a rising KIC vs. C1/2 dependence could be expected

for microhardness KIC tests on T-ZrO2 transformationally toughened

materials. As the crack propagates in the semi-finite body, the crack

tip stresses transform the T-ZrO2 in a zone surrounding the crack. If

the volume expansion produces a uniform compressive stress on the crack

surface, this stress can result in an increase in the measured KIC as

the absolute crack size gets larger. This simple analysis is only

correct if the compressive zone is as wide as the crack length, which

will not be true for most cracks. However, such considerations should

be modified and used to account for the compressive and tensile

stresses that will be created in the volume near the crack by the

roughly hemispherical plastic/elastic transformation zone around the

Vickers indentation.

Usual mode I crack considerations are based on the assumption that

the crack surface is stress free. This assumption is true when an

idealized flat crack experiences a uniform tensile stress. As the
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material near the crack strains in response to stress,a crack opening

displacement (C.O.D.) occurs and the two crack surfaces are physically

separated and no stress will be transmitted across the crack. With

a uniform compressive stress the situation is different; the crack

surfaces are closed and support compressive stresses. Measurement of

an increase in KIC due to a uniform compressive stress as measured by

a uniform tensile stress is not effected by the initial lack of C.O.D.

because as the crack is opened by the tensile field the compressive

stress is not supported at the critical C.O.D. (KIC.

Stress fields which vary produce situations that are not amenable

to the previous simple analyses. The compressive stress that can be

supported across the crack plane depends decisively on the local C.O.D.

and the critical C.O.D. necessary near the crack tip for crack

propagation at KIC. There can be situations where the local C.O.D. is

zero- and the crack supports compressive stresses while the crack tip

is at KIC and propagating. Thus,there are situations where transformation

zones behind the crack tip may assist crack propagation. Alternatively

if the C.O.D. is positive,compressive stress can reduce K for the

crack, but stresses in regions for which the polar angle relative to

the crack tip approaches ir will have little effect. Thus, proper

modelling of the local C.O.D. and of the extent of the compressive

zone is essential.

Recent examinations of the microhardness fracture toughness test

via simplified elastic/plastic fracture mechanics methods have raised some

doubts as to the correlation of the results obtained with this method and

other testing geometries and the accuracy of the theoretically obtained

formulas for KIC (Lawn et al., 1980, Anstis et al., 1981, Bhat, 1981).
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Different formulas derived theoretically for determining fracture toughness

are given in each paper (and the papers have overlapping authors); when

identical data is used the theoretically derived formulas give K IC's

that differ by a factor of two. The differences result from approxi-

mations used in treating the residual stresses due to plastic deformation

around the hardness indent. Despite the forgoing arguments Becher (1981)

has found excellent agreement between double cantiliver beam and

indentation fracture energies measured by the emperical Evans and Charles

curve (yIC = (KIC 2 /2E) for well characterized Al2 03-ZrO 2 alloys that

showed toughening behavior. We anticipate that by using the empirically

derived curve of Evans and Charles and avoiding surface compressive

stresses a good comparison between toughened materials can be obtained

via indentation toughness measurement.

The fracture toughness of ThO 2 (8% porosity) was reported for room

temperature, 1.1 MPam/2 (Matzke, 1980) and as a function of temperature

(1.1 MPamr/2 at 25*C to 0.8 MPam1/2 at 400*C) using Hertzian indentation

(Inoue and Matzke, 1981).

Direct methods for phase identification include TEM, X-ray dif-

fraction and Raman scattering. Indirect methods include thermal

expansion and elastic modulus measurements. If thermal expansion curves

on heating and cooling show distinctive breaks, sometimes even contrac-

tion on heating or expansion on cooling, and significant hystersis,

the M+T and T+M transformations are probably occurring. If the thermal

expansion behavior is not repeatable in the sense that some permanent

length change occurs upon thermal cycling then microcracking or creep

deformation is taking place. Elastic modulus measurements as a function
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of temperature produce more direct evidence for the occurrence of

microcracking which implies transformation.

IV.B. Experimental Method

In early experiments, little effort was expended in examining

effects of various types of surface finishing techniques or low tem-

perature annealing on Kic. Later data were obtained that proved both

polishing and annealing were important. Thus, experimental methods

became standardized.

As noted in Section III, most samples were ground and polished

through three grits of SiC and two of Al2 03 After the initial polish

a flat surface was obtained, and for further measurement after a grain

growth annealing, the maximum SiC grit used was 20 microns, followed

by the Al203. Usually only the Al203 was necessary. Samples with Th

in their designation (Tables VII and X) were polished mechanically using

a maximum diamond size of 3 microns, unless otherwise noted. This was

followed by 1 micron diamond, 0.3 micron Al203 and 0.06 micron Al2 03

After annealing, only alumina polishing was necessary to obtain a surface

smooth enough to perform K measurements.

Several annealing experiments at temperatures of 1200*C to 1250*C were

performed. The polishing method was noted and K measured. The sample

was wrapped in graphoil and annealed for about one-half hour in a

reducing or a zirconia-carbon buffered CO atmosphere. The minimum

polishing necessary to produce a flat surface after the 1200*C to 1250C

annealing was only 0.3 micron and 0.06 micron Al203. KIc was then

measured after careful polishing.
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KIC was measured by using the Vickers microhardness indentation

technique and calculated using the empirical curve of Evans and Charles

(Figure IV.1). For dense, uncracked samples, E of 240 Gpa was used for

all ZrO2 mole fractions. To approximately account for the effects of

porosity and microcracking, E was modified by the relation E = H (E /H )

where H was taken as 11 GPa (measured on dense samples) and H was the

hardness for a given sample. Indentation loads varied from 0.1 to 6 Kg;

the reported data are from 1 Kg and 2 Kg loads except as noted. Semi-

quantitative spectrographic impurity analysis was performed on a few

samples. X-ray, SEM and TEM characterization was described above.

IV.C. Results

IV.C.l. Spontaneous Fracture

Spontaneous fracture in ZrO2 bearing ceramic alloys can arise from

several possible causes. First, the T-ZrO2 may transform to M-ZrO 2 '

During and after transformation, cracks may form and grow. If a

sufficient density and length of cracks are formed, the material macro-

scopically fails. Secondly, if an annealing treatment is performed at

a different partial pressure of oxygen from that for the fabrication

step, during annealing the thoria and zirconia lattice parameters may

change at different rates (Lange, 1980). If the annealing step is

at a low temperature, diffusional creep processes may not reduce

stresses caused by the lattice parameter changes. A third process is

the creation of pores (containing gases at high pressures) by chemical

reactions.

All processes that create local areas of high tensile and shear

stress, aAT, AP ' expansion, and high pressure pores can aid the trans-
2
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formation of T-ZrO2 to M-Zr 2. The pores also act as elastic inhomo-

geneities with sharp (dihedral angle) edges that aid microcrack

formation. If an oxide eeramie at room temperature has high local body

stress, the ceramic can fracture over a period of time by slow crack

growth via water vapor corrosion.

Numerous samples that were dense, whole and intact after hot-pressing

fractured into greater than ten pieces after oxidation at 900*C and

1100*C. In several instances a major portion of the macroscopic fracture

occurred on cooling. The sample was observed to be unfractured while

at temperature but to fracture during slow cooling, often accompanied

by loud acoustic emissions. Macroscopic fracture did not occur as a

result of oxidation in sample H-90-Bl which was only about 90% dense

before the oxidizing anneal, but did occur in otherwise similar samples

which were denser. Sample H-85-Al was of particular interest. Dense and

unfractured after hot-pressing, the sample was annealed in air at 900%C

for 20 hours. This time and temperature was insufficient to oxidize

the full thickness of the sample as the interior was still dark gray

after annealing. The exterior, however, was fractured so extensively

that the outer 1 mm was reduced to dust. The interior also fractured

but large, 3 cm diameter, pieces remained. At higher temperatures

(>12000 C), the entire sample could have been oxidized in less than 4

hrs without fracture.

If the partial pressure of oxygen is the same during sample

fabrication and grain growth annealing,the sample may still fracture.

H-85-E and H-80-C both fractured into many pieces after hot-pressing

and annealing; both had average ZrO2 sizes of 1 micron or greater.

H-70-A and H-54-A were fractured into several pieces after hot-pressing,
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After extensive grain growth annealing, most samples would fracture or

contain cracks large enough to be seen without magnification: H-85-H,

-J, -K, -L, -Th, H-70-A and H-54-A, -B. For the dense 15 m/o to 20 m/o

ZrO2 material, the average ZrO2 grain size at which the fracture often

occurred was 1 to 2 microns. Some grains or areas of adjacent ZrO2

grains reached 10 microns without macroscopic failure. The average ZrO2

grain size for spontaneous fracture in higher ZrO2 concentration

materials was smaller, 0.3 to 0.4 micron for 30 m/o and 46 m/o ZrO 2.

Several samples appeared to fail via slow crack growth at room tem-

perature. H-80-C was whole and intact immediately after annealing.

After 12 hours at room temperature, it had cracked into several pieces

and a slight pressure by twisting the sample by hand resulted in many

(greater than 20) pieces. H-85-D2 was a sample of particular interest.

After grain growth anneals, the thick sample (about .5 cm) was sliced

into three thin (about lmm) sections, then oxidized at 1230*C. After

oxidation, the majority of the sample (about 90%) was translucent.

Areas within the sample were opaque and the opaque regions grew at the

expense of the translucent region over a period of about 1.5 years, at

room temperature and normal atmospheric humidity, until the majority

of the sample (about 70%) was opaque. TEM examination revealed ultra

fine porosity in the translucent region (Figure 111.17) and micro-

cracking in the opaque region (Figure IV.2).

Although samples H-85-F and H-85-G both contained large (20 micron

or larger) areas of zirconia grains, they were not fractured in a

macroscopic sense. The as-sintered surfaces of sintered samples produced

from oxalates contained many cracks 10 microns to about 100 microns in
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Figure IV 2 Dislocations, microcracks and twinned Zr0 2 in Th0 2-
15 m/o Zr02 . Foil from sample H-85-D2. Foil and TEM picture
by J. Schneibel.
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length (Figure IV.3a). The interiors of the oxalate precursor sintered

samples observed after polishing did not contain cracks large enough to

be seen by optical microscopy or SEM. However, fractured surfaces

revealed much microcracking (Figure IV.3b). These hot-pressed and

sintered samples do not seem to be susceptible to macroscopic failure

despite the large ZrO2 grain size and wide grain size/spatial distri-

bution. The porosity probably accounts for this.

IV.C.2. Fracture Toughness

The accuracy and variability of data obtained by the microhardness

method of K measurement can depend on two material parameters and

possibly the changing perception of an investigator. The homogeneity

of a material on the size scale affecting the crack tip and homogeneity

on the size scale of the distance between the most widely spaced indents

can alter reported K IC's. Section III presented several examples where

the second size scale might affect KIC measurement, the definition of

the size scale affecting the crack tip is at present elusive.

As most of the data to be reported was obtained over a three year

period by optical microscopy with little photographic record, a

discussion of possible measurement error due to shifting bias of the

investigator is warranted. Crack tips can be difficult to define in

both optical microscopy and SEM. As the ThO 2-ZrO2 were intended for

optical purposes, most specimens were somewhat transparent for 10-10OPm

depths into the specimens. This caused difficulty in focusing on a

polished surface. In additionscattering from the interior could

obscure the crack tip position. Gold coating of surfaces reduced both

problems. The crack tip position was defined as the maximum distance
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Figure IV 3 Microcracks in Th02-15 m/o ZrO2 sintered sample. Powder

from thorium oxalate and Zr02 . As sintered surface A, and fracture

surface, B.
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any radial/median crack obtained and was found by altering the focus

of the microhardness microscope. Smooth surfaces presented less

difficulty in finding crack tips as surface roughness could obscure

the tips. The author became more critical and measured crack lengths

may have become slightly longer as the project continued. Thus K IC's

calculated may have decreased slightly over the course of the project.

What is the possible magnitude of this decrease? For a hardness

of 9.5GPa the crack lengths and indent impression lengths are listed

in Table VI and drawn schematically in Figure IV.4 for various K IC's

at 1 kg and 2 kg loads. The differences in crack lengths for KIC values

0.5 MPam1/2 apart are all >10 microns. The author believes that he

could have biased the crack length (C) measurements by +5 microns over

a three year period. Considering this and the crack length differences

between various K IC's, differences between K IC's of 0.5 MPam1/2 are

viewed as significant while differences of '0.2 MPam1/2 between samples

measured several years apart may not be significant. K IC's for

individual indents on one sample for one load typically varied by less

than + 0.15 MPam1/2 from the average KIC. Variability between average

values of KIC measured at 1 kg and 2 kg loads for a single sample was

1/2
usually less than 0.3 MPam/. Hence measurement difficulties are viewed

as the limitation on accuracy and signficance for the fracture toughnesses

to be reported, variability within samples and between indentation loads

is less important. One example is available where a photographic record

(SEM) of a KIC measurement taken early in the project can be compared

to the written record and there is little difference between the two

calculated K IC's (H-85-B9, see below).

109



Table Vi

Crack Sizes for H = 9.5 GPa

For 1 kg indent, half indent diagonal, a=22 microns.

KIC, MPaml/ 2

1.5

2.0

2.5

3.0

3.5

C, microns

77

64

52

41

<26

c/a ratio

3.52

2.91

2.36

1.85

1-1.2

For 2 kg indent, half indent diagonal, a=31 microns.

C, microns

122

103

86

73

61

42

c/a ratio

3.92

3.32

2.78

2.35

1.95

<1.35
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KIC, MPam1/2

1.5

2.0

2.5

3.0

3.5

4.0
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The effect of ZrO2 content on the fracture toughness of dense

ThO2-ZrO 2 at Zr 2 grain sizes of 0.1-0.3 micron and normal size

distributions is shown in Figure IV.5. The volume fraction of the ZrO2

phase(s) is 3-6% less than the molar fraction, because the molar density

of the ZrO2 is somewhat higher than that for ThO 2. Only data from

materials greater than 98% dense are plotted. The fracture toughness

increases with ZrO2 content for the as-hot-pressed materials. The minimum

fracture toughness at these grain sizes can be below the solid line.

With the microhardness indentation technique, KIC values can depend

on the surface preparation for ZrO2 toughened materials. The measured

toughness can be high after a rough grind and polish. For ThO 2 , -20 m/o

ZrO2, -30 m/o ZrO2 and -46 m/o Zr 2 alloys, a surface rough ground with

35 micron grit abrasive to intentionally produce a surface compressive

layer followed by minimal polishing routinely gave a measured KIC value

0.7-1.2 MPam1/2 higher than on a surface that was only polished with

grit sizes less than 3 micron or was as-annealed, Figure IV.5, Table VII.

Isolated measurements on H-70-Thl were as high as 5.8 MPam /2. These

surface preparation conditions are distinguished in Fig. IV.5 and

subsequently. Early data where compressive surface layers were not

intentionally produced are labeled "ground and polished" on Fig. IV.5

and subsequently; these seem to produce higher measured K IC's than

similar samples only lightly polished with 3 micron diamond.

The explanation for these observations may involve compressive

stresses and/or microcracking near the surface caused by the T to M

transformation induced by grinding and polishing. Although it is

thought that either careful polishing or polishing and brief low tem-

perature re-annealing should give representative results, re-annealing
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Table VII

Effects of Surface Condition

A. Attempts to induce surface compressive layers

Sample #

H-80-Th 1 a

K
M%ZrO

2  IC 1/2
MPam

20 2.1

b 20

H-75-Th 1 a

2.8

H GPa Grain

11.5

11.2

25

b 25

H-70-Th 1 a 30

b 30

2.3

3.1

4.3

10.3

12.4

12.3

size
.2

.2

.1

.1

.1

.1

Surface Comments
finish

3 as hped

35

3 as hped

35

3 as hped

35

B. Effect of

Sample #

H-85-1 4
(H-85-I +
15 hr at
16000C)

H-70-Al
(as hped)

H-54-B6
(as hped)

1/2 hr 12500C annealing,

M%ZrO2 KICMPam1 /2

15

30

46

reducing atmosphere

H,GPa

before anneal 2.9

after anneal 2.3

before anneal 4.0-3.5

after anneal 2.5

before anneal 3.9-3.5

after 1.5 hr
anneal . 3.1
rougn grinding
and polish

additional 1/2
hr. 12500C
reducing atm.
anneal

4.1

3.2

10.4

10.0

10.7

10.7

10.8

10.9

10.7

10.8

Surface finish+

35

0.3

35

0.3

35

0.3

35

0.3

+Maximum grit size used in grinding/polishing before and after annealing

in microns.
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lowers the measured KIC and may not restore the bulk condition (Table

VIIb). The present observations are insufficient to be certain whether

these results indicate a hysteresis in the transformation or other

damage which affects the toughness.

The effect of ZrO2 content on the fracture toughness of annealed

ThO2-ZrO 2 is shown in Figure IV.6. Only data from materials greater

than 98% dense after annealing are plotted. These data indicate both

the effect of ZrO2 grain size and surface preparation. The data plotted

are the highest values of KIC found after all anneals for each hot

pressed material. They do not necessarily represent the maximum

achievable toughnesses for a particular ZrO2 content and surface

condition as there are only limited data for most compositions, but they

do indicate that higher toughnesses were achieved with particle sizes

larger than 0.1-0.3 microns, at least with the lower ZrO2 contents.

The high values are associated with grinding but not necessarily simply

with surface compressive stresses. However for some samples the KIC

ICC
would increase with annealing whereas the K IC of similar samples would

decrease with annealing for the same ZrO2 grain size range with the

same ZrO2 content. The differences between these samples depended on

surface preparation and sometimes other factors. At the highest ZrO 2

contents, the range of annealing temperature and time (grain size)

that could be used to improve the KIC was extremely limited, Table VIII.

Most anneals resulted in fractured samples.

Although sintered samples from oxalate precursors had a poor density

due to large ZrO2 agglomerates, their KIC and fracture behavior was

interesting. A trend of increasing fracture toughness with increasing
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Figure IV 6 Effect of Zr0 2 content on the toughness of dense Th02+ZrO 2. The annealed valuesare the highest measurements to date on unbloated samples for each hot pressed material.The volume fraction of particles is 3-6% less than the molar fraction.



Table VIII

Toughness of Annealed ThO 2-46 m/o ZrO2

KICMPam /2/H,GPa

As annealed
Anneal

1250*C/.5 hr

1250*C/1.5 hr

1250*C/5 hr
+ 1250*C/0.5 hr

13000 C.1 hr
+ 1350*C/4 hr
+ 1250*C/4 hr
+ 1250*C/.5 hr

1350*C/1.5 hr
+ 1250*C/.5 hr

1450*C/ 1 hr

1600*C/ 3 hr

surface

3.1/10.9

3.4/10.3

3.2/10.7

3.1/10.6

Polished

3.5/10.5

3.9/10.8

4.1/10.7

3.8/10/7

Comments

4.2/11

4/9 Overaged

Fractured

4.0/9.1

1250*C/ .5 hr

1250*C/.5 hr

1350*C/1.5 hr

14500 C/l hr

1600*C/4.5 hr

Fractured

surface cracked

fractured

fractured

fractured
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Bl

B5

B6

B8

B10

B4

B3

B2

H-54-A

Al

A6

A7

A5

A4

A3



ZrO2 content is found in these samples, Fig. IV.7. Two significant

differences occur between the sintered and hot pressed materials.

The hardness for the sintered material is low, 6-4 GN/m2 at higher ZrO 2

contents, compared to the hot pressed material 11-9.5 GN/m (not

overaged). At higher ZrO2 mole fractions, the crack patterns produced

by the indentation are not regular, there is multiple cracking near

the corners of the indent impressions and often cracks propagate from

the edge of the impression perpendicular to the impression side (Fig.

IV.8). Thus, the values given for KIC of sintered material for 15 and

20 m/o ZrO2 in Fig. IV.7 are only approximate.

The effect of annealing time at 16000C on fracture toughness for

ThO2 + 15 m/o ZrO2 is shown in Figure IV.9. As the particle size

(annealing time) increases, the toughness can, but does not always

increase to a peak before it decreases. The range of average ZrO2 grain

sizes covered during annealing at the shorter times given in Fig. IV.9 is

similar for the separate samples, 0.3-0.8 microns.

A possible source of uncertainty results because some of the data

shown for annealed samples of H-85-B that were ground and then polished

are from pieces which were oxidized at 1200C after the grain growth

anneal at 1600C in a reducing atmosphere. The data from H-85-D,

H-85-H, H-85-I and H-85-Th samples were taken with reduced pieces. Also

for most curves the data were from repeat annealings of a single piece;

for H-85-Th individual samples were annealed once, except as noted

in Table X.
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No increase in KIC as annealing time (grain size) increased was

found for samples from parent hot pressings H-85-B, H-85-I, and

H-85-Th when the maximum grit size for polishing was 3 microns or less.

If samples from parent hot-pressings H-85-B and H-85-I were ground

with 35 and 20 micron SiC before annealing and/or KIC testing then an

increased KIC was measured, as annealing time (grain size) increased.

Most of sample H-85-Th was exceptional in that rough grinding was

usually ineffective after any annealing condition.

One experiment suggests an effect of grinding and thermal

cycling on KIC. A portion of H-85-B was polished on both sides with

a maximum grit size of 3 microns, then annealed at 1600C for 13 hrs.

1/22A KIC of 1.6 NMPaml/ was measured (H-85-B15 Table IX). One side of the

sample was then rough ground and polished and KIC measured as 2.1 MPaml/2

The sample was annealed for an additional 5 hrs. at 1600*C (now H-85-B16)

and both sides were rough ground and polished. The side that had been

1/2
ground before the 5 hr anneal now had a K of 2.3 MPam while theIC

side that was rough ground and polished only after the 5 hr anneal had

a KIC of 1.8 MPam /2, Table IX.

For most individual samples from parent hot pressing, H-85-Th no

grain size, grinding, annealing or oxidation combination achieved a

KIC above 2.1 MPam /2, Fig. IV.9, Table X. These samples had a medium

to narrow ZrO2 grain size distribution with fairly uniform ZrO2 spatial

distribution, Fig. 111.4 and IV.10. Since this result at first seemed

to be anomalous, a semiquantitative impurity analysis was performed

for several samples exhibiting high toughness and some with low toughness

for similar ZrO2 grain sizes (Table XI). No chemical difference that
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Table IX

Toughness of Miscellaneous Samples

Sample #

H-97-Th

OH-95-Al

H-90-Th

H-80-Th 1 a

H-80-Th 1 b

H-80-Th-3

H-80-Th-4

H-80-Th-5

HSF-85-C

H-85-G

M%ZrO
2

3

1-5

10

20

20

20

20

20

15

15

KIC

MPal/2

1.6

1.6

1.4

2.1

2.8

2.0

1.5

2.1

H,GPa Grain
size

9.8 -

9.9

9.3

11.5

11.2

10.2

10.2

11.3

%11

3.1

1

.3

.2

.2

.3

9.6

Surface+
finish Comments

35 As Hped

55 10000C
20hr air
anneal

35 As hped

3 As hped

35

3 10hrs
1600*C

3 20hrs
16000C

3 5hrs
15000C

3 As hped

55 wide size
dist. see
text &

fig 111.7

.4-
maximum grit size used in grinding/polishing in microns.

attempted to induce surface compressive layer.
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Table IX

(Cont'd.)

M/o
Sample # ZrO2

KIC'
1 / 2MPam

H Grain
GPa size

H-85-D2 a 15

b 15

c 15

H-85-B9 a 15

b 15

H-85-BlO a 15

b 15

H-85-B15 a

3.8

2.6

3.4

3.4

3.3

3.2

2.6

1.6

2.1

2.3

1.8

2.5

2.1

15

b 15

H-85-B16 a 15

b 15

H-85-H4 a 15

b 15

9.4

9.4

9.6

9.6

9.7

.6

.6

.6

9.7

9.8

9.4

9.8

9.8

55 Optical-measured
Fall 1979

55 SEM - measured
Fall 1981 not
microcracked

55 SEM - measured
Fall 1981,
microcracked

55 optical - measured
summer 1979

55 SEM - taken
1979

55 optical - measured
1979

55 optical - measured
Fall 1981

3 13 hr at 1600*C

55*

55*

55*

H-85-B15 + 5hr
16000 C

surface (a)
rough ground
before anneal

- oxidized at
12200C before

- 5hr (a) and
10 hr (b) anneal
at 1600*C; heavily
microcracked by TEM

maximum grit size used in grinding/polishing in microns.

*
attempted to induce surface compressive layer.
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Table X

Toughness of Heat Treated Samples of H-85-Th

H Grain
GPa size

microns

10.9

%ll

.3

.3

10.7 .4-.5

9.4 .4-.5

10.2 .5-.6

n40 .5-.6

see text

'10.0.

".10

9.6

'l0

10.2

9.4

nl0

*
Grain
size Surface
dist. finish

m

m

m

m

m

m

n to w

.6

.6

.8

.8

m

m

m

m

Comments@Sample #

Th 1 a

b

Th 11 a

b

Th 6 a

35
confirmed
T-ZrO2 on 3pm
surface

35 '20 hr C-T
furnace, ZrC on
surface. No
T-ZrO2 observed
by X-ray
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K IC,
1 /2

MPam

1.9

,2.0

1.9

1.8

1.9

n,2. 0

3 as hped; X-ray

35 confirmed
T-ZrO2 on 3 Pm
surface

3 5 hr

35

3 10 hr

35

35 $35 micron then
5 hr 1600*C CO
35 micron then
5 hr 1600*C CO
then 35 micron

3 12.5 hr

3 15 hr

35

3 17.5 hr

3 20 hr; X-ray

b

Th 40

Th 14

Th 15 a

b

Th 16

Th 2 a

b

Th 12

%2.0

n2.0

1.8

%2.0

1.9

2.0

,2.0



TABLE X

Parent Sample H-85-Th (cont'd.)

*

K Grain Grain +
IC'1/2 size, size Surface

Sample # MPam H,GPa microns dist. finish Comments

Th 13 n,2.0 %l0 - - 3 20hr + oxi-
dized at
12300C
2 hr

Th 7 1.7 10.1 1.0 m 3 30 hrs

Th 8 1.9 10.1 - - 3 43 hrs
2 heatings

Th 5 1.4 9.9 - - 3 43 hr
1 heating

Th 4 <1.1 8.4 1-1.5 m to W 3 65 hrs
2 heatings
No T-ZrO

2
observed by
X-ray

*
Grain size distribution n=narrow, m-medium, w=wide, see text and
figures in Sections III and IV.

maximum grit size used in grinding/polishing in microns 35 microns

was used in an attempt to induce surface compressive layers.

@annealing time at 16000C in CO-ZrO 2+C buffered, single heating and
cooling unless otherwise noted.

$See section IVE-Speculation, for reasoning behind this grinding heat
treatment.

(Surface ground before KIC test.

Grinding not intended to produce compressive layer, intended to
remove ZrC on surface.
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Table XI

Semiquantitative Impurity Analysis

KICMPAm1/2

H-85-Bl

H-85-B1O

H-85-D2

H-85-H14

H-85-Il

H-85-Thl

H-85-Th2

H-70-Thi

2.5

3.1

2.6

2.9

2.0

1.9

1.9

3.1

(PPM)

Ag Al Ca Cu Fe Mg Si

<1

1-10

1-10

10-100

1-10

1-10

1-10

1-10

1-10

1-10

1-10

1-10

10-100

1-10

10-100

1-10

1-10

1-10

1-10

1-10

1-10

1-10

10-100

1-10

1-10

1-10

<1

<1

1-10

1-10

1-10

No Hf observed above detection limit of .1-.2%.

All samples contained Th and Zr at greater than 10%.

Silver probably from silver paint used for SEM examination.

Iron in H-85-D2 observable as brown spots in oxidized material.

128

1-10

1-10

1-10

1-10

1-10

1-10

1-10

1-10



could explain the low fracture toughness of 11-85-Th was found. I-ZrO2

detected by X-ray diffraction was present in several samples that had

low toughness (Table X).

Several samples from parent sample H-85-Th had a varying spatial

distribution of the ZrO2 grain size distribution (Fig. 111.9 a & b,

sample H-85-Th-40). In a few areas where the ZrO2 grain size/spatial

distribution is particularly narrow, the K iC=1.5 MPam /2, Fig. IV.ll.

Where the ZrO2 grain size distribution was wider K IC=2.0 MPam1 /2 as

in Fig. IV.12. This is a typical distribution for H-85-Th samples whose

KIC data appear on Fig. IV.9, Where the ZrO 2 grain size/spatial

distribution was wide to bimodal, KIC>3 lPam/2 , Fig. IV.13. This was

the result for a 1.5 cm x 0.7 cm surface of a single 0.5 cm thick sample.

In areas where the spatial distribution of the grain size distribution

varied abruptly, so did the K IC Fig. 111.9. The crack lengths on the

uniform side of the indent are large, but the crack length on the

bimodal ZrO 2 spatial distribution side is small.

The available data produces the division of KIC vs average ZrO2

grain size into the classes seen in Fig. IV.14. The ZrO2 grain size/

spatial distribution is a major factor in determining the measured

fracture toughness for dense ThO 2-15 m/o ZrO 2 Grinding and polishing

methods used prior to annealing and/or KIC testing also play an important

role. If ThO2-15 m/o ZrO2 alloys with "medium" grain size distributions

are not rough ground prior to polishing, then KIC vs ZrO2 grain size

simply decreases over %0.3 to 1.0 micron grain size range.

Information that indicates KIC measurement by optical microscopy

in the early stages of the program are accurate is contained in
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Table IX and Fig. IV.15. The K IC's calculated from optical measure-

ments of H-85-B9 were 3.6 MPam1/2 at 2 kg and 3.4 MPam1/2 at 6 kg. By

measuring the diagonal length and crack lengths from Fig. IV.15 (taken

within six months of the optical measurement) a K IC=3.3 MPam1/2 at

6 kg is calculated, Table IX. Evidently, the measurements from early

in the project are accurate.

Two 15 m/o ZrO2 samples, H-85-BlO and H-85-D2, that had high

measured fracture toughness early in the program had lower fracture

toughnesses when measured 2 years later, Table IX. H-85-D2 was oxidized

2 years ago; the surface was reground and polished before the second

measurement. The surface of H-85-BlO was probably ground and polished

before the first measurement, and was not repolished for the second. As

the data from early measurements appears reliable, these differences

in KIC may be related to slightly different surfaces being 'measured,

or to degradation due to slow crack growth. Most of sample H-85-D2 had

undergone microcracking, Fig. IV-2, but H-85-BlO has not evidently

changed.

A sample (H-85-H4) which after hot pressing and oxidation at 1220C

for 3.5 hours in air was annealed at 1600C in a reducing atmosphere

had a lower peak K IC (2.5 MPam /2) that occurred at a smaller grain size

than other H-85-H samples Table IX. TEM foils of this sample had many

microcracks but fine ZrO2 grains, less than 0.4 micron, that were

largely transformed. The density was 9.26 g/cc, %97.7% after the last

anneal. This suggests that the porosity produced by the 1220C

oxidation produces flaws which act as crack nuclei when the T-ZrO 2

transforms and that the 1600C anneal did not close these flaws or cracks.
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MPaml/2 @ 6 Kg.
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High gas pressure in the pores may assist the T-ZrO +M-ZrO2 transform-

ation, contributing to this phenomenon. Alternatively, perhaps

the high gas pressure in the pores may crack the ceramic along the

grain boundaries during thermal cycling from the oxidation temperature

to room temperature and back to 1600C independent of the T+M or M-+T

ZrO2 transformations.

IV.C.3 Grain Size and Phase Transformation

SEM and TEM observations on ThO2 + 15 m/o Zr02 showed that under-

aged materials with low KIC have fine (less than 0.5 micron) ZrO2 and

ThO2 grains and that the ZrO2 is largely tetragonal. The microstructures

for several samples indicate that KIC of >3MPam1/2 can be obtained

with Zr 2 particles of about 0.5 to 1 micron with 15 m/o ZrO 2.

From the limited work with higher ZrO2 contents, two things are

clear. With 0.1-0.3 micron ZrO2 the toughness is higher with 30-46

m/o ZrO2 than with 15 m/o ZrO 2 Further, the results of a few annealings

indicate these materials are overaged when the average ZrO 2 size is

somewhere near 0.3-0.4 micron, which is much smaller than the size

for peak toughness in 15 m/o ZrO 2. The maximum toughness is unknown

but KIC 3-4MPam1/2 with d "- 0.3 micron is achievable.

The typical hardness values for small grain sized (0.1-0.3 micron)

15 m/o ZrO 2 materials were ull GPa. As grain size increased, Hl0

GPa and at ,0.8 micron H19 to 10 GPa. Overaged materials had lower

microhardness values and usually could be qualitatively evaluated

from the polishing behavior. Overaged materials were easily ground

(i.e., soft) but difficult to polish to a low surface roughness due

to pull-out problems. TEM observations on some larger grain sized
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15 m/o Zro2 materials revealed extensively transformed Zr02, and

appreciable microcracking, similar to Fig. IV.2. The ratio of T:M

content when the toughness was high was not determined.

Extremely few dislocations were observed in TEM foils of fine

(0.5 micron) ZrO2 grain size material. Foils made from H-85-F had a

high dislocation density in grains that were untwinned (probably ThO2

grains). Foils made from regions H-85-D2 which had microcracked also

had dislocations in untwinned grains but the density was not as high as

in H-85-F, Figure IV.2.

IV.D. Discussion

T-ZrO2 can exist in Th 2-Zr 2 alloys when the ZrO2 grain size is

0.1 to 0.3 micron. In ThO2-15 m/o ZrO2 this was confirmed by TEM and

X-ray diffraction. The toughness of ThO 2-ZrO2 alloys at Zr 2 grain sizes

of 0.1-0.3 micron increases with ZrO2 content from 1.5 MPam1/2 to

>3 MPam1/2 over the 5 m/o to 46 m/o ZrO 2 range. For some 15 m/o ZrO2

samples the toughness can increase to a peak and then decrease over

the 0.3 to 1 micron ZrO2 grain size range.

The propensity for microcracking and macroscopic failure depends

critically on the detailed microstructure. Well distributed pores

(as small as 500 A) with high pressure gas in them in nearly dense

materials can contribute to microcracking. ZrO2 grains as large as

1.5 microns in dense materials can transform in the presence of pores

and not microcrack (Figure IV.16). Slow crack growth can occur in

internally stressed ThO2-ZrO 2 bodies and other ceramics (Dole et al.,

1978b). Dense bodies of 15 m% ZrO2 macroscopically fail when the average

ZrO2 grain size is 1-2 microns. Dense bodies of 46 m% Zr02 macrosco-
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0.5 Pm

Figure IV 16 Large M-Zr02 in TEM foil without apparent microcracking,
sample H-85-D2. TEM foil and picture by J. Schneibel.
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pically fail when the average ZrO2 grain size is about 0.3 micron.

At slightly smaller ZrO2 grain sizes,indentions in 46 m% ZrO2 produce

cracks that propagate across the sample.

Bodies containing 3-7% porosity do not macroscopically fail when

the ZrO2 grain size distribution varies from 1 to 5 microns. A 7% porous

body with ZrO2 grain sizes of 1-5 microns did not fail even when it

contained continuous regions of ZrO2 greater than 100 microns. Micro-

cracks appear on as sintered surfaces but evidently do not proceed

to macroscopic fracture because of the porosity in the 1 micron size

range.

The majority of KIC measurements were made on reduced non-stoi-

chiometric ZrO2. Carniglia et al. showed that non-stoichiometry does

not affect the T-M transformation temperature. The carbon contained

in the unoxidized samples did not inhibit the T+M transformation as

numerous unoxidized samples exhibited high toughness.

Grinding and polishing vs. polishing with 3 micron diamond or less,

is important in producing high K IC's. Grinding seems to produce a

compressive surface layer. This is supported by some observations by

Schneibel during preparation of TEM foils. As he prepared samples

of ThO2-ZrO 2 he often observed buckling in thin 100 micron thick

disks. Both surfaces of the buckled disk had been ground by 20 micron

SiC; buckling occurred when one side of the sample was then polished

with a finer grit size (less than 6 microns). This phenomenon was

useful because the disk could then be inverted and the central section

thinned with the finer grit sizes. This operation left a thicker section

on the exterior of the foil.
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Microcrack toughening is occurring in porous 3-7% materials with

large ZrO2 grains and wide size distributions (apparently the sintered

materials were substantially transformed after cooling). Cracks

emanating from indent sides, the multiple cracks from corners and

massive crack branching are good evidence for microcracking, Fig. IV.8.

Dense materials with wide ZrO2 grain size distributions also appear

to have a substantial contribution to toughening from microcracking,

these materials also have much multiple cracking near indent corners,

Fig. IV.13. Indentations in dense materials with high toughness but

no intentional surface stress do not show these microcracking features.

Only one or two cracks emanate from indent corners, massive branching

does not occur and the cracks are straight and regular. Transformation

in TEM foils can occur without microcracking, Figure IV.16, and probably

no microcracking in the bulk is necessary for transformation. In dense,

medium grain size distribution ThO2-ZrO 2 alloys transformation toughening

may be the dominant toughening mechanism. The highest toughnesses

measured on as-annealed surfaces of 15, 30, and 46% ZrO2 materials,

Fig. IV.6, indicate the toughening which can result from this. The

higher toughness measured in some rough ground specimens may be due

largely to a compressive surface layer.

A compressive surface layer results only if T*M transformation

occurs. If any factor can limit the transformation during both grinding

and crack propagation, then no increase in KIC will result; H-85-Th 40

with a fine grain size distribution (Figure IV.ll) may be an example

of this. A scarcity of nuclei would seem to be the most likely factor

inhibiting transformation under these conditions. If so, grinding
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damage or the high stress fields near large M-ZrO 2 particles may assist

nucleation of additional M-ZrO 2 or microcracking at crack tips during

indentation testing. What atomic structures or defects act as nuclei

are not known.

There must be a scarcity of microcrack nuclei in order for trans-

formed particles to not cause local microcracking in dense material.

This may explain why large grained, dense materials do not show

toughening and are susceptible to macroscopic failure by slow growth

of isolated cracks.

The T-M transformation of fine grain size ZrO2 in ThO2 appears to

be nucleation controlled. Thermodynamic arguments simply cannot predict

the T-M-+T temperature hysteresis typically reported for polycrystalline

Zr02 or the "critical" ZrO2 grain sizes for transformation observed in

different matrices. Further, intragranular ZrO2 particles in Al203

grains do not have a "critical" particle size for transformation.

The best evidence for nucleation control in this study is TEM foils in

which most of the ZrO2 was tetragonal as shown in Figures 111.4 and
2O

0 
0

111.13. The TEM foils used varied in thickness from 200 A to 800 A.

As the T-ZrO 2 (phase determined by electron diffraction) were up to

0.3 micron grain size or larger, the diameter to thickness ratio of

the T-ZrO2 varied from 3 to 10. When the diameter to thickness ratio

is 10 there are smaller dilatational strain energy barries and much

smaller distortional strain energy and interfacial energy barriers for

the grain to transform. If thermodynamic conditions were the only

constraints, the grain could buckle and twin out of the foil plane

reducing the strain energy barrier further. No special treatment
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except careful thinning is needed to produce ThO 2-15 m7 ZrO2 foils with

T-ZrO2 maintained in them. Microcracking was not necessary for the

transformation to occur in foils, as shown in Figure IV.16. Micro-

cracking is probably not necessary for transformation in the bulk. The

lack of much toughening under any combination of grain size, grinding

or oxidation for samples from H-85-Th that had narrow or medium grain

size distributions and lack of toughening for H-85-B and H-85-I that

were not ground is also evidence supporting nucleation arguments. This

poses the question, "Why did such lack of toughening behavior occur in

ThO2-ZrO 2 that has not been observed in other materials?" For T-ZrO 2

dispersed as a second phase in a dissimilar oxide (type 3 microstructures)

ThO2 has the best matched thermal expansion coefficients. For ThO2 '

a=10.7 x 10-6 (0C) 1 (Lang and Kundson, Ohnystand and Rose, Wachtman

et al.); for tetragonal ZrO2, aa~ 12.6 x 10-6 (
0C) 1, ca ~14.3 x 10 6

(*C)l1 (Lang 1964), with both measurements for 1200*C to 2000*C.

Elastic moduli are close as well, for ThO E',240 GPa (Lang and Knudson)

and for ZrO2, E%220 GPa (Garvie et al. 1980). Al 203 and mullite matrices

place the T-ZrO2 grains under a large amount of tensile strain due to

their smaller thermal expansion coefficients. ThO2 may be a better

matrix material for T-ZrO2 than T-ZrO2 itself due to the anisotropic

thermal expansion coefficient of zirconia. If the wide ZrO2 grain

size/spatial distributions contain aggregates of many T-ZrO 2 grains

then high stresses can be produced along T-ZrO2-T-ZrO 2 grain boundaries.

Alternatively, the T-ZrO2 grain boundaries may provide nuclei.
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IV.L. Speculation Regarding Nucleation

Glissile lattice dislocations in ThO 2 impinging on T-ZrO 2 may trigger

the T-*M transformation. Lattice dislocations in ThO 2 that are generated

at high temperature, may be glissile at room temperature in the tensile

stress field of a crack. Lattice dislocations in both ZrO2 and ThO2

can be generated and moved by rough grinding at room temperature.

The following reasoning led to the thermo-mechanical treatment given

to several samples that was an attempt at increasing the M-ZrO 2 nucleation

probability. It was assumed that lattice dislocations in ThO2 that

impinged on T-ZrO2 would produce M-ZrO 2 The reverse M-+T transformation

produces dislocations or faults in T-ZrO2 that are not fully eliminated

by climbing to the grain boundaries during a short grain growth anneal.

The T-*M transformation occurs upon cooling, nucleated by the dislocations

or faults remaining in the T-ZrO 2 More dislocations in ThO2 are now

produced that can be moved by grinding. This triggers more T+M transform-

ation at room temperature during grinding and/or during indentation tests

leading to a high KIC*

This reasoning seems to be incorrect as the KIC is low 1.5 MPaml/2

for a region of fine grain size distribution in one sample that received

this thermo-mechanical treatment (Figure IV.ll), although the surface

layer of high nucleation probability may be thin and too rough grinding

after annealing may eliminate the layer.

There is little evidence in this study supporting a lattice dislocation

theory of martensite nucleation in T-ZrO 2 We observed dislocations in

ThO2 grains only in samples where there was substantial M-Zr02. The

dislocations probably are generated when the T-*M transformation occurs
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at high temperatures (>600'C ?). Less than five dislocations were seen

in pictures from foils that contained greater than five hundred T-ZrO2

grains.

Al2 0 3-ZrO2 is extremely tough yet it is improbable that extensive

lattice dislocation motion occurs in the stress field of a propagating

tensile crack in this material at room temperature. No lattice dis-

locations appear in any published TEM picture of Al203-ZrO 2 (due to the

repeated annealing necessary to obtain T-ZrO 2 in foils of this material?)

yet the T-ZrO 2 does transform in the foil. In ThO 2-ZrO 2 the grain size/

spatial distribution seems to be extremely important, evidently due to

the large anisotropy in thermal expansion coefficient in T-ZrO 2. if

thermal expansion mismatch is the most important factor for determining

the reliability of nucleation of M-ZrO2 then UO2 as a matrix material may

show grain size/spatial distribution effects similar to ThO2 '

If lattice dislocations are not nucleation sites then what are?

Perhaps grain boundaries or extrinsic defects (dislocations?) in grain

boundaries are nucleation sites. If nucleation sites are on grain boundaries

then in fine grain size T-ZrO 2 (type 2 microstructures) should the grain

size matter? Perhaps the anisotropic thermal expansion coefficient of

T-ZrO2 produces the grain size effect. Stresses along the grain boundaries

will depend on grain size, fabrication temperature and cooling rate.

At least some second phase oxide is alloyed in the microstructure to reduce

the -AG . How does this "stabilizing" oxide alter the thermal expansion

coefficients? Can defect clusters act as nuclei? How do defect clusters,

long or short range order, effect -AG or the Peierls stress barrier? Some

slim evidence exists that minor impurities can hinder the M+T transformation

(Fehrenbacher and Jacobson).
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The energy of a faulted region serving as a nucleus of M-ZrU2 in

T-ZrO2 can be written as (Olsen and Cohen)

r = tp [AG + AU] + 2yIterface

where r is the nucleus energy per unit area, p is the molar density, t

the stlcking fault thickness, AG the free energy of transformation AU

the change in strain energy and YInterface the interface energy. If we

3
assume AGM+T ' 5.94 x 10 J/mole - 4.02 J/mole *K (Coughlin and King) 2
and t nu 5 A, T = 950*C, G - 100 GPa, and AU R ln [expan.J- 5A]02 5A (-

(Hull) by approximating the strain energy by a small dislocation loop of

radius R and Buergers vector (expansion.L- 5 A), perpendicular to the

RG 02 1
nucleus; and if y -j-- [(expansion 5 A) (1 + l-v)] by approximating

the interface energy as 2x (for core energy) the strain energy of a small

dislocation loop with Buergers vector parallel to the nucleus.
0

If the expansion . = 2.1% and the expansion II = 1.44% and R = 5 A

then

r = 5x10 10 m [-1.03x103 J/mole + 6.2xlO 2JK/mole] 4.76x10 4 mole/m3

+ 5x10 m [1.OlxlO3 J/mole] 4.76x104 mole/m3 n 1.48xlO-2 J/m2

The nucleus energy is positive which indicates that a single dislo-

cation is not a good nucleation site at 950*C. Using the same approxi-

mations at 0*C

r "\, 5x10 10m [-4.84x103 J/mole + 6.2x102 J/mole] 4.76x104 mole/m3

f\-7.64xl0-2 J/m2

The nucleus energy is negative. The energy balance is extremely

sensitive to the assumptions regarding strain energy and interface energy,
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unfortunately. Thus, depending upon the values used for volume expansion

and shear strains (neglected in the calculation) upon transformation and

thermal expansion coefficients for T-ZrO2, M-ZrO2 and the matrix material,

different signs for nucleus energy can be obtained for a given temperature.

Once an energy for a nucleus becomes zero additional energy is needed

to drive the partial dislocations through the Peierls stress barrier.

145



IV.F. CONCLUSIONS

1. Tetragonal zirconia can exist in ThO 2-ZrO2 alloys when the zirconia

grain size is 0.1 to 0.3 micron.

2. ThO 2-15 m/o to 46 m/o ZrO2 alloys can have K IC's > 2X above dense

ThO2 of similar grain sizes. At ZrO2 grain sizes of -0.1-0.3 micron the

toughness of dense ThO 2-ZrO2 alloys increases from ~1.5 MPam1 /2 for

5 m/o ZrO2 to >3 MPam1/2 for 46 m/o ZrO 2.

3. The toughness of ThO 2-15 m/o ZrO2 can rise to a peak and then decrease

over the 0.3 to 1.0 micron ZrO2 grain size range. Dense ThO 2-ZrO2 alloys

with higher ZrO2 contents, may have similar behavior, but were not made

at small enough ZrO2 grain sizes to have low KIC'

4. At large ZrO2 grain sizes dense ThO2-ZrO 2 alloys macroscopically

fail; the critical ZrO2 sizes are 1-2 micron for 15 m/o ZrO2 and 0.3

micron grain sizes for 30 m/o to 46 m/o ZrO 2 ZrO2 bearing ceramic alloys

with significant internal stresses can fail by slow crack growth without

externally applied stresses.

5. Macroscopic failure and microcracking in ThO 2-ZrO2 depend on the

detailed microstructure; ZrO2 content, ZrO 2 grain size, the amount of

porosity (0-10%), pore size (500 X to 10 microns), and distribution

of porosity, are important. Fully dense materials >99% have a smaller

propensity to microcrack than dense materials (~98%) with small amounts

of well distributed fine porosity, all other variables being constant.

Dense materials with wide ZrO2 grain size distributions seem to micro-

crack easily. Porous materials (~95% dense) microcrack easily but do

not fail macroscopically.
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6. in ThU2- 15 m/o ZrO2 the ZrU2 grain size, the ZrO 2 grain size dis-

tribution and compressive surface layers control the magnitude of the

measured K IC's. Alloys with higher ZrO2 contents seem to have similar

behavior.

7. Microcrack toughening does occur in porous ThO 2-ZrO2 alloys and some

transformation toughening can occur in dense ThO2-ZrO 2 alloys.

8. The T-ZrO 2+-M - ZrO2 transformation can occur in TEM foils of ThO2

15 m/o ZrO2 alloys without microcracking. The T+M transformation probably

can occur in the bulk without microcracking.

9. The T-ZrO 2+M - ZrO2 transformation seems to be nucleation controlled

and may not always occur near a propagating crack. If T-+M transformation

does occur, microcracking may not due to the limited porosity. The micro-

crack nucleation might be necessary because transformation toughening and

surface compressive stresses can have limited contributions to toughening

in Th2-15 m/o ZrO2 alloys. Thus the fracture toughness of ThO2-15 m/o

alloys is also apparently nucleation controlled.
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V. STRESS INTENSITY VAR IATION CALCULJATION

V.A. Motivation for Model Development

As mentioned previously, no model for either transformation toughening

or microcrack toughening is available using three-dimensional elasticity.

Different models for microcrack toughening seem to predict different

effects with grain size distribution when applied to ZrO2 ceramic alloys

(Section II.A.). No single model covers a mixture of transformation and

microcrack toughening. A combination of the models by Evans et al. (1981a)

and Evans and Farber (1981) may be able to cover a combination of microcrack

and transformation toughening, as the formalism for both models is similar.

This formalist either implicitly or explicitly treats the transformed or

microcracked region as homogeneous material having different compliance

than the untransformed or microcracked material, but having the same value

of G or K . Crack extension events and stresses on a scale local to
c c

the microcracks or transforming inclusions are not adequately treated by

this formalism; the local crack bowing, out of plane deflection, branching

or microcrack link-up events have importants effects. As K increases

the transformation/microcrack zone size increases. Crack extension

terminates this, hence if the crack extension is inadequately treated

in a model then erroneously high toughening can be predicted. Local

variation of stress intensity along a crack near microcracks of trans-

forming inclusions are mandatory for determining the crack extension

condition. For the simpler problem of a varying interval stress field,

two-dimensional solutions exist for the effect of K; the results predict

that the maximum AK c a /X where a is the amplitude and X the wave-
a a

length of the interval stress field, Kanazawa et al., Evans et al. (1977).
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In three dimensions the crack can bow between or deflect around compressive

zones. The problem of crack bow through between impenetrable inclusions

has been treated at several degrees of approximation. Lange (1970)

predicts a higher toughness at smaller interinclusion spacings, i.e.,

favors smaller inclusions; Evans (1972) and Green and Nicholson (1978)

obtain more complicated functions, with toughness depending primarily on

volume fraction of inclusions. The problem of penetration into inclusions

with internal compressive stresses or other factors has not been treated

in three dimensions.

Thus three-dimensional solutions for the local effects on K of a

crack caused by discrete misfitting or transforming inclusions or micro-

cracks is needed. Some three-dimensional fracture mechanics methods were

briefly examined (Kassier and Sih, 1975 and Panasyuk et al., 1981), but

no fully developed theory for local stresses seemed easily applicable.

The model described in the following section treats the local variation

of stress intensity along a straight front crack near a single misfitting

inclusion using three-dimensional elasticity. Finite element methods

were avoided as this method seemed to be fully developed and extremely

time consuming for the model envisioned.

Three methods of solution are presented. Numerical calculations

were performed by two methods, one using Fourier series and a second

method using contour integration plus an intuitive method of solution.

The numerical values were calculated for four inclusion positions.

Limitations of the second method and the applicability of these results

to the above problems are discussed. As the intuitive method of solution

(referred to as the limited rapid non-rigorous method, LRNR) has a minimum

of calculation the method of solution might be generalized to include other
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brittle fracture mechanics problems.

V.B. Formulation of AK Problem

The model developed was one of three-dimensional elasticity with a

planar straight crack interacting with the stress field caused by a

spherical inclusion that has expanded in volume by AV, Figure V.la. Both

the matrix material and the inclusion were assumed to be isotropic,

linearly elastic with the same elastic moduli. Because the crack is

present, the stress field of an expanding inclusion in an infinite matrix

must be modified to eliminate stresses present on the half plane describing

the crack surface, Figure V.lb. This then leads to a variation of K1 ,

KII, and K in the Z direction (AKv, ) that can be added to the

unusual K 1  11 derived from external loading. Ignoring AK11 and

AK II for the moment, the normal stress present on a plane, a distance y0

from the center of an expanding spherical inclusion is

3 2
=y2 Ea AV 3 Yo 1 (V.1)
a = - - (--) []( . )

yy 9 (1-v) V 2 R5 2R 3

where E is Young's elastic modulus, v is Poissons ratio, a the inclusion

radius, AV/V the normalized volume expansion and R the distance from the

center of the inclusion (Sokolnikoff, Sesling, McClintok and Argon).

Combining this with an equation from Kassir and Sih that can describe the

*
variation of K along Z when a half plane straight front crack in an

infinite body is loaded by a point force of magnitude P,

(1/2 [P2
AK = (2) P y (V.2)

(7T) y + (Z+a)

where y, a is where the point force is applied. y, a have senses opposite

that of X and Z.
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Figure V 1 A. Coordinate orientation and sphere position used for AKI

calculation.
B. Schematic of stress superposition procedure to obtain

stress free crack surface.
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Allowing the point force to become a stress distribution p(y,a),

A = (2) 1/2 p(Ya)y1/2

AKI 3/2 2 + (Z+ca 2  dyda
() 0Y

(V.3)

and replacing p(y,a) by a (y,a) from an expanding inclusion at x0, y0,

z0 = 0, Eq. (V.1), to obtain a stress free crack surface where

R = [y 2+ a2 + (y+x )2
0 0

(V. 4)

will determine AK .

The combination of Eqs. (V.1), (V.2), and (V.4) using y0 , x , Z, y

and a normalized to a, produce

2 3/2 AVE()1/2 f0 M
7T -() (AI) f.af

0 00 (y/a) 2 + (Z/a+a/a)
2

2
3y2

2[y0/a) 2 + (a/a)2 + (y/a+x0/a)
2 ]5/2 2 [(y./a)2+(cx/a) +(y/a+x /a.)2 3/

. d y/a d a/a (V.5)

Letting Z/a + c/a = C/a then transforming to polar coordinates simplify

this somewhat to

K 213/2 1/2
() (A ) -(

7T

J (sine 1/2
0

y 

32  -1/2 r2+r-osx 
2 2 2-5/2

. yo r [r2+2r(-Zcose+x sine) + x +y +Z
0

- r-1/2 [r +2r(-ZcosO+x sine) + x + y +22 - drde
2 d y0h's K=r)/

*Kassir and Sih's K = K I 7l- /2
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where normalization to a is implied by the a1/2 in the constants. Inside

the sphere a compressive hydrostatic stress exists of magnitude

AV )2 E (V.7)(A-)E
V 9 (1-v)

hence

/a)2 21/2
[(x/a) + (y0/a) ] > 1 (V.8)

for the stress distribution in Eqs. (V.1), (V.5) and (V.6) to hold.

If the crack penetrates the inclusion, then the stress distribution on

the crack surface must be modified.

An iterated superposition method can be used if elastic modulus

differences between the matrix and inclusion need to be included. Now

the AKI, calculated from the volume misfit and the KI from external

loading produce stresses from the modulus difference. These stresses,

when present on the crack surface, must be cancelled. This cancellation

now produces a A2 K which also produces stresses on the crack surface.

This iteration scheme can lower or raise the total AKI (and AK )

depending on the sign of the modulus difference and position of the

inclusion.
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A general formulation of the problem will also include K and K i

(Kassir and Sih, 1975)

21/2
I 3/2

Tr

21/2
K = 3/2

Tr

J 
J 
F

0 0

fF

21/2
II = .3/2 F1TrJo

a drdO
yy

T

T
yz

+ 2v (F2T+F3T) drd6

+ 2v T )drdO
2-v (F3 yx F2 yz

where F1 , F2 , F3 are functions of 6 and r

F1 = r 1/2 (sine) 1/2

F2 = r 1/2 (sin) 1/2 (sin26 - cos 2 )

F3 =r-1/ 2 (sine) 1/2 2 cos6

and where three separate point force couples P , P , Pzx y z
in the x, y

and z directions at x09 YO, and z0 will produce stress on the crack plane

of (Sokolniko f f ,14cClint ok and Argon)

P
Z (rcosO - 7+-Z )
___ 0

a D (

P

2
yo

2
R

2
x (rsine + x) y
D 2 3/2 2

(R )R

P
y y

D(R 2) 3/

2
y

2 +
R

(1-2v) }

(l-2v)}

(1-2v)} (V. lla)
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31,z [rcosO - z+z0][rsin6 +x ] y
T 0 (yx D (R2)5/2

P
YO

+ -
D

P
x

0
D

y0  (x +rsin6) 2
2O3/2_ {3 0 2 + (1-2v)}

(R ) R

(rsinO+x) 23y 0 2

2 3/2 { + (1-2v)}
(R ) R

P
z y

yz D (R 2)3/2

+ - P
yo
D

(x 0+sine) 2

2 2 + (1-2v)}

R

2
(rcose-Z+z ) yo

22 2 + Cl-2v)}
(R ) R

x y [rsinO+x ][rcosO-z+z ]

-D 2 )3/2

where D = 87 (1-v)

and

R = r 2+2r[(-Z-Z)cose + x sinO] + (z -Z) + x2 + y0 0 0 h p

The magnitude of the point forces need not be equal.

(V. lic)

(V. lid)

(V.lle)

The major point of Eqs. (V.10) and (V.ll) is that the integrals for

K are all of the form
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f(sinO)Z/2 f(cose, cos 26, sin 26)

- 1 m/2 ~2 dr/2jr [r + 2r A (cosO, sin6) + B] n/2dr de (V.12a)
0

k = 1,2,3; m = -1, 1,3; n=-3, -5 (V.12b)

and r2 + 2rA + B > 1 when normalized and when r>O. The difficulties to

be encountered in the general problem are thus well represented by Eq.

(V.6).

By using repeated superposition and all AK and K

stress field components (K 1 1 1 1 1 1 from external loads and AK 1 1 1 1 1 from

interaction of K with an elastic modulus defect or from internal

stress fields) of the macroscopic crack for a large number of point forces

a useful approximation to a stress free surface and the stress field near

the surface can be obtained. This approximation would be of obvious utility

in describing the stress field near a single microcrack, an arbitrarily

curved crack connected to the half plane macrocrack and other situations

of interest.

However, to be useful, the double integral over 6 and r must reduce

to a few simple terms otherwise the repeated summation over a large

number of point forces and AK will be very time consuming. If the

variation in Z of AK for a large number of expanding inclusions with

no modulus difference needs to be calculated, a simple expression for

the double integral is also needed. The previous situations involve only

the interactions between a single elastic defect and its interaction with

the macrocrack. If a large number of physically separate defects with
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elas tic moduli different from the matrix need to be considered, then defect-

defect interactions must also be allowed. Situations of this type include

many microcracks, crack branching and bowing, and expanding inclusions

with moduli differences. For a large number of defects perhaps only near

neighbor and next nearest neighbor interactions can be allowed, along with

defect-macrocrack interactions.

V.C. Calculation of AKI
* **

A programmable calculator and associated hardware and software

was used for all numerical calculations. Three methods for obtaining a

numerical result were developed, a slow numeric method using Fourier series,

a rigorous method and a rapid but non-rigorous method. An analytic solution

for x /a=O, z=O is available.

V.C.1 Fourier Series Method

Equation (V.5) was changed to

3/2 1/2 T/2 7/2 1/2
AV FAL . ' f (tans)'

AKI = -(- _)-- (a --
TK =9(1-v) 2 (tan22+(tanj)

-Tr/2 o

1 3 2 2 2 25/2 2 )- {y 2 [(tanE-Z) + (tanS+x ) + y ]
Cs2 cs2 E 2 o 0 0

cos Scos (

1 2 2 2 3/2
- - [(tanE-z) + (tan +x ) + y] d d(, (V.13)

2 0 0

where i=a+Z, then x=tan , n=tanC to reduce the infinite regions of

integration to finite regions. Letting

*
HP - 41c

**
Math Pac; Fourier Series and Numerical Integration (Simpson

Quadrature) Programs

157



f( ,6,Z) = 2 { y [(tan -Z)2 + (tan +x0)2 + y-5/2
cos S

- [(tanC-Z)2 + (tan5+x0 )2 + 2 -3/2

be represented by a finite Fourier series

9
f(,,Z) = A + E A cos2n + B sin 2nEo n=1 n n

Then let tan 1n =E and reversing the order of integration,

7 /2 9

AKI = C12 {A + E A (s,z) cos2n(tan- )
I a 2 j2 o n=1 n

o o

+ Bn(nz) sin2n(tan 1n)} d d5 (

where

2 3/2 1/2
C = 9(-v)

Performing the n integration (Appendix C)

7T/2 9
AKI ={A C),Z) + n A (0,Zt) tan}dfAK1 n 1/2 o 1~ n~ 5~ 1+tanS

If we let

Tr/2 32

f(5,Z) dS m=1 64 64 , z)

then 0

32 9 2 A (f ,z)
A K C E E 7T n _ / 2
A1 m=l n=O 64 1tn /-2

1-tanf n

1+tan% )

158

(V. 14)

(V.15)

V.16a)

(V.16b)

(V.17)

(V.18)
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where

i2m- 1) (V.19b)f inite 64

So for each value of Z that AK will be calculatedfor a given x0, yO; 320

Fourier cosine coefficients must be found, ten coefficients for each

value of S .

The HP-41c is a slow computer and performing this calculation for

each x, y, Z chosen took about five hours. To determine how fast this

type of calculation scheme was converging to a reliable answer, AK was

calculated with the distance divided into 1, 2, 4, 8, 16, 32, 64, and

128 equal width sections with Fourier series found for f( , , Z) at the

mid-point of the section with Z=O, x=2 and y=0O (Table XII). The differ-

ence from the previous answer decreases as the number of sections increased

and appears to be converging. Dividing into thirty-two sections for

further calculations was a compromise between speed and accuracy.

AK vs. Z curves were calculated for four spherical inclusion

positions: x /a=-2, y /a=2, (2,0), (2,2) and (2,0) Figures V.2-5. At

large Z, for (-2,2) or any negative x , a ten term Fourier series is

insufficient to accurately model the real function, Figure V.2. As the

sphere rotates from the front to behind the crack tip, the AK at Z=O

changes from + to -, which is very reasonable. Except for (+2,0), as

Z becomes large, the AK changes from - to +. These curves are in

qualitative agreement with results from Evans et al. (1981a).

Although informative curves were obtained, this method was quite

slow. A better procedure would have been to use Eq. (V.6) and integrate

numerically using two-dimensional cubic splines with a large computer

(Hildebrand, 1974). Adjustable 2-D subintervals for the splines would
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Fourier Series Method

x0 = 2 y0 = 0

# sections for

afinite

1

2

4

8

16

32

64

128

% difference % difference time for compu-
from Sf=1 2 8  from next tation

52 24 10 min

37 16 20 min

25 11 40 min

16 6.9 1.25 hr

9.3 4.5 2.5 hr

5.1 3.1 5 hr

2.1 2.1 10 hr

- - 20 hr
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T able XII

z = 0

K
1

-- x 10
C

1.2727

1.6718

1.9963

2.2339

2.3982

2.51555

2.5902

2.6453
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Figure V 2 Normalized stress intensity vs. normalized distance along the crack front calculated
by the Fourier series method (Equation V 19) for an inclusion position of Xo = -2, Yo = 2.
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by the Fourier series method (equation V 19) for an inclusion position of Xo = 2, Yo = 2.
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be necessary to model the r-1/2 singularity accurately as r approaches

zero. Attempts to integrate either Eq. (V.5) or (V.12) numerically by

Simpson quadrature failed because the singularity was not accurately

modelled. The areas of integration near the singularity must become

smaller and smaller, but the methods developed only allowed smaller areas

of integration over the entire range of integration.

V.C.2. A Rigorous Method

A rigorous method can be obtained as follows. The inverse distance

between two points x and x' in three-dimensional space for r' r where r'

and r are distances from the origin can be represented by

1 - r' P (cos$) (V.20)
x-=O 2+l .r

where $ is the angle between the vectors x and x', and P (cos$) is a

Legendre polynomial (Jones). If r'<r, then reverse the notation.

[(C+x ) 2 + (Z-a)2 + y21 (V.21)
00

is the distance from point x0, yO, Z to point C, -a (the sense of C

and a are opposite that of x and Z). Point C, -a is the confined to lie

in the half plane representing the crack, thus

AK C sine)1/2 r -1/2 32 y2 [ r P (cos)]
f=] s e J r 2 o 2.=0 ,2+l k.

0 0

CO k 3
1 [ r _ P (cos)] }dr d8
2 k=0 rlk2+1 k.

Tr 1/2 -1/2 2 0O +1k 52 (o4)rr

+ C(sin6) r / y r (cos)]

r r 3

0 k[ r P+ (Cos)] } dr de (V.22a)
r

165



where

r= [x2 + y2 + z2 ] (V.22b)
o 0

and

-l x sine + zcosO
$ =C0s [- 02 2 2 1/2 ](V.22c)

(x + y + z )0 3

P is then, a simple polynomial of sinO and cosO, then finding P3,5

is simple algebra and the resulting integrations are elementary if

tedious. Computer programs are available to do this simple algebra

and calculus (Pavelle, et al.). This may result in a slowly converging

series and no numerical calculations were performed.

V.5.3. Rapid Non-rigorous Solution

A rapid non-rigorous method that seems to be useful has been

developed. An analytic expression for

(-1/2 (r2 +rA+B)- 3/2, -5/2 dr

0

could not be obtained. This form could not be found in tables (C.R.C.

Standard Math. Tables, Grandshteyn and Ryzhik), nor integrated using

complex variable methods (Hildebrand, 1976, Marsden, Henrici, Greenleaf)

asymptotic analysis (Bender and Orszag), or repeated integration by

parts.

The integrals

/rO/ (2rB) -rCos()(.2)
r (r +rA+B) M (M1 +N 2)1/ V2a

2 2 -2 cos() sin( )

(r +rA+B) 2 (V.23b)

2M (M +N2 )1/4 4M2 (M2+N2 3/4
-12(0r+) - 3 2 / v2b
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r-1/2 (r 2+rA+B)

0

37T cos( 2) 37 sin(7)

5 2 2 1/4 +64 2+2 3/4
8M (M +N ) 16M4(11 +N2 )3 /

-37r cos )

32 M (M +N )5/4

where N = A/2, M = (B-A /4)1/2

and

-1 -A
S= Cos 2(B) 1/2

(V.23c)

(V.23d)

(V. 23e)

are easily obtained via residue calculus (Appendix C) when

r2 + Ar + B > 1 where r > 0

From the regular forms of Eqs. (V.23a-c) one would guess that

-12 -/ 3cos (t)

r1/2 (r 2+rA+B)-3/2 dr = C 11 rcos (21
J11 4M2 (M2+N2y l/4
0 3p

sinT (3-)

12 8M (M +N )
(V.24a)

CO

frl1/2 
(r 2 +rA+B)

0

-5/2 77T cos( ) 7sin ( )

dr = C + C
21 16M (M +N )1/4 22 32M (M +N )

-37rcos ()
+ C23 643/2 2 2 5/4

64 M (M +N )
(V.24b)

with C. i=1,2; j=1,2,3 numerical constants to be determined.
iJ

The left sides of Eqs. (V.24a,b) were numerically integrated for

four pairs of A and B in the range of interest, the right sides were
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then calculated and the answers compared.

of (1, 10), (1, 2), (-5, 25) and (-20, 401), Eq. (V.24a) represented

the numerical value within +8%, -6% with C = C12 = 1. For the same

pairs of A and B Eq. (V.24b) represented the numerical value within

+11%, -6% with C2 1= C2 2=C2 3=1. The numerical values for the integrals

for these pairs of A and B vary over two orders of magnitude for Eq.

(V.24a) and over four orders of magnitude for Eq. (V.24b). Thus,

7IT

1/2 3 2
AKI = C (sine) - { y -

0

7cos ( ) 7Tsin( ) -371 cos ( )

4 / + 3+ 3
16R (Q)114  32R (Q)3 /4  64R3 /2 (Q)5/4

3Trcos(1) a sin( 3 )
- 1 2 + ]IdO (V.25a)

2 4 R2 Q/ 8R(Q)

where

2 22 2 1/2
R = [x0 +y +Z - (-Zcose + x sine) ] (V.25b)

Q = (x2 +y2+Z 2) (V.25c)
0 0

and
(-ZcosO + x sine)

$ =cos - 2 2 2 ( d1/2

(x +y +Z )
0 0

*

The original intent was to form simultaneous equations for about

8 pairs of A and B and find a least squares fit for C ., but the HP-

41c simultaneous equations program would only find exact answers. This

also ignores the problem of weighing functions, i.e., accuracy at small

x0, yO, Z more important or is accuracy at large or intermediate x ,

yO, Z important?
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This equation can be rapidly integrated numerically over b with

Simpson quadrature at only ten points. This took only two minutes

with the HP-41c.

A comparison of AK curves calculated via Eq. (V.25) vs. Eq. (V.19)

is shown in Figures V.6-9. This method represents the AK well (perhaps

better than Eq. (V.19) over most of the x9, yO, z range, but diverges

as Z and y approach zero simultaneously, Figure V.9. This is because

as

2 2 2 21/
0 + r/2, [x +y+Z - (-Zcos6 + x sine) ] +O (V.26)

This is a result of two poles combining in the complex plane, Appendix

C.

To correct this difficulty, maximum values for the integrals

-1/2 2-3/2, -5/2
Jr [r + rA + B] dr

where x > 0 can be found and these values substituted in Eq. (V.25a)

when Eqs. (V.24a,b) exceed these maximum values, Appendix C. This

limited form of Eq. (V.25) is also plotted on Figure V.10.

The same type of difficulty may also occur as e approaches 0 or T

when Z 2 >>x 2 +y2 for any value of x or yo. Evidently the (sine)l/2
0 0 0

removes this problem. Difficulties might also be expected when x <0

and x2>Z2 + y2 as 0 approaches r/2 . For x <0, y >1, an examination of
0 0 0- 0-

Figure V.9 near Z=l would indicate using Eq. (V.25) is not too inaccurate,

as long as

222 2-1/2
[x +y +Z - (-Zcos0 + x sin0) ] > 1
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A more accurate method of approximation can be developed using

Taylor series when e approaches 7/2, Appendix C.
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V.D. DISCUSSION

If $ is the polar angle from directly ahead of the crack and R the

distance from the crack tip, the four inclusion positions (2,0), (2,2),

(0,2) and (-2,2) are (0,2), (7T/4, 2/2), (7r/2, 2) and (37/4, 2/Q) respectively.

From the eight AK vs. z/a curves, the AKI passes from positive AKI to

negative AK for z=0 at $~7/4 for a positive AV. The maximum negative

amplitude of AK at $=r/2 is larger than the maximum positive amplitude

at $=0. The maximum negative amplitude of AK is still appreciable at

$=3/4. A reasonable expectation is that for a uniformly distributed

array of inclusions with a positive AV, EAK <0 along the entire crack

front. When the AV is negative the sign of AK will be reversed in the

above statements, and for a large uniformly distributed array of inclu-

sions ZAK >0 along the entire crack front. This assumes that the stress

field caused by an expanding inclusion is that caused by a single mis-

fitting inclusion in an infinite matrix. This is appropriate for small

volume fractions of inclusions. At higher volume fractions of inclusions

the stress field of an individual inclusion might be more accurately

modelled by a combination of the stresses present from a misfitting

spherical inclusion imbedded in a larger sphere of matrix material (with

the radii adjusted for the given volume fraction of inclusions) and a

uniform compression or dilation over the entire zone with transformed

inclusions. This uniform hydrostatic stress will tend to adjust ZAKI

toward zero for both positive and negative AV.

The results of the computations on an individual inclusion level

illustrate why Evans et al. (1981a) obtain R curve behavior with a posi-

tive AV in their transformation toughening model. When transformation
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occurs ahead of the crack tip, /4>y>-7/4, the crack must advance past

the inclusions to obtain much negative AK . The more transformed inclu-

sions behind the crack tip there are, the larger negative AK is obtained.

Thus transformation toughening models should be extremely sensitive to

zone shape.

A single inclusion at $=0, R=2 and $=r/2, R=2 have maximum AKI 's

of +0.14 and -0.22 MPa m /2, when an average Young's modulus for ThO 2

ZrO2 of 240 GPa, an inclusion radius of 0.5 micron and a volume expansion

of 3% are used. These numbers seem physically realistic. In addition

only modest numbers of inclusions may be necessary to produce an average

AKI along the crack front approaching the toughening the levels measured

in Section IV (for ThO2-ZrO 2, EAK~1-- 1.5 MPam1 /2 above the KIC of ThO 2)'

The numerical solutions to the Fourier series method and limited

rapid non-rigorous (LRNR) method both predict crossovers from -AKI to

+AK for $)>7/4 but no change in sign for $=0 as z/a+oo. This is reasonable

as the sign of the AK is a balance between integrals containing tangential

and radial stress fields normal to the crack plane. As z/a-*co the tangential

field dominates the integral but near the inclusion for $>7/4 the radial

stress field dominates. For $=0 there is never any radial contribution.

For $=0, Figure V.9 the LRNR method overestimates the magnitude of the

AK as z/a -+0. The Fourier series method probably underestimates the

magnitude of the AK because as more sections were subdivided for (Eq.

V.19b) the AKI for z/a=0 x0/a=2 and y0/a=0 was increasing, Table XII.

The accuracy of the LRNR method will improve if a Taylor series approx-

imations for the maximum of the integrals are used (Appendix C4) rather

than the F function approximation, Appendix C3.
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The limited rapid non-rigorous (LRNR) solutions seems to be reasonably

accurate over most of the range (z/a <10,-2 < x0/a < 2, 0 < y_/a < 2)

covered by the inclusion positions (0,2), (-2,2), (2,2) and (2,0). For

simple iterative procedures that can model elastic moduli differences

between the matrix and inclusion, reasonable accuracy is probably insuf-

ficient as the error can be additive at each iteration. The accuracy of

the LRNR solution should be checked by the rigorous Legendre series method

for specific x0/a, y0/a and z/a. It is anticipated that to obtain an

accurate solution by the rigorous method more computation time would be

expended than for the LRNR method. If not, then the rigorous method

should be used. The Taylor series approximation (Appendix C4) should

be included in the LRNR method to obtain higher accuracy. Specific ranges

of z/a, x /a, and y0/a where the LRNR method's accuracy may be poor are:

2 2 2 2 2
(x 0 /> a)2 + (z/a) and (z/a) >>(y /a) + (x /a) ; i.e., where R,

Eq. (V.25b), can approach zero.

The situation of a single misfitting inclusion around which circum-

ferential or radial microcarcking has occurred can be qualitatively

examined by the model developed in the previous section. If an inclusion

in front of the crack plane, -7/4<$<7/4, is in tension the model would

predict a negative AK near the inclusion along a straight crack front.

Thus the inclusion would act to make the crack bow around it, or deflect

out of the plane to pass it. If the inclusion cracks circumferentially

along the entire inclusion/matrix interface, then a pore is produced.

If an external stress is applied, an iterative procedure using the model

will produce a position AK near the pore; the ligament between the crack

and pore will have a high tensile stress and the crack will bow toward
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the pore, assuming a crack will propagate to maintain a constant K along

a curved crack front. The crack extension increment can be described

by the change in the bowing of the crack from away from the inclusion

to towards the inclusion. If an inclusion in front of the crack plane

in compression that cracks radially is considered a different situation

occurs. Before the microcracking a positive AK exists near the inclusion

on a straight crack front, a real macrocrack will bow towards the inclusion.

When radial microcracking occurs under an applied stress the microcracks

probably propagate towards the main crack while the AK on the main crack

is still positive and probably greater than the AKI before microcracking.

This will probably result in microcrack-macrocrack linkage and a large

crack extension increment per radial microcrack event. When the radial

microcracking occurs above or behind the crack plane the situation is

different. For an inclusion in compression, the AK is negative near

the inclusion. When radial microcracking occurs, the AK will still be

negative but the magnitude will be reduced. The magnitude will be deter-

mined by how much strain is left in the inclusion/matrix, the applied

stress and the direction(s) of the microcracking. However, the AKI is

still negative and crack propagation is impeded. For an inclusion in

tension behind the crack that cracks circumferentially the analysis is

unclear. Before cracking the AK near the inclusion is positive and the

main crack will bulge forward. After microcracking the AK is negative

under an applied stress and the main crack would tend to lag behind locally

under the inclusion, but to obtain such a crack curvature the entire crack

front must advance.

For crack branching and local crack deflection out of the original
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crack plane AK and AK II must be included in any model. AK and AK

provide shearing forces that can twist the crack locally out of plane

in response to the stresses producing the AK . When AV is positive

this can lead to crack deflection toward the inclusion. When AV is

negative the inclusion may deflect the crack out of plane, generally

following the tensile tangential stress field. If two inclusions are

placed at the same R but at exactly opposite $'s the effects of AK and

AK1II may cancel.

Calculation of AK for an expanding inclusion involved solving two

double integrals of the type given by equation V12. Calculation of AKI

for a general triplet of point forces will involve solving three double

integrals of the type given by equation V12. Calculation of AK I and

AK II will each involve solving nine double integrals of the type given

by equation V12. The three methods of solution given by the preceding

section can be used for these double integrals but the LRNR method is

probably the most useful. The LRNR method is based on the interpolation

of the forms of the integrals over r and was used with equations V23 and

V24. This interpolation can be directly and easily applied to the integrals

over r that describe AK for generalized point forces. Numerical

integration for the integrals over 9 is rapid and simple. Thus a general-

ized LRNR method for AK for generalized point forces presents

no major mathematical or computational difficulties.

The calculations for AK and a single inclusion show that for a

positive AV, a negative AK results at Z=O for inclusion positions where

$p+. The calculations were based on a stress superposition argument and

thus any stress normal to the crack plane on the crack was cancelled.
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i however the local strain caused by an expanding inclusion is larger

than the crack opening displacement (C.O.D.) then normal stress can be

transmitted across the crack surface. If enough stress is transmitted

across the crack surface, the AK as 4r may switch from being negative

to being positive. Thus if the C.O.D. necessary for crack propagation

is small near the crack tip and strains caused by expanding inclusions

are large, expanding inclusions near the crack surface and near the crack

tip can aid, not hinder, crack propagation. If transformation zones in

T-ZrO2 toughened materials are extremely narrow the M-ZrO2 may actually

assist crack propagation, when in front of and behind the crack.

Toughening from irreversible work due to transformation cracking

could be in principle be derived from a local model extended to large

arrays of inclusions. All stress fields from inclusions could be summed

to get AK 1 1 1 1 1 and a strain energy release rate could be obtained from

irreversible work done during each transformation/microcrack event.

Coupled with a local crack extension increment an average strain energy

release rate may be obtained. However summation errors due to the

approximate nature of the non-rigorous solutions may lead to inaccurate

predictions. Additionally much computation time would be involved,

expecially for modulus difference interactions.

The methods developed in this section are most useful for describing

local events. Perhaps a crack bowing through four particles can be

modelled successfully using generalized point forces. For transformation/

microcrack toughening a zone local to the crack tip using these methods

may be imbedded in other zones.

An accurate transformation/microcrack toughening model may contain

180



the following features:

1. A zone near the crack tip where each microcrack/inclusion is

modelled by multiple triples of point forces and near neighbor and next

nearest neighbor interactions are allowed.

2. A second zone surrounding the first where each microcrack/

inclusion is modelled by a single triplet of point forces, and no inter-

action is allowed.

3. A third zone surrounding the second, having an average, stress

stimulated, volume expansion or elastic moduli difference.

4. The elastic matrix on the outside with the applied stresses.

This zone may have an internal stress due to average thermal expansion

differences or moduli differences between the matrix and inclusions.

A straight crack front may not adequately model many situations of

interest and crack bowing and branching in the first zone may need to

be included. Whether a generalized LRNR method of solution can be

accurate or fast enough for the two inner zones of this four zone model

is open to question.

V.E. CONCLUSIONS

1. A model was developed to describe the elastic interaction of

a single misfitting spherical inclusion and a straight front crack using

three dimensional elasticity and stress superposition. The interaction

is obtained in terms of a variation of stress intensity factor (AKI) along

the crack front near the inclusion. The basic equations result in double

integrals that could not be solved analytically. The results obtained

by two different numerical methods for solving the integrals describing

the elastic interaction of a single inclusion and a crack are in good
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agreement.

2. The results obtained show that a positive AK occurs when a mis-

fitting inclusion with a positive AV is in front of the crack and a

negative AK occurs when the inclusion is above or above and behind the

crack. The opposite is true when the inclusion has a negative AV.

3. When an average elastic modulus for ThO 2-ZrO2 of 240 GPa, an

inclusion radius of 0.5 micron and a volume expansion of 3% are used,

a single inclusion 1 micron ahead of the crack tip has a maximum positive

1/2
AK of 0.14 MPam/. When the inclusion is 1 micron directly above the

crack tip a maximum negative AKI of 0.22 MPam1/2 was calculated. These

values seem physically realistic.

4. One method developed for solving the double integrals which

describe the interaction of a misfitting inclusion and a crack took a

minimum of computation time. This method, the limited rapid non-rigorous

method (LRNR), was based on interpolating the forms of the desired but

analytically unobtainable inner (first) integral from the forms of

similar integrals that can be obtained by residue calculus. The outer

(second) integrals could then be obtained numerically with a small amount

of computation time. The LRNR method can be extended to model multiple

inclusion-crack interactions when the moduli of the inclusions are the

same as the matrix.

5. The LRNR method can be generalized to at least single microcrack-

macrocrack interactions and probably to a much wider class of fracture

mechanics problems because of its speed. This wider class might include

situations with elastic moduli differences such as: crack bowing between

obstacles, crack interaction with limited porosity or inclusions with
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different moduli, and perhaps some simple crack branching situations.

6. The effect of the crack opening displacement on the normal and

shear stresses that might be transmitted across the crack due to large

local strains near misfitting inclusions or other local internal stresses

must be included in the modelling of toughening.
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VI. SUMMARY

VI.A. TOTAL CONCLUSIONS

1. ThO 2-ZrO2 ceramic alloys can be prepared over a wide range of

compositions 3 m/o ZrO2 - 46 m/o ZrO2 at fine ZrO2 grain sizes, 0.1-0.5

micron.

2. The high temperature tetragonal phase of ZrO2 can be maintained

to room temperature in dense, fine grain sized ThO 2-ZrO2 alloys.

3. Fracture toughness of K IC>3 MPam1/2 can be obtained in ThO 2-ZrO2

alloys of h15 m/o ZrO2, compared to K IC::l.6 MPam1/2 for fine grained,

dense ThO 2.

4. Fracture toughness increases in ThO -ZrO2 with ZrO2 content

(0 m/o - 46 m/o) at a constant ZrO2 grain size in the range of 0.1-0.3

microns.

5. Fracture toughness can increase then decrease with increasing

grain size over the range 0.1 to 0.9 micron, at a constant ZrO2 content

of 15 m/o.

6. At large ZrO2 grain sizes the toughness of Th02-Zr0 2 is lower

than for pure ThO 2 ; sometimes spontaneous fracture involving slow 
crack

growth occurs. The ZrO2 grain sizes at which this occurs decrease from

>1 micron for ThO -15 m/o ZrO2 to <0.4 micron for ThO 2-46 m/o ZrO 2.

7. Materials with several percent porosity are less sensitive to

spontaneous fracture and to low toughness at large ZrO 2 grain sizes.

8. Evidence was found for toughness increases due to three different

mechanisms: near surface compressive stresses due to grinding, com-

pressive stress in a crack tip zone caused by local stress induced trans-

formation, microcracking and multiple cracking or branching.
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9. ThO2 - 15 m/o ZrO2 alloys can be made that have factor of two

improvement in fracture toughness over ThO2 (KIC>3 MPam /2) and have good

optical transmission in the 5-6 micron wavelength range.

10. A 3-dimensional elasticity model has been developed for a crack/

misfitting inclusion problem. The methods of solution used have good

potential for use in other fracture mechanics problems.

11. The important results for the single expanding inclusion problem

are that crack propagation is encouraged when the inclusion is in a zone

45* ahead of the crack tip and that crack propagation is inhibited by

inclusions which are above or behind the crack tip. The results for a

contracting sphere are exactly opposite. The effect of the crack open-

ing displacement needs to be added to the model.

12. The tetragonal-+monoclinic phase transformation of ZrO2 in ThO 2

ZrO2 appears to be nucleation controlled.

13. Under some circumstances there is little if any toughening in

Th 2 15 m/o ZrO2 material with fine T-ZrO2 grains. These materials

tend to have narrow size distributions. Some of these materials have

ZrO 2 grain sizes which are large enough to have expected grinding or

crack tip stress induced transformation toughening. The lack of toughen-

ing may result because a scarcity of nuclei results in very limited

transformation or microcracking.

VI.B. DISCUSSION

A common theme in materials science research is that properties are

the result of structure. Materials structure comes in many size scales

and analytical techniques and models must address the correct structure

scale controlling the properties of interest to be useful.
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Prior to the routine use of SEM and TEM, ZrO2 bearing alloys of high

toughness were not developed, perhaps because the analytical tools avail-

able, x-ray diffraction and optical microscopy, were not appropriate

for the scale of the structure that could control the properties of the

alloys. SEM and quantitative image analysis are probably adequate tools

for the task of determining two major structures, ZrO 2 grain size and

grain size distribution. Powder processing must advance so that we can

vary the ZrO2 grain size and grain size distribution at will on the 
0.05

micron - 10 micron structure scale. Although TEM and in a limited way

x-ray diffraction can identify the ZrO2 phases, normal TEM seems inadequate

to the task of finding the nucleation sites for M-ZrO 2, expecially if

the sites are in grain boundaries. Improved microscopes, microscopy

techniques and data analysis techniques will yield higher resolution

in the future, but the average TEM is not suited to the probable scale

of the postulated nuclei. A similar problem exists in modelling toughen-

ing, the methods used are often unresponsive to the scale necessary for

the problem. Two-dimensional elasticity simply cannot model crack bowing

between obstacles. Local crack extension events are of paramount importance

to the modelling of toughening in ceramics yet models are often developed

at too coarse a scale for adequate treatment of the local events.

VI.C. SUGGESTIONS FOR FURTHER RESEARCH

Suggestions specific to ThO 2-ZrO2 are:

1. Use Raman spectroscopy for ZrO2 phase identification.

2. Use thermal expansion measurements to detect the average temp-

eratures of transformation.

3. Quantify the ZrO2 grain size distributions.
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4. Use elastic moduli measurements to detect bulk microcracking.

5. Use better precipitation techniques for hydroxide precursors.

6. Quantify the magnitude of the grinding induced surface compressive

stresses.

7. Deform ThO 2-ZrO2 alloys at high temperatures to induce lattice

dislocations, and non-equilibrium grain boundary structures, perhaps

changing the density of nucleation sites, and measure KIC afterwards.

Suggestions of a general nature for all ZrO2 bearing ceramic alloys

are:

1. Measure KIC and strength vs. temperature.

2. Measure the variability in strength.

3. Measure AG for the M+T transformation as a function of composi-

tion using the most common "stabilizing" oxides.

4. Control powder processing better.

5. Find the alleged nucleation sites.

Suggestions for the AK calculation include:

1. Develop the generalized AK solution.

2. Develop some specific crack bowing and crack branching problems

from the general solution.
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APPENDIX A

I.R. Transmission of ZrO2 Bearing Alloys

There are three major considerations that can limit the usefulness

of two-phase or anisotropic materials for optical purposes; absorption

losses, scattering intensity losses and image blurring. The absorption

can be extrinsic and can depend on impurities. For a second phase of

spherical particles of diameterd, the intensity of light 
transmitted

through a thickness t is:

I= I e-st (A.A.1)

If d<<X (Raleigh scattering), the scattering is over a wide angle

and the intentisy loss is the major consideration. When d, the absorption

coefficients,3, and the difference in refractive indices of the particles,

n , and matrix, n m, are small the in-line intensity loss can be expressed

as (Musikant, 1980):

167r xn 3 2
= st = m t) + X t + (-X)

I 9 ) X n p +1m
0 0 0 m

for d/X < 0.2/n (A.A.2)
o m

where X is the wavelength of light, X the volume fraction of solids.

For small non-spherical particles AI/I a (d/X )m where m=1,2,3 for
0 0

plates, rods and spheres, respectively.

For large particles the scattering is predominant at small angles;

image blurring rather than intensity loss is the controlling consideration.

Harrison has derived an approximate expression for the mean squared 
angle

of blurring ; for large particles it is: (Musikant, et al., 1979, 1980):

Appendix A taken from Cannon, et al. (1982).
**

For small sizes 0 c (S t)l/2 but the wide angle scattering does

not cause blurring.
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2 1/2
t An

6 = [x (c) (n) kn (5.15 n md/X )] , d/X > 0.3/nm (A.A.2)

The relative importance of particle size and index difference can be seen

in Fig. A.1 in which limiting criteria of AI/I < 10% for small particles

and rms<0.5* for large particles were chosen for illustration. Although

many optical systems will require smaller values of 0 and Al/I than
rms 0

used for Fig. A.1, these values encourage some latitude in searching for

new materials, and the plot indicates the required control on particle

size. Generally, it will be easier to use fine rather than coarse

particles. The advantage to selecting phases having a close match of the

refractive indices is apparent.

The intensity loss expression, Eq. (A.A.1), for isotropic, stress-

free, spherical particles for which d<A /5nm, should be satisfactory guide

to initial materials selection and design. There are a few further

complications including the effect of stresses which must be considered

particularly if An is small. For quantitative treatments the effect of

the particle size distribution must be considered; the effective particle

size describing the scattering will be larger than the modal size.

Further, if non-spherical particles are aligned or spheres are regularly

spaced, then diffraction effects or non-random scattering may cause

false signals in the background. When An is sufficiently small, then for

particle sizes near the wavelength the scattering is relatively small.

For this case a combination of intensity loss and blurring considerations

will be important. The criteria relating scattering behavior to optical

performance have not been fully worked out yet for this situation, and

it may be necessary to consider multiple scattering to do so.
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of particle size. At small particle sizes, the intensity loss
is the controlling feature; whereas at large sizes, reducing
blurring is most important. Grain sizes typically obtained by
conventional processing techniques are also shown.
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Toughening using ZrO 2 is particularly suitable for optical materials;

the strengths and toughness are very high; the required particle sizes

are small, d<l pm; and several opportunities exist with different matrices

to alloy to improve and control the refractive index match and the

particle size for peak toughness. Preliminary work using Th 2 + ZrO2

indicates toughening and useful optical properties should be achievable

for some IR wavelengths, Fig. A.A.2. With d<l pm, the toughness and

scattering increase with particle size; the transmission losses for the

two materials with 15% ZrO 2 and d nu 0.5-1 pm are approximately described

by Eq.(A.A.2) assuming scattering dueonly to the ZrO 2 particles, An/n%4%.

These curves also reveal processing problems with entrapped carbon

which result from the need for submicron grains and high density, which

can also exist for sintered materials, and which require special

attention. The data in Figs. IV. 5 &9 and A.A.2 and Eq. (A.A.1) suggest

higher ZrO2 contents with finer particle sizes should cause less

scattering (the Xd3 term is smaller) at comparable toughnesses.

The combined scattering and absorption of the ZrO2 toughened

materials is within a factor of ten of being useful at some wavelengths,

and further improvements and extension of the useful range of wavelengths

should be possible. Two materials offering the prospect of good index

matching are ThO2 + (Zr,Hf)O2 and (Al,Cr)203 + ZrO2. The latter

presents processing difficulties, is not transparent at optical wave-

lengths due to Cr absorption, but could have very high toughness,

strength, and hardness. Since alloying with Hf 02 should lower An/n

with ThO 2 and the particle size for peak toughnening, ThO2 + (Zr,Hf)02
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Figure A.A.2 IR transmission of hot pressed Th02 and Th0 2+ZrO 2 . Data taken by inline trans-
mission with a Digilab FTS. The 15% materials were annealed to increase the Zr02 size
prior to oxidation. Curves 1 and 2 illustrate increased scattering from pore coarsening
from such treatment. The Zr02, d -0.5-1 pm causes scattering, particularly at smaller X.
The larger Zr02 size in 4 gives higher Kc and scattering than in 3. Unoxidized material,
5, has low transmission, primarily due to higher absorption; the finer Zr0 2 d <0.2 Um
should cause less scattering than in 3 or 4. The 4.3 m absorption (absent in 5) is from
CO2 in ultrafine pores caused by oxidation of C entrapped during hot pressing. The C
is probably residue from surface reactions of organic solvents used during power preparation.
t = 1.57, 1.09, 0.93, 1.69, 0.74 mm for 1-5, respectively.



Table A.l. Comparison of Scattering/Absorption Coefficient

and Mechanical Properties in Toughened and Matrix Materials

Material

Thoralox®

Th0

ThO 2

ThO +15% ZrO 22 2

ThO2+15% ZrO2

ThO +30% ZrO 22 2

AlCrO3+40% Zr0 2

AlCrO +40% ZrO
3 2

Mullite+20% ZrO2

Condition

sintered

hot-pressed &

oxidized

hot-pressed,
annealed &
oxidized

hot-pressed,
aged & oxidized

hot-pressed,
aged & oxidized

hot-pressed

hot-pressed

hot-pressed &
air annealed

hot-pressed

1, ym

6
3
6
3

6
3

S ,cm-

0.44@
1.3
0.79
1.6

1.7
4.5

3.6
20

4.7
26

18
33
92
c -165

270
c -542

KcMN/m

%1.6

H,GPa

10.4

1.6

3.5

3.9

lu3

6.6

%6. 9

4.5

9.5

9.4

10

14.5

12.9

10.9

From single thickness transmission measurements. Corrected for

reflection losses, I/I (I-R)2, R = (n-l/n+1)2 using optical values of n.

Calculated by R.M. Cannon.

@Measurements at GE-RESD.
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could be transparent from 7 pm to near IR or smaller X over a wide tem-

perature range. Mullite + Zr02 should have very good thermal shock

resistance; however, the index mismatch is too large for use at IR wave-

lengths, but it would be useful for radar windows.
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APPENDIX B

Other Zr2 Toughened Alloys

Three other ZrO2 bearing ceramic alloys were produced; AlCro3-

ZrO ThO2-(Zr,Hf)102 and 3A1203-2Si02-ZrO 0 First two contain solid

solutions of Al203 -Cr 2 03 and ZrO2-Hf 02 respectively that in principle

can match the index of refraction of the other oxides, ZrO2 or ThO2'

The AlCrO 3-ZrO2 and ThO2-(Zr,Hf)102 were produced by hydroxide precipi-

tation similar to the method described in Section III. The AlCrO 3

40 v/o ZrO 2 was hot pressed at 1500*C for 1/2 hr. at 34 MPa. An Al203

rich 3Al203 -2SiO2 (mullite) submicron particle size powder 
was supplied

by Svante Prochazka , 20 v/o of unstabilized submicron ZrO2 powder added

and vibromilled with stabilized Zr 2 media for 20 hrs. The 3A-203-2SiO2~

20 v/o ZrO 2 was hot pressed at 1525*C for 1/2 hr. 
at 34 MPa. SEM

examination did not reveal any porosity in either hot pressed sample.

1//2After diamond polishing the microhardness K IC 's 
and H's were 6.6 l4Pa m1/

and 14.5 GPa for AlCrO3-40 v/o ZrO2 and 4.5 MPa m 1/2 and 11 GPa for 3A1203

2SiO 2-20 v/o Zrr2 The AlCr 3-Zr 2 was extremely difficult to polish

due to the high hardness and high K IC. The 3A1203-2SiO2-ZrO2 had a very

good thermal shock resistance and good bend strength, 
of = 314 MPa

(Musikant et al., 1980).

The ThO2-20 m/o (Zr 6Hf )2 was densified by sintering. The

isostatically pressed green body was preferred in air at 900*C for 
15 min.

after a slow heating (> 4 hrs.) from room temperature to eliminate

organics. The ThO2-20 m/o (Zr 6Hf )02 was sintered for 1/2 hr. at 1500C

and 1/2 hr. at 1600*C in high purity dried H2. A density of 97%

General Electric Corp. Research and Development Center,

Schenectady, N.Y.
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theoretical was achieved. (Zr,if)02 grain sizes for the Tho2-(ZrHf)0 2

were under 0.5 micron. Several small ( 1 mm) dense patches within

the sintered material were translucent after oxidation at A-1200C. The

fine particle size of the ThO2-(Zr,Hf)O2 powder allowed large amounts

of water absorption to occur. Isostatically cold pressed samples

expanded by 3x in volume during rapid heating after one week at R.T.

and high humidity.
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APPENDIX C

Mathematical Details for Section V

App. C.1 Fourier Series Method, n integration (Hildebrand 1976).

i. A
0

Using upper half of complex plane with n) complex,

f2 2 -.Ad = A 2ffi[res. at iQ] = A0 2'ri[2iQ]~
1

ii. An, Bn

fA cos2n(tan ii) dn = An Real I3
OnnD

= A Tr/Q (A.C.1)

(A.C.2)

sin2n(tan ) dTI = B Imag.n Q 2 n 3

i2n[1/2i ln i-n/l+n] . n

I3 2 2 d = [ 
2 [ ] 2

00-C

1 3 2iri [Res in upper half plane (i.e., iQ)]

I 27Ti i(l-Q) ]n I n

3 2Qi i(l+Q) Q 1+Q

Real I3 f/Q +Q]

Imag. 13 =
0

and with Q = tan

we have Eq. (V.17).

(A.C.3)

(A.C.4)

(A.C.5)

(A.C.6)

(A.C.7)

(A.C.8)

(A. C. 9
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A.C.2 Integrals of the form r-l/2 [r2 +Ar+B]-,-2,-3 dr

0

With r complex using contour in Figure A.C.l

r- 1/2[r 2+Ar+B]-1,-2,-3 dr = wi [residue at r 2+Ar+B = 0] (A.C.10)

0

00 -1/22 -1 Tri1 A2 -1/2

-1/2 [r 2+Ar+B]~ dr = A2[B- 1/

0

1 A2 -1/2

- [B-4]

2 .1-1/2
A + i(B- A)1 2 ]2 4

A A2 1/2 -1/2
- -(B - ) ]_}I

Using Figure A.C.2

A A 2 1/2
[ + i(B- ) /2]

22 -B/22

[-A i(B- )l2 /2] 1/

2 2T-$

thus

(-1/2

0

[r 2+Ar+B] 1dr =

= [B] e (A.C.12a)

= [B] -1/2e

Tr[e $ 1 2  -1 /2

[B2 1/4 [B-A2/4 /2

Tr cos ($1/2)

[B2 1/4 [B- A 2/ /2

= cos

(A.C.13b)

(A.C.13c)A 12

2[B]

The integrals

fr-l/2 [r 2 + Ar + B]-2,-3 dr

, -/2[r2+Ar+B] ', dr
00

are solved in a similar manner. The integrals 
Yor- /[ A+l 92
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Figure A.C.1 Contour for complex residue integrals A.C.10 a & b.
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are also available from tables in slightly different forms, Gradshteyn and

and Ryzhik.

A.C.3 Maximum possible for Eqs. (V.24a) and (V.24b).

As 0 approaches ff/2

2 2 1/2_
[r + 2rx sin0 + x 2 = r+x (A.C.14)

0 0 0

and Eqs. (24a) and (24b) useless.

By inspection the integrals

fl f__ /2_____ 223/2,-5/2

C O (Y) 2 y a 2 [y + 2 + (y+x ) 2 dyda (A.C.15)

If(Y) 2 + (z+a) 2 0 0
00 0

are maximum when z=0 with y, x constant. When x >0

-1/2 2 2 2 -3/2,-5/2
r [r +2rx sin0+x +y ] dr <

0

Jr- 1/2 2 2 2 -3/2,-5/2 (A.C.16a)

[r +x0+y0] dr(AC6)

0

when O<0<Tr

But

00~ 1/4-c 1 1

r 1/2 [r 2+m] c dr = m F(c-4 ] (A.C.17)

f 2 F(c)
0

If c can be extended to non-integers (C.R.C. Math. Tables ). As 6

approaches 7/2 Eqs. (24a) and (24b) pass this maximum possible value, then

we used Eq. (A.C.17) instead of Eqs. (24a) and (24b) for the particular

range of 0 involved.
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A.C.4 Taylor Series estimate nearO = /2 when x >00-

For the integral

I4 = r-1/2 (sine) 1 / 2 [r 2+2r(-zcose+x sin) + x 2+y 2+z2 3/2

I (A.C.18)

when $ 1<7T/2<02 and 61, 02 are near 7/2, first develop a Taylor series

around0 = Tr/2

/2 2 -3/2

= { (r-/2 [r 2+2x r+x +y +z 2 )
ITaylor 0 0 0

1 2 -1/2 2 2 2 2-5/2
{1+ - (6- 1T/2)} + r [r+2x0r+x +y +z

3 3 2
2 

-~z(0-7/2) 

+ --x 0(0-rr/2) 
} +

15 2 -1/2 2 2 2 2-7/2
z r [r2+2x r + x +y+z2] } dedr

+ higher order terms (A.C.19)

Now the 0 integration is trivial. If (x /a)2>> (y/a)2 + (z/a)2

[r2+2rx + x +y +z / '. (r+ A)~1

where B = x or x +y +z2
0 0 0

Now the r integration is also easy. The value for B is determined by the

sign of the constants after the 0 integration, since we wish to find a

maximum possible for ITaylor. 61 and 02 can be determined initially as
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in Section A.C.3 or directly from the value of Iaylor after the r

integration but before e intergration.

The integral

J r- 2 [sine]l/2  [r 2+2r(-zcos0+x 0 sine) + x +y 22] drd6

1

can be approximated for the same conditions on 0, x0, y0, and z in a

similar manner. Taylor series often need many terms to be accurate however.

A.C.5 Branch points and moving poles

Analytical expressions for the integrals

1/2 (2 -3/2,-5/2
Jr (r +Ar+B) dr

could not be obtained. In the complex plane the integrals contain 3

branch points, one at r=O, and two at the solutions to r 2+Ar+B=O. Any

change of variables that eliminated two branch points at r 2+Ar+B=O also

lead to cancellations of the integrals along any reasonable contour.

As r 2+Ar+B approaches [r+ VW]2 the two branch points combine to form a

single pole, and the integral is easily done. This was utilized in

Section A.C.4. When integrating Eqs. (V.23), however, two poles combine

to form a single higher order pole. This causes difficulties not only

in Eqs. (V.23a - c), but also in Eqs. (V.24a) and (V.24b) because the

form of Eqs. (V.24a) and (V.24b) are derived from the form of Eqs.

(V.23a-c).

r + Ar + B approaches [r+ rB]2 in several situations. 0-i/2

when (x0/a) 2 (>>(y/a)2 + (z/a)2; 6 0 or 0+7 when (z/a)2>>(0/a)2 +

2 2 2 2
(y0/a)2. However, when x0 /a<O then (y0/a) > 1 and (x 0 /a) +(y 0 /a) >1
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no matter what z/a is. Hence, except for 6-*/2, x /a>O and (x /a)20 - 0

(y0/a) 2+(z/a)2 the poles are separated by at least 21 across the real

axis. Thus Eqs. (V.24a) and (V.24b) may only be wrong by perhaps a factor

of 2 or 3 in most cases. As 6 approaches 0 or r the factor of (sine)1/2

eliminates any problems when (z/a) 2>>(x 0/a) 2+(y 0/a) 2. This leaves only

x /a<0, (x /a)2>> y/a ) 2 + (z/a)2 to be analyzed, as x0/a>O has been

dealt with in Sections A.C.3 and A.C.4.
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